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Abstract

Introduction—Statins influence immune system activities through mechanisms independent of
their lipid-lowering properties. T cells can be subdivided based on cytokine secretion patterns into
two subsets: T-helper cells type 1 (Th1) and type 2 (Th2). Independent laboratory studies have
shown statins to be potent inducers of a Th2 switch in immune cell response and be
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neuroprotective in several models of central nervous system (CNS) disease. This study was the
first to evaluate the immune modulating effects of statins in subarachnoid hemorrhage (SAH).

Methods—Simvastatin was administered to rats intraperitoneally in two dosages (1 and 20
mg/kg) 30 min after the induction of SAH using endovascular perforation. Neurological scores
were assessed 24 h later. Animals were then sacrificed, and samples of cortex and brain stem were
tested for expression of the T-regulatory cell cytokine transforming growth factor (TGF) B1, as
well as interleukin (IL) 1B, a proinflammatory cytokine associated with Th1l immune responses.
The presence of TGF-B1 secreting T cells was evaluated with the use of brain slices.

Results—SAH significantly impaired neurological function in all SAH groups (treated and
untreated) versus sham. Animals treated with high-dose simvastatin had less neurological
impairment than both untreated and low-dose groups. Cortical and brain-stem levels of TGF-f1
were significantly elevated following SAH in the high-dose group. IL-1pwas significantly elevated
following the induction of SAH but was inhibited by high-dose simvastatin. Double-labeled
fluorescent immunohistochemical data demonstrated the presence of lymphocytes in the
subarachnoid and perivascular spaces following SAH. Expression of TGF-$1 by lymphocytes was
markedly increased following treatment with high-dose simvastatin.

Conclusion—The present study elucidated the potential role of a Th2 immune switch in statin
provided neuroprotection following SAH.
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Introduction

Aneurysmal subarachnoid hemorrhage (SAH), accounting for roughly 3% of all strokes, is a
devastating neurological event that has been the focus of scientific investigation for decades
[13,38]. Significant advances in the surgical treatment and intensive care for these patients
have resulted in significantly improved mortality and functional outcome [20]. However, the
disease still has mortality as high as 40%, and a majority of the survivors still have
significant disability [34]. An inflammatory response occurs within the central nervous
system (CNS) following SAH and likely plays a significant role in the early brain injury
following SAH [4]. Whether the infiltration of lymphocytes into the CNS following injury
has a neuroprotective and regenerative role versus being a response that is detrimental to
recovery is still being intensively investigated [19]. Resolution appears to lie with
understanding the roles of subpopulations of cells, particularly T-helper cells type 1 (Th1),
type 2 (Th2), and type 3 (Th3) subsets. Thl-dominated immune responses are associated
with significant CNS injury [7,8]. These responses are exacerbated or increased in frequency
under certain conditions, such as systemic infection in conjunction with CNS injury [7]. The
ability to inhibit Th1 immune responses has been found to reduce infarct size and improve
outcomes following ischemic stroke [8]. In addition, the augmentation of Th2 and Th3
immune responses has been associated with neuroprotection and may augment
neuroregeneration [15,19]. Statins have been described as being able to elicit a Th2 immune
response, and they been found to promote neuronal recovery in models of spinal cord injury
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and traumatic brain injury [2,18]. The immunomodulating properties of statins may help
explain their reported efficacy in treating SAH patients [25,28,32,42]. In this experiment, we
hypothesized that statins would provide neuroprotection against the neurological injury
following experimental SAH that is associated with a Th2 immune switch in the CNS
characterized by the infiltration of leukocytes producing the immunosuppressive cytokine
transforming growth factor (TGF) B1. We also predicted that this immune modulation would
result in the suppression of proinflammatory cytokines, such as interleukin (IL) 1.

Materials and Methods

Experimental Animals and Groups

One hundred fifteen adult male Sprague—Dawley rats (Harlan, Indianapolis, IN) weighing
between 250 and 350 g were divided randomly into four weight-matched groups:
shamoperated treated with vehicle (sham, n = 24), SAH treated with vehicle (SAH, n = 32),
SAH treated with low-dosage simvastatin (Calbiochem, CA, USA) (1 mg/kg, S-1, n=33) or
high-dosage simvastatin (20 mg/kg, S-20, n = 26). Our group’s previous experiments have
shown that 20 mg/kg simvastatin had no effect on cerebral physiology in sham animals [39];
therefore, a sham group treated with 1 mg/kg or 20 mg/kg simvastatin was not evaluated in
this experiment.

Animals experiencing mild SAH (grades 0-7) were excluded from the study as per the SAH
grading system criteria because mild SAH does induce detectable neurological deficits in
experimental studies [40]. In brief, the SAH grading system is as follows: The basal cistern
is divided into six segments, and each segment is allotted a grade from 0 to 3 depending on
the amount of subarachnoid blood clot in the segment: grade 0, no subarachnoid blood; 1,
minimal subarachnoid blood; 2, moderate blood clot with recognizable arteries; 3, blood clot
obliterating all arteries within the segment. The animals received a total score ranging from
0 to 18 after adding the scores from all six segments. Mild SAH was categorized as all
animals that received a total score of five or less. The SAH grading was done in a blinded
fashion.

Induction of SAH

All procedures and experiments were approved by the Institutional Animal Care and Use
Committee of Loma Linda University. The endovascular perforation model of SAH in rats
was used for this study as previously described [9,30]. Briefly, general anesthesia was
induced with ketamine (100 mg/kg ip) and xylazine hydrochloride (10 mg/kg ip) followed
by atropine (0.1 mg/kg sc). After intubation, the animals were ventilated with an animal
ventilator (Harvard Apparatus). A heating pad and a heating lamp were used to maintain the
rectal temperature at 36.0 = 0.5°C. SAH was induced by endovascular perforation of the
internal carotid artery (ICA) bifurcation with a sharpened 4-0 nylon suture. After exposing
the left common carotid artery (CCA), external carotid artery (ECA), and ICA through a
midline skin incision, the ECA was ligated, cut, and shaped into a 3-mm stump. The suture
was advanced rostrally into the ICA from the ECA stump until resistance was felt (~18 mm
from the common carotid bifurcation) and then pushed 3 mm further to perforate the
bifurcation of the anterior cerebral and middle cerebral arteries. Immediately after puncture,
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the suture was withdrawn into the ECA stump, and the ICA was reperfused. Operative
procedures were exactly same for the sham group, except that the suture was removed once
resistance was felt without puncture. The incision was then closed, and rats were housed
individually following their recovery from anesthesia. All rats received 3 ml normal saline
intraperitoneally to prevent dehydration, and animals had free access to food and water until
euthanization.

Drug Administration

Thirty minutes after the procedure, treatment groups received either a high (20 mg/kg) or
low (1 mg/kg) dose of simvastatin via an intraperitoneal injection. High-dose simvastatin
(20 mg/ kg) was selected on guidance from previous literature [29], whereas the low dosage
(1 ma/kg) is comparable to that used in current clinical settings. All simvastatin dosages
were dissolved in ethanol and adjusted to a final concentration of 10%, with a total volume
of 1.5 ml when they were administered. Sham and SAH groups received vehicle (1.5 ml of
10% ethanol in normal saline). This concentration of ethanol was not likely to affect any of
the physiologic parameters assessed during this experiment [3,5,10].

Neurological Scoring

Neurological scores were evaluated in a blinded fashion 24 h after SAH with a modification
of the scoring system reported by Garcia et al. [14]. An 18-point scoring system was used to
evaluate the sensorimotor deficits.

Western Blotting Analysis

A standard Western blotting protocol using the following antibodies: anti-TGF-p1 (Cell
Signaling, cat. 3711) and IL-1p (Santa Cruz Biotechnology, sc-74138) was performed on
brain tissue collected 24 h after SAH [22]. Briefly, animals were euthanized under
anesthesia (5% isoflurane anesthetic in 70% medical air with 30% oxygen), and brains were
immediately removed and stored at —80°C until analysis (n = 6 for each group). Protein
extraction from the brain obtained by gently homogenizing in RIPA lysis buffer (Santa Cruz
Biotechnology, sc-24948) and further centrifuged at 14,000 g at 4°C for 30 min. The
supernatant was used as whole-cell protein extract, and the protein concentration was
determined by using a detergent-compatible assay (Bio-Rad, Dc protein assay). Equal
amounts of protein (50 ug) were loaded on a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gel. Protein was electrophoresed and transferred to a
nitrocellulose membrane; the membrane was then blocked and incubated with one of two
primary antibodies, anti-TGFB1 (Cell Signaling, cat. 3711) or IL-1p (Santa Cruz
Biotechnology, sc-74138) overnight at 4°C. Nitrocellulose membranes were then incubated
with secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature.
Immunoblots were then probed with an ECL Plus chemiluminescence reagent kit
(Amersham Biosciences, Arlington Heights, IL) and exposed to films. The data were
analyzed by the software ImageJ 1.41 (National Institutes of Health).
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Fluorescence Immunohistochemical Staining

Double-fluorescence labeling for TGF-B1 and T cells in the brain slices mounted on
histological glass slides was carried out as previously described [12]. Four 10-um thick
sections per brain, from the central portion of the subarachnoid blood clot, were used in each
group (n = 4). Brain slices were immersed in the citrate buffer and boiled in a microwave
oven for 10 min for antigen retrieval, then washed three times with phosphate-buffered
saline (PBS) as described elsewhere [41]. This was followed by incubation with 5% donkey
serum for 1 h at room temperature (RT). After removing excess blocking serum, primary
antibodies were applied overnight at 4°C followed by secondary antibodies for 2 h at RT.
Histological preparations were coverslipped with antifade reagent (Millipore) and observed
under an Olympus BX51 epifluorescent microscope. The primary antibodies used were
rabbit anti-TGF-B1 (Cell Signaling) and mouse anti-T-cell maker (Santa Cruz), each diluted
1:100. The respective secondary antibodies (Jackson Immunoresearch Labs) were diluted
1:200. All other histological regents were obtained from Fisher Scientific Company.
Photomicrographs were captured with a computer-assisted camera and merged with aid of
Magna Fire Software (Systat Co.) [11].

Statistical Analysis

Results

The data are expressed as mean plus or minus SEM. Statistical differences between the
various groups were assessed with a one-way analysis of variance (ANOVA) with Holm-
Sidak post hoc analysis. Statistical differences between two groups were assessed with
Student t test. Mortality was analyzed using a chi-square test. A value of p < 0.05 was
considered statistically significant.

Physiological Data

Physiological parameters were monitored before, during, and after surgery. No statistical
differences were observed between the SAH group (n = 6) and the S-20 group (n = 6) with
regard to mean arterial blood pressure, arterial blood gases, paO, and paCO,, pH levels, and
glucose levels before, immediately after puncture, and 30 min after SAH (data not
published).

Mortality and Exclusion

Twelve rats were excluded from further evaluation following the grading of their SAH at 24
h. Eleven were due to mild grade SAH (0-7), and one was due to the presence of an acute
subdural hematoma. This resulted in the following number of animals in each experimental
group: Sham n =24, SAH n=29, S-1 n= 27, S-20 n = 25. Nine rats died before intended
sacrifice time and were excluded from assessment of vasospasm and neurological deficits at
24 h. However, these rats were included in mortality statistics. The 24-h mortality rates in
each group were as follows: sham, 0.0% (0/24); SAH, 17.2% (5/29); S-1, 11.1% (3/27);
S-20, 4.0% (1/25). This resulted in 24 animals being in each experimental group at 24 h. The
SAH groups (both treated and untreated) did not differ significantly in their mortality rates
(p>0.05, ANOVA).
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High-Dose Simvastatin

High-dose simvastatin provided neuroprotection following SAH. SAH created significant
neurological injury in all groups (Fig. 1. Animals treated with 20 mg/kg of simvastatin had
improved neurological scores over vehicle or groups treated with 1 mg/kg simvastatin 24 h
after SAH (Fig. 1).

High-dose simvastatin administration was associated with increased expression of the anti-
inflammatory cytokine TGF-B and inhibition of the proinflammatory cytokine IL-1p.
Cortical and brain-stem samples demonstrated a differential expression of IL-1f and TGF-B1
following SAH that was affected by simvastatin treatment. TGF-p1 levels were not
significantly increased by the induction of experimental SAH, and low-dose simvastatin (1
mg/kg) did not have a significant effect on TGF-f1 levels following SAH (Fig. 2a, c). High-
dose simvastatin (20 mg/kg) resulted in a significant increase in the expression of TGF-p1
following SAH (Fig. 2a, ¢). Following SAH, cortical brain samples showed a significant
increase in the expression of 1L-1p versus sham (Fig. 2b). Treatment with simvastatin
appeared to reduce IL-1 expression following SAH in a dose-dependent manner, with
significant reduction seen at a dose of 20 mg/kg (Fig. 2b). Similar results were found in
brain-stem samples from the same animals (Fig. 2d).

Fluorescence Immunohistochemical Evidence of Th2 Switch

Representative photos of double-fluorescence labeling for TGF-1 and T cells in the brain
slices mounted on histological glass slides demonstrated that lymphocytes were not visible
in the subarachnoid space of the basal cisterns following sham surgery (Fig. 3).
Lymphocytes were present following SAH, and their number did not appear to be affected
by the administration of simvastatin (Fig. 3). Cells expressing TGF-B1 were present in the
subarachnoid space in the statin-treated groups (Fig. 3). Evaluation of the merged images
demonstrated that these cells were lymphocytes (Fig. 3). Comparison of the SAH and S-20
groups clearly demonstrated that leukocytes were only expressing TGF-B1 in the
simvastatin-treated animals (Fig. 3).

Discussion

Subarachnoid hemorrhage, like nearly all CNS injuries, results in an inflammatory reaction.
Several investigators have characterized the timeline and population of cells infiltrating the
CNS following subarachnoid hemorrhage, indicating that SAH may elicit its own
characteristic inflammatory reaction [23,27]. Kubot et al. looked at several populations of
leukocytes, including macrophages and lymphocytes, and found that populations of these
cells peaked between 24 and 48 h [23]. Lymphocyte subpopulations, such as Thl, Th2, and
Th3, have been found to play critical roles in determining the extent of injury in ischemic
stroke and other experimental CNS injuries [7,9,19]. Under circumstances such as
concordant systemic infection or history of previous CNS antigen exposure, one can
determine which type of lymphocyte population dominates a CNS inflammatory reaction
[7,9,19]. Typically, Thl-dominant responses are associated with greater degrees of neuronal
apoptosis and CNS injury, while Th2- or Th3-dominant responses are associated with
neuroregeneration and attenuated detrimental inflammatory reactions [15,19]. Manipulation
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of the immune system following CNS injury to produce Th2 and Th3 lymphocyte-
dominated immune responses, which are characterized by the secretion of
immunomodulatory cytokines such as IL-4, IL-10, and TGF-p1, has been sought after by
investigators with the goal of providing neuroprotection [15,19]. Wolf et al. showed that
Th2 cells support neuronal survival better than Th1l cells in vitro [44]. Gimsa et al.
demonstrated the Th2 cells mediated suppression of inflammatory signals in brain slices
[16]. In addition, vaccination for the treatment of experimental CNS injury showed that Th2-
inducing adjuvants promote axon regeneration better than the Th1-inducing adjuvant
[21,35]. Becker et al. demonstrated that a Th1 immune response following stroke resulted in
larger infarctions in ischemic stroke models, while smaller infarctions were observed when
Th2 immune responses were elicited [7,8].

Statins, the drugs widely recognized as 3-hydroxy-3- methylglutaryl-coenzyme A-
coenzyme A (HMG-CoA) reductase inhibitors and cholesterol-lowering agents, have been
shown to be able to promote Th2- and Th3-dominated immune responses in various
experimental conditions [1,2,18,45]. For example, Youssef et al. showed that atorvastatin
induced a Th2 switch characterized by TGF-f upregulation, interleukin downregulation, and
reversed paralysis in experimental autoimmune encephalomyelitis [45]. Other investigators
have found statins to be neuroprotective in several CNS diseases, including Alzheimer’s
disease, multiple sclerosis (MS), stroke, and traumatic brain injury [7,8,24,31,33,36]. Pannu
et al. found that statin treatment reduced IL-18 expression in the spinal cord while
preventing neuronal apoptosis [31]. We have previously demonstrated that simvastatin
reverses vasospasm following experimental SAH in rats, and that this treatment is associated
with less-severe neurological injury [39]. However, many authors have previously noted that
vasospasm does not induce neurological deficits in rats due to their abundant collateral
circulation and neuronal physiology [17]. Therefore, we sought to investigate the potential
mechanisms of this statin-mediated neuroprotection. In this study, we have shown that
simvastatin in a dosage of 20 mg/kg results in a significant reduction in the neurological
injury induced by SAH. In addition, high-dose simvastatin increased the cortical and brain-
stem expression of TGF-1 following SAH. TGF-B1 is a cytokine that is expressed in the
normal adult brain by parenchymal microglial cells, exerting a trophic anti-inflammatory
effect [26]. It has been shown to promote the survival of neurons and inhibit microglial and
astrocyte proliferation in the setting of CNS inflammatory reactions [27]. TGF-B1 is a potent
inhibitor of cell-mediated immunity and a key marker for Th2 lymphocyte-dominated
inflammatory responses [43]. Our results also showed that simvastatin reduces the
expression of IL-1f. IL-1p is known to be markedly elevated following CNS trauma,
infection, and stroke and is also a marker of Th1-mediated inflammatory reactions [6,37].

Our fluorescence immunchistochemical staining from cortex and brain-stem samples helped
to provide a potential explanation for the marked elevation of TGF-1. Lymphocytes were
observed to accumulate in the subarachnoid space following SAH (Fig. 3). In untreated SAH
animals, infiltrating lymphocytes did not demonstrate TGF-p1 expression. However, animals
treated with high-dose simvastatin following SAH showed marked expression of TGF-B1 by
lymphocytes in the subarachnoid space and brain parenchyma (Figs. 2 and 3). These
observations help to support the hypothesis that simvastatin induces a Th2 immune switch in
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these animals, and that infiltrating Th2 lymphocytes are responsible for the measured
increase in TGF-B1 expression in the brain following treatment.

Conclusion

The present study provided evidence for the neuroprotective role of statins following SAH
and suggested that statins induce the presence of regulatory T lymphocytes in the
subarachnoid space following SAH. The use of immune modulation through the use of
statins or other inducers of Th2 switches has the potential to provide better outcomes for
patients who suffer aneurysmal SAH.
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I\

Effects of statin treatment on neurological score 24 h following subarachnoid hemorrhage
(SAH). A modified Garcia Neurological Score was used, which ranges from 0 to 18.
Eighteen represents normal neurological function. n = 24 per group; error bar, SE. #p < 0.05

versus sham; *p < 0.05 versus vehicle; @p < 0.05 versus S-1; analysis of variance

(ANOVA). LPSlipopolysaccharide, MCA middle cerebral artery
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Fig. 2.

Effects of statin treatment on transforming growth factor (TGF)B1 and interleukin (IL) 18 on
expression in the cortex and brain stem 24 h after subarachnoid hemorrhage (SAH). Western
blots for cortex TGF-B1 (a) and IL-1p (b), as well as brain stem TGF-B1 (c) and IL-1f (d).
Expression levels of each protein in Western blot are expressed as a ratio of f-actin levels
for normalization. n = 6 rats per groups; error bar, SE. #p < 0.05 versus sham; *p < 0.05
versus vehicle; analysis of variance (ANOVA)
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Fig. 3.

Regpresentative photographs of double-fluorescence labeling for transforming growth factor
(TGF) B1 and T cells in the brain slices mounted on histological glass slides. The mouse
anti-T-cell maker indicated T cells are not visualized in the subarachnoid space following
sham surgery but become present following subarachnoid hemorrhage (SAH). The TGF-1
expression by leukocytes was detected following treatment with simvastatin with the use of
rabbit anti-TGFB-1 antibodies. Samples collected 24 h after SAH
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