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Abstract

Background: Epilepsy is one of the most common neurological disorders caused by recurrent
spontaneous seizure which lead neuronal death. Neurons are highly vulnerable to oxidative
stress that triggers death signaling in acute brain injuries such as seizures and ischemic and
traumatic brain injuries. During oxidative insults, intracellular calcium ion (Ca*") and zinc ion
(Zn*") play critical roles in neuronal death. However, relationship of oxidative stress and these
two ions during neuronal death need to be elucidated.

Purpose: The aims of this study are to identify strong neuroprotective molecules against
oxidative stress-induced neuronal death and to demonstrate the underlying mechanism for the
neuroprotective effect of these drugs.

Results: When the primary cultures containing both cortical neurons and astrocytes were
exposed to hydrogen peroxide (H»>0.), the majority of cells died and increased the release of
lactate dehydrogenase (LDH) into the bathing medium. Addition of either NU6027 or
indirubin-3’-oxime (I30) markedly reduced the H»O»-induced cell death. The protective effect
of NU6027 or I30 was also observed in cells treated with ZnCl, or sodium nitroprusside (SNP;
a donor of nitric oxide). Interestingly, the drugs selectively protected neurons, while they had
no effect on astrocytes. When I analyzed Zn*" and Ca?" signals with live cell images of neurons
exposed to H,O,, early Zn?' rises were a prerequisite for late Ca®* increases. Although both
NU6027 and 130 had no effect on Zn?" rises, they dramatically abrogated Ca®" rises. On the
other hand, N,N,N’,N'-tetrakis-(2-pyridylmethyl) ethylenediamine (TPEN) blocked both Zn*"
and Ca”" rises. To figure out the route of Ca*" responsible for H,O,-induced neuronal death,
treated the cells with several inhibitors for receptors and channels which are permeable to Ca®".
The results showed that H>O,-induced neuronal death was not attenuated by MK801 [N-
methyl-D-aspartate (NMDA) receptor antagonist], 6-cyano-7-nitroquinoxaline-2,3-dione

[CNQX; alpha-amino-3-hydroxy-5-methyl-4-isoxaxolepropionic acid (AMPA)/kainic acid



(KA) receptor antagonist], (-)-xestospongin C (inositol trisphosphate receptor antagonist),
dantrolene (ryanodine receptor antagonist). Interestingly, 2-aminoethyl diphenylborinate [2-
APB; transient receptor potential (TRP) channel blocker] and ML204 (TRPCS5 blocker)
significantly decreased Ca*" as well as neuronal death induced by H,O», suggesting that TRPC
may be involved. I found that TRPCS was exclusively expressed in neurons, and neurons from
TRPCS knock out (KO) mice were resistant to neuronal death by H,O> compared with wild
type (WT) neurons. Additionally, electrophysiological analysis indicated that the NU6027 and
130 directly blocked the basal activity of TRPC5 and Zn*'-mediated TRPC5 activation in
human embryonic kidney 293 (HEK293) cells expressing mouse TRPCS5 proteins. NU6027
reduced mortality without the effect on seizure severity in KA-induced seizure animal models,
in which oxidative stress plays a role in neuronal death. Furthermore, NU6027 significantly
attenuated the resultant neuronal death in cerebral cortex and hippocampus of KA-induced
seizure rats.

Conclusion: This study suggests that NU6027 and 130 directly block TRPC5 channels which
mediate Zn*'-dependent Ca*" influx and oxidative stress-induced neuronal death. Therefore,

the inhibition of TRPCS can be a novel target for developing drugs for epilepsy.

Keyword: Calcium ion, epilepsy, neuronal death, oxidative stress, transient receptor potential

canonical 5 (TRPCS), and zinc ion
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Introduction

Epilepsy is characterized by recurrent unprovoked seizure and the fourth most
common neurological disorder. Worldwide, more than 65 million people are distressed with
epilepsy and over 100,000 patients are newly diagnosed every year." Epilepsy is associated
with several risk factors, including brain tumors, the developmental abnormalities in brain,
traumatic brain injury, and stroke.”? Although about 70% of these patients are controlled by
currently used antiepileptic drugs, approximately 30% are still refractory. It has been reported
that single or repeated seizure induced neuronal loss in the brain, especially in hippocampus.
The neuronal death is stimulated by overloaded calcium ion (Ca*") and oxidative stress. In
animal models, the injection of kainic acid (KA) or pilocarpine increases excessive production
of reactive oxygen species (ROS) which contributes to neuronal cell death.” Moreover,
seizure-induced neuronal death was mediated by Ca*" overload by mitochondrial dysfunction
and oxidative stress.”

ROS plays important pathological roles in numerous neurological disorders, such as
ischemic stroke, brain and spinal cord trauma, and epilepsy.® > ® ROS includes hydrogen
peroxide (H,0,), nitric oxide (NO), superoxide anions, and hydroxyl radicals.” The
physiological levels of ROS can be maintained by cellular antioxidant detoxification systems,
such as superoxide dismutase, catalase, and glutathione peroxidase.g) However, excessive ROS
by an imbalance between the production of ROS and the ability of detoxification leads cell
death.” In particular, neurons are prone to be damaged by oxidative stress because brain
contains high level of polyunsaturated fatty acids which are more susceptible to peroxidation,
consumes the considerable amount of oxygen even though its relatively small weight, and
possesses the limited antioxidant activity compared with other tissues.'”

In addition to oxidative stress, the consequent rise of intracellular concentrations of

Ca?" ([Ca®"],) are considered to be principal for neural excitotoxicity in brain injuries such as



epilepsy, stroke, and brain/spinal cord trauma.* > ® It has been reported that various receptors
and channels including glutamate receptors [N-methyl-D-aspartate (NMDA), alpha-amino-3-
hydroxy-5-methyl-4-isoxaxolepropionic acid (AMPA)/KA receptors], voltage-dependent
calcium channels (VDCC), transient receptor potential (TRP) channels, inositol trisphosphate
receptors (IP3R) and ryanodine receptors (RyR) are involved in the elevation of [Ca*']; during
neuronal death.'''¥ Particularly, the recent studies suggested that TRP channels, Ca*"-
permeable non-selective cationic channels, have implicated in oxidative stress-induced
increases in [Ca*'].'* !>

Mammalian TRP channels are divided into seven subfamilies; TRPC (canonical),
TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPP (polycystic), TRPML
(mucolipin), and TRPN (no mechanoreceptor potential C).'"” The isoforms of TRP channels
are consisted of six transmembrane domains, a pore-forming loop between fifth and sixth
transmembrane domains, and the intracellular C- and N-termini.'” They form homo- or hetero-
tetramers to form as a channel.'”'"® Many TRP channels are critical in various neurological
functions, such as cell proliferation, dendritic outgrowth, growth corn development, axon
guidance, neuroprotection and neuronal death.'®'” On the other hand, it has been reported that
TRPC channels are implicated in neuronal death, which are consisted of seven isotypes
(TRPC1-TRPC?7) and highly expressed in the brain.'""'” Recent studies reported that TRPC4
and TRPCS5 were associated with epileptiform burst firing and seizure-induced neuronal
death.> 2V Moreover, it was reported that S-glutathionylation of TRPC5 is involved in
oxidative stress-mediated neuronal death in Huntington’s disease."” However, the role of
TRPCs on oxidative stress-induced neuronal death has not been clearly investigated.

Besides, zinc ions (Zn*") also play physiological and pathological roles in the brain.
Under physiological conditions, intracellular Zn*" is tightly regulated by zinc transporters
(ZnTs), ZRT/IRT-like proteins (ZIPs), and buffering proteins including metallothionein.**2*

However, the intracellular concentrations of Zn*" [Zn*']; are excessively increased during



neuronal death under pathological conditions, such as seizures, stroke, or traumatic brain
injury.>?? Interestingly, several papers suggested that the two potentially toxic events, Ca**
and Zn*" dyshomeostasis, are closely correlated. Vander Jagt et al. reported that increases in
intracellular Zn?* contribute to the subsequent Ca®' increase in CAl pyramidal neurons
exposed to NMDA.?® It has been also demonstrated that increase in intracellular Zn*" by
clioquinol and pyrithione, Zn*'-ionophores, can activate TRPA1 in dorsal root ganglion
neurons.?” However, the mechanisms of Zn*"-mediated Ca*" influx during neuronal death has
not been clearly demonstrated.

Although ample evidence supports that oxidative stress is a key mechanism
contributing to neuronal death in acute brain injury, a variety of clinical trials with drugs
targeting ROS have been unsuccessful. For instance, potent antioxidants, such as N-acetyl
cysteine and NXY-059, were not beneficial in patients with epilepsy or ischemic stroke.***"
There are many possible reasons for these failures, including weak antioxidant capacity, poor
blood-brain barrier penetration, and rapid clearance in vivo.*” Despite the failure of variety
of clinical trials with antioxidant drugs, ROS is still a major target for neuroprotective drugs.
Hence further studies are needed to find the novel toxic mechanism of oxidative insults.

In the present study, I found that two cyclin dependent kinase (CDK) inhibitors,
NU6027 and indirubine-3’-oxime (I30), efficiently prevented Zn**-mediated Ca®" increases
and neuronal death induced by ROS. I focused on finding a rout of the Ca*" overload,

evaluating whether the rout can be a target for NU6027 and 130, and efficacy of NU6027 in

zinc transporter-induced rat seizure models.



Materials and Methods

Primary cortical cell cultures

Cortices of postnatal day 3 ICR mouse brains were collected and used to prepared
pure astrocyte cultures. The pure astrocyte cultures were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 7% fetal bovine
serum (FBS; Hyclone, Logan, UT, USA), 7% horse serum (HS; Gibco), 1%
penicillin/streptomycin (Cambrex, Walkersville, MD, USA), and freshly added 2 mM
glutamine (Sigma, St. Louis, MO) until forming monolayer. These astrocyte cultures were
used either for experiments or as feeder cells for mixed cortical cultures. For mixed cortical
cultures, cortical neurons from cortices of embryonic day 14 (E14) ICR mouse brains were
plated onto each plate containing pure astrocyte cultures and growing them in DMEM
containing 5% FBS, 5% HS, 1% penicillin/streptomycin, and freshly added 2 mM glutamine.
Pure neuronal cultures were prepared from cortices of E14 ICR mice or age-matched WT or
TRPCS5 KO 129/SvlmJ mice. Neurons were grown in neurobasal media (Gibco) containing
B27 supplement (Gibco), 2 mM glutamine and antibiotics. Cytosine arabinoside (Sigma) was
added to mixed cortical cultures and pure neuronal cultures to eliminate non-neuronal cells.
All cultures were maintained at 37°C in a humidified 5% CO, incubator and replaced with

appreciated culture media twice a week.

Treatments

Cells were treated with glutamate (Sigma), hydrogen peroxide (H»O; Sigma),
sodium nitroprusside (SNP; Sigma), and ZnCl, in Minimum Essential Media (MEM; Gibco)
for 24 h at the concentrations. Anthranilic acid (AA), clotrimazole (CLT), dantrolene,
flufenamic acid (FFA), indirubin-3'-oxime (I130), NU6027, ruthenium red (RR), N,N,N,N'-

tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) and 2-aminoethyl diphenylborinate (2-



APB) were purchased from Sigma. Capsaicin, MK-801, ML204, Pyr3 and (-)-xestospongin C
(XeC) were purchased from Tocris (San Diego, CA, USA). SB216763 was purchased from
Enzo Life Science (Farmingdale, NY, USA). 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
was purchased from RBI (Natick, MA, USA). All these reagents were added 1 h prior to H2O,

ZnCl,, or SNP exposure, unless otherwise stated.

Determination of cell death

To evaluate cell death, the release of lactate dehydrogenase (LDH) into culture media
from dead cells was measured after the exposure to H»O,, ZnCl,, SNP, or glutamate for 24 h.
Cell death was quantitatively assessed. Each LDH value was subtracted by the mean
background values in sham washed control (0%; without cell death) followed by scale to the
mean value in sister cultures treated with 200 uM glutamate (100%; near-complete neuronal
death) or 100 uM ZnCl, (100%; astrocytic death) in neuron cultures or pure astrocyte cultures,
respectively. Cell death was also determined by staining cells with 2 pg/ml propidium iodide
(PD) to identify the disruption of membrane integrity indicating cell death. Phase-contrast and
fluorescent images were obtained using a fluorescence microscope (IX71; Olympus, Tokyo,
Japan) equipped a CCD camera (IX-10, Olympus). Fluorescent images for Pl-stained cells

were obtained at the excitation wavelength of 535 nm and emission wavelength of 617 nm.

Live cell imaging for intracellular Ca’" and Zn**

To stain cells for Ca*" and label Zn**, mixed cortical cultures were stained with 2 uM
Fluo-4 AM (a chemical indicator for Ca*") or 2.5 pM FluoZin-3 AM (a chemical indicator for
Zn*") in phenol red free MEM for 30 min before imaging. Fluorescent images of Fluo-4 or
FluoZin-3 were obtained suing a fluorescence microscope (IX71; Olympus) equipped with
CCD camera (IX-10; Olympus) at the excitation wavelength of 494 nm and emission

wavelength of 516 nm. Fluorescence intensities were quantified in each captured field using



ImageJ software (National Institute of Health) and represented by fold increase compared with
control. Additionally, time laps live-cell imaging, pure neuron cultures were loaded with 2.5
uM FluoZin-3-AM to label Zn** for 30 min before imaging or transfected 2 days before
imaging with 10 pg of p-CMV-R-GECOIl plasmid (R-GECOIl; 565/630 nm of
excitation/emission wave length; genetically encoded Ca®" indicating protein) to detect Ca*".
After the addition of H»O,, images were acquired every 1 min for 4 h using the inverted
microscope (Ti-E; Nikon) equipped with a Cascade 212B (EMCCD) camera (Roper Scientific,
Trenton, NJ, USA) at an appropriate excitation and emission wavelength. Fluorescent intensity
was analyzed with MetaMorph software (Universal imaging, Downingtown, PA, USA) and

represented by fold increases compare with control.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total cellular RNA was extracted from pure neuron and astrocyte cultures using
Trizol (Invitrogen) according to manufacturer’s instruction. Complementary DNA (cDNA)
was synthesized using RT? First Strand kit (Qiagen, Limburg, Netherlands). PCR reaction were
prepared by mixing equal amount of cDNA and a set of primers for mouse TRPC subtypes
(Table 1) in AccuPower ProFi Taq PCR premix (BioNeer, Daejeon, South Korea) and
completed with C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA) (Table 1). PCR

products were separated on 1.5% agarose gels and visualized using Gel-doc (Bio-Rad).

Immunocytochemical staining

Cultured pure neurons and astrocytes were fixed with 4% paraformaldehyde for 15
min and permeabilized with 0.1% Triton X-100 for 5 min. Tissues were then blocked with 1%
bovine serum albumin for 30 min. For staining, cells were incubated with antibody for TRPCS
(1:100; Neuromab, Davis, CA, USA) at 4°C overnight followed by incubation for 2 h with

glial fibrillary acidic protein (GFAP; 1:100; Millipore, Billerica, MA, USA) for astrocyte or



microtubule-associated protein 2 (MAP2; 1:100; Abcam) for neurons. Cells were then
incubated with the appropriate fluorescence-labeled secondary antibodies for 2 h. For nuclear
staining, cells were incubated with 5 mg/ml hoechst33342 (Sigma). Cells were mounted and
visualized under the EVOS Cell Imaging System (Thermo Fisher Scientific, Rockford, IL,

USA).

Western blot analysis

To extract the membrane proteins, the cultured pure neurons and astrocytes were
harvested and suspended with 1 mM sodium bicarbonate buffer containing proteinase
inhibitors. Membrane pellets were collected by centrifugation at 4°C and 12,000 rpm for 20
min and resuspended in RIPA buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA,
0.5% SDS, 2.5 mM sodium pyrophosphate, 1 pM Na3;VQs, and protease inhibitors). The same
amount of membrane proteins was separated by 8 % SDS-PAGE and electrically transferred
to polyvinylidene difluoride membranes (Millipore). The membranes incubated overnight at
4°C with primary antibodies for TRPC5 (1:200) and Na/K" ATPase (NKA; 1:3,000; Sigma).
Subsequently, the membrane was probed with horseradish peroxidase-conjugated anti-mouse
IgG (1:1,000) or anti-rabbit IgG (1:2,000) secondary antibodies (Thermo Fisher Scientific).
Immunoreactive bands were visualized using Immunobilon Western Chemiluminescent HRP

Substrate (Millipore) and the Kodak Image Station 4000MM (Kodak).

Electrophysiological analysis

For TRPCS current recordings, human embryonic kidney (HEK) 293 cells (ATCC)
were maintained according to the manufacturer’s recommendations and transfected with
plasmid DNA expressing mouse TPRCS (pIRES-mTRPC5-GFP) using FuGENE6 (Roche,
Indianapolis, IH, USA). Whole cell currents were recorded using an Axopatch 200B amplifier

(Axon Instruments). Currents were filtered at 5 kHz (3 dB, 4-pole Bessel), digitized using a



Digidata 1440A Interface (Axon Instruments), and analyzed using a personal computer
equipped with pClamp 10.2 software (Axon Instruments) and Origin software (Microcal
Origin v. 8.0). Patch pipettes were made from borosilicate glass and had resistances of 2—4
MQ when filled with standard intracellular solutions. An external bath medium (normal
Tyrode solution; as the following composition: 135 mM NaCl, 5 mM KCI, 2 mM CaCl, 1
mM MgCl,, 10 mM glucose, and 10 mM N-[2-hydroxyethyl]piperazine-N-[2-ethanesulfonic
acid] (HEPES), at pH 7.4 adjusted with NaOH) were used. A Cs'-rich external solution was
made by replacing NaCl and KCIl with equimolar CsCl. The standard pipette solution
contained 140 mM CsCl, 10 mM HEPES, 0.2 mM Tris-GTP, 0.5 mM EGTA, and 3 mM Mg-
ATP, at the pH 7.3 adjusted with CsOH. After TRPCS5 activation in a Cs'-rich solution, 10 uM
NU6027 or 10 uM 130 was externally applied at the time indicated by the bars. ZnCl, was
intracellularly applied via the pipette solution. Voltage ramp pulses were applied from +100 to
—100 mV for 500 ms at a holding potential of —60 mV. The junction potential between the
pipette and bath solutions used for all cells during sealing was calculated to be 5 mV (pipette
negative) using pClamp 10.2 software. No junction potential correction was applied.
Experiments were performed at room temperature (18°C-22°C). Cells were continuously
perfused at a rate of 0.5 ml/min. The inward current amplitudes of all bar graphs and current

traces were taken during the ramp pulses at a holding potential of —60 mV.

Genotyping for pure neuronal cultures from WT and TRPC5 KO mice

E14 WT and TRPCS knockout (KO) littermates in a mixed genetic background
(129/SvImJ:C57BL/6) were used to establish pure neuron cultures. To determine the genotype
of pure neuron cultures, total genomic DNA was isolated from the brain tissues of WT and
TRPC5 KO mice using DNA extraction buffer (50 mM Tris —HCI, pH 8.0, 100 mM EDTA,
0.5% SDS, and a freshly added 0.2 mg/ml proteinase K). PCR reaction were prepared by

mixing 200 ng of mouse tail DNA and a set of primers (Table 2) in AccuPower ProFi Taqg PCR



premix (BioNeer) and completed using C1000 Thermal Cycler. PCR products were resolved

on 1 % agarose gel and visualized using Gel-doc (Bio-Rad).

Animals

The animal experiment protocol was approved by the Internal Review Board for
Animal Experiments of Asan Life Science Institute, University of Ulsan College of Medicine.
Eight-week-old male Sprague-Dawley (SD) rats (240-270g) were used for all animal
experiments. Animals were allowed to freely access to food and water and maintained under

12 h light/12 h dark cycles.

Animal model of KA-induced seizure

For induction of seizure, animals were intraperitoneally injected with 10 mg/kg of
KA (Tocris Bioscience, Bristol, UK) dissolved in normal saline. To identify the
neuroprotective effect of NU6027, 100 pg/kg NU6027 or 10% DMSO in saline as a vehicle
were injected 30 min after KA injection. To halt seizures, animals were intraperitoneally
injected with 50 mg/kg sodium phenytoin two and half hours after the seizure induction. The
animals were continuously monitored for 2 h following injection with KA and classified into

5 stages of seizure severity using the classification system developed by Zhang et al..*®

Tissue preparation and histological staining

Twenty-four hours after KA injection, body weight and mortality of animals were
determined, and brains were collected from the animal and frozen in immediately. The brains
were then cut in 10 um thickness using cryostat (CM3050; Leica) and mounted on poly-L-
lysine coated slide glasses. To verify the neuronal loss and death, the brain sections on the
slide were fixed with 4% paraformaldehyde and then stained with 1% cresyl violet or 0.001%

Fluoro-Jade B (FJB) solution (Histo-Chem Inc., Jefferson, AR, USA). All Images were



obtained with a fluorescence microscope (BX60; Olympus) equipped with DP70 CCD camera
(Olympus). The numbers of FJB-positive neurons in each brain regions including
hippocampus and cortex were counted in 5 coronal sections which were 100 pm thick apart

starting 3.3 mm from the bregma.

Statistical analysis

All experimental data collected from more than three individual experiments and
represented as the mean + SEM. Statistical significances were evaluated by two-tailed
Student’s t-test for the comparisons between two groups and One-way ANOVA test for the

comparisons of multiple groups. A p-value of <0.05 was considered statistically significant.
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Table 1. List of primers used for RT-PCR

Genes Forward primers (5°->3’) Reverse primers (5°->3’) Accession number
TRPC1 TGGGATGATTTGGTCAGACA CCAATGAACGAGTGGAAGGT NM 011643
TRPC2 AGCCTCAGTACATTGCCCTG AAGTTCCACCAGTCCAGGAG NM 011644
TRPC3 AGAGCGATCTGAGCGAAGTC TTTGGAACGAGCAAACTTCC NM 019510
TRPC4 ACGCGTTTTCCACGTTATTC CTTCGGTTTTTGCCTCTCTG NM 016984
TRPC5 ATTATTCCCAGCCCCAAATC GACAGGCCTTTTTCTTGCAG NN_009428
TRPC6 AAAGATATCTTCAAATTCATGGTC CACGTCCGCATCATCCTCAATTTC NM 013838
TRPC7 CGTGCTGTATGGGGTTTATAATG GCTTTGGAATGCTGTTAGAC NM 012035
Actin TGTTACCAACTGGGACGACA AAGGAAGGCTGGAAAAGAGC NM 007393

11



Table 2. List of primers used for genotyping WT and TRPC5 KO neuronal cultures

Genes Forward primers (5°->3’) Reverse primers (5°->3°)

TRPC5 WT GTAAGTGATACTAGGTATGGGGTATGGAGG CACCAATCATGGATGTATTCCGTG

TRPC5 KO GTAAGTGATACTAGGTATGGGGTATGGAGG GTCGACACACGTATAAGGCATACTCTTG

12



Results

CDK inhibitors prevent H:0:-induced neuronal death

The present study initially explored the neuroprotective drugs and found two CDK
inhibitors, NU6027 and 130 which were effective on oxidative stress-induced cell death (Fig.
1). To investigate the neuroprotective effects of NU6027 and 130, primary mixed cortical
cultures were pretreated with indicated concentrations of NU6027 and 130 for 1 h and then
incubated with 150 uM H,O; for 24 h. The treatment of mixed cortical cultures with H,O»
markedly increased the release of LDH, a useful biochemical marker to quantify the cell death,
while the presence of NU6027 and 130 significantly reduced H,O»-induced release of LDH
(Fig. 2A). Neuronal cell death, furthermore, was assessed via staining the cells with PI. The
results showed that NU6027 and 130 markedly reduced neuronal death induced by H,O» (Fig.
2B). It has been known that many CDK inhibitors including I30 also block glycogen synthase
kinase 3 (GSK3p), and GSK3p inhibitors prevent the excitotoxicity in neurons.** *> However,
the results indicated that SB216763, a GSK3-specific inhibitor, did not prevent H,O»-induced
cell death in mixed cortical cultures (Fig. 2A). These data suggest that the protective effects

of NU6027 and 130 against oxidative stress were not associated with inhibition of GSK3p.
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NU6027 Indirubin-3’-oxime (130)

Fig. 1. Chemical structures of NU6027 and indirubin-3’-oxime (I30).
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Fig. 2. NU6027 and 130 reduced H;O:-induced cell death in mixed cortical cultures. (A)
The bars denote the percentage of LDH released from mixed cortical cultures containing
neurons and astrocytes 24 h after treatment with 150 uM H,O,. The indicated concentrations
of NU, 130, or SB216763 were added 1 h before exposure to H»O, (mean + SEM, n = 3; ** p
< 0.001 compared with H,O,). (B) Cells were stained with 2 pg/ml PI for 10 min, and bright
field (BF) and fluorescent images were obtained using a fluorescent microscope. Scale bar, 50

pm.
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NUG6027 and 130 prevent oxidative stress-induced neuronal death

The mixed cortical cultures were treated various oxidative stress inducers including
SNP as the NO donor and ZnCl, to determine whether NU6027 and 130 are effective on
prevention of cell death induced by oxidative insults. The results showed that both NU6027
and 130 significantly diminished the release of LDH induced by SNP (Fig. 3A). As shown in
Fig. 3B, PI-positive cells in mixed cortical cultures treated with SNP were observed in neurons
and it was markedly decreased by the treatment with NU6027 and 130 (Fig. 3B). However,
NU6027 and 130 partially blocked Zn**-induced the release of LDH (Fig. 3C). Based on the
result of PI-staining, PI-positive cells after the treatment with ZnCl, in mixed cortical cultures
were observed in both neurons and astrocytes, whereas it was diminished by NU6027 and 130
only in neuron, not in astrocytes (Fig. 3D). Although the excessive Zn>' can induce cell death
not only in neurons but also in astrocytes, it is highly possible that NU6027 and 130
specifically protect neurons from Zn**-induced toxicity. To verify whether NU6027 and 130
specifically protect neurons against Zn*'-induced oxidative insults, pure neuronal cultures and
pure astrocyte cultures were exposed to ZnCl, for 24h after the pre-incubation with NU6027
and I30 for 1 h. In the results, NU6027 and 130 significantly reduced the release of LDH
increased by Zn*" in pure neuron cultures (Fig 3E). By contrast, NU6027 and 130 did not
decrease the Zn*"-induced LDH release in pure astrocyte cultures (Fig. 3F). These results
suggest that the protective effect of NU6027 and 130 against oxidative stress induced by

various mediators is specific in neurons.
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Fig. 3. NU6027 and 130 prevented cell death induced by other oxidative stress mediators
specifically in neurons. (A) The bars denote the percentage of LDH released from mixed
cortical cultures exposed to 50 uM sodium nitroprusside-50 (SNP) for 24 h with or without
the indicated concentrations of NU or 130 (mean &+ SEM, n = 3; * indicates p < 0.05, and **
indicates p < 0.001 compared with SNP). (B) Cells were stained with 2 pg/ml PI for 10 min,
and bright field (BF) and fluorescent images were obtained using a fluorescent microscope.
Scale bar, 50 um. (C) The bars denote the percentage of LDH released from mixed cortical
cultures exposed to 50 pM ZnCI12 (Zn*") for 24 h with or without the indicated concentrations
of NU or 130 (mean = SEM, n = 3; * indicates p < 0.05, and ** indicates p < 0.001 compared
with Zn*"). (D) Cells were stained with 2 pg/ml PI for 10 min, and bright field (BF) and
fluorescent images were obtained using a fluorescent microscope. Scale bar, 50 um. (E) The
bars denote the percentage of LDH released from pure neuronal cultures exposed to 50 uM
Zn*" for 24 h with or without the indicated concentrations of NU or 130 (mean + SEM, n = 3;
** indicates p < 0.001 compared with Zn*"). (F) The bars denote the percentage of LDH
released from pure astrocyte cultures exposed to 50 pM Zn?* for 24 h with or without the

indicated concentrations of NU or 130 (mean = SEM, n = 3).
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The elevation of Zn** precedes Ca** overload by H,0,

The levels of intracellular Zn** and Ca®* were increased during oxidative stress, and
these ions play critical roles in oxidative cell death. In this study, therefore, the changes in the
levels of these ions by H,O, were analyzed in pure neurons loaded with FluoZin-3 AM or
transfected with RGECOI1. The results of time lapse recording showed that [Zn*"]; reached
maximal levels in 30 min after the addition of H,O; and gradually return to basal levels while
[Ca*"]; was began to increase 1 h after H,O, treatment and sustained at the maximal levels
from 2 to 4 h (Fig. 4). These data indicate that the treatment with H>O, stimulate the increase

in [Zn?"]; prior to increase in [Ca']..

19



FluoZin-3 (n=4)
— R-GECO1 (n=3)

Fluorescent intensity
(fold increase)

0 30 60 90 120 150 180 210 240
Time (min)

Fig. 4. H,O; triggered early increases in Zn** prior to Ca’" increases. Pure neuronal
cultures were loaded with 2.5 pM FluoZin-3 AM (a chemical indicator for Zn*") for 30 min or
transfected with R-GECO1 (a genetically encoded Ca?" indicating protein) 2 days before
experiments. The cells were exposed to 25 uM H»0O, and monitored every 1 min for 4 h. Scale
bar, 20 um. The line graph represents the normalized fluorescence intensity of FluoZin-3 and

R-GECOI1 (mean + SEM, n = 3 for FluoZin-3, n = 4 for R-GECO1).

20



NUG6027 and 130 specifically block increase in [Ca*']; by H:0;

To assess the effects of NU6027 and 130 on H,O»-triggered elevation of [Zn*']; or
[Ca*];, the mixed cortical cultures were treated with 150 uM H,0; in the presence or absence
of 1 uM NU6027, 10 uM I30, or 1 uM TPEN and stained with 2.5 pM FluoZin-3 AM or Fluo-
4 AM for determining [Zn*']; or [Ca®'];, respectively. The results showed that [Zn®]; was
significantly increased 30 min after exposure to H,O» (Fig. 5A) while the treatment with TPEN
almost completely blocked the increased in [Zn*"]; after exposure to HO». However, NU6027
and 130 did not inhibit the increase in [Zn*']; induced by H,O, (Fig. 5A). By contrast, [Ca®"];
were significantly increased by H>O» for 2 h in mixed cortical, which were effectively inhibited
by NU6027 and 130 (Fig. 5B). Interestingly, pre- and co-treatment with TPEN significantly
reduced the elevation of [Ca®"]; by H,O, while post-treatment with TPEN after the peak of
[Zn**]; by H20; did not block further increase in [Ca®']; (Fig. 5B). These results indicate that
later increase in [Ca®"]; may be triggered by early Zn*" entry in H,O»-treated cells and addition

of NU6027 and 130 only block H,O»-triggered increase in [Ca*']..
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Fig. 5. NU6027 and I30 blocked a delayed Ca*" influx induced by H,O;-triggered early
increases in Zn**. (A) Mixed cortical cultures were pretreated with 1 uM NU6027, 10 uM
130, or I uM TPEN 1 h before exposure to 150 uM H>0O> for 30 min and then observed under
a fluorescent microscope. Cells were stained with 2.5 uM FluoZin-3 AM for 30 min before
observation. Scale bar, 50 um. The bar graph indicates the normalized fluorescence intensity
of FluoZin-3 (mean £ SEM, n = 3; * indicates p < 0.05 compared with H,O,). (B) Mixed
cortical cultures were exposed to 150 uM H»O, for 2 h with 1 pM NU6027 or 10 uyM I30 1 h
before exposure to 150 pM H,O, for 2 h (middle panel) or the cells were exposed to 150 uM
H,0; for 2 h with 1 h pretreatment, cotreatment, or 1 h post-treatment with 1 uM TPEN. Cells
were stained with 2 uM Fluo-4 AM for 30 min prior to imaging. Scale bar, 50 pm. The bar
graph (right) represents the normalized fluorescence intensity of Fluo-4 (mean + SEM, n= 3;

* indicates p < 0.05 compared with H,O»).
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TRP channels are involved in H,O0;-induced Ca** influx

To identify a possible receptors or channels which may contribute to the Ca*" influx
triggered by H,O,, the mixed cortical cultures were pretreated with various antagonists
including 2-APB, CNQX (an antagonist for AMPA/K A receptors), MK801 (an antagonist for
NMDA receptors), dantrolene (an antagonist for ryanodine receptors), or (-)-xestosphongin C
(antagonist for IP3 receptors) for 1 h and then exposed to HO, for 24 h additionally. The
results indicated that 2-APB significantly reduced H>O»-induced release of LDH while others
did not (Fig. 6A). Moreover, 2-APB significantly blocked the elevation of [Ca®"]; triggered by
H,0, (Fig. 6B). These results suggest that TRP channels may be important in Ca*" influx

triggered by H>O.
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Fig. 6. TRP channels contributed to H.O:-triggered neuronal cell death and increase in
[Ca®].. (A) The bars denote the percentage of LDH released from mixed cortical cultures
exposed to 150 uM H»O, for 24 h with or without 50 uM 2-APB, 10 uM CNQX, 10 pM MK-
801, 10 uM Dant, 10 pM Xes-C, or 1 uM TPEN (mean £ SEM, n = 3; ** indicates p < 0.001
compared with H>O»). (B) Mixed cortical cultures were exposed to 150 uM H»O; for 2 h with
or without 50 uM 2-APB and stained with 2 uM Fluo-4 AM for 30 min prior to observation.
Scale bar, 50 um. The bar graph represents the normalized fluorescence intensity of Fluo-4

(mean £+ SEM, n = 3; ** indicates p < 0.001 compared with H,O»).
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TRPC4 and TRPCS contribute to the H,0:-induced Ca** influx

Previously, many studies reported that three major subfamilies including TRPC,
TRPM, and TRPV were contributed to oxidative stress-induced neuronal death in many
neurological diseases. Therefore, this study focused on the potential protective effects of
inhibitors against TRPM, and TRPV. However, the results showed that AA, FFA, and CLT
(TRPM inhibitors) or RR (a TRPV inhibitor) did not prevent H>O-induced LDH release in
mixed cortical cultures (Fig. 7A and B). Moreover, NU6027 and 130 did not block capsaicin-
induced LDH release as well as increases in [Ca®']; (Fig. 7C and D). These data illustrate that
TRPM and TRPV channels are not critical for the present effects. Therefore the study focused
on TRPCs against H,O,-induced neuronal death and increase in [Ca®'].. The treatment with
ML204, a blocker for TRPC4 and TRPCS, decreased LDH release increased by H,O», whereas
Pyr3, a specific blocker for TRPC3, had no effect (Fig. 8A). In consistent with these results,
the treatment with ML204 significantly blocked the increase in [Ca®']; by the treatment with
H,0, while Pyr3 did not (Fig. 8B) . Thus, these data suggest that the TRPC5 are candidates

mediating the neuronal cell death and Ca*" influx.
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Fig. 7. TRPM or TRPYV channels were not responsible for H>O:-induced neuronal death.
(A) The bars denote percentage of LDH release from the mixed cortical cultures exposed to
H,0, with or without anthranilic acid (ACA), flufenamic acid (FFA), clotrimazole (CLT)
(mean + SEM, n=3). (B) The bars denote percentage of LDH release from the mixed cortical
cultures exposed to capsaicin with or without Ruthenium red (RR) (mean + SEM, n=3). (C)
The bars denote percentage of LDH release from the mixed cortical cultures exposed to
capsaicin with or without 1 pM NU6027 or 10 uM I30 (mean = SEM, n = 3). (D) Mixed
cortical cultures were exposed to 300 uM capsaicin for 3 h with or without 1 uM NU6027 and

stained with Fluo-4 AM 30 min before imaging. Scale bar, 50 pm.
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Fig. 8. TRPC4 and TRPCS were implicated to H,O:-induced neuronal death. (A) Mixed
cortical cultures exposed to 150 uM H,O, with or without the indicated concentrations of
ML204 or Pyr3. Bars denote the percentage of LDH release (mean = SEM, n = 3; ** indicates
p < 0.001 compared with H,O,). (B) Mixed cortical cultures were exposed to 150 uM H>O-
for 2 h with or without 1 uM ML204 or 1 pM Pyr3 and stained with 2 pM Fluo-4 AM. The
representative images of Fluo-4 were obtained using a fluorescent microscope. Scale bar, 50
um. The bar graph represents the normalized fluorescence intensity of Fluo-4 (mean + SEM,

n =4; ** indicates p < 0.001 compared with H,O,).
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TRPCS is expressed in neurons

To identify the expression of TRPC isotypes in neurons and astrocytes, RT-PCR was
performed using the specific primer sets (Table 2). The results showed that TRPCS was
predominantly expressed in neurons while other isotypes were either expressed in both
neurons and astrocytes or not expressed (Fig. 9A). To confirm the neuron-specific expression
of TRPCS proteins, immunocytochemical staining and western blot analysis was carried out
for the detection of TRPCS protein extraction in both neuron and astrocytes. In consistent with
RT-PCR, the results of immunohistochemical staining showed that the expression of TRPCS
proteins were expressed only in cultured neurons (Fig 9B). Furthermore, western blotting data
also showed that TRPCS proteins were detectable in only neurons, not in astrocytes (Fig. 9C).
These data indicate that TRPCS is a neuron-specific TRPC isotype and can be a potential rout

for the Ca*" influx induced by oxidative stress in neurons.
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Fig. 9. TRPCS exclusively expressed in neurons. (A) The expression of TRPC1-7 mRNA
was analyzed by RT-PCR using specific primers in pure neuronal and astrocyte cultures. Actin
was used as a housekeeping gene. (B) Immunofluorescence images of neurons (upper panel)
and astrocytes (lower panel) labeled with TRPCS antibodies (green) and microtubule-
associated protein 2 (MAP2; a marker for neuron; red color) or glial fibrillary acidic protein
(GFAP; a marker for astrocyte; red color). Scale bar, 20 um. (C) The expression of TRPC5
proteins was confirmed by western blot analysis using TRPC5 in membrane fractions purified
from pure neuronal and astrocyte cultures. Membrane fractions extracted from mouse whole

brain tissue were used as a positive control. Na'/K'-ATPase (NKA) were used as a loading

control.
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TRPCS is associated with H>Oz-induced neuronal death and Ca’" influx

Next, the implication of TRPC5 on H,0O»-induced neuronal death and increase in
[Ca*']; was elucidated using pure neuron culture from wild-type (WT) and TRPCS knockout
(KO) mice (Fig. 10A). The results showed that H>O, did not induced LDH release in neurons
from TRPC5 KO mice (Fig. 10B). It indicates that neurons from TRPC5 KO mice were less
sensitive to H,O» toxicity than those from WT mice. Consistent with this result, the exposure
to H,0, increased [Ca®]; in neurons from WT mice (Fig. 10C). However, [Ca®']; was not
increased in neurons from TRPC5 KO mice (Fig. 10C). In addition, deficiency of TRPCS5 had
no effect on H,O»-triggered increases in [Zn*"]; (Fig. 10D), indicating that TRPC5 does not
mediate increases in Zn®" during oxidative stress. Thus, these data provide that TRPC5

mediates HoO»-triggered Ca®" influx into neurons, which is inhibited by NU6027 and 130.
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Fig. 10. H,O:-induced neuronal death and increases in [Caz+],~were diminished in neurons
form TRPC5 KO mice. (A) Genetic ablation of TRPCS was determined by PCR analysis. (B)
Pure neuronal cultures from WT and TRPCS5 KO littermate mice were exposed to 40 uM H,O»
for 24 h with or without NU6027 or 130. The bars denote the percentage of LDH release (mean
+ SEM, n = 3; ** indicates p < 0.001). (C) Pure neuronal cultures from WT and TRPC5 KO
mice were exposed to 40 pM H,O; for 2 h in the presence or absence of NU6027 and I30 and
stained with Fluo-4 AM. The bar graphs represent the normalized fluorescence intensity of
Fluo-4 AM (mean + SEM, n = 3; * indicates p < 0.05). (D) Pure neuronal cultures from WT
and TRPC5 KO mice were exposed to 40 uM H»O, for 30 min and stained with FluoZin-3
AM. The bar graphs represent the normalized fluorescence intensity of FluoZin-3 (mean +

SEM, n = 3; * indicates p < 0.05).
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NUG6027 and 130 directly block both the basal activity and Zn**-mediated activation of
TRPCS

To examine whether NU6027 and 130 directly block TRPCS5 activity,
electrophysiological recordings in HEK293 cells expressing mouse TRPC5 were performed.
NU6027 or 130 almost completely blocked the increased basal current of TRPCS induced by
the addition of external Cs’, which is highly permeable (Fig. 11A and B). To determine the
effect of intracellular Zn** on TRPCS activity, we infused with Zn*" at varying concentrations.
Zn*'of ~5 uM half-maximally increased the basal inward Na* current of TRPC5 (Fig. 12 A
and B). The peak TRPCS current induced by intracellular Zn?* was also attenuated by NU6027
and 130 (Fig. 12C). These results support the possibility that NU6027 and 130 directly block

TRPCS5 at the resting state and Zn*'- induced active state.
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Fig. 11. NU6027 and 130 inhibited basal activity of TRPCS. (A) Inhibition of basal TRPCS5
activity by treatment with 1 pM NU6027 or 10 uM 130 in HEK293 cells expressing TRPC5
(mean = SEM, n = 3; * indicates p < 0.05 compared with control). (B) Representative current
traces (left) and I-V curves (right) of basal TRPCS activity and its inhibition by NU6027 and

I30.
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Fig. 12. NU6027 and I30 inhibited Zn**-activated TRPC5 currents. (A) Dose-dependent
changes in TRPCS activity caused by the intracellular application of Zn®*" in TRPCS-
expressing HEK293 cells (mean = SEM, n = 4). (B) Quantitative changes in basal inward Na"
currents (left) and I-V curves (middle) induced by intracellular 5 uM Zn** (mean = SEM,
Vehicle, n = 8; Zn?", n = 4). Changes in basal inward Na+ currents (right) induced by
intracellular 5 uM Zn?* (mean + SEM, Vehicle, n = 8; Zn?*, n = 4, ** indicates p < 0.001). (C)
Representative current traces and I-V curves of intracellular Zn**-induced TRPCS5 activation

and its inhibition by NU6027 and 130.
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NU6027 prevents neuronal death in KA-injected rat seizure model

Finally, the protective effect of NU6027 was examined in KA-induced seizure animal
model. The severity of seizure induced by KA within 2 h were not altered by the injection of
NU6027 compare with vehicle-injected animals (Fig. 13 A), and the reduction of body weight
was not recovered by NU6027 at 24 h after KA injection. However, the mortality 24 h after
KA injection was markedly reduced in NU6027-injected animal (Fig. 13C). To determine the
loss of cells, the brain sections were stained with cresyl violet. The result showed that the
injection of NU6027 markedly diminished neuronal cell loss in CAl and CA3, but less
effective in piriform cortex (Pir), amygdala (Amg), (Fig. 14A). In addition to this, the brain
sections were stained with Fluoro-Jade B (FJB) to assess the neuronal death. Consistent with
neuronal loss, FIB-positive neurons were significantly reduced by the injection of NU6027 in

Pir, Amg, CA1l, and CA3. (Fig. 12B-D).
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Fig. 13. NU6027 decreased mortality in kainic acid (KA)-induced seizure animal models.
(A) Seizure stages were evaluated in SD rats injected with 10 mg/kg KA for 2 h (mean + SEM,
n=8). Vehicle or 100 pg/kg NU6027 were injected 30 min after KA injection. (B) Bars denote
the reduction of body weight 24 h after KA injection (mean £ SEM, KA, n = 5; NU, n = 8).

(C) Mortality were determined 24 h after KA induction (mean £ SEM, KA, n= 8; NU, n= 8).
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Fig. 14. NU6027 reduced KA-induced cell death in cortex and hippocampus. (A) Live
neurons were stained with 1% cresyl violet. (B) Dead cells were stained with 0.001% FJB and
observed under the fluorescent microscope. (C)The bar graphs represent the number of FIB-
positive cells in the piriform cortex (Pir) and amygdala (Amg). (D) The bar graphs represent
the number of FIB-positive cells in CA1 and CA3 regions of hippocampus (mean + SEM, KA,

n=>5; NU, n=_8, * indicates p < 0.05 and ** indicates p < 0.001 compared with KA).
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Discussion

Increases in the [Zn®*]; and [Ca®']; have been implicated to oxidative cell death in
neuropathological conditions, such as ischemic brain injury, traumatic brain injury as well as
epilepsy.'"" #* ** 5 However, the relationship between Ca?" and Zn®" has not been clearly
studied under oxidative stress condition. Mechanisms involved in oxidative stress-induced
neuronal cell death have been investigated intensively over the last several decades. During
neuronal death induced by oxidative stress, [Ca*']; and [Zn®']; are excessively elevated and
lead neuronal death in a various neurological disorders.”** Whereas Ca*" overload has been
discussed as a major ionic mechanism leading to cell death, more recently, Zn*'
dyshomeostasis has been proposed as an additional mechanism of neuronal death.”*** Under
oxidative stress, Zn*" binding proteins, such as metallothioneins, can release Zn*" under
oxidative conditions.***” Prolonged Zn?" dyshomeostasis can activate various cellular
processes such as mitochondrial damage, NADPH oxidase activation, poly(ADP-ribose)
polymerase activation, and lysosomal membrane permeabilization (LMP), which eventually
lead to cell death.***®) However, the implications of these two ions on oxidative stress-induced
neuronal death are not fully understood.

In this study, I found that H,O, derived the early transient increases in [Zn®']; and
delayed prolonged increases in [Ca®']; which contribute to the neuronal death. Addition of
TPEN, a Zn*'-specific chelator, completely blocks the increase in [Ca*']; induced by H,0,
while the treatment of TPEN after the peak of [Zn®]; did not blocked. This supports that the
increase in free Zn”" levels appears to be necessary prior to the delayed accumulation of Ca*’,
and that delayed and prolonged Ca®" influx is likely the final cause of cell death induced by
oxidative insults. The present study found that CDK inhibitors, NU6027 and 130, are strong
neuroprotective agents against oxidative stress-induced neuronal death and the increase in
[Ca*']; while they did not block the increases in [Zn*'];. This indicates that NU6027 and 130

may block the event involving the Ca®" entry induced by oxidative stress. Therefore, this study
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further analyzed the possible Ca*" channels or receptors which mediate the Ca*" influx.

Over the late several decades, the mechanisms of oxidative stress-induced neuronal
death have been intensively studied. Abnormal elevation of Ca®* is a one of the major factors
for neuronal cell death.''? Although various receptors and channels are involving Ca*" influx,
TRP channels play important roles in oxidative stress-mediated neuronal death. The results in
this study showed that the treatment with 2-APB, a broad-spectrum inhibitor of TRP channels,
significantly prevented H,O»-induced neuronal death and increase in [Ca'];. This provides an
evidence that TRP channels play a critical role on oxidative stress-induced neuronal death and
increases in [Ca®'],, Mammalian TRP channels are known as a Ca**-permeable non-selective
cationic channels and divided into seven subfamilies. It has been suggested that TRPC, TRPM,
and TRPV were involved in the oxidative stress-induced neuronal death.'”?!-33® There are
several evidences, including capsaicin-triggered activation of TRPV1 in mesencephalic
dopaminergic neuronal death,*” amyloid p and H,O,-induced TRPM2 activation in striatal cell
death,'¥ and ROS-mediated TRPM7 activation in ischemic neuronal injury.*® However, the
results in this study found that non only the inhibitors for TRPM and TRPV did not prevent
H>0;-induced neuronal death but also NU6027 and 130 had no effect on capsaicin-induced
neuronal death and increases in [Ca?'];. Interestingly, the results showed that ML204, an
inhibitor for TRPC4 and TRPCS, markedly reduced neuronal death and the increase in [Ca®"];
induced by H,O,. However, TRPC5 was exclusively expressed in neurons only while TRPC4
was expressed in both neurons and astrocytes. These data suggest that TRPCS rather than
TRPC4 may play a crucial role in Ca®" influx in oxidative stress-induced neuronal death.
Supportably, TRPC5 KO neurons are less vulnerable to oxidative stress compared with WT
neurons. This results support that the elevation of [Ca®']; by H,O: is due to the activation of
TRPCS rather than other TRP channels, such as TRPM and TRPV. Thus, this study provides
the evidence that TRPCS5 is critical in Ca®" increases during oxidative stress-induced neuronal

cell death.
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One notable feature of TRP channels is that the activity and expression of TRP
channels can be regulated by metal ions including Zn**. Previously, several studies reported
that the increased in the intracellular Zn*" induced the increases of the excitotoxic Ca*" through
the activation of TRPA in CA1 pyramidal neurons* ** However, the implications of Zn*"on
TRPCS activation are not fully understood. Therefore, the findings in this study demonstrated
that Zn?" directly participates in the activation of TRPCS as in the case of TRPA1. Furthermore,
the ablation of TRPCS in neuron did not induced neuronal cell death and Ca®" rises while
[Zn**]; was maintained in higher levels. Although no detailed information regarding the gating
mechanism for TRPCS5 is yet available, this study suggests an intriguing possibility that Zn**
contributes to the activation of TRPCS induced by H»O,.

In addition, the present study noted that transient increases in the levels of Zn*" play
a prerequisite role for the delayed and prolonged Ca®" influx. Hence, even increase in [Zn*'];
is not severe enough to cause cell death, it may still play an important role in permitting the
large influx of Ca®" through TRPCS5 during oxidative stress-induced neuronal death.
Furthermore, the results indicated that NU6027 and 130 inhibited increases in [Ca®']; , but
they could not block the elevation of [Zn*']; induced by H,O,. This provides a possibility of
that NU6027 and 130 may block TRPCS activity. Electrophysiological results showed that
NU6027 and 130 directly block not only the basal activity but also Zn**-mediated activation
of TRPCS. This indicates that the protective effect of NU6027 and 130 against oxidative
stress-induced neuronal death is associated with inhibition of TRPC5-mediated Ca** influx.

Epilepsy is one of the most common neurological disorders which are associated with
oxidative stress.” Although current anti-epileptic drugs can control the seizure event in 70%
patients, it still remains unavailable to control rest of the patients with epilepsy.” In cortical
lesions of the focal cortical dysplasia, the expression of TRPCS is increased in glutamatergic
and GABAergic neurons.” * Furthermore, several lines of studies recently reported that

TRPCS play a critical role in epileptogenesis and neuronal death.””*" Based on findings in
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this study, NU6027 prevented neuronal death and blocked Zn*"-induced TRPC5 activation
resulting in Ca®" influx. Therefore, NU6027 may effectively rescue the seizure-induced
neuronal cell death. This study showed that NU6027, as a TRPCS5 blocker, could not reduce
KA-induced seizure severity. However, NU6027 significantly reduced seizure-induced
neuronal cell death and mortality in KA-injected rats. Even though NU6027 cannot rescue the
animals from seizure activity, these data suggest that NU6027 is a potent reagent to prevent
neuronal death induced by epileptic seizures.

In conclusion, this study demonstrated that oxidative stress activates TRPC5
contributing Zn**-triggered delayed Ca*" increases and that NU6027 and 130 block the in Ca*"
influx via directly inhibiting Zn*'-mediated activation of TRPCS5. Furthermore, animal study
also identifies that NU6027 is a potent neuroprotective agent against neuronal death in KA-
injected seizure animal model. All together this study strongly suggests that the inhibiting
TRPCS5 activity can be a possible therapeutic strategy for preventing neuronal death in epilepsy,

even late stages.
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