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Abstract

Astrocyte dysfunction plays a crucial role in epileptogenesis by impacting neuronal excitability
and synaptic transmission. The effect of small molecules on cellular functions depends on
various factors, including the presence of specific target molecules within different cell types and
tissues. This study investigates how specific small molecules impact the survival of ‘astrocytes
derived from various brain regions (the neocortex, hippocampus, or amygdala). of patients with
medically refractory epilepsy. This study evaluated astrocyte responses to three distinct small
molecules (valproate, forskolin, and GSK3 inhibitor/WNT activator CHIR99021), both
individually and in combinations, to determine their differential €ffects on astrocyte survival. Our
findings revealed that the effects of small molecules on astrocyte survival varied based on the
brain tissue source and individual patient differences. Astrocytes from the amygdala of two
patients showed heightened sensitivity to the small molecules, while astrocytes from the
neocortex of one patient exhibited decreased viability following treatment with CHIR99021 and
valproate. Moreover, astrocytes from the hippocampus exhibited a significant decrease in
viability in one patient, whereas no significant changes were observed in other patients.
Variability in astrocyte responses to small molecules, influenced by brain region and patient
differences, may thighlight their role in shaping diverse therapeutic outcomes in individuals.
Further studies are required to clarify the factors involved in the different behaviors of astrocytes

in response to small molecules in epilepsy.
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Introduction

Epilepsy is a neurological condition defined by repeated seizures caused by the synchronized,
abnormal firing of groups of neurons. Glial cells are deeply involved in the genesis,
development, and progression of epilepsy pathophysiology, mainly through their contribution to
the synchronization of neural networks (Rosciszewski et al., 2019). These cells closely-interact
with neurons, regulate synaptic communication, and are involved in inflammatory processes and
immune reactions (Diaz Verdugo et al., 2019; Heuser, Szokol, & Taubell; 2014). Each type of
glial cell possesses different properties that could be targeted to- preserve neuronal health
(Rasband, 2016). Several studies revealed significant phenotypical.and functional heterogeneity
of glial cells across various regions of the mammalian eentral nervous system (Tan, Yuan, &
Tian, 2020). Emerging evidence suggests that glial. cells undergo apoptosis and exhibit
neuroinflammation in the epileptic focus, potentially.contributing to epileptogenesis (Sokolova et
al., 2022). Specifically, oligodendrocyte apoptosis has been linked to myelin damage in epilepsy
(Sokolova et al., 2022). Furthermore;-glial cells are involved in epileptogenesis through their
interactions with neurons (Egana-Huguet, Soria-Goémez, & Grandes, 2021). Astrocytes can sense
and respond to neuronal-activity, allowing them to regulate synaptic interactions (Tavassoli,
Giahi, Janahmadi;~& . Hosseinmardi, 2022). Given the importance of astrocytes in epilepsy,

modulating their function may offer therapeutic potential.

The longer-duration of epilepsy is associated with decreased neuronal production and sustained
astrogenesis (Ammothumkandy et al., 2022). Although immature neurons in mesial temporal
lobe epilepsy (MTLE) remain inactive and are not present during local epileptiform activity,
immature astroglia persists in all cases of MTLE. This astroglia, rather than new neurons, could

be a potential target for regulating the hyperactivity of adult human neurons (Ammothumkandy



et al., 2022). For example, the endocannabinoid system in glial cells has been studied as a target
for treating epilepsy in animal models (Egana-Huguet et al., 2021). It has been suggested that
glial cells could be considered valuable next-generation targets for designing anti-epileptic drugs,
offering the potential to enhance outcomes for medically refractory epilepsy (Shen, Pristov,

Nobili, & Nikoli¢, 2023).

Several studies have investigated small molecules' (SMs) ability to influence glhial cell-properties
in epilepsy models. Recently, there have been reports indicating that SMs capable of binding to
and activating K*/CI™ co-transporter (KCC2) have shown promise-in reducing neuronal CI”
accumulation and excitability. When KCC2 is selectively disabled in the hippocampus, it leads to
the buildup of neuronal C1™ and depolarizes GABAAR currents. These impairments in inhibition
are associated with the beginning of unprovoked seizures, neuronal cell death, and the activation
of reactive astrocytes. The activation of KCC2 by compound 350, a small molecule, has been
found to both prevent the development.oftand halt ongoing benzodiazepine resistance (BDZ-
RSE) status epilepticus in a mouse model of epilepsy. Furthermore, KCC2 activation has been

shown to decrease neuronal cell death following BDZ-RSE (Jarvis et al., 2023).

Recently, several SMs have been investigated during glial pathogenesis in epilepsy. For instance,
Valproate, an antiepileptic drug, has been shown to modulate glial cell function Research has
indicated that VPA can influence the development and differentiation of neural crest progenitors
asewell as hippocampal neural stem cells. Earlier research on VPA's effects on neural
differentiation has mainly focused on how it influences transcription by inhibiting histone
deacetylases (HDACs) (Almutawaa, Kang, Pan, & Niles, 2014; Hsieh, Nakashima, Kuwabara,
Mejia, & Gage, 2004; Santos, Hubert, & Milthorpe, 2020; Yu et al., 2009). Other SMs, such as

Forskolin and CHIR can influence cell signaling pathways (Han et al., 2023; B. Wang et al.,



2022; Yan, Gao, Cui, Zhang, & Zhou, 2016). Forskolin activates the enzyme adenylate cyclase
(AC) directly, leading to the production of cAMP from ATP and raising the levels of intracellular
cAMP (Sapio et al., 2017). Prolonged cAMP activation in astrocytes increases glutamate
transporter expression, while rapid cAMP spikes can reduce glutamate uptake by triggering the
internalization of these transporters. Inhibiting AC or lowering intracellular cAMP can ‘enhance
glutamate uptake by preventing the internalization of GLT-1 and GLAST (Li et al.; 2015). On the
other hand, the Wnt/B-catenin pathway is activated to prevent astrocytes.from changing into
different cell types by increasing the expression of Ngn2. After a stroke, a protein called Wnt2 is
released from dying neurons, activating Wnt/B-linked protein signaling in reactive astrocytes.
This leads to the reversal of the specialized functions of astrocytes, which in turn supports the
creation of new neurons in the cortex—indirectly activates the wnt pathway by inhibiting GSK-3
using CHIR99021, kenpaullone, and other small molecule compounds, leading to the expression
of Ngn2 and encouraging astrocytes to transform into neurons (Cheng et al., 2015; L. Huang et

al., 2024; Yin et al., 2019).

Mardones et al. (2024) investigate the Wnt signaling pathway in epileptogenesis using the
activator Chir99021. They-induced mesial temporal lobe epilepsy in wild-type and POMC-eGFP
transgenic mice through intrahippocampal kainate injection, followed by 21 days of daily
Chir99021 treatment starting 3 hours post-induction. The study revealed that IHK resulted in
epilepsy after a 14-day latent period. Wnt activation significantly reduced seizure frequency and
duration, with lasting effects. Additionally, dendritic structures were preserved, and object
location memory improved post-treatment. These findings suggest that canonical Wnt activation
may prevent epileptogenesis in the IHK mouse model, presenting a novel prevention strategy for

epilepsy. (Mardones, Rostam, Nickerson, & Gupta, 2024). A study by Feng et al. (2024)



examined the effects of VPA on hippocampal astrogliosis in a rat model of TLE. Results showed
that chronic VPA administration at 200 mg/kg significantly reduced astrogliosis and neuronal
loss in the hippocampus after status epilepticus (SE) and improved cognitive impairments in KA-
SE rats. Long-term administration at 400 mg/kg reduced astrogliosis at the middle stage post-SE
but worsened cognitive impairments later. These findings suggest that VPA, at the right dosage,
could reduce hippocampal astrogliosis and offer a potential new antiepileptic mechanism for
long-term use (Feng et al., 2024). To date, no in vitro studies have examined the effects of small
molecules on human astrocytes derived from epileptic patients. Therefore, our study sought to
evaluate the impact of three small molecules—valproate, forskolin, and a GSK3 inhibitor/WNT
activator (document number 1; CHIR)—on the viability of\ astrocyte cells obtained from
individuals with epilepsy. By investigating the effects of these compounds on astrocytes from

epileptic patients, we seek to gain insights into their-behavior across different brain regions in

epilepsy.

Materials and Methods

Ethical statement:

The local .\ Ethical Committee in Mashhad University of Medical Sciences
(IR.MUMS.REC.1400.056) approved using resected patient tissue and the subsequent
procedures conducted following the Declaration of Helsinki. Written informed consent was

obtained from all subjects before each surgery.



Tissue preparation

Tissues from temporal lobe resections were collected from seven patients with drug-resistant
temporal lobe epilepsy who underwent surgery at Khatam Alanbia Hospital in Tehran and Imam

Reza Hospital in Mashhad, Iran.

Primary Cell Culture

After the neurosurgeon resected the tissue in the operating room, the tissue'was transferred to the
cell culture laboratory in a conical tube containing cold PBS (Gibco, Germany) and Pen/Strep
(Sigma, Germany) 10% solution. In the laboratory, the tissue was transferred to a petri dish.
Then, the necrotic tissues, blood vessels, and white matter-were separated using a scalpel and
forceps. Next, the mechanical digestion was performed for'3 minutes. The tissue was overlaid
with cold PBS. Then, the tissue was transferred to a.falcon and centrifuged at 1500 rpm. After
removing the supernatant, trypsin (Gibco; Germany) was added to the tissue (at twice the amount
of the tissue) for 5 minutes at 37°C. To, neutralize the medium, twice the amount of culture
medium containing FBS (Gibco; Germany) was added to a falcon and centrifuged at 1200 rpm
for 3 minutes. After removing the supernatant, we added a medium and passed it through a cell

strainer 70 um. Finally; cells were counted and transferred to the flask.

Following a 70% confluency, we isolated astrocytes using the MD-astrocyte model. This model
is predicated on the death of neurons, which triggers the rapid proliferation of astrocytes and
oligodendrocytes in culture. It also involves the selective detachment of the wupper
oligodendrocytes, which occurs when the cultures are subjected to shear forces generated by
shaking (Creighton, Ruffins, & Lorenzo, 2019; S. Liddelow, 2017; Schildge, Bohrer, Beck, &

Schachtrup, 2013).



Cell counting and plating

The medium for expansion contained Dulbecco’s modified Eagle’s medium/F12 (Invitrogen,
Germany) with the addition of 0.5% N2 supplement (Invitrogen, Germany), 1% B27 supplement
(Invitrogen, Germany), 2 pg/ml heparin (Sigma, Germany), 1% penicillin/streptomycin, 1%
glutamine (Invitrogen, Germany), 20 ng/ml essential fibroblast growth factor (bFGF; Millipore,
Germany), and 20 ng/ml epidermal growth factor (EGF; (Sigma, Germany).-The medium was
changed every three days, and cells were transferred every seven days andire-cultured in a fresh
growth medium. The cell cultures were kept in an incubator (Memmert; Germany) at 37 °C with
95% air and 5% CO2. Astrocyte cells were cultured separately and ‘expanded to the third passage

under similar culture conditions.

SMs treatment

In our research, we utilized three distinct"SMs:\CHIR99021 (CHIR, Sigma, SML1046), Valproic
Acid (VPA, Sigma, P4543), and Forskolin*(FOR, Sigma, F3917). Additionally, BDNF (Sigma,
B3795) was employed as a growth factor in certain groups. The Astrocyte cells were exposed to
BDNF at 50 ng/ml, CHIR at 3uM, VPA at ImM, and FORS at 100 uM. Cell viability was then
measured at 48 and 72 hours post-treatment. Combining these SMs, we structured 12 groups,
detailed in Table I.-In each group, we used neural basal medium containing B27: 1%, L-Glu:

1%, Pen/Strep: 1%, and N2: 0.5%.

Table 1

Immunocytochemistry Assay

We performed immunocytochemistry to characterize cells. Initially, we discarded the culture
medium and rinsed the cells with PBS. Next, we treated the cells with 4% paraformaldehyde for

9



30 minutes to fix them. Following that, we permeabilized the cells using a Triton X-100 solution
and applied normal goat serum and BSA as blocking agents. We then applied primary antibodies,
such as GFAP (Sigma, Germany) at a 1:200 dilution, Vimentin (Santa Cruz, Germany) at a 1:100
dilution, and Fibronectin (Merk, Germany) at a 1:100 dilution, as markers for astrocytic cells at
4°C. After this, we applied secondary antibodies, including goat anti-mouse FITC (Abcam, UK),
for 1.5 hours at room temperature. We used PI to stain cell nuclei and incubated secondary
antibodies alone to identify negative controls. Finally, we examined the data using fluorescent
microscopy (Olympus, Germany). The tissue derived from patient number,1 for the amygdala,
number 7 for the neocortex, and number 4 for the hippocampus was used for cell

characterization.
Cell viability Assay

Cell viability was determined using an MTT. assay (Atocel, Austria). Astrocyte cells (1 x
10%/well) were incubated in 96-well cculture ‘dishes overnight. Subsequently, the cells were
exposed to various SMs for 48 or.72 hours. After the treatment, ten L. of MTT solution in PBS
(5 mg/ml) was applied to each well to achieve a final concentration of 0.05%. Following a 3-
hour incubation, the. supernatant was discarded, and 100 pL of dimethyl sulfoxide (Sigma,
Germany) was introduced to dissolve the formazan crystals. The microplates were gently
agitated without-light for 60 minutes, and the absorbance was gauged between 570 and 630 nm

using a Stat FAX303 plate reader (Rasti et al., 2024).
Statistical analysis
The current study presented data as means + standard deviation (SD), utilizing GraphPad Prism

for analysis (version 5). Statistical variations among the groups were determined through one-

10



way analysis of variance (ANOVA). A threshold of P< 0.05 (*) was used to signify the levels of

statistical significance.

Results

Demographic data

This study was conducted on brain tissue from seven individuals with medically intractable
epilepsy who had undergone surgery. Four participants were male, with an.average age of 35.37
years (SD = 8.87), ranging from 26 to 44 years. The duration of their seizures varied between 9
and 46 years. All patients had been using two or three /medications before surgery.
Neuropsychiatric symptoms, including cognitive impairments_and depression, were observed in

four patients (Table 2).

Table 2

Isolation and Expansion of human astrocyte cells

Human astrocyte cells were isolated.and cultured from resected mesial temporal lobe tissues
during epilepsy surgery. Following the primary culture, the cells achieved 80% confluence
within ten days (Fig. 1). The astrocytes exhibit diverse shapes and intricate structures. The main
processes, called "branches," originate from the soma, with their precise number being diverse.

The neocorttex cells have fewer branches than those in the amygdala and hippocampus.

Fig. 1

Immunocytochemistry Assay

We analyzed the expression levels of GFAP, vimentin, and Fibronectin markers. Our findings

revealed a negative expression of the GFAP marker and a positive expression of Vimentin and
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fibronectin (Fig. 2). The findings are consistent with previous studies (Macikova, Perzelova,
Mraz, Bizik, & Steno, 2009; Perzelova et al., 2007), which shows that astrocytes derived from
human brain tissues predominantly express vimentin (100%) and fibronectin (95%), with only
0.1% testing positive for GFAP. Building on these findings, we effectively isolated and purified

astrocytes for further analysis.

Fig. 2

Cell viability assay

The viability of astrocytes derived from epileptic tissue was evaluated.after treatment with SMs
and compared to cells that were not treated. Our findings indicate that specific SMs can inhibit
the viability of astrocytes when used alone or in combination with others, depending on the cell
source and individual patients. For instance, two patients' astrocytes from the amygdala exhibited
more robust responses to SMs (Fig. 3 A; B). In contrast, astrocytes from the neocortex showed
reduced viability in only one group (CHIR+VPA) (Fig. 3 E, F). Interestingly, astrocytes from the
hippocampus exhibited a significant decrease in viability for one patient across all groups, while

another showed no substantial changes (Fig. 3 C, D).

Fig. 3

Discussion

Astroglial cells make up around 30% of all cells in the adult mammalian CNS, making them the
most prevalent cell type (S. A. Liddelow & Barres, 2017). These cells share early progenitor cells
with neurons. They are highly likely to be converted into neurons in neurological disorders,
where there is neuronal loss or a high number of astrocytes due to uncontrolled proliferation.
Thus, inhibiting astrocyte proliferation, mainly astrogliosis, occurs in epilepsy and creates a

12



chaotic environment; targeting the proliferation and viability of astrocytes could be a novel
approach to managing MTLE (Chandrasekaran, Avci, Leist, Kobolak, & Dinnyés, 2016;
Westergard & Rothstein, 2020). Our study demonstrates that specific SMs can reduce the
viability of astrocytes in some epileptic patients. To arrive at a valid conclusion, we conducted
viability assays on astrocytes isolated from different tissues (amygdala, hippocampus, ‘and
cortex) obtained from intractable epileptic patients individually. Notably, tissue: heterogeneity,
brain localization, and the timing of epilepsy onset and seizure duration may influence the
cellular response to our intervention (Wong, 2019). However, the results of two studies have
indicated that the differentiation of astrocytes derived from human fetal-brain tissue and cell lines
was taken into neurons (exposed to TTNPB, SB431542, LDN193189, Thiazovivin, CHIR99021,
DAPT, VPA, SAG, purmophamine) and oligodendrocytes (exposed to CHIR99021, Forskolin,
Repsox, LDN, VPA and Thiazovivin), respectively, when exposed to SMs (Sharifi-Kelishadi,
Zare, Fathollahi, & Javan, 2024; Zhang et al., 2015). This means SMs can regulate astrocyte
molecular mechanisms. The difference.between this study and our findings was that we used
several tissues, while these two studies assessed their response on one cell type or cell lines. The
heterogeneity of cells was evident in our study; this might affect the response to SMs. Another
difference was that the,outcome of our study was viability for a maximum of 72 hours, while
those studies evaluated differentiation during 10 days. Additionally, we just used three SMs,

while they used 9 SMs for neuronal differentiation and 6 SMs for oligodendrogenesis.

Recent studies indicate that Wnt/B-catenin signaling is involved in neurogenesis and neuronal
reorganization during epileptogenesis (C. Huang, Fu, Zhou, & Li, 2015; Moncion, West, &
Metcalf, 2024; Qu et al., 2017). Rawat et al. (2023) used a lithium-pilocarpine model of status

epilepsy (SE) and found that this signaling pathway was inactive during the acute phase but

13



activated in the chronic stage. This activation may increase neuronal count, synaptic density,
astrogliosis, and apoptosis in chronic epilepsy. The findings suggest that targeting GSK-3f could
be beneficial in the acute stage, while addressing the chronic stage may require targeting -
catenin and disheveled proteins (Rawat, Gautam, Sandhu, Bhatia, & Saha, 2023). Recent studies
show that wvalproic acid (VPA) exerts anti-epileptic effects by modulating “the
excitatory/inhibitory (E/I) balance through astrocytes (Takeda et al., 2021)..As a histone
deacetylase (HDAC) inhibitor, VPA influences gene expression in astrocytes, affecting mRNA
levels of cell adhesion molecules and extracellular matrix proteins in‘a time- and concentration-
dependent manner. VPA also increases levels of excitatory (PSD=95) and inhibitory (Gephyrin)
proteins in mixed cultures, indicating its role in regulating \E/l balance through astrocytic
mechanisms, which warrant further research on astroglial.contributions to synapse formation (C.
C. Wang et al., 2012). We found that the combination of CHIR and VPA reduces astrocyte

viability, suggesting that these small molecules may inhibit astrogliosis in the context of
epilepsy.

Consistent with our results, it has been reported that SMs could inhibit neuroinflammation by
inhibiting proinflammatory. cytokines. In this regard, we found that SMs could inhibit the
survival of astrocytes, which is a primary source of proinflammatory production (Dey, Kang,

Qiu, Du, & Jiang, 2016).

We have found that specific drug/small molecule screenings are achievable using cells obtained
from epileptic tissue. This discovery is a significant step forward in personalized medicine. Our
findings demonstrate that patient responses vary, and intriguingly, we observed varied reactions
in terms of cell localization. The complexity of epilepsy is attributed to various mechanisms,

such as the imbalance between inhibitory and excitatory neurotransmission, heightened

14



inflammation, specific brain region neuronal damage, and irregularities in neuronal and cortical
development. These mechanisms result in varied responses to pharmacological interventions (do
Canto et al., 2021). For example, following the analysis of 57 TLE samples along with one
control through histochemistry and electron microscopy, researchers identified considerable
variation among the samples. Some patients experienced pronounced segmental loss.in'the
hippocampus, while others showed moderate neuronal loss in the hippocampus, with a few not

exhibiting any pathological changes whatsoever (Kunz et al., 2000).

Another crucial mechanism in epilepsy, recently highlighted, is biophysical heterogeneity. This
phenomenon significantly reduces neuronal diversity within se€izure-generating regions (Rich,
Moradi Chameh, Lefebvre, & Valiante, 2022). Within this context, using SMs could boost
neuronal diversity by stimulating the creation of new neurons in regions prone to seizures. In
particular, compounds like retinoic acid, Notchiinhibitors, WNT activators, and DNMT inhibitors
can prompt the transformation of neural cells from human fibroblasts by triggering autophagy
and reducing ROS production (Rujanapun et al., 2019). Thus, SMs can inhibit astrogliosis while
conversely having the potential to enhance neuronal production. This presents a novel approach
in epilepsy for modifying cellular architecture and addressing neuronal heterogeneity. The
primary limitation of this investigation was the limited sample size (n=7). Future research should
aim to involve a larger cohort of participants to enhance the robustness and generalizability of

the findings:

Conclusion

In summary, targeting the proliferation and viability of astrocyte cells represents a promising
approach to managing MTLE. Our study, which involved viability assays on cells from different

tissues obtained from intractable epileptic patients, highlights the importance of considering
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tissue heterogeneity, brain localization, and timing of epilepsy onset. Notably, patient responses
vary, and the complexity of epilepsy involves multiple mechanisms. Finally, to better understand
the effects of SMs, the following recommendations are suggested: 1) Conduct large-scale studies
to analyze patient responses to different SMs, considering factors such as genetic variations,
comorbidities, and lifestyle. ii) Investigate the synergistic effects of combining SMs with other
therapeutic approaches, such as antiepileptic drugs, immunomodulators, or stem.cell therapies.
ii1) Explore specific SMs that can selectively modulate glial cell viability without affecting

neuronal health.
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Tables/Figure Legends

Table 1: Different groups of SMs

Table 2: Demographic and clinical data of epileptic surgery patients

Fig. 1: Primary cultures of astrocytes derived from patients with intractable epilepsy derived

from the amygdala, neocortex, and hippocampus.

Fig. 2: Expression of vimentin and fibronectin in astrocytes derived from human-epileptic brain
tissues. Cells stained for markers are green, and nuclei stained with propidium iodide (PI) are

red.

Fig. 3: Treatment of different SMs on astrocyte cell survival.

20



Table 1: Different groups of SMs

Groups hame Description Additive
GF - Neural basal medium* | -
BDNF + BDNF (50ng/ml)
CHIR + CHIR (3uM)
VPA + VPA (ImM)
FOR + FOR (100 pM)
CHIR+VPA + CHIR (3uM) +VPA (ImM)
CHIR+FOR + CHIR (3uM) +FOR (100-uM)
VPA+FOR + VPA (ImM) +EOR (100 uM)
BDNF+VPA + BDNF (50ng/ml) +VPA (1mM)
BDNF+FOR + BDNF (50ng/ml) +FOR (100 uM)
Cocktail + CHIR (3uM) +VPA (ImM) +FOR (100 pM)
+ CHIR (3uM) +VPA (ImM) +FOR (100 pM) +BDNF
Cocktail +BDNF

(50ng/ml)

* Neural basal medium containing B27: 1%, L-Glu: 1%, Pen/Strep: 1%, N2: 0.5%
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Table 2: Demographic and clinical data of epileptic surgery patients

Patie Age Epilepsy Seizure
Gender Age of seizure onset Drugs Psychiatric disorders
nt (year) duration | frequency
Tissue source: Amygdala
Levetiracetam
1 Female 49 3 years after birth 46 weekly Mild depression
Carbamazepine
Levetiracetam
2 Male 26 2 days after birth 26 Monthly Topiramate Cognitive Impairment
Lacosamide
Tissue source: Hippocampus
Levetiracetam
3 Female 34 10 months after birth 33 Weekly Carbamazepine Depression
Lacosamide
Levetiracetam
4 Male 26 2 days after birth 26 Monthly Topiramate Cognitive Impairment
Lacosamide
Tissue source: Neocortex
Levetiracetam
5 Male 39 30 years after birth 9 Monthly -
Lacosamide
Carbamazepine
6 Female 44 5 years after birth 39 Weekly -

Phenobarbital

22




Male

26

5 years after birth

21

Daily

Levetiracetam

Phenobarbital

Lacosamide
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Hippocampus

Fig. 1: Primary cultures of astrocytes derived from patients with intractable epilepsy detived
from the amygdala, neocortex, and hippocampus.
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Amygdala

Neocortex

Hippocampus

Fig. 2: Expression of vimentin and fibronectin in astrocytes derived from human epileptic brain
tissues. Cells stained for markers are green, and nuclei stained with propidium iodide (PI) are
red.
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Fig. 3

4). * and **** indicate P<0.05 and P<0.0001, respectively.
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