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INTRODUCTION

ABSTRACT Vascular endothelial growth factor (VEGF)-C and its receptor, vascular en-
dothelial growth factor receptor (VEGFR)-3, are responsible for lymphangiogenesis
in both embryos and adults. In epilepsy, the expression of VEGF-C and VEGFR-3 was
significantly upregulated in the human brains affected with temporal lobe epilepsy.
Moreover, pharmacologic inhibition of VEGF receptors after acute seizures could
suppress the generation of spontaneous recurrent seizures, suggesting a critical role
of VEGF-related signaling in epilepsy. Therefore, in the present study, the spatiotem-
poral expression of VEGF-C and VEGFR-3 against pilocarpine-induced status epilep-
ticus (SE) was investigated in C57BL/6N mice using immunohistochemistry. At 1 day
after SE, hippocampal astrocytes and microglia were activated. Pyramidal neuronal
death was observed at 4 days after SE. In the subpyramidal zone, VEGF-C expression
gradually increased and peaked at 7 days after SE, while VEGFR-3 was significantly
upregulated at 4 days after SE and began to decrease at 7 days after SE. Most VEGF-
C/VEGFR-3-expressing cells were pyramidal neurons, but VEGF-C was also observed
in some astrocytes in sham-manipulated animals. However, at 4 days and 7 days after
SE, both VEGFR-3 and VEGF-C immunoreactivities were observed mainly in astro-
cytes and in some microglia of the stratum radiatum and lacunosum-moleculare of
the hippocampus, respectively. These data indicate that VEGF-C and VEGFR-3 can be
upregulated in hippocampal astrocytes and microglia after pilocarpine-induced SE,
providing basic information about VEGF-C and VEGFR-3 expression patterns follow-
ing acute seizures.

tion can result in status epilepticus (SE), which is associated with
neuronal cell loss and reactive gliosis [8-11]. Although several

Temporal lobe epilepsy (TLE), one of the most common adult
focal epilepsies, can induce a variety of molecular changes in
many brain regions [1,2]. Histologically, TLE is characterized by
hippocampal neuronal damage, glial cell activation, angiogenesis,
and sprouting of mossy fibers [3-6]. To recapitulate key find-
ings of TLE in rodents, systemic administration of pilocarpine,
a muscarinic agonist, is frequently used [7]. Pilocarpine injec-

cellular changes in the hippocampus have been reported after
pilocarpine-induced SE, essential pathophysiologic mechanisms
are still not fully appreciated. Thus, more extensive investigation
is warranted to identify key molecular candidates that are altered
after acute seizures.

Vascular endothelial growth factor (VEGF)-C belongs to the
VEGF family, which consists of 7 different members, VEGF-A,
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VEGE-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placental
growth factor [12]. These ligands specifically bind to transmem-
brane receptor tyrosine kinases including VEGF receptor-1
(VEGFR-1), VEGF receptor-2 (VEGFR-2), and VEGF receptor-3
(VEGFR-3) with different affinity and selectivity [12]. VEGFR-3,
also known as Fms-related tyrosine kinase 4 (FLT4), can be acti-
vated by VEGF-C, which plays a critical role in lymphangiogen-
esis [12-14]. In the central nervous system, VEGF-C and its recep-
tor VEGFR-3 are widely expressed in developing and adult brains
[15-18]. Ischemic stroke can enhance expression of VEGE-C and
VEGFR-3 in various cell types, including neural progenitors,
immature neurons, astrocytes, microglia, and perivascular cells,
suggesting the versatile roles of VEGF-C/VEGFR-3 signaling af-
ter brain insults [19-22].

Interestingly, several papers reported increased expression of
VEGF-C and VEGFR-3 in the brains of patients with epilepsy
[23-25]. Moreover, when all three VEGF receptors were inhibited
by sunitinib after acute seizures, spontaneous recurrent seizures
were not observed compared to controls who generated recurrent
seizures within one week post-pilocarpine [26]. These pieces of
evidence suggest that the VEGF-C/VEGFR-3 signaling may play
an important role in epilepsy. However, the results from human
epileptic tissues could only provide cross-sectional examination
of VEGEF-C and VEGFR-3 expressions without comprehensive ex-
pression patterns. For this reason, we investigated the spatiotem-
poral expression of VEGF-C and VEGFR-3 in the hippocampus
using a mouse model of epilepsy. We also examined phenotypes
of VEGF-C- and VEGFR-3-expressing cells after pilocarpine-
induced SE.

METHODS

Animals

Male C57BL/6N mice (8 weeks old; Koatech, Pyeongtaek,
Korea) were housed at a standard temperature (22°C + 1°C) in
a light-controlled environment (light on from 8:00 AM to 8:00
PM) with food and water ad libitum. Animal experiments were
approved by the Ethics Committee of the Catholic University of
Korea (approval number: CUMS-2013-0069-02) and were carried
out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH publication no.
80-23, revised 1996).

Pilocarpine-induced status epilepticus

The pilocarpine-induced SE model was established as previ-
ously described [27-29]. Briefly, mice were administrated atropine
methyl nitrate (2 mg/kg, i.p.; Tokyo Chemical Industry Co.,
Tokyo, Japan) and terbutaline hemisulfate salt (2 mg/kg, i.p.;
Sigma-Aldrich, St. Louis, MO, USA) 30 min before injection of
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pilocarpine hydrochloride (280 mg/kg, i.p.; Sigma-Aldrich). After
pilocarpine administration, mice were closely monitored for ap-
proximately 3 h to evaluate the severity and length of behavioral
seizures. Seizure stage was determined according to the Racine
scale [30]: stage 1, facial clonus; stage 2, head nodding; stage 3,
forelimb clonus; stage 4, rearing; and stage 5, rearing and falling.
Animals that had continuous generalized convulsive seizures
(stages 3-5) were considered to show SE and were selected for
further studies. After 2 h of SE, diazepam (10 mg/kg, i.p.) was
administered to quell seizures. To facilitate recovery, all experi-
mental animals were given water-moistened chow and housed in
an incubator (30°C + 1°C) for 5 days until they could maintain a
stable body temperature. Then, they were returned to their origi-
nal cages until they were sacrificed.

Tissue preparation

Brains were collected at 1, 4, and 7 days after SE onset. At each
time point, mice were deeply anesthetized by 15% chloral hydrate
and transcardially perfused with saline followed by 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB, pH 7.4). After brains
were isolated, they were post-fixed in paraformaldehyde for 24 h
and dehydrated with 30% sucrose solution for 3 days. Brains were
embedded in Tissue-Tek (Sakura Finetechnical, Tokyo, Japan)
for cryoprotection and were rapidly frozen with liquid nitrogen.
Using a cryostat, 20 pm thick serial sections were cut coronally at
every 5th section at an interval of 80 pm (total 400 pm, between
-1.58 and -1.98 from bregma) and were further processed for
staining (n = 6 per group).

Fluoro-Jade staining

Tissue sections were mounted to gelatin-coated slides and
treated with 0.06% potassium permanganate for 7 min at room
temperature. After washing with distilled water, sections were
transferred to 0.001% Fluoro-Jade solution for 30 min with gentle
shaking. Then, the sections were dried for 1 h and dehydrated
through a series of ethanol and 100% xylene. Finally, the sections
were mounted with dibutylphthalate polystyrene xylene and
observed using fluorescence microscopy (Axioimager M1; Carl
Zeiss, Jena, Germany).

Immunohistochemistry

Tissue sections were incubated with 3% H,O, and 10% metha-
nol in 0.01 M phosphate buffered saline (PBS; Sigma-Aldrich)
to destroy endogenous peroxidase activities. Next, sections were
blocked with 10% normal goat serum in 0.01 M PBS for 1 h
and then incubated overnight at 4°C with antibodies to VEGEF-
C (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
VEGFR-3 (1:500; Abnova, Taipei, Taiwan), glial fibrillary acidic
protein (GFAP, 1:400; Chemicon International Inc., Temecula,
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CA, USA), or Ox42 (1:100; Serotec, Oxford, UK). On the next day,
sections were incubated with anti-rabbit immunoglobulin G (IgG)
(1:200), anti-mouse IgG (1:500), or anti-rat IgG (1:500) for 2 h at
room temperature. Finally, the sections were visualized with 0.1%
diaminobenzidine tetrahydrochloride and 0.005% H,0, in 0.05
M Tris HCI (pH 7.4) and observed using a light microscope (BX51;
Olympus, Tokyo, Japan).

For triple labeling, the sections were incubated with rabbit anti-
VEGE-C or VEGFR-3 (1:500), mouse anti-GFAP (1:400), and rat
anti-Ox42, followed by Cy3- (1:500; Jackson ImmunoResearch,
West Grove, PA, USA), Cy5- (1:500; Jackson ImmunoResearch),
and Alexa fluor 488-conjugated IgG (1:300; Invitrogen, Carlsbad,
CA, USA), respectively. Finally, sections were mounted and ob-
served using a confocal microscope (LSM 510 Meta; Carl Zeiss).

Hippocampus

www.kjpp.net

Quantitative analysis of VEGF-C- and VEGFR-3-
expressing cells

Five coronal sections in the hippocampus of 6 sham-treated an-
imals, and animals at 1, 4, and 7 days post-pilocarpine treatment
(6 animals per each time-point) were obtained with an interval of
80 um. Cell counting was performed as described previously [27],
with slight modifications. The number of VEGF-C, VEGFR-3,
VEGF-C/GFAP, VEGF-C/Ox42, VEGFR-3/GFAP, or VEGFR-3/
Ox42 immunoreactive cells in the hippocampus was counted in
the area covering the stratum radiatum and lacunosum-molecu-
lare. To quantify VEGF-C and VEGFR-3 expression after SE, the
total number of immunoreactive cells in 5 sections was counted
using ZEN image examiner software (Zen 2009; Carl Zeiss). Re-
garding analysis of double-labeled cells, the percentages of VEGE-
C/GFAP and VEGF-C/Ox42 double-positive cells and GFAP- and
Ox42-positive cells were calculated. In addition, the total number
of VEGFR-3/GFAP and VEGFR-3/0x42 immunoreactive cells

CA3

Fig. 1. Temporal profiles of neuronal
death assessed by Fluoro-Jade stain-
ing in the hippocampus following
pilocarpine injection. Compared to
sham-manipulated hippocampi with no
Fluoro-Jade positive neurons, at 1 day
after pilocarpine-induced status epilepti-
cus (SE), hilar neurons started to express
Fluoro-Jade reactivity. At 4 days and
7 days after pilocarpine-induced SE, a
number of Fluoro-Jade positive pyknotic
cells were observed in CA1 and CA3 sub-
fields of the hippocampus, representing
degenerating neurons. Scale bar in far
left column = 200 um; same magnifica-
tion was used for photomicrographs
labeled as hippocampus. Scale bar in far
right column = 50 um; same magnifica-
tion was used for photomicrographs
labeled as CA1 and CA3. N = 6 per each
time-point.
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was divided by the total number of GFAP or Ox42 positive cells,
respectively, to provide the cellular profiles of VEGFR-3 expres-
sion after acute seizures.

Statistical analysis

Data are presented as the mean + standard error of the mean.
Statistical significance was assessed using GraphPad Prism 7
software (GraphPad Software Inc., San Diego, CA, USA). One-
way analysis of variance (ANOVA) was performed to compare
the number of VEGF-C- and VEGFR-3-expressing cells and was
followed by Dunnett’s post-hoc test. A value of p < 0.05 was con-
sidered statistically significant.

RESULTS
Neuronal cell death after pilocarpine-induced SE

To analyze neuronal death after acute seizures, Fluoro-Jade

Sham

SE 1d

SE 4d

SE 7d

staining was performed to detect degenerating neurons (Fig. 1).
There were no Fluoro-Jade-positive cells in sham-manipulated
controls. However, at 1 day after pilocarpine injection, hilar
neurons started to show Fluoro-Jade reactivity while pyramidal
neurons were not marked by Fluoro-Jade staining. At 4 days after
SE onset, Fluoro-Jade stained pyramidal neurons were clearly
detected in medial CA1 and CA3 subfields of the hippocampus
in addition to hilar region of the dentate gyrus. This was consis-
tently observed at 7 days after SE onset. These data indicate that
pilocarpine-induced SE can result in neuronal death, confirming
that our model was reliable and reproducible.

Reactive hippocampal gliosis after pilocarpine-
induced SE

Since pilocarpine-induced SE can activate glial cells in the
hippocampus, immunoreactivities to GFAP (astrocyte marker)
and Ox42 (microglia marker) were examined (Fig. 2). Compared
to sham-manipulated animals, where few GFAP- and Ox42-
immunoreactive cells were found in the hippocampus, animals

Fig. 2. Temporal profiles of reactive gliosis in hippocampus following pilocarpine injection. (A) Immunohistochemistry for glial fibrillary acidic
protein (GFAP) showed increased GFAP immunoreactivity at 1 day after status epilepticus (SE) onset and further elevation at 4 days and 7 days after
pilocarpine-induced SE, whereas minimal GFAP expression was observed in sham-manipulated animals. A square in each low magnification photomi-
crograph was visualized in the next panel. Scale bar in bottom left column = 200 um; same magnification was used for entire left column. Scale bar in
bottom right column = 20 um; same magnification was used for entire right column. N = 6 per each time-point. (B) Immunohistochemistry for Ox42
showed markedly increased Ox42 immunoreactivity from 1 day after SE compared to sham-manipulated animals. A square in each low magnification
photomicrograph was visualized in the next panel. Scale bar in bottom left column = 200 um; same magnification was used for entire left column.
Scale bar in bottom right column = 20 um; same magpnification was used for entire right column. N = 6 per each time-point.
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who experienced acute seizures by pilocarpine injection showed
increased numbers of GFAP- and Ox42-expressing cells in addi-
tion to hypertrophic morphology.

Spatiotemporal expression of VEGF-C and VEGFR-3
after pilocarpine-induced SE

After confirming our mouse model of epilepsy, the temporal
pattern of VEGF-C and VEGFR-3 expression in the hippocampus
was examined with immunohistochemistry (Fig. 3). In sham-ma-
nipulated animals, VEGF-C was mainly expressed in pyramidal
neurons of the hippocampus and a few cells in the subpyramidal
zone (Fig. 3A). Although VEGEF-C expression at 1 day after SE
was similar to that of the sham group, VEGF-C immunoreactiv-
ity was markedly increased in relatively small cells in the subpy-
ramidal zone at 4 days and 7 days after SE (Fig. 3A). Immunore-
activity to VEGFR-3 was mainly observed in pyramidal cells of
the hippocampus in sham-manipulated animals (Fig. 3A). Similar
to VEGEF-C expression after acute seizures, VEGFR-3-positive
cells were remarkably increased in the subpyramidal zone of the

>

Sham SE 1d

VEGF-C

hippocampus at 4 days and 7 days after SE onset (Fig. 3A). When
VEGEF-C- and VEGFR-3-expressing cells were quantitatively
analyzed in the subpyramidal zone (Fig. 3B), the numbers of both
VEGF-C- and VEGFR-3-immunoreactive cells were significantly
increased at 4 days and 7 days after pilocarpine-induced SE com-
pared to sham-controls (Fig. 3C, D). Conversely, VEGF-C- and
VEGEFR-3-expressing pyramidal neurons began to disappear at
4 days post-pilocarpine and notably decreased at 7 days after SE,
possibly due to neuronal death induced by pilocarpine-induced
SE.

Cellular phenotypes of VEGF-C and VEGFR-3
expression after pilocarpine-induced SE

Because the morphology of VEGF-C- or VEGFR-3-immu-
noreactive cells after SE was consistent with glial cells, triple
immunofluorescence with GFAP, Ox42, and either VEGF-C or
VEGEFR-3 was carried out to identify the phenotypes of VEGF-C-
or VEGFR-3-expressing cells (Figs. 4 and 5). Since VEGF-C and
VEGFR-3 expression peaked at 7 days and 4 days after SE, respec-

SE 4d

SE 7d

VEGFR-3

o]
(9]

] 2

Number of VEGF-C+ cells
»n
=3

- ‘ Sham SE 1d SE 4d SE7d

Number of VEGFR-3+ cells

Sham SE 1d SE 4d SE7d

Fig. 3. Spatiotemporal profiles of vascular endothelial growth factor (VEGF)-C and vascular endothelial growth factor receptor (VEGFR)-3
immunoreactivity after pilocarpine-induced status epilepticus (SE). (A) Immunoreactivity to VEGF-C and VEGFR-3 was observed in pyramidal cell
layer and granule cells in the hippocampus of sham-manipulated animals. However, from 1 day after SE, small cells in the statum radiatum started to
express VEGF-C and VEGFR-3, which was enhanced at 4 days and 7 days after pilocarpine-induced SE. A rectangle in each low magnification photomi-
crograph is visualized in the inset. Scale bar in bottom left of VEGFR-3-stained image at 7 days after SE = 200 um; same magpnification was used for all
lower magnification photomicrographs. Scale bar in bottom right of VEGFR-3-stained inset at 7 days after SE = 50 um; same magnification was used
for all insets. (B) Schematic indicating the subpyramidal zone where VEGF-C- and VEGFR-3-expressing cells were quantitatively analyzed. (C) Graph
showing number of VEGF-C-immmnoreactive cells in subpyramidal zone. VEGF-C-positive cells were significantly increased at 4 days after SE and
peaked at 7 days after SE compared to sham-controls. Values are expressed as mean + standard error of the mean (SEM). One-way analysis of variance
(ANOVA) followed by Dunnett’s post-hoc test was performed. N = 6 for each group, *p < 0.05 vs. sham. (D) Graph showing number of VEGFR-3 immm-
noreactive cells in subpyramidal zone. VEGFR-3 positive cells were significantly increased at 4 days and 7 days after SE compared to sham-controls.
Values are expressed as mean + SEM. One-way ANOVA followed by Dunnett’s post-hoc test was performed. N = 6 mice for each group, *p < 0.05 vs.
sham.
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VEGF-C

GFAP/

VEGF-C+ cells
at SE 7d

Fig. 4. Phenotypic analysis of vascular endothelial growth factor
(VEGF)-C immunoreactive cells in hippocampus following pilocar-
pine injection. In sham-manipulated animals, most VEGF-C-positive
cells were pyramidal neurons and a few glial fibrillary acidic protein
(GFAP)-colabeled astrocytes in the stratum radiatum, without Ox42 co-
labeled microglia. At 7 days after status epilepticus (SE), VEGF-C positive
cells co-expressed GFAP or Ox42 immunoreactivity in the subpyramidal
zone of the hippocampus. White arrows indicate double-labeled cells
magnified in the insets. Among GFAP expressing cells in the subpyra-
midal zone, 82.9% showed VEGF-C immunoreactivity, whereas 13.6%
of all Ox42 positive cells demonstrated VEGF-C expression. Scale bar =
50 um for low magnified images. Scale bar = 10 um for insets. N = 6 per
each group.

tively, hippocampal sections at each time-point were selected for
cellular phenotype analysis. In sham-manipulated animals, most
VEGF-C immunoreactivity was found in neurons (Fig. 4). More-
over, there were a few VEGF-C labeled cells in the subpyramidal

Korean J Physiol Pharmacol 2019;23(4):281-289

VEGFR-3 GFAP/

Fig. 5. Phenotypic analysis of vascular endothelial growth factor
receptor (VEGFR)-3 immunoreactive cells in hippocampus follow-
ing pilocarpine injection. In sham-manipulated animals, VEGFR-3
positive cells were pyramidal neurons without glial fibrillary acidic
protein (GFAP) or Ox42 expressing glial cells. At 4 days after status
epilepticus (SE), VEGFR-3 positive cells co-expressed GFAP or Ox42 im-
munoreactivity in the subpyramidal zone of the hippocampus. White
arrows indicate a representative double-labeled cell magnified in the
insets. Among GFAP expressing cells in subpyramidal zone, 81.3%
showed VEGFR-3 immunoreactivity, whereas 6.8% of all Ox42 positive
cells demonstrated VEGFR-3 expression. Scale bar = 50 um for low
magnified images. Scale bar = 10 um for insets. N = 6 per each group.

zone that co-labeled with GFAP (Fig. 4). However, at 7 days after
SE, 82.9% of GFAP-positive cells were VEGF-C/GFAP double-
labeled astrocytes and 13.6% of Ox42-expressing cells were
VEGF-C/Ox42 double-positive microglial cells (Fig. 4). There
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was no glial expression of VEGFR-3 in sham-controls. However,
at 4 days after SE, 81.3% of GFAP-immunoreactive cells were
VEGFR-3/GFAP double-labeled astrocytes and 6.8% of Ox42-
expressing cells were VEGFR-3/0x42 double-positive microglia
(Fig. 5), similar to VEGF-C expression. These data demonstrated
that VEGF-C and VEGFR-3 protein were primarily expressed in
neuronal cells under physiologic conditions, but after prolonged
seizure activities, the expression of VEGF-C and VEGFR-3 was
more prominent in reactive astrocytes.

DISCUSSION

The present study demonstrates that VEGE-C and VEGFR-3
are significantly upregulated in the hippocampus after pilocar-
pine-induced SE. Both VEGF-C and its receptor, VEGFR-3, are
activated at 4 days and 7 days after SE, in parallel with pyramidal
neuronal death. VEGF-C- and VEGFR-3 immunoreactive cells
induced by SE are mainly reactive astrocytes and a few microglial
cells.

Physiologically, VEGF-C and VEGFR-3 have been a critical
regulator of lymphangiogenesis [12-14]. In the central nervous
system, many researchers including us demonstrated VEGF-
C/VEGFR-3 expressions in the developing and adult brain [15-
18,31]. Consistent with previous reports, we also observed VEGE-
C and VEGFR-3 immunoreactivities mainly in the pyramidal
neurons and granule cells, in addition to several other cell types
in the hippocampus. With regard to the function of VEGE-C/
VEGFR-3 in the brain, blocking VEGFR-3 in retinal microvessels
could inhibit angiogenic sprouting and branching [32], suggesting
that VEGFR-3 can mediate the fine tuning of vessel branching.
Moreover, VEGF-C and VEGFR-3 could promote neurogenesis
in the hippocampus and the subventricular zone by modulating
the proliferation of neural stem cells [33,34]. Furthermore, glial
progenitors were also influenced by VEGF-C/VEGFR-3 signal-
ing [35,36], suggesting versatile roles of VEGF-C and VEGFR-3.
Thus, it will be interesting to examine diverse cell types express-
ing VEGF-C and VEGFR-3 in the brain and their impact on ho-
meostatic regulation of cytogenesis.

A number of studies have reported that epilepsy is character-
ized by neuronal cell death and reactive glial responses in several
brain regions [37-39]. Pilocarpine-induced SE is a reliable model
used to study the pathophysiologic mechanisms of epilepsy be-
cause it reproduces electrographic, histologic, and behavioral al-
terations of epilepsy [8,10,40]. Fluoro-Jade staining demonstrated
pyramidal neuronal death in addition to hilar neuronal damage
after pilocarpine injection. Moreover, GFAP-expressing astro-
cytes and Ox42-immunoreactive microglia became hypertrophic
with thick bundles of glial filaments within 1 day after SE, cor-
roborating that our model system is in line with other studies
[9,11].

VEGF-C and VEGFR-3 are upregulated in various diseases,
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including myocardial infarction, experimental autoimmune
encephalomyelitis, ischemic stroke, and epilepsy [19-25,41,42].
Consistent with previous results, our immunohistochemistry
results showed increased VEGF-C and VEGFR-3 expressing cells
in the hippocampus after acute seizures. Temporal expression
profiling further revealed that these cells began to increase at
4 days after pilocarpine-induced SE, which is a subacute phase
in epilepsy. Because blockade of activation of all three VEGF
receptors by sunitinib for 14 days during the subacute phases sup-
presses spontaneous recurrent seizures [26], targeting the VEGE-
C/VEGEFR-3 signaling pathway with more specific inhibitors may
uncover novel roles of VEGF-C and VEGFR-3 in epilepsy. VEGF-
C/VEGFR-3-mediated functions may be related to seizure-
induced aberrant neurogenesis and/or neuroprotection. Since
VEGF-C promotes dentate and subventricular neurogenesis via
VEGFR-3 [33-35], increased VEGE-C after acute seizures may
enhance proliferation of neural progenitors in the hippocampus,
which can result in increased ectopic granule cells. Considering
that aberrant hippocampal neurogenesis can contribute to the
generation of chronic seizures [43], blockade of the VEGF-C/
VEGFR-3 signaling pathway may reduce recurrent seizures. An-
other plausible role of VEGF-C and VEGFR-3 is neuroprotection.
In our previous report, we showed that ischemic preconditioning
increased VEGF-C expression in pyramidal neurons. When a
specific VEGFR-3 inhibitor, SAR131675, was administered, the
neuroprotective effects of ischemic preconditioning were abol-
ished, suggesting involvement of the VEGF-C/VEGFR-3 pathway
in ischemic tolerance [44]. As the general molecular mechanisms
that follow brain insults are considered to be similar for isch-
emia and epilepsy [45], it is possible that increased VEGF-C and
VEGEFR-3 expression after acute seizures may be an attempt to
promote endogenous neuroprotection. Further studies modify-
ing VEGF-C or VEGFR-3 expression are required to elucidate the
specific roles of VEGF-C/VEGFR-3 signaling in epilepsy.
VEGEF-C and VEGFR-3 were originally identified as major
regulators of lymphangiogenesis [13,14,46]. The main lymphatic
vessels in the brain are located in the dura and drain cerebrospi-
nal fluids (CSF) to deep cervical lymph nodes [47]. However, it
remains unclear how interstitial fluids in the brain parenchyma
drain to the meningeal lymphatic vessels. Although controversial,
one interesting hypothesis is that astrocytes are critical to clear-
ing interstitial macroscopic solutes by utilizing the water channel
aquaporin-4 [48,49]. Our study showed that most reactive as-
trocytes in the hippocampus expressed VEGF-C and VEGFR-3,
which are essential molecules in regulation of lymphatics. There-
fore, astrocytic VEGF-C secreted to the interstitial space of the
hippocampus may be dispersed to CSF or veins to stimulate the
formation of meningeal lymphatic vessels, eventually enhancing
drainage of parenchymal waste to the dural lymphatics. Seizure-
induced dysfunction of the blood-brain barrier generates a mas-
sive influx of blood-driven serum proteins such as albumin,
which lowers the seizure threshold [50]. It will be interesting to

Korean J Physiol Pharmacol 2019;23(4):281-289
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elucidate the unequivocal roles of glial VEGF-C and VEGFR-3 in
association with clearance of soluble wastes.

In conclusion, we provided the spatiotemporal expression pat-
tern of VEGF-C and VEGFR-3 in the hippocampus after pilocar-
pine-induced SE. We also showed that the main cell type respon-
sible for increased VEGF-C and VEGER-3 after acute seizures is
astrocytes, in addition to a few microglia. Our results provide a
scientific basis for the role of the VEGF-C/VEGFR-3 pathway in
epileptic seizures.
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