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SUMMARY

Purpose: Statins are selective inhibitors of 3-hydroxyl-3-

methyl-glutaryl coenzyme A (HMG-CoA) reductase, the

rate-limiting enzyme of the mevalonate pathway for cho-

lesterol biosynthesis. Increasing evidence indicates that

statins, particularly atorvastatin, are neuroprotective in

several conditions, including stroke, cerebral ischemia,

traumatic brain injury, and excitotoxic amino acid expo-

sure. However, only a few studies have investigated

whether statins modulate seizure activity. In the current

study we investigated whether atorvastatin or simvastatin

alters the seizures induced by pentylenetetrazol (PTZ), a

classical convulsant.

Methods: Adult male Wistar rats were treated with

atorvastatin or simvastatin for 7 days (10 mg/kg/day).

Seizure activity was induced by PTZ (60 mg/kg, i.p.),

and evaluated by behavioral and electrographic meth-

ods. Cholesterol levels were determined by a standard

spectrophotometric method. Blood–brain barrier

(BBB) permeability was assessed by the fluorescein

method. Atorvastatin levels in the plasma and cerebral

cortex were determined by high-performance liquid

chromatography tandem mass spectrometry.

Key Findings: We found that oral atorvastatin treat-

ment increased the latency to PTZ-induced general-

ized seizures. In contrast, when the 7-day atorvastatin

treatment was withheld for 1 day (i.e., atorvastatin

withdrawal), PTZ-induced seizures were facilitated, as

evidenced by a decrease in the latency to clonic and

generalized tonic–clonic seizures induced by PTZ. In

contrast, simvastatin treatment for 7 days (10 mg/kg/

day, p.o.), with or without withdrawal, did not alter

PTZ-induced seizures. Interestingly, the effects of

atorvastatin treatment and withdrawal were not

accompanied by changes in plasma or cerebral cortex

cholesterol levels or in the BBB permeability. Ator-

vastatin levels in the plasma and cerebral cortex after

7 days of treatment were above the half maximal

inhibitory concentration for inhibition of HMG-CoA

reductase, whereas atorvastatin was not detectable in

the plasma or cerebral cortex following a 24 h wash-

out period (atorvastatin withdrawal).

Significance: We conclude that atorvastatin treatment

and withdrawal have differential effects on pentylenetet-

razol-induced seizures, which are not related to changes

in plasma or cerebral cortex cholesterol levels or in BBB

permeability. Additional studies are necessary to evaluate

the molecular mechanisms underlying our findings as well

as its clinical implications.
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Originally identified as secondary metabolites of fungi
by Endo and Kuroda (1976), statins comprehend a large
group of natural and synthetic drugs that present potent
cholesterol-lowering properties (Endo, 1992, 2010).

Statins are competitive inhibitors of the rate-limiting
enzyme of the mevalonate pathway for cholesterol biosyn-
thesis, 3-hydroxyl-3-methyl-glutaryl coenzyme A reduc-
tase (HMG-CoA reductase, EC 1.1.1.88 or 1.1.1.34)
(Istvan & Deisenhofer, 2001). By inhibiting HMG-CoA
reductase in the liver, statins cause a decrease in choles-
terol synthesis as well as an increase in the synthesis of
low-density lipoprotein (LDL) receptors, resulting in an
increased clearance of cholesterol and LDL from the
bloodstream (Goldstein & Brown, 2009). Indeed, statins
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represent a well-established class of drugs for the treat-
ment of hypercholesterolemia and related atherosclerotic
diseases, as several landmark clinical trials have demon-
strated the benefit of lipid lowering with statins for the
primary and secondary prevention of cardiovascular dis-
eases, particularly coronary heart disease (Endres, 2005).

In addition to their cholesterol-lowering and cardio-
vascular protective properties, several experimental and
clinical studies have shown that statins exert a number
of pleiotropic and neuroprotective actions. In fact, ret-
rospective clinical evidence suggests that long-term
statin administration may not only reduce stroke risk
but may also improve outcome (Endres, 2005). More-
over, statins augment cerebral blood flow and confer
significant protection in animal models of stroke
(Nagotani et al., 2005), cerebral ischemia (Laufs et al.,
2000), traumatic brain injury (Lu et al., 2004), and
excitotoxicity (Zacco et al., 2003). For instance, it has
been shown that treatment with atorvastatin decreases
cerebral infarct size after transient cerebral ischemia in
normocholesterolemic mice and in spontaneously hyper-
tensive stroke-prone rats (Laufs et al., 2000; Nagotani
et al., 2005). In addition, atorvastatin administration
after controlled cortical impact significantly reduced
neurologic functional deficits and increased neuronal
survival and synaptogenesis in the rat hippocampus (Lu
et al., 2004). Moreover, treatment with statins substan-
tially reduced lactate dehydrogenase release caused by
exposure of embryonic mouse neocortical cultures to
N-methyl-D-aspartate (NMDA) (Zacco et al., 2003), fur-
ther suggesting strong protective actions for statins in
excitotoxicity-related conditions.

In light of the reported neuroprotective actions of sta-
tins, it is worth mentioning that excitotoxic cell death
and seizure generation and spreading may share com-
mon mechanisms (Bazan et al., 2002), and, therefore,
neuroprotective compounds may display anticonvulsant
activity and vice versa. However, only a few studies
have addressed this point, with differing results. For
instance, Lee et al. (2008) have shown that an oral
treatment with atorvastatin efficiently decreased kainate-
induced seizures and associated hippocampal neuron
death. On the other hand, Ramirez et al. (2011) have
shown that atorvastatin exacerbated kainate-induced sei-
zures in mice and that simvastatin was highly effective
in reducing the severity of seizures induced by kainate.
In addition, Serbanescu et al. (2004) have shown that
lovastatin exacerbates atypical absence seizures. There-
fore, to further investigate the effect of statins on sei-
zure activity, in the current study, we investigated
whether atorvastatin or simvastatin treatment alters the
behavioral and electrographic seizures induced by pen-
tylenetetrazol (PTZ), a convulsant that has been widely
used in the study of mechanisms of seizure generation,
spreading, and termination, as well as development and

screening of new compounds with anticonvulsant activ-
ity (White et al., 2006).

Experimental Procedures

Animals and reagents
Adult male Wistar rats (250–300 g) were used. Animals

were maintained under controlled light and environment
(12:12 h light-dark cycle, 24 € 1�C, 55% relative humidity)
with free access to water and food (Supra; Santa Maria, RS,
Brazil). All experimental protocols were designed with the
goal of keeping the number of animals used to a minimum,
as well as their suffering. These protocols were conducted
in accordance with national and international legislation
(guidelines of Brazilian Council of Animal Experimentation
– CONCEA – and of U.S. Public Health Service’s Policy on
Humane Care and Use of Laboratory Animals – PHS Pol-
icy), and with the approval of the Ethics Committee for Ani-
mal Research of the Federal University of Santa Maria
(Process #53/2010).

Atorvastatin and simvastatin for animal treatment were
extracted from commercially available capsules (Lipitor,
Pfizer, S¼o Paulo, Brazil and Zocor, Merck Sharp & Dohme,
S¼o Paulo, Brazil respectively). Their identity and purity
were checked by nuclear resonance methods and were
>98%. Mobile phase reagents for high-performance liquid
chromatography (HPLC) were obtained from J.T. Baker
(Avantor Performance Materials, Phillipsburg, NJ, U.S.A.).
All the other reagents were purchased from Sigma (St.
Louis, MO, U.S.A.).

Drug administration protocol
In order to investigate the effects of atorvastatin treatment

on PTZ-induced seizures, we used three different protocols,
as follows:

Experiment 1 (acute treatment): The effect of the acute
systemic administration of atorvastatin or simvastatin on
seizure activity induced by PTZ was investigated by
administrating atorvastatin (10 mg/kg, p.o.) or its vehicle
(sterile saline solution – 0.9% NaCl, p.o.), 30 min before
the injection of PTZ (60 mg/kg, i.p.). Atorvastatin and
simvastatin doses and schedules for administration were
chosen based on previous studies (Lau et al., 2006;
Lee et al., 2008; Piermartiri et al., 2009) or on pilot
experiments.
Experiment 2 (repeated treatment): Atorvastatin, sim-
vastatin, or vehicle was given orally for 7 days (10 mg/
kg/day), and the last administration was 30 min before
PTZ injection.
Experiment 3 (statin withdrawal): In this set of experi-
ments, animals were treated exactly as described above
for experiment 2, except that treatment was withheld for
1 day and, therefore, the injection of PTZ occurred 24 h
after the last injection of atorvastatin, simvastatin, or
vehicle.
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Behavioral seizure evaluation
Immediately after the injection of PTZ the animals were

transferred to a round open field and were video-monitored
for 20 min for the appearance of clonic and generalized
seizures, according to Ferraro et al. (1999). Accordingly,
clonic seizures are episodes characterized by typical partial
clonic activity affecting the face, head, vibrissae, and fore-
limbs. Such clonic events are short, typically lasting 1–2 s,
and can occur either individually or in multiple discrete
episodes before generalization and over time. Generalized
convulsive episodes are characterized by generalized
whole-body clonus involving all four limbs and tail, rearing,
wild running and jumping, sudden loss of upright posture,
and autonomic signs, such as hypersalivation and defeca-
tion. The duration of generalized seizures was variable, but
typically involved behavioral changes lasting for 30–60 s,
followed by a quiescent period. During the 20-min observa-
tion period, the latencies to clonic and generalized seizures
were measured. Seizure activity and its modulation by statin
treatment was confirmed electrographically in a subset of
animals (n = 5 per group), as described below.

Surgical procedures
Animals were anesthetized with Equithesin (1% pheno-

barbital, 2% magnesium sulfate, 4% chloral hydrate, 42%
propylene glycol, 11% ethanol, 3 ml/kg, i.p.) and placed in
a rodent stereotaxic apparatus. Under stereotactic guidance,
two stainless steel screw electrodes were placed over the
parietal cortex, along with a ground lead positioned over the
nasal sinus. The electrodes were connected to a multipin
socket and were fixed to the skull with dental acrylic
cement. Chloramphenicol (200 mg/kg, i.p.) was adminis-
trated immediately before the surgical procedure. After
surgery, all rats received a single subcutaneous injection of
0.01 mg/kg buprenorphine hydrochloride for amelioration
of pain.

EEG recordings
The procedures for electroencephalography (EEG)

recording were carried out as described previously (Oliveira
et al., 2008), and the protocol of drug administration used in
this set of experiments was the same used as described
above. At the day of the experiment, each animal was trans-
ferred to an acrylic glass cage (25 · 25 · 40 cm) and habit-
uated for 20 min before EEG recording. The rat was then
connected to the lead socket in a swivel inside a Faraday’s
cage, and EEG was concomitantly recorded using a Neuro-
map EQSA260 digital encephalographer (Neurotec, Itajub�,
MG, Brazil). Routinely, a 10-min baseline recording was
obtained to establish an adequate control period. EEG
signals were amplified, filtered (0.1–70.0 Hz, bandpass),
digitalized (sampling rate 256 Hz), and stored in a personal
computer for off-line analysis. Seizures were defined by the
occurrence of episodes consisting of the following altera-
tions in the recording leads (McColl et al., 2003): isolated

sharp waves (‡1.5 · baseline); multiple sharp waves
(‡2 · baseline) in brief spindle episodes (‡ 1 s ‡5 s); multi-
ple sharp waves (‡2 · baseline) in longer spindle episodes
(‡5 s); spikes (‡2 · baseline) plus slow waves; multispikes
(‡2 · baseline, ‡3 spikes/complex) plus slow waves; and
major seizure (repetitive spikes plus slow waves obliterating
background rhythm, ‡5 s). Rhythmic scratching of the elec-
trode headset rarely caused artifacts, which were easily
identified and discarded.

Cholesterol determination
Rats were killed by decapitation and the whole blood and

the brain were quickly obtained. The blood was collected in
heparinized tubes, incubated at room temperature for
30 min, and then centrifuged at 1,500 g for 10 min at room
temperature for plasma separation. The cortices were rap-
idly dissected and homogenized in 20 volumes of 2:1 (v/v)
chloroform/methanol to extract brain total lipids. Organic
solvents were evaporated to dryness under a gentle stream
of nitrogen at room temperature, and the residue was recon-
stituted to 1 ml with 0.9% NaCl. Levels of cholesterol in
plasma and cerebral samples were determined by a standard
colorimetric method (Trinder, 1969), using a commercially
available kit (Labtest, Lagoa Santa, MG, Brazil). Protein
content of brain samples was spectrophotometrically deter-
mined by the method of Bradford (1976), using bovine
serum albumin (BSA, 1 mg/ml) as standard.

Blood–brain barrier (BBB) permeability assay
BBB permeability to small molecular mass compounds

was determined according to Olsen et al. (2007), with minor
modifications. Briefly, animals were treated with atorvasta-
tin exactly as described above, except that they were
injected intraperitoneally with 100 mg sodium fluorescein
in 1 ml sterile saline instead of PTZ. Animals were anesthe-
tized with Equithesin 45 min after the sodium fluorescein
injection and transcardially perfused with 200 ml of ice cold
saline solution (0.9% NaCl, containing 1 IU/ll of heparin)
to remove blood from the intravascular compartment. The
blood was collected by cardiac puncture, and plasma was
separated as described above. The cerebral cortex was
quickly removed, weighed, and homogenized 1:10 (w/v) in
sterile phosphate-buffered saline. Protein was precipitated
from brain and plasma samples with 20% trichloroacetic
acid followed by centrifugation at 1,500 g for 10 min to
remove potential background fluorescence. The superna-
tants were collected and analyzed in a spectrofluorometer
(Hitachi) using an excitation wavelength of 480 nm and an
emission wavelength of 538 nm. A standard curve for quan-
tification of sodium fluorescein in the samples was gener-
ated by simultaneously analyzing samples of known sodium
fluorescein concentration in 10% trichloroacetic acid. The
degree of BBB permeability was measured as the ratio of
sodium fluorescein in a gram of brain tissue per the amount
of sodium fluorescein in 1 ml of plasma (Olsen et al., 2007).
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Atorvastatin analysis by liquid chromatography tandem
mass spectroscopy (LC-MS/MS)

Rats were killed by decapitation and the plasma and the
cerebral cortex were obtained quickly as described above.
Plasma (0.5 ml) was diluted with 0.5 ml water and 4.5 ml
acetonitrile and vortex-mixed for 20 min. The resulting
mixture was centrifuged at 16,600 g for 15 min and the
upper liquid phase was then transferred to a glass tube and
evaporated to dryness at 40�C (1,500 Pa). The resulting
residue was reconstituted in 1 ml with acetonitrile-to-
water acetic acid 0.2% (1:1, v/v) and levels of atorvastatin
were analyzed by LC-MS/MS. The cerebral cortex was
dissected out, weighed, and homogenized 1:5 (w/v) with
acetonitrile-to-zinc sulfate ratio 200 mM (1:1, v/v) and
extraction procedures were the same as for plasma sam-
ples, with the exception that the resulting residue was
reconstituted in 2 ml with acetonitrile-to-water acetic acid
ratio 0.2% (1:1, v/v).

An Agilent series 1,200 (Agilent Technologies, Santa
Clara, CA, U.S.A.) liquid chromatography with a XDB-C18

column (4.6 · 150 mm, 5 lm particles; Agilent) was used
for the separation of atorvastatin. The mobile phase was
water ammonium acetate 0.005 M and acetonitrile/water
ammonium acetate 0.005 M (9:1, v/v) and separation was
performed by isocratic elution 60:40 (v/v) during 5 min.
The flow rate was 0.5 ml/min and injection volume was
20 ll. Atorvastatin standard stock solution was prepared by
dissolving all dust in acetonitrile-to-water 90:10 (v/v). The
stock standard solution was then diluted with acetonitrile-
to-water acetic acid ratio 0.2% (5:5, v/v) to furnish working
standard solution at concentrations of 0.01, 0.1, 1, 10, and
20 ng/ml.

Mass spectrometry was performed using an API 5500 tri-
ple quadrupole mass analyzer fitted with an electrospray
ionization (ESI) source (Applied Biosystems, Carlsbad,
CA, U.S.A.). Detection of atorvastatin was carried out in
multiple reaction-monitoring (MRM) positive ion mode,
and the ion transitions monitored were 559 (m/z) (precursor
ion) and 440 (m/z) (ion quantitation), 466 (m/z), and 380
(m/z) (ion qualification). The limit of detection of this
method was 0.01 ng atorvastatin/ml.

Statistical analyses
Latencies to clonic and generalized seizures were

analyzed by the Mann-Whitney test and presented as med-
ian and interquartile ranges. Cerebral and plasma choles-
terol and fluorescein levels were analyzed by parametric
one-way analysis of variance (ANOVA) and expressed as
mean and standard error of the mean. A probability of
p < 0.05 was considered statistically significant.

Results

The first experiment was aimed to investigate whether a
single oral administration of atorvastatin or simvastatin

(10 mg/kg; 30 min before PTZ) alters the latency to
PTZ-induced seizures. No significant differences were
found between atorvastatin, simvastatin, or vehicle-treated
rats regarding the latency to clonic or generalized seizures
induced by PTZ (Fig. 1; Mann-Whitney test).

On the other hand, we found that treatment with atorvast-
atin for 7 days (10 mg/kg/day, p.o.) delayed PTZ-induced
generalized seizures. Statistical analysis revealed that ator-
vastatin increased the latency to PTZ-induced generalized,
but not to clonic seizures (Fig. 2A,B; Mann-Whitney test).
Representative EEG studies presented in Fig. 2C–F show
that atorvastatin treatment delayed PTZ-induced general-
ized seizures, but did not alter seizure-associated wave pat-
terns in the EEG recordings, which appeared as a
combination of multispike plus slow waves, multiple sharp
waves, and major seizure activity in a 2–3 Hz high-ampli-
tude activity in all recording leads.

Because statin withdrawal abrogates stroke protection in
mice (Gertz et al., 2003), we decided to test whether ator-
vastatin withdrawal alters PTZ-induced seizures. Atorvasta-
tin was given for 7 days (10 mg/kg/day, p.o.), and 24 h
after the last administration of atorvastatin, PTZ was
injected. Interestingly, 1-day atorvastatin withdrawal facili-
tated PTZ-induced seizures, measured as decreased latency
to clonic and generalized seizures (Fig. 3A,B; Mann-
Whitney test). Nevertheless, atorvastatin withdrawal did not
alter the electrographic pattern of PTZ-induced seizures,
since it was identical to that presented by animals treated
with vehicle plus PTZ (Fig. 3C–F).

In contrast, simvastatin treatment for 7 days (10 mg/kg/
day, p.o.), with or without withdrawal did not alter PTZ-
induced seizures, since we did not detect any change in the
latency to clonic and generalized seizures across the differ-
ent treatment schedules (Fig. 4A,B; Mann-Whitney test).

In order to shed some light on the mechanisms underlying
the seizure-modulating effects of atorvastatin treatment and
withdrawal, we measured atorvastatin levels in the plasma
and cerebral cortex of atorvastatin-treated animals (10 mg/
kg/day for 7 days, p.o.) by LC-MS/MS. Atorvastatin levels
after 7 days of treatment were 19.97 € 6.33 pmol/ml in the
plasma and 179.92 € 15.31 pmol/g wet tissue in the cere-
bral cortex (Table 1). On the other hand, atorvastatin was
not detectable in the plasma or cerebral cortex following a
24 h washout period (atorvastatin withdrawal) (Table 1).

In order to investigate whether the effects of atorvastatin
treatment and withdrawal on pentylenetetrazol-induced sei-
zures were related to changes in plasma or brain cholesterol
levels, we measured the levels of this lipid in the plasma and
in the cerebral cortex of rats treated for 7 days with atorvast-
atin (10 mg/kg/day, p.o.). No significant changes in brain or
plasma cholesterol levels were detected after 7 days of
atorvastatin treatment (Fig. 5A,B; one-way ANOVA). In a
similar way, we did not detect any effect of simvastatin
treatment or withdrawal on plasma or cerebral cortex
cholesterol levels (data not shown).
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Because modulation in seizure activity might be attribut-
able to changes in the access of the convulsant into the brain,
we evaluated the BBB permeability after the different
atorvastatin treatments. No significant changes in the
fluorescein content (brain-to-plasma fluorescence ratio)
were detected after atorvastatin treatment (Fig. 6; one-way
ANOVA).

Discussion

In the present study we showed that oral atorvastatin, but
not simvastatin, treatment for 7 days increased the latency
to PTZ-induced generalized seizures. In contrast, when the
7-day atorvastatin treatment was withheld for 1 day (i.e.,
atorvastatin withdrawal), PTZ-induced seizures were facili-
tated, as evidenced by a decrease in the latency to clonic and
generalized seizures. Interestingly, the effects of atorvasta-
tin treatment and withdrawal were not accompanied by
changes in plasma or cerebral cortex cholesterol levels,

despite the presence of pharmacologically relevant
concentrations of atorvastatin in plasma and brain tissue.
Finally, we did not detect any effect of atorvastatin treat-
ment or withdrawal on the BBB permeability, as measured
by the fluorescein technique.

Increasing evidence indicates that statins, particularly
atorvastatin, show beneficial effects in several excitotoxic
conditions, including stroke (Nagotani et al., 2005), cere-
bral ischemia (Laufs et al., 2000), traumatic brain injury
(Lu et al., 2004), and glutamate exposure (Zacco et al.,
2003). However, only a few studies have investigated
whether statin treatment modulates seizure activity.
In agreement with our present results, it has been shown that
oral atorvastatin treatment (10 mg/kg/day for 7 days) sig-
nificantly reduces the severity of kainate-induced seizures
and the number of wet dog shakes, a hallmark of kainate-
induced seizure activity (Lee et al., 2008). In addition, a
similar oral atorvastatin treatment (10 mg/kg/day for
7 days) prevents the occurrence of clonic and/or tonic

A B

C D

Figure 1.

Effect of acute (30 min before PTZ)

oral administration of atorvastatin

(10 mg/kg) (A, B) or simvastatin

(10 mg/kg) (C, D) on the onset

latency for clonic and generalized

seizures induced by PTZ. Data are

median and interquartile ranges for

n = 8–9 in each group. No

significant differences were found

between groups (Mann-Whitney

test).

Epilepsia ILAE
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seizures induced by the intracerebroventricular injection of
quinolinic acid in about one third of challenged mice (Pier-
martiri et al., 2009), further suggesting anticonvulsant prop-
erties for atorvastatin. However, it has also been reported
that a single injection of atorvastatin (10 mg/kg, 30 min
after kainate administration) does not alter seizure and wet
dog shake scores, suggesting that acute atorvastatin does not
reduce kainate-induced seizures (Lee et al., 2008). These
results are, to some extent, in agreement with our results,

since we did not find any effect of a single injection of ator-
vastatin on PTZ-induced seizures. Moreover, it has been
shown that lovastatin administration (100 mg/kg) at
postnatal days 2, 8, 14, and 20 significantly increases corti-
cal spike-and-wave discharge duration at postnatal days 59–
60 in Long–Evans rats, a rat strain that has a spontaneous
tendency to display cortical spike-and-wave discharges
resembling those observed in atypical absence seizures
(Serbanescu et al., 2004). Although it is difficult to

A B

C

D

E

F

Figure 2.

Effect of oral administration of

atorvastatin (10 mg/kg/day for

7 days) on the onset latency for

clonic (A) and generalized tonic–

clonic (B) seizures induced by PTZ.

*p < 0.05 compared with vehicle-

PTZ group (Mann-Whitney test).

Data are median and interquartile

ranges for n = 9–10 in each group.

Also shown are typical seizure

sequences observed after

administration of PTZ (60 mg/kg,

i.p.) in an animal treated with vehicle

(C, D) or atorvastatin (E, F)

(10 mg/kg/day for 7 days, p.o.). In all

traces the arrow indicates PTZ

administration; the white

arrowhead indicates the onset of

EEG pattern associated with clonic

seizures, whereas the black

arrowhead indicates the onset of

EEG pattern associated with

generalized tonic–clonic seizures.

The expanded waveforms from the

EEG recording outlined by the

boxes in C and E are shown in D

and F, respectively.

Epilepsia ILAE
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determine the reasons for such a discrepancy, there are
methodologic differences that may account for it, including
the statin used, the type and duration of treatment, the nature
of the convulsant stimulus used, and the experimental
design itself. For instance, a comparative study investigat-

ing the effects of most of commercially available statins
(simvastatin, lovastatin, fluvastatin, pravastatin, and ator-
vastatin) on neuron damage and memory impairment
induced by the systemic administration of kainate revealed
that simvastatin was the most effective statin in reducing the

A

C

D

E

F

B

Figure 3.

Effect of atorvastatin withdrawal

(cessation of treatment after oral

administration of 10 mg/kg/day

atorvastatin for 7 days) on the

onset latency for clonic (A) and

generalized tonic–clonic (B)

seizures induced by PTZ. *p < 0.05

compared with vehicle-PTZ group

(Mann-Whitney test). Data are

median and interquartile ranges for

n = 12 in each group. Also shown

are typical seizure sequences

observed after administration of

PTZ (60 mg/kg, i.p.) in an animal

treated with vehicle (C, D) or

atorvastatin (E, F) (10 mg/kg/day

for 7 days, p.o.) and submitted to

treatment withdrawal. In all traces

the arrow indicates PTZ

administration; the white

arrowhead indicates the onset of

EEG pattern associated with clonic

seizures, whereas the black

arrowhead indicates the onset of

EEG pattern associated with

generalized tonic–clonic seizures.

The expanded waveforms from the

EEG recording outlined by the

boxes in C and E are shown in D

and F, respectively.

Epilepsia ILAE
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deleterious effects caused by kainate, including the severity
of seizures, excitotoxicity, oxidative damage, neuritic dys-
trophy, and apoptosis in the hippocampus and other limbic
structures of the brain cortex (Ramirez et al., 2011). In con-
trast, atorvastatin exacerbated seizures in 100% of the mice
and also increased the percentage of those that developed
status epilepticus after kainic acid administration, suggest-
ing the existence of key differences between the mecha-
nisms underlying simvastatin and atorvastatin effects.

In addition to the currently reported protective effect of
atorvastatin treatment against PTZ-induced seizures, we
found that atorvastatin withdrawal facilitated the occurrence
of PTZ-induced seizures, as evidenced by a decrease in the
latency to clonic and generalized seizures. Interestingly,
clinical and experimental evidence suggests that statin ther-
apy withdrawal may be associated with deleterious rebound
phenomenon. For instance, one study in patients with stable
coronary heart disease showed a threefold increase in
thrombotic vascular events after simvastatin treatment
was stopped and continued with relatively lower doses of
fluvastatin (Thomas & Mann, 1998). Moreover, a subgroup
analysis of the Platelet Receptor Inhibition in Ischemic

Syndrome Management Study has demonstrated increased
event rates in patients with acute coronary syndromes after
withdrawal of statins (Heeschen et al., 2002). In addition,
cerivastatin or atorvastatin withdrawal elicited oxidative
stress and endothelial dysfunction (i.e., impaired endothe-
lium-dependent relaxation) in mice (Vecchione & Brandes,
2002) and rapid loss of statin-mediated protection in mouse
models of cerebral ischemia and thrombus formation (Gertz
et al., 2003). Altogether, these findings constitute strong
evidence that statin withdrawal causes important deleterious
rebound effects. At present it is not possible to point out the
molecular mechanisms underlying the rebound effect
elicited by atorvastatin withdrawal, but it is interesting to
note that atorvastatin levels in the plasma and cerebral cor-
tex were not detectable after stopping atorvastatin treatment
for 1 day. Interestingly, this fact is in agreement with the
study by Johnson-Anuna et al. (2005), who have reported
that very low levels of lovastatin and simvastatin and no pra-
vastatin were present in the cerebral cortex of chronically
statin-treated mice 24 h after treatment cessation.

In light of the seizure-modulating effects of atorvastatin
treatment and withdrawal, we asked whether these effects
were dependent on cholesterol levels, since some studies
have pointed out a link between cholesterol levels and sei-
zures. For instance, a progressive disorder characterized by
accumulation of free cholesterol in lysosomes, Niemann-
Pick disease type C, includes seizures as a clinical sign (Tur-
pin et al., 1991). Therefore, we determined the levels of
cholesterol in the plasma and cerebral cortex of atorvasta-
tin-treated rats. In our experimental conditions, no signifi-
cant changes in plasma or brain cholesterol levels were
detected after 7 days of atorvastatin treatment, which is to
some extent intriguing, since we detected atorvastatin in the
plasma and cerebral cortex at levels above the half maximal

A B

Figure 4.

Effect of simvastatin treatment (10 mg/kg/day for 7 days) or withdrawal (cessation of treatment after oral administration of 10 mg/kg/

day simvastatin for 7 days) on the onset latency for clonic (A) and generalized tonic–clonic (B) seizures induced by PTZ. Data are

median and interquartile ranges for n = 5–7 in each group. No significant differences were found between groups (Mann-Whitney

test).

Epilepsia ILAE

Table 1. Atorvastatin levels in the plasma or

cerebral cortex of rats after oral atorvastatin

treatment (10 mg/kg/day for 7 days) or withdrawal

Treatment Plasma (pmol/ml)

Cerebral cortex

(pmol/g wet tissue)

Vehicle N.D. N.D.

Atorvastatin 19.97 ± 6.33 179.92 ± 15.31

Atorvastatin withdrawal N.D. N.D.

N.D., not detectable.
Data are mean ± standard error of the mean for n = 5 in each group.
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inhibitory concentration for inhibition of HMG-CoA reduc-
tase (Shitara & Sugiyama, 2006). Interestingly, these levels
are very similar to those seen with other statins after a
21-day oral treatment in mice (Johnson-Anuna et al., 2005).
In this context, it is tempting to propose that the presently
reported differential effects of atorvastatin treatment and
withdrawal on PTZ-induced seizures are not related to
changes in plasma or cerebral cortex cholesterol levels. This
is in agreement with several other studies that have not
found changes in plasma or brain cholesterol levels after
similar protocols of statin treatment (Laufs et al., 2000;
Gertz et al., 2003; Lee et al., 2008). In addition, it has been
demonstrated that atorvastatin modulates the activity of
NMDA receptor and the dynamics of intracellular calcium

in neuronal cultures exposed to glutamate regardless of
changes in cholesterol levels and even in the presence of
mevalonate (Bçsel et al., 2005). Notwithstanding, it has
been showed that lovastatin exacerbates atypical absence
seizures with only minimal effects on brain sterols
(Serbanescu et al., 2004), further suggesting that statins
may modulate neuronal activity independently of changes
in cholesterol levels. However, we cannot rule out that total
cholesterol measurement in the plasma or cerebral cortex
may not permit the detection of a rapid, transient, or highly
localized reduction in cholesterol in a given area, which
might determine the seizure-modulating effects of atorvast-
atin treatment and withdrawal.

Increasing clinical and experimental evidence suggests
that BBB dysfunction is an important etiologic factor in sei-
zure disorders (Seiffert et al., 2004; Marchi et al., 2007a,b;
Marchi et al., 2010; Friedman & Dingledine, 2011; Marchi
et al., 2011). For instance, mannitol-induced BBB leakage
causes focal motor seizures in patients undergoing intraarte-
rial chemotherapy to treat primary brain lymphomas (Mar-
chi et al., 2007a,b), and focal BBB disruption by direct
application of bile salts in the rat somatosensory cortex
causes the appearance of long-lasting epileptiform dis-
charges (Seiffert et al., 2004). Moreover, either decreased
or increased susceptibility to convulsant drugs might be
attributable to changes in the access of these convulsants
into the brain (Vezzani et al., 1989). In this context, we
investigated whether atorvastatin treatment or withdrawal
alters BBB permeability. Interestingly, it has been demon-
strated that atorvastatin prevents BBB breakdown in several
experimental paradigms (Kahles et al., 2007; Taoufiq et al.,
2011). However, it may not be effective in preventing and/
or restoring BBB damage in some conditions. In fact, van
Vliet et al. (2011) have shown that atorvastatin treatment
(10 mg/kg for 14 days) did not affect BBB leakage (mea-
sured by the fluorescein technique) during epileptogenesis
triggered by an electrically induced episode of status epilep-
ticus. Here, we did not detect changes in the brain levels of

A B

Figure 5.

Effect of oral administration of

atorvastatin (10 mg/kg/day for

7 days) on the plasma (A) and

cerebral cortex (B) cholesterol

levels. Data are mean ± standard

error of the mean (SEM) for

n = 21–22 in each group. No signif-

icant differences were found

between groups (one-way

ANOVA).
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Figure 6.

Fluorescein content in the cerebral cortex of rats submitted to

oral atorvastatin treatment (10 mg/kg/day for 7 days) or with-

drawal (cessation of treatment after oral administration of

10 mg/kg/day atorvastatin for 7 days). Data are mean ± stan-

dard error of the mean (SEM) for n = 4–5 in each group. No

significant differences were found between groups (one-way

ANOVA).
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fluorescein after the different schedules of atorvastatin treat-
ment, indicating that BBB permeability is not altered by
atorvastatin treatment or withdrawal and that atorvastatin is
not able to tighten up a healthy BBB in vivo, as it should be
before PTZ administration. Therefore, we conclude that the
currently reported effects of atorvastatin treatment and with-
drawal on PTZ-induced seizures are not related to changes
in BBB permeability to small compounds.

In addition, although it is worth mentioning that neuropro-
tective compounds may display anticonvulsant activity, and
vice versa, it seems unlikely that the seizure-modulating
properties of atorvastatin treatment and withdrawal are
related to its ability to protect neurons and other brain cells
from death (i.e., neuroprotection). Because PTZ is used
primarily to induce acute single seizures of short duration
(typically <60 s) without long-term survival, there is a
general consensus in the literature that neuropathology after
PTZ-induced seizures is negligible (Velisek, 2006). In this
context, it seems clear that the molecular mechanisms under-
lying the effects of atorvastatin are not necessarily the same
as for its neuroprotective properties, and further studies are
needed to determine the molecular mechanisms underlying
the seizure-modulating properties of atorvastatin.

In summary, in the present study, we showed that
atorvastatin treatment for 7 days increased the latency to
PTZ-induced seizures, whereas abrupt cessation of the
7-day atorvastatin treatment (i.e., atorvastatin withdrawal)
decreases the latency to the seizures induced by PTZ. To
our knowledge, the currently reported facilitation of PTZ-
induced seizures by statin withdrawal is the first study
showing that cessation of statin treatment may predispose to
the occurrence of seizures. Additional studies in human
beings are necessary to evaluate the clinical implications of
our findings. In this context, some studies have evaluated
the impact of antiepileptic drugs on the cholesterol manage-
ment during statin therapy (for a review please see Candrilli
et al., 2010), but, to the best of our knowledge, no study has
evaluated whether statins interfere with the efficacy of an-
tiepileptic drugs in patients with epilepsy. Nevertheless,
given the widespread use of atorvastatin and the high preva-
lence of epilepsy, the possibility that atorvastatin (and possi-
bly other statins) could have multiple effects on the efficacy
and safety of antiepileptic therapy emerges as an intriguing
point.
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