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Abstract

Statins are inhibitors of HMG-CoA reductase that have been recently recognized as anti-
inflammatory and neuroprotective drugs. Herein, we investigated anti-excitotoxic and anti-seizure
effects of statins by using kainic acid (KA)-rat seizure model, an animal model for temporal lobe
epilepsy and excitotoxic neurodegeneration. We observed that pretreatment with Lipitor
(atorvastatin) effeiciently reduced KA-induced seizure activities, hippocampal neuron death,

monocyte

infiltration and proinflammatory gene expression. In addition, we also observed that

lovastatin treatment attenuated KA- or glutamate-induced excitotoxicity of cultured hippocampal
neurons. These observations suggest a potential for use of statin treatment in modulation of seizures
and other neurological diseases associated with excitotoxicity.
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1. Introduction

Statins are inhibitors of HMG-CoA reductase and inhibit cellular synthesis of cholesterol and
isoprenoids. We have previously demonstrated the anti-inflammatory and vasoprotective
effects of statins on cultured brain cells (astrocytes and microglia) and endothelial cells, where
statins exerted their effects by inhibiting synthesis of isoprenoids and thus interfering with
isoprenylation and membrane attachment of small GTPases [21,26]. Later, neuroprotective
effects of statin were reported in various animal disease models and clinical studies. We have
reported that statin treatment provided anti-inflammatory effects on experimental autoimmune
encephalomyelitis (EAE), a rat spinal cord injury model, human multiple sclerosis and X-
adrenoleukodystrophy [20,23,24,31,33-35,38]. Moreover, other research groups also have
reported the similar neuroprotective role of statins in other neurological disease models, such
as traumatic brain injury, brain ischemia and Alzheimer’s disease [9,13,16]. However, whether
all these neuroprotective activities of statins are a result of their anti-inflammatory and/or
vascular protective properties is not clear at present.

*Corresponding author: Inderjit Singh, Ph.D., Medical University of South Carolina, Department of Pediatrics, 173 Ashley Ave., 505
Children’s Research Building, Charleston, SC 29425, USA, Tel: (843) 792-7991; Fax: (843) 792-7130; E-mail: E-mail:

3

inghi@musc.edu.

These authors equally contributed to this work.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 2

Excitotoxicity is a major pathological mechanism underlying acute and delayed neuronal death
induced by prolonged ischemia, traumatic brain and spinal cord injuries and Alzheimer’s
disease as well as epilepsy/seizure [19,25,43]. Therefore, studies have been focused on the
reduction of glutamate accumulation in synaptic clefts and/or on the inhibition of glutamate-
induced neuronal excitation for prevention of neuronal cell death under various neurological
disease conditions. Kainic acid (KA) is an agonist for a subtype of ionotropic glutamate
receptor, AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propioni acid and kainic acid
receptors). Systemic injection of KA induces progressive limbic seizures in rats, which
resemble human temporal lobe epilepsy, the most common symptom of adult human epilepsy
[4]. These culminate in status epilepticus (SE) leading to neuronal cell death by induction of
reactive oxygen species production and mitochondrial dysfunction in many regions of the
brain, particularly in limbic structures (i.e. hippocampal CAl and CA3, and the hilus of dentate
gyrus) [3]. Moreover, delayed induction of proinflammatory gene expression, such as TNF-
a, IL-1B, IL-6, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), are
regarded to induce prolonged neurodegeneration [1,28]. For these reasons, KA has been
adapted for studies various neurological disorders involving excitotoxicity and inflammation,
such as epilepsy, Huntington’s chorea and Alzheimer’s disease [7].

Herein, we examined the potential efficacy of Lipitor (LP; atorvastatin) on modulation of KA-
induced status epilepticus and related excitotoxicity and inflammation. We observed that pre-
and post-treatment of LP attenuated the seizure activities induced by KA. Furthermore, KA-
induced loss of body weight, neuronal damage and proinflammatory reactions in the
hippocampal area (CA1 and CA3) were significantly reduced by LP treatment. Therefore, these
results suggest the potential for use of statins in modulation of seizures and other neurological
diseases associated with excitotoxicity.

Materials and Methods

Experimental animals and induction of seizure

We used adult male Sprague-Dawley rat (270-280 g) maintained on a 12 h light/dark cycle in
a temperature-controlled colony room at 22—-24°C with free access to rodent pellets and tap
water. They were handled according to the NIH Guide for the Care and Use of Laboratory
Animals. Figure 1 describes the experimental design of this study. For evaluation of LP as a
preventative, atorvastatin calcium (Lipitor®, Pfizer) suspended in 0.9% NaCl was given orally
for seven days (10 mg/kg/day) before KA injection, thereafter, until the animals were
sacrificed. For evaluation of LP as post-seizure treatment, LP was given 0.5hr after KA
injection. For induction of seizure, the rats received a single intraperitoneal (i.p.) injection of
kainic acid (Sigma Chemicals, St. Louis, MO) (10 mg/kg in 0.9% NacCl, pH 7.0) or vehicle,
and the animals were analyzed for behavior analysis and sacrificed for histochemistry and
quantitative real-time PCR analysis. The used Lipitor® (80mg atorvastatin) is an impure form
and includes inactive ingredients, such as calcium carbonate, candelilla wax, croscarmellose
sodium, hydroxypropy! cellulose, lactose monohydrate, magnesium stearate, microcrystalline
cellulose, Opadry White YS-1-7040 (hypromellose, polyethylene glycol, talc, titanium
dioxide), polysorbate 80, simethicone emulsion.

Seizure activity was rated at 1 hr after KA injection for 2 hrs according to the scale devised by
Racine (1972): Stage 1, facial clonus; Stage 2, nodding and wet dog shaking; Stage 3, forelimb
clonus; Stage 4, forelimb clonus with rearing; Stage 5, rearing, jumping, and falling. Animals
were scored after having had 3 consecutive events at each Stage. Number of wet dog shaking
(WDS) behavior was counted at 0.5hr after intraperitoneal KA injection for 1 hr. Body weight
(9) of rats was measured at 15 days after KA injection.
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Histological Examination

The brain was fixed in 10% buffered formalin, embedded in paraffin and sectioned at 4 pum
thickness. The brain tissue slides were deparaffinized and dehydrated and stained with cresyl
violet (Sigma). Immunofluorescent labeling was performed on sections with primary antibody
for macrophage marker ED-1 (Biosource International, Camarillo, CA). The sections were
examined under a microscope (Olympus BX-60) with an Olympus digital camera (Optronics;
Goleta, CA). TUNEL assay was performed using the ApopTag® plus peroxidase kit (Intergen
Co.) and Methyl Green counter staining according to the manufacturer’s instructions.

Quantitative real-time PCR

Total RNA purified from hippocampus by using TRIZOL® reagent (Gibco BRL) were
subjected to quantitative real-time PCR (BIO-RAD Laboratories iCycler iQ Real-Time PCR
Detection System). The primer sets used were GAPDH, forward primer: 5’-
cctacccccaatgtatcegttgtg-3’ and reverse primer: 5’-ggaggaatgggagttgctgttgaa-3’; 1L-18,
forward primer: 5’-gagagacaagcaacgacaaaatcc-3’ and reverse primer: 5°-
ttcccatcttcttetttgggtattg-3’; TNF-o forward primer: 5°-cttctgtctactgaacttcggggt-3’ and reverse
primer: 5’-tggaactgatgagagggagcc-3’; iNOS, forward primer: 5’-ggaagaggaacaactactgctggt-3’
and reverse primer: 5’-gaactgagggtacatgctggage-3’. IQTM SYBR Green Supermix was
purchased from BIO-RAD (BIO-RAD Laboratories, Hercules, CA). Thermal cycling
conditions were as follows: activation of iTag™ DNA polymerase at 95°C for 10 min, followed
by 40 cycles of amplification at 95°C for 30 sec and 55-57.5°C for 1 min. The normalized
expression of target gene with respect to GAPDH was computed for all samples using
Microsoft excel data spreadsheet.

Hippocampal neuron culture and MTT assay

Highly enriched hippocampal neuron culture (<99% neuron) was prepared as described
previously [42]. Briefly, hippocampi were removed from 17-day old rat mbryos of SD rats and
incubated in 0.25% trypsin in HBSS at 37°C for 15 min and then triturated to form single-cell
suspensions. The cells were plated onto poly-L-lysine (10 pg/ml) precoated 12-well culture
plates at a density of 100,000 cells/cm? in neurobasal medium with B27 supplements, 25 uM
glutamate, 0.5 mM L-glutamine, and penicillin/streptomycin. The medium was changed 4 hr
after the initial plating, and glutamate was removed after 4 days in culture. Neurons were
cultured at an atmosphere of 95% air and 5% CO, at 37°C for at least 12 days prior to use. The
viability of neurons was determined by the mitochondrial conversion of MTT to formazan as
detected by the change of optical density at 570 nm as described previously [41].

Statistical analysis

All graphs shown represent Means + S.E.M of n determination, obtained from at least three
independent experiments. Statistical analyses were performed by one-way ANOVA followed
by the Student-Neunan-Keuls post test.

Results

Statin attenuates seizure behavior induced by kainic acid

In the present study, we observed seizure behavior at 1hr after intraperitoneal KA injection for
2 hr. Pre-treatment of atorvastatin (LP) attenuated the seizure score significantly (Fig. 2A). We
also counted the number of wet dog shaking (WDS) behavior at 0.5 hr after KA treatment for
1 hr. Pre-treatment with LP inhibited the number of WDS behavior induced by KA significantly
(Fig. 2B). However, LP post-treatment marginally affected either seizure score or WDS
number without any significance, indicating that only LP pre-treatment is effective on
attenuation of KA-induced seizure.
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Statin inhibits hippocampal cell death induced by kainic acid

Based on the observed protective effect of LP on KA-induced seizure activity, we examined
the effect of LP on neuronal death in hippocampus at 3 days after exposure to KA. As expected,
KA caused cell death in CAl and CA3 regions (Fig. 3A). Pre-treatment with LP inhibited
hippocampal cell death induced by KA in the CA1 and CA3 regions (asterisk symbols indicate
cell loss regions). To examine whether the observed cell death is apoptotic, we performed the
TUNEL assay. As shown in Fig. 3B, KA increased TUNEL positive cells in pyramidal cell
layer (CAL and CA3 regions) of hippocampus, and this increase was inhibited by LP pre-
treatment. To examine whether the LP exerts its neuroprotective role against KA through
inhibiting excitotoxicity, we examined the effects of lovastatin on KA- or glutamate-induced
cell death in cultured hippocampal neurons. For these in vitro studies, we used lovastatin
(another inhibitor of HMG-CoA reductase), rather than LP (Lipitor pill), because of
unavailability of pure atorvastatin compound. In agreement with in vivo studies, lovastatin also
inhibited neuronal cell death induced by glutamate (200 uM) or KA (200 uM) (Fig. 3C and
3D).

Statin inhibits the infiltration of macrophages and expression of inflammatory genes in brain
of kainic-induced animal model

Studies have reported that the protection of endothelium/blood brain barrier [9,13,15,16,18,
20,26] and attenuation of expression of proinflammatory cytokines [21,24,34,35,37] may
contribute toward the observed statin mediated neuroprotection in various neurodegenerative
disease conditions. Therefore, we investigated the effects of statin treatment on infiltration of
ED-1 (cell surface marker of monocytes/macrophages lineage) positive cells and expression
of cytokines (IL-1B, TNF-o) and inducible nitric oxide synthase (iNOS) in the KA animal
model of epilepsy. As shown in Fig. 4, LP treatment decreased KA-induced increase in ED-1
positive cell infiltration in around of cell death regions of CA1 and CA3 (A) and mRNA
expression of TNF-qa, IL-1f, and iNOS in hippocampal area (B~D).

Discussion

Systemic injection of rats with KA induces progressive limbic seizures mimicking human
temporal lobe epilepsy [4]. These culminate in status epilepticus (SE) and lead to neuronal
death and inflammatory reaction in areas of hippocampus and dentate gyrus [3]. Herein, we
observed that pre-treatment with LP attenuated the seizure activities induced by KA. Further,
LP inhibited KA-induced neuronal damage in the hippocampus (CA1 and CA3) and
inflammation (i.e. expression of cytokines and iNOS and infiltration of ED-1 positive cells),
thus suggesting a potential utility of statin treatment in modulation of seizures and other
neurological diseases associated with excitotoxicity. Our data is well correlated with previously
reported neuroprotective role of lovastatin in brain damages induced by pilocarpine-mediated
SE [27].

Statins are inhibitors of HMG-CoA reductase, a rate limiting enzyme for synthesis of
cholesterol and isoprenoids, thus, their biological roles are expected to be mediated by their
inhibitory roles in cholesterol and isoprenoid synthesis. Indeed, the inhibitory role of statins
in cholesterol biosynthesis previously reported to inhibit NMDA mediated excitotoxicity in
vitro neuron culture study [44]. In the meantime, Hering et al. also reported that statin treatment
of cultured neuron cells leads to instability of AMPA receptor by disruption of cholesterol and
sphingolipid rich membrane microdomains called “detergent resistant/insoluble membrane
domains (DRM/DIM)” or “lipid rafts” [11]. Therefore, these in vitro studies suggest the
possible involvement of cholesterol biosynthesis in statin-mediated anti-excitotoxic activity.
At present, whether cholesterol biosynthesis plays a role in statin-mediated anti-seizure and
anti-excitotoxicity in the in vivo animal model is not known. In the brain, cholesterol has a very
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long half life (up to several months). Therefore, statins are not expected to change brain
cholesterol level readily. Indeed, previous studies have reported that systemic statin treatment
does not affect cholesterol levels in the brain of guinea pigs [10,17]. Nevertheless, previously
reported reduction in cholesterol levels in lipid raft fractions of synaptosomal plasma
membrane [14] suggests that statin treatment may affect intercellular or intracellular
distribution of cholesterol which is associated with glutamate receptor function in induction
of status epilepticus and excitotoxicity.

Along with cholesterol, isoprenoids including farnesyl-pyrophosphate and geranylgeranyl-
pyrophosphate are lipid byproducts produced by the mevalonate pathway and implicated in
membrane attachment and function of small GTPases. Since the small GTPases (i.e. RhoA and
H-Ras) are involved in various neuronal functions and excitotoxic signaling cascades [30,
40], statins are also expected to exert their anti-seizure and anti-excitotoxic activities through
inhibition of isoprenoid synthesis and interfering with small GTPase signaling. Indeed, recent
in vivo reports have demonstrated that inhibition of H-Ras farnesylation by franeyltransferase
inhibitor (FTI) treatment inhibits NMDA-mediated excitotoxicity in the rat brain [29]. This
report supports that statins may modulate KA-mediated seizure activity and excitotoxicity by
down-regulation of H-Ras isoprenylation. However, whether statins exert their anti-seizure
and anti-excitotoxic roles through inhibiting synthesis of isoprenoid or cholesterol or both of
them is not known at present.

Recently, our laboratory and that of others have reported that neuroprotective efficacies of
statins are mediated by their anti-inflammatory activity under various neurological disease
conditions such as human multiple sclerosis [38] and its animal models [20,23,33-35], Spinal
cord injury [24], X-linked adrenoleukodystrophy [22], Alzheimer’s disease [6], traumatic brain
injury [39], and stroke [12]. In these studies, statins inhibited inflammatory signal cascades
and gene expression through inhibition of isoprenylation of small GTPase (Ras and RhoA)
[21,24,26]. A similar inhibitory role of statins in inflammatory reactions was observed in KA-
treated rats. However, we do not expect that the observed statin-mediated reduction in
inflammatory reactions as well as apoptotic cell death in KA-treated rat is mediated by its own
anti-inflammatory activity observed in our previous studies. Since post-seizure inflammation
and leakage of blood-brain barrier are known to directly correlate with activity and frequency
of status epilepticus [32,36], the decreased status epilepticus by statin treatment appears to
attenuate inflammatory reaction in KA-treated rats. Clinically, however, we expect that anti-
inflammatory activity of statins could be helpful for intervention of epilepsy as an off-setting
efficacy. Human epilepsy is a condition in which a person has recurrent seizures with chronic
inflammation [2-5]. Since such chronic inflammation in the CNS is implicated in progressive
neurodegeneration [8], it will be interesting if statins will produce anti-inflammatory activity
after seizure. Further studies would be required to answer this question.
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Fig. 1. Experimental design
LP: Lipitor® (atorvastatin calcium), KA: Kainic acid.
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Fig. 2. Atorvastatin attenuated KA-induced seizure behavior in rats

The rats were orally pre-treated (7 days before) or post-treated (3 days after) with atorvastatin
(LP; 10 mg/kg) prior to KA (10 mg/kg, i.p.). The seizure behavior test (seizure score (A) and
counting of WDS behavior (B)) were performed during 1-3 hr after KA (10 mg/kg, i.p.)
administration, according to the methods. The graphs indicate the S.E.M. (* P < 0.05 compare
to saline treated group).
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Fig. 3. Statins inhibited hippocampal apoptotic cell death induced by KA

The rats were orally pre-treated (7 days before) with atorvastatin (LP; 10 mg/kg) prior to KA
(10 mg/kg, i.p.). At 3 days after KA injection, we examined neuronal cell death in hippocampus
using cresyl violet stain (A) and DNA fragmentation as a marker for apoptosis (B). The
asterisks show the cell-loss regions compared to the vehicle (VHC) treated group. In the
hippocampal neuron cell, we examined the effect of lovastatin after treatment of glutamate
(GA: 200 pM) or KA (200 uM ) on the cell survival using MTT assay (C and D). The graphs
indicate the S.E.M. (** P <0.01, *** P < 0.001 vs. the vehicle treated group; + P < 0.05, ++
P < 0.01 vs. the KA or GA treated group; n = 4 independent experiments).
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Fig. 4. Atorvastatin inhibited the macrophage infiltration and inflammatory gene expression
induced by KA in hippocampus

The rats were orally pre-treated (7 days before) with atorvastatin (LP; 10 mg/kg) prior to KA
(10 mg/kg, i.p.). At 3 days after KA injection, we examined infiltration of macrophages (ED-1
positive cells) in CA1 and CAS3 regions of hippocampus using immunofluorescent labeling (a
and e: vehicle treated group; b and f: LP treated group; c and g: KA treated group; d and h: LP
plus KA treated group) and expression of inflammatory genes, such as TNF-a. (B), IL-1B(C),
and iNOS (D) in hippocampus using real time PCR. The expression of each gene was
normalized with GAPDH expression. The graphs indicate the S.E.M. (*** P < 0.001 vs. the
vehicle injected group; +++ P < 0.001 vs. the KA injected group; n = 4 independent
experiments).
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