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Abstract
OBJECTIVE—This study was designed to investigate the long-term effects of simvastatin treatment
after traumatic brain injury (TBI) in rats.

METHODS—Adult female Wistar rats (n=24) were injured with controlled cortical impact and
divided into three groups. The first two groups were treated with simvastatin 0.5 mg/kg or 1 mg/kg
administered orally for 14 days starting one day after TBI. The third group (control) received
phosphate-buffered saline (PBS) orally for 14 days. Neurological functional outcome was measured
with modified neurological severity scores (mNSS) performed 1 day before TBI and after TBI on
Days 1, 4, 7, 14 and biweekly thereafter. All animals were sacrificed 3 months after TBI. Brain tissues
of half of the animals were processed for preparation of paraffin-embedded sections for
immunohistological studies. The remaining half was frozen for ELISA studies for quantification of
brain-derived neurotrophic factor (BDNF) in hippocampus and cortex.

RESULTS—Results showed that both doses of simvastatin significantly improved functional
outcome compared to control with no difference between the two doses. Simvastatin treatment of 1
mg/kg increased the number of morphologically intact neurons in hippocampus with 0.5 mg/kg
having no significant effect. ELISA studies showed that 0.5 mg/kg of simvastatin significantly
increased BDNF levels within hippocampus with 1 mg/kg having no significant effect; neither dose
had any effect on BDNF levels within the cortex.

CONCLUSION—Simvastatin treatment provides long-lasting functional improvement after TBI in
rats. It also enhances neuronal survival in the hippocampus and increases BDNF levels in the
hippocampus secondary to simvastatin treatment.
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INTRODUCTION
TBI remains a major health problem worldwide (28) and despite a number of neuroprotective
therapeutic trials, no broadly applicable, safe and efficacious treatment for TBI has been
identified (28,31). Recently, attention has focused on potential therapeutic agents that enhance
endogenous neuroplasticity including neurogenesis, angiogenesis and synaptogenesis after
brain injury (20–25). One such agent which has shown promise as a therapy for TBI is
simvastatin (25). Experimental studies have demonstrated that simvastatin induces
neurogenesis and angiogenesis and improves functional outcome after TBI (25). However,
until now, all the studies on simvastatin treatment of TBI (25,35,36) have been of short duration
(i.e., following the treatment outcome until one month after injury). Long-term studies are
needed to evaluate whether the benefits observed with simvastatin treatment persist over time.
Therefore, the present study was conducted to analyze the functional outcome of simvastatin
treatment for three months after treatment and to study its effects on neuronal survival in the
CA3 region of the hippocampus. We selectively focused on the CA3 region of the hippocampus
because of the major role it plays in spatial learning and memory (8). We also studied the long-
term effects of simvastatin treatment on the induction of neurotrophic factor, BDNF.

MATERIALS AND METHODS
All procedures have been approved by the Henry Ford Hospital Institutional Animal Care and
Use Committee (IACUC).

Animal Model
A controlled cortical impact model in rat was used. Female Wistar rats (300 - 320 g) were
anesthetized with chloral hydrate 350 mg/kg intraperitoneally. Rectal temperature was
controlled at 37°C with a feedback-regulated water-heating pad. A controlled cortical impact
device was used to induce the injury (9). Rats were placed in a stereotactic frame. Two 10-
mm-diameter craniotomies were performed adjacent to the central structure, midway between
lambda and bregma. The contralateral craniotomy allowed lateral movement of cortical tissue
(30). The dura was kept intact over the cortex. Injury was induced by impacting the left cortex
(ipsilateral cortex) with a pneumatic piston containing a 6-mm-diameter tip at the rate of 4 m/
s and 2.5 mm of compression. Velocity was measured with a linear velocity displacement
transducer.

Treatment of TBI Rats with Simvastatin
Twenty-four rats were treated with simvastatin or phosphate-buffered saline (PBS) and three
groups were studied (see below). Two doses of simvastatin were tested, 0.5 mg/kg or 1.0 mg/
kg. Simvastatin was mixed with water and administered directly into the esophagus using a
lavage tube daily for 14 days starting 1 day after TBI. A control group received PBS orally for
14 days starting day1 after TBI. Animals were divided into three experimental groups, as
follows: Group 1 (8): TBI + 0.5 mg/kg of simvastatin for 14 days; Group 2 (8): TBI + 1.0 mg/
kg of simvastatin for 14 days; and Group 3 (8): TBI + PBS. All rats were sacrificed 3 months
after TBI. This was not a randomized trial but all studies including functional, histological
and ELISA measurements were conducted in a blinded fashion. Four rats died during
the study; however, they were replaced and the data of the dead animals was not included.

Brain Sample Preparation
Brain tissues from four animals in each group were processed for preparation of paraffin-
embedded sections for immunostaining. The remaining four brains in each group were frozen
for ELISA studies. For immunostaining, rats were anesthetized intraperitoneally with chloral
hydrate and perfused transcardially with saline, followed by 4% paraformaldehyde. Brains
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were isolated, post fixed in paraformaldehyde at room temperature for 48 hours, and then
processed for paraffin sections. For ELISA studies, the ipsilateral, contralateral cortical and
hippocampal tissues were separated from the brain, then frozen in liquid nitrogen and stored
at − 80°C until used.

Immunohistochemical Staining for Neurons in the Ipsilateral Hippocampus
For identification of neurons, brain sections were deparaffinized and placed in boiling citrate
buffer (pH 6) in a microwave oven for 10 minutes. After cooling at room temperature, the
sections were incubated overnight in 0.1% saponin-PBS at 4°C. After blocking in normal
serum, sections were incubated with mouse anti-MAP-2 antibody (dilution, 1:100; Chemicon
International, Temecula, CA) in PBS at 4°C overnight. After sequential incubation with biotin-
conjugated anti-mouse immunoglobulin G (dilution, 1:100; Dakopatts, Carpinteria, CA), the
sections were treated with an avidin-biotin-peroxidase system (ABC kit, Vector Laboratories,
Inc.). DAB was used as a sensitive chromogen for light microscopy. The number of MAP-2
positive cells which were morphologically intact, that is having a well-defined cell
boundary surrounding a round nucleus, was counted in the ipsilateral hemisphere using
light microscopy (BH-2; Olympus Optical Co, Tokyo, Japan). Neurons demonstrating
swelling, scalloping and shrinkage were not included as were neurons showing chromatin
condensation. Cell counting was performed using unbiased stereological methods (29).

Neurological Functional Evaluation
Neurological motor measurement was performed using the modified neurological severity
scores (mNSS). The test is sensitive to unilateral cortical injury because it reflects multiple
asymmetries, including postural, sensory, and forelimb and hindlimb use asymmetries. A
detailed description of this functional test has been published previously (33). These tests were
performed on all rats 1 day before TBI and after TBI on Days 1, 4, 7, 14 and biweekly thereafter.
All measurements were performed by observers blinded to individual treatment.

Enzyme-Linked Immunosorbent Assay
To determine the concentration in each sample, Bradford protein assay was performed (5).
Lysis buffer was added to the tissue and sonicated. The protein concentration was obtained by
centrifuging the solution at 14000 rpm for 12 minutes at 4°C. Total protein concentration was
calculated by reading the plate at 550 nm. Equal amounts of lysates were used for brain-derived
neurotrophic factor (BDNF) ELISA. The ELISA kit was purchased from Promega Corp.
(Madison, WI). The procedure was performed according to the instructions provided by the
company. A 96-well plate was coated with anti-BDNF monoclonal antibody provided by the
kit and incubated at 4°C overnight. The plate was blocked the next day for 1 hour and then
incubated with BDNF standard and test samples at 4°C overnight. Anti-human polyclonal
antibody was added to the plate after washing and incubated for 2 hours at room temperature.
After washing, anti-IgY HRP conjugate was added and incubated for 1 hour at room
temperature with shaking. Tetramethyl benzidine (TMB) solution was added to the plate and
after 10 minutes the reaction was stopped using diluted acid of 1N concentration and the plate
was read using a microplate reader at 450 nm. BDNF levels were calculated.

Statistical Analysis
Rats with TBI were enrolled into one of the two different dose treatments with simvastatin and
zero dose (PBS) for a total of 3 groups. Rats were evaluated by the mNSS assessment for
neurological deficits at 1 day before TBI and after TBI on Days 1, 4, 7 and 14, and then biweekly
until sacrificed. mNSS data were evaluated for normality. Ranked data were considered
because the data were not normal. A two-way analysis of variance was used. All data are
presented as the means ± standard deviation of the original mNSS by groups. A paired t-test
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was used to test the difference in the cell counts in the ipsilateral hemisphere between the
simvastatin-treated groups and the control group. All measurements were analyzed by
observers blinded to individual treatments.

RESULTS
Modified Neurological Severity Scores

Improvements were seen with simvastatin treatment versus the control group. Simvastatin had
a consistent treatment effect on mNSS at early and later time points (up to 3 months) compared
with control. There was a trend for the 0.5 mg/kg dose to be better than the 1.0 mg/kg in the
first two weeks, but the difference was not significant (Fig. 1).

Neuroprotective Effect of Simvastatin on the Hippocampal CA3 Region
The number of morphologically intact neurons in the CA3 region of the hippocampus (Fig. 2)
was significantly higher in animals treated with 1 mg/kg simvastatin versus the control group
(P = 0.025, Fig. 3) with 0.5 mg/kg dose having no significant effect.

Simvastatin Induces the Expression of BDNF after TBI in hippocampus
BDNF is a pleiotrophic protein involved in neuronal proliferation, differentiation, synaptic
plasticity and survival (2,13,15). BDNF levels were evaluated in the left (ipsilateral) cortex
and hippocampus (Fig. 4 and 5). BDNF was significantly increased in the ipsilateral
hippocampus in the 0.5 mg/kg simvastatin-treated group compared to the control (P =
0.041). There was also a trend for increased BDNF expression in the hippocampus in the 1 mg/
kg simvastatin-treated group; however, the increase was not statistically significant (Fig. 4).
No difference was seen in the BDNF levels in the cortex with either dose (Fig. 5).

DISCUSSION
Our main findings in this study regarding simvastatin treatment of TBI are as follows: 1)
simvastatin administered orally promotes functional recovery until 3 months after treatment;
2) simvastatin treatment reduces neuronal loss in the hippocampus after TBI; and 3) simvastatin
treatment induces BDNF expression which persists for 3 months.

Statins (i.e., 3-hydroxy-3 methylglutaryl [HMG]-CoA reductase inhibitors) are potent
inhibitors of cholesterol biosynthesis (16,34). These drugs have generic names like simvastatin,
lovastatin, pravastatin, and atorvastatin and are widely prescribed to treat hypercholesteremia.
In addition to this cholesterol-lowering effect, many other pleiotropic effects of statins have
been identified, including beneficial effects on cerebral vessels, anti-inflammatory and
antithrombotic activity in blood and plaques (3,4,10,12,19,27,32), reduction of vascular
inflammatory responses (34), modulation of cytokine production (1), promotion of
angiogenesis, and decreased oxidative stress (11,18,26). These effects extend beyond their
lipid-lowering effect.

Simvastatin treatment also had a neuroprotective effect as it reduced neuronal loss in the
hippocampus. Our previous studies demonstrated similar neuroprotective effects of
simvastatin until 1 month after treatment (25); however, the present study confirms that these
effects are long term and persist to at least 3 months. We have focused on the hippocampus
since it plays a vital role in spatial memory and learning (8). Also, it is an area especially
vulnerable and selectively damaged in TBI (25). Simvastatin treatment increased BDNF
expression in the hippocampus 3 months after TBI. BDNF regulates different aspects of
neuronal survival, migration, morphological differentiation and synaptic function (2,13,15).
We understand that many other neurotrophic factors also play an important role in neural
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recovery after TBI but we selectively focused on BDNF because our previous studies have
shown that whereas simvastatin induces many cytokines and neurotrophic factors (36), the
induction of all except BDNF is of short duration (36). The present data further validates the
long-term effects of simvastatin on BDNF expression. Neural recovery from TBI occurs not
only in the acute phase, but persists over a long period and is greatest during the first 6 months
post TBI (17). The fact that simvastatin treatment can enhance this neural restoration over a
prolonged period significantly augments its potential as a clinical therapy for TBI.

We have previously investigated the effects of simvastatin treatment on biochemical and
molecular levels (35,36). Our data have shown that simvastatin activates the pro survival
phosphoinositide-3-kinase (P13K)/Akt signaling pathway after TBI (36). The (P13K)/Akt
pathway plays a crucial role in cell proliferation and survival. Activated Akt phosphorylates
several downstream proteins including Bad, GSK-3β, Forkhead transcription factors and NF-
κB to control cell growth, cell survival and protein synthesis (36). Our data have also shown
that simvastatin treatment decreases the number of TUNEL-positive apoptotic cells after TBI
and suppresses the pro-apoptotic enzyme caspase-3 (35). These effects of simvastatin on
growth factors, the P13K/Akt pathway and apoptosis are at least partially responsible for the
functional benefit and neuronal survival observed after simvastatin treatment in the present
study.

The use of statins as a potential means to restore neurological function has generated great
interest in the neuroscience community; however, the majority of research in this field has
focused on cerebral ischemia (6,7,37). We have shown the benefits of statin treatment after
TBI, but our studies until now have been of short duration (21–23,25). It was therefore
imperative to confirm that the benefits of simvastatin treatment persisted over an extended
duration, before their laboratory promise could be translated into clinical relevance. Chronic
simvastatin treatment has been shown to be neuroprotective in other neurological disorders
(14), but the present study is the first one to demonstrate a prolonged efficacy after TBI and
adds to our understanding of its biology.
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Figure 1.
Results of modified Neurological Severity Scores (mNSS) before and after TBI. Significant
functional improvement was detected in rats treated with 2 different doses of simvastatin (i.e.,
0.5 mg/kg and 1 mg/kg) compared with controls. The recovery was evident 7 days after TBI
and persisted at all subsequent time points. There was no significant difference among the two
treatment groups. * = p < 0.05 vs control
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Figure 2.
Fluorescent staining for MAP-2 (brown) counterstained with hematoxylin for labeling of
neurons (arrows) in the ipsilateral hippocampal CA3 region in simvastatin-treated (1 mg/kg)
(A) and saline-treated (B) animals. Scale bar shown in B = 50μm (Magnification × 200).
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Figure 3.
Bar Graph shows the density of neurons in the hippocampal CA3 region in different treatment
groups. * = P < 0.05 vs control.
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Figure 4.
Bar graph shows the expression of brain-derived neurotrophic factor (BDNF) in the ipsilateral
hippocampus of different treatment groups. * = P < 0.05 vs control.
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Figure 5.
Bar graph shows the expression of BDNF in the ipsilateral cortex of different treatment groups.
No statistical significance was seen in the different treatment groups.
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