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Systemic Simvastatin Rescues Retinal Ganglion Cells
from Optic Nerve Injury Possibly through Suppression of
Astroglial NF-xB Activation
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Abstract

Neuroinflammation is involved in the death of retinal ganglion cells (RGCs) after optic nerve injury. The purpose of this study
was to determine whether systemic simvastatin can suppress neuroinflammation in the optic nerve and rescue RGCs after
the optic nerve is crushed. Simvastatin or its vehicle was given through an osmotic minipump beginning one week prior to
the crushing. Immunohistochemistry and real-time PCR were used to determine the degree of neuroinflammation on day 3
after the crushing. The density of RGCs was determined in Tuj-1 stained retinal flat mounts on day 7. The effect of simvastain
on the TNF-o-induced NF-xB activation was determined in cultured optic nerve astrocytes. On day 3, CD68-positive cells,
most likely microglia/macrophages, were accumulated at the crushed site. Phosphorylated NF-kB was detected in some
astrocytes at the border of the lesion where the immunoreactivity to MCP-1 was intensified. There was an increase in the
mRNA levels of the CD68 (11.4-fold), MCP-1 (22.6-fold), ET-1 (2.3-fold), GFAP (1.6-fold), TNF-a (7.0-fold), and iNOS (14.8-fold)
genes on day 3. Systemic simvastatin significantly reduced these changes. The mean £ SD number of RGCs was
1816.3%232.6/mm? (n=6) in the sham controls which was significantly reduced to 831.4+202.5/mm? (n=9) on day 7 after
the optic nerve was crushed. This reduction was significantly suppressed to 1169.2+201.3/mm? (P=0.01, Scheffe; n=9)
after systemic simvastatin. Simvastatin (1.0 uM) significantly reduced the TNF-a-induced NF-kB activation in cultured optic
nerve astrocytes. We conclude that systemic simvastatin can reduce the death of RGCs induced by crushing the optic nerve
possibly by suppressing astroglial NF-kB activation.
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Introduction studies, we demonstrated that neuroinflammation in the optic
nerve played a critical role in the death of RGCs after the optic
nerve was crushed [13]. We found that microglia/macrophages
that were immunopositive to CD68 were recruited to the crushed

injuries [1]. It is usually accompanied by neuroinflammation site of the optic nerve. These cells expressed endothelin-B (ETB)
which can cause more neuronal damage [2]. For example, reactive

Reactive astrogliosis is an important step in the repair process of
cells in the central nervous system (CNS) after different types of

L receptors, secreted endothelins (ETs), and activated astroglia. In
astrocytes  express sever%I' cell ad'heswn. molecules [3] and addition, pro-inflammatory genes such as TNF-o and inducible
chemokines [4] which facilitate the infiltration of leucocytes and nitric oxide synthase (iNOS) were up-regulated in the optic nerve.

macrophages to the injured site. In addition, reactive astrocytes in An inhibition of the ETB receptors by BQ-788 protected the
concert with the recruited microglia/macrophages induce the

formation of pro-inflammatory molecules including TNF-o and
nitric oxide [5]. genes.

Statins, inhibitors of HMG-CoA reductase, are widely used as Lipophilic simvastatin can cross the blood-brain barrier and
cholesterol-lowering drugs. However, statins also have neuro- systemic administration of simvastin has been shown to reduce the
protective properties, and they have been shown to rescue retinal 1-methyl-4-phenyl-1,2,3 6-tetrahydropyiridine ~ (MPTP)-induced
ganglion cells (RGCs) from excitotoxicity [6], retinal ischemia [7— neurotoxicity [14] and to rescue neurons from traumatic brain

10], and optic nerve injury [11]. Statins inhibit the induction of injury [15]. Statins have also been shown to suppress astroglial
nitric oxide synthase (NOS) in glial cells [12] and suppress the

RGCs from death after the optic nerve crush, and this protection
was found to be due to the suppression of the pro-inflammatory

NF-kB activation [14] which is required for the transcription of

accumulz}tlon of leu}(ocytes m lesions [6]. different pro-inflammatory molecules [16-18] and chemokines
Crushmg the optic nerve 1s Cqmmonly used to %tudy neurod'le— including monocyte chemoattractant protein-1 (MCP-1) in astro-
generative processes in the optic nerve and retina. In earlier cytes [19]. These findings suggested that the neuro-protective
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effect of statins was most likely due to their anti-inflammatory
property. Although the neuroprotective effects of statins have been
extensively examined in the retina [6-11], the effects of systemic
statins on the induction of reactive astrogliosis and its related
neuroinflammation in the optic nerve have not been determined.

Because statins were found to rescue RGCs from optic nerve
injury, we hypothesized that this protective effect was due to the
ability of simvastatin to suppress the activation of optic nerve
astroglia. To test this hypothesis, we crushed the optic nerves of
rats that were given either simvastatin or vehicle by an osmotic
minipump. The effects of systemic simvastatin on the astroglial
activation and related changes in the optic nerve were determined
by immunohistochemistry. In addition, real-time PCR was
performed to determine the changes of the CD68, MCP-1, ET-1,
GFAP, TNF-o, and tNOS genes to monitor the degree of
neuroinflammation in the optic nerve. The inhibitory effect of
simvastatin on the astroglial activation of NF-kB was determined
in cultured optic nerve astrocytes.

Methods

Animals

Nine-week old male Wistar rats were purchased from Japan
SLC  (Shizuoka, Japan). The rats were housed in an air-
conditioned room with a temperature of approximately 23°C,
humidity of 60%, and the room lights on a 12:12 light:dark cycle.
All animals were handled in accordance with the ARVO
resolution for the Use of Animals in Ophthalmic and Vision
Research. The experimental protocol was approved by the
Committee of Animal Use and Care of Osaka Medical College
(No. 25074). A total of 85 adult rats were used.

Chemicals

Unless noted, chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA). An NF-xB activation inhibitor, 6-amino-
4(4-phenoxyphenylethylamino) quinazoline (QNZ), was purchased
from Merck Chemicals (Darmstadt, Germany).

Optic Nerve Crush

Animals were anesthetized with an intraperitoneal injection of
pentobarbital sodium. A skin incision was made along the midline
of the skull to expose the superior surface of the right eye. The
superior rectus muscle was incised to expose the optic nerve, and

A

sham crush placebo
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the optic nerve was crushed with forceps 2 mm behind the eye for
10 seconds [20]. Care was taken not to occlude the blood vessels
and cause retinal ischemia. We confirmed that the retinal
circulation was not blocked by indirect ophthalmoscopy [21]
and have verified that the HIF-1ow gene was not up-regulated by
real-time PCR [13]. A sham operation was performed on the right
eyes of other animals, and the optic nerve was exposed in the same
way but not crushed as in the experimental animals. The left eyes
were not used as controls because it has been demonstrated that
crushing one optic nerve can affect the morphology of the
contralateral retina [22].

In some animals, simvastatin (1.0 mg/kg/day, Tokyo Chemi-
cal, Tokyo, Japan) or its vehicle (polyethylene glycol, Wako,
Osaka, Japan) was given via osmotic minipumps (DURECT,
Cupertino, CA, USA), which were placed beneath the abdominal
skin one week prior to crushing the optic nerves. This
concentration was chosen because simvastatin at 1.0 mg/kg/day
had neuroprotective effects on the brain from traumatic injury
[23] and MPTP-induced neurotoxicity [14].

Quantitative RT-PCR Analysis

We determined the changes in the expression of several genes in
the optic nerves by real-time PCR (RT-PCR). The genes studied
were the CD68, MCP-1, ET-1, GFAP, TNF-a, and iNOS. In
addition, changes of the RhoA gene in the optic nerves were
determined to monitor the bioavailability of simvastatin in the
optic nerve. In preliminarily experiments, we found by RT-PCR
that the peak expression of (D68 in the optic nerve was on days 3
to 5. Thus, the animals were killed on day 3.

Approximately 4 mm of the optic nerve centered on the crush
site. was incised. The optic nerves were homogenized in lysis
buffer, and the RNA was extracted with the RNeasy plus mini kit
(QIAGEN, Valencia, CA, USA). The RNA concentrations and
purity were calculated from the absorbance at 260/280 nm.

The RNA was reverse transcribed with PrimeScript reverse
transcriptase reagent (Takara, Ohtsu, Shiga, Japan). The cDNA
was used for quantitative real-time PCR amplification with the
TagMan Gene Expression Assays for the targeted genes (Applied
Biosystems, Foster City, CA, USA). Rat TagMan Gene Assays for
CD68 Rn01495634_g1, MCP-1 (CCL2) Rn00580555_m1, ET1
Rn00561129_ml, GFAP Rn00566603_ml, TNF-o
Rn01525859_¢g1, iNOS (NOS2) Rn00561646_ml, and RhoA
Rn04219609_m1 were used. Amplicons were detected using the
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Figure 1. Representative photomicrographs of flat mounted retinas stained with Alexa 488-conjugated Tuj-1 antibody. A. Retinas
from sham control (left), crushed optic nerves treated with placebo (middle), crushed optic nerves treated with simvastatin (right panel). Pictures
were taken 1.5 mm from the optic disc margin. Bar=100 um. B. The density of retinal ganglion cells (RGCs/mm?) is quantified. Systemic simvastatin

had a significant (P=0.01, Scheffe) protective effect on the RGCs.
doi:10.1371/journal.pone.0084387.g001
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Figure 2. Imnmunohistochemistry for CD68 and GFAP expression in the crushed optic nerve on day 3. Representative photographs from
3 independent samples for each condition are presented. In each picture, 45 images were stacked using Z-scan at 0.5 um intervals. CD68-positive
cells are not visible in the sham control (A), while many CD68-positive cells (green) are present at the crushed site (arrows) in the optic nerve with
placebo treatment (B). Immunoreactivity to GFAP (red) was relatively weak at the crush site, and it was intensified in the area surrounding the lesion.
This relationship suggests that chemoattractant molecules are expressed in reactive astrocytes at the border of the crush site. The accumulation of
CD68-positive cells and immunoreactivity to GFAP is reduced by systemic simvastatin treatment (C). CD68 staining: mouse monoclonal anti-CD68
(primary) and Alexa 488-conjugated goat anti-mouse IgG (secondary antibodies); GFAP staining: rabbit polyclonal anti-GFAP (primary) and Alexa 594-

conjugated goat anti-rabbit IgG (secondary antibodies). Bar=100 um. A total of 9 rats were used in these analyses.

doi:10.1371/journal.pone.0084387.9002

relevant probes tagged with MGB quencher and FAM dye.
TagMan rat 18s rRNA control Expression Assays (Applied
Biosystems) were used as the reference genes.

Real-time PCR was performed in Premix Ex Taq (Perfect Real
Time; Takara). All reactions were run on a Thermal Cycler Dice
Real time system TP870 (Takara) with the following cycling
parameters: 30 s at 95°C followed by 40 cycles at 95°C for 5 s,
and 60°C for 30 s. A standard curve of the cycle thresholds was
established using serial dilutions of cDNA samples. The targeted
gene values were normalized to the relative amounts of 18s rRNA.

PLOS ONE | www.plosone.org

Immunohistochemistry

On day 3, rats were deeply anesthetized with an intraperitoneal
injection of pentobarbital sodium and perfused through the heart
with saline followed by 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer of pH 7.4. After removing the skull and cerebral
hemispheres, the optic nerves and the eyes were carefully removed
and post-fixed in 4% PFA in PBS overnight. These tissues were
used for immunohistochemistry. After washing with PBS, the
tissues were immersed in 30% sucrose overnight at 4°C and then
embedded in OCT compound (BDH Laboratory Supplies, Poole,
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Figure 3. Immunohistochemistry for MCP-1 and GFAP in the optic nerve from a sham control and from experimental animals after
crushing the optic nerves. Representative photographs from 3 independent samples for each condition are presented. A. Consistent with the
findings shown in Figure 2, immunoreactivity to GFAP (green) was weak at the crush site, and immunoreactivity to MCP-1 (red) is also weak (crush
placebo). Crushing the optic nerve intensified the immunoreactivity to MCP-1 in the area surrounding the crush site, where immunoreactivity to
GFAP was increased (crush placebo) compared to the sham control. Systemic simvastatin decreases the immunoreactivities to the MCP-1 and GFAP in
the area surrounding the crush site (crush statin). Images of negative control without primary antibodies were prepared from animals that underwent
crushing the optic nerve. Arrows indicate crushed sites. Bar=100 um. B. Confocal images at the margin of the crushed site from vehicle-treated rats
(square area). Immunoreactivity to MCP-1 is well co-localized with that to GFAP. MCP-1 staining: rabbit polyclonal anti-MCP-1 (primary) and Alexa
594-conjugated goat anti-rabbit IgG (secondary antibodies); GFAP staining: mouse monoclonal anti-GFAP (primary) and Alexa 488-conjugated goat

anti-mouse IgG (secondary antibodies). Bar=100 um. A total of 12 rats were used in these analyses.

doi:10.1371/journal.pone.0084387.g003

UK). Then, 10 um frozen sections were cut with a cryostat. After
blocking with 1.0% normal goat or donkey serum plus 1.0% BSA
and 0.1% triton-X 100 in PBS, the sections of the optic nerves
were Incubated with primary antibodies of mouse anti-CD68
antibody (1:500, Serotec, Oxford, UK), goat polyclonal anti-MCP-
1 antibody (1:200, Santa Cruz, Dallas, Texas, USA), rabbit
polyclonal anti-GFAP (1:500, Merck Millipore, Billerica, MA,
USA), or mouse monoclonal anti-GFAP antibody (1:500, Sigma)
overnight at 4°C. In addition, some sections were incubated with
rabbit polyclonal anti-phosphorylated NF-kB p65 (1:200, Cell
Signaling, Beverly, MA, USA) and rabbit polyclonal anti-TNI-o
(1:500, Bioss, Boston, MA, USA) to determine NF-kB activation
and involvement of TNF-a in the activation. These sections were
incubated for 2 hrs at room temperature in Alexa 594 or Alexa
488-conjugated to the appropriate secondary antibodies (Invitro-
gen, Carlsbad, CA, USA) diluted by 1:500.

The processed sections were photographed with a fluorescent
microscope (BZ 8000, Keyence, Osaka, Japan) or a confocal laser
microscope (TGS SP8, Leica, Wetzlar, Germany).

Labeling Retinal Ganglion Cells

A loss of RGCs is known to occur in a delayed fashion after
crushing the optic nerve; the number of RGCs remains unchanged
for 5 days and then abruptly decreases to 50% on day 7 and to less

PLOS ONE | www.plosone.org

than 10% on day 14 [21]. Thus, the loss of RGCs was determined
on day 7 after crushing the optic nerve.

To study the effects of crushing the optic nerves, rats were killed
on day 7 and the retinas were carefully removed from the eyes as
described in detail by Winkler [24]. In brief, rats were euthanized
by COs, and the globe was proptosed by placing forceps around
the optic nerve just behind the eyeball. The globe was transected
along the equator and the cornea and lens were removed. The
retina was detached from the pigment epithelium by pressing
upward with the forceps and removed by cutting its attachment to
the optic nerve head. The isolated retina was placed in PBS
solution immediately, and any vitreous remaining on the isolated
retina was carefully removed.

The retinas were then flat mounted, sandwiched between nylon
mesh sheets, and fixed in 4% PFA in PBS overnight at 4°C. After
washing in PBS and blocking in PBS containing 1.0% BS and
0.3% triton X-100, the retinas were incubated with Alexa 488-
conjugated mouse monoclonal neuron-specific class III beta-
tubulin (Tuj-1) antibody (Covance, Princeton, NJ, USA) (1:500).
Tuj-1 is a specific marker for RGC [25,26], and the sections were
placed in the same medium overnight at 4°C, washed with PBS,
and cover slipped.

To determine the number of RGCs, the stained flat mounts
were photographed through a fluorescent microscope (BZ 8000,

January 2014 | Volume 9 | Issue 1 | e84387
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Figure 4. Immunohistochemistry for phosphorylated NF-kB p65 and GFAP at the margin of the crushed site of the optic nerve from
sham control and from experimental animals. Representative photographs from 3 independent samples for each condition are presented. A.
Phosphorylated NF-kB p65 can be detected at the border of the crushed site (arrowheads, crush placebo). Systemic simvastatin appears to decrease
the number of immunopositive cells to phosphorylated NF-kB p65 (arrowheads, crush statin). There are no apparent positive cells in the sham control
(sham). Images of negative control without primary antibodies were prepared from animals that underwent crushing of the optic nerve. Arrows
indicate crushed site. Bar=100 um. B. Marged images of phosphorylated NF-kB p65, DAPI and GFAP at the margin of the crushed site (crush,
placebo). Phosphorylation of NF-kB, which indicates NF-kB activation, can be detected in some nuclei (left panel). Immunoreactivity to
phosphorylated NF-kB is colocalized with some GFAP positive cells at the border of the crushed site (right panel). Phosphorylated NF-kB p65 staining:
rabbit polyclonal anti- phosphorylated NF-kB p65 (primary) and alexa 594-conjugated goat anti-rabbit IgG (secondary antibodies); GFAP staining:
mouse monoclonal anti-GFAP (primary) and Alexa 488-conjugated goat anti-mouse IgG (secondary antibodies). Bar =100 um. A total of 12 rats were
used in these analyses.

doi:10.1371/journal.pone.0084387.g004

Keyence, Osaka, Japan). Eight areas (0.48 x0.48 mm) from the 4 medium was changed every 2 to 3 days. Confluence was reached

quadrants of the retina at a distance of 1.0 and 1.5 mm from the after 7-10 days.

margin of the optic disc were photographed. All of the Tuj-1- After reaching confluence, cells were released with a 0.05%
positive cells in an area of 0.2 x0.2 mm at the center of each image trypsin solution (3.0 ml) and re-suspended in 7.0 ml of medium A
were counted using the NIH Image J program. and cultured in 10 cm cultured dishes. The medium was replaced

The mean density of the RGC/mm? was calculated, and the by medium A on the following day and changed every 2 to 3 days.
loss of RGCs was determined by comparing the density of the The purity of the astrocytes of cells at passage 3 was determined by

RGCs in the retinas after optic nerve crush to that of retinas from immunohistochemistry and flow cytometry (FACS), and cells at
sham operated optic nerves (n =6 to 9). The number of RGCs was passages of 3 to 6 were used in this study.
counted by one observer (MT) who was masked to whether it was
from an experimental or a sham animal. Flow Cytometry (FACS) Analyses
In addition to the immunohistochemical studies of GFAP, the

Astrocyte Cultures from Optic Nerve expression of GFAP by the passage 3 cells was determined by flow

Astrocytes were isolated from the optic nerves of Wistar rats. Six cytometry (Becton Dickinson, San Jose, CA, USA). Cells grown to
rats were euthanized by COs, and 6 intraorbital optic nerves were confluence in 10 cm culture dish were harvested by trypsinization

removed from the right eyes, rinsed in PBS, and incubated in and fixed in 4.0% PFA for 1.0 hr at RT. After washing with PBS,
2.0 ml of EBSS containing 0.1% trypsin for 15 min. One week cells were blocked in 1.0 ml of 1.0% BS in PBS-T for 1.0 hr at
prior to the isolation, the right optic nerves were crushed 2 mm RT. Cells were then incubated with mouse monoclonal anti-
behind the optic discs. The nerves were further incubated in the GFAP antibody (1:200) in PBS-T with 1.0% BS overnight at 4°C.
1.0 ml solution of 2.0% dispase from Bacillus polymyxa (Roche, After washing with PBS, the cells were exposed to FITC-
Basel, Switzerland) for 15 min at 37°C. Immediately after the conjugated goat anti-mouse IgG (1:500, Merck Millipore) in
enzyme treatment, 10% FBS was added to the incubation medium 1.0 ml PBS with 1.0% goat serum for 1.0 hr at RT. After washing
to stop the enzyme activities. At the end of each step, the optic twice with PBS, cells (1 x10*) were excited by a 488-nm laser light
nerves were mechanically dissected by pipetting, and the and collected in the FITC (515-545 nm) channels. The Cell Quest
suspension was centrifuged at 800xg for 5 min. The pellet was Acquisition and Analysis software (Becton Dickinson) was used to
re-suspended in 1.0 ml of DMEM with 10% FBS and incubated quantify the fluorescence signal intensities and to construct dot-
with DNase for another 15 min. After dissection by pipetting and density plots.

cleared by centrifugation, the pellet was re-suspended in 2.0 ml of

DMEM/F-12 (Gibco, Grand Island, NY, USA) supplemented Immunoblot

with 15% serum (each 7.5% of FBS and HS) and penicillin/ Immunoblotting was used to determine effects of simvastatin on

streptomycin (500 units/ml) and cultured in 35 mm culture dish at the astroglial activation of NF-kB. TNF-o. was used to induce

37°Ciina 5.0% CO2/95% air atmosphere. After 24 hrs in culture, astroglial activation of NF-kB because it is closely associated with

the medium was replaced by DMEM/F-12 containing the same neuro-degeneration in the optic nerve [27,28].

supplements (medium A). Optic nerve astrocytes were grown to confluence in medium A
Subsequently, the optic nerve astrocytes were maintained in the and then cultured in serum-free DMEM for 24 hrs in the presence

medium A at 37°C in a 5.0% CO2/95% air atmosphere, and the or absence of simvastatin (1.0 pM). This concentration was chosen

o

P<0.05, Dunnett
*

w
°

P<0 05, Dunnett

@
S

N
S

P<0.05, Dunnett

° 5 . ° P<0.05, Dunnett § ] P<0.05, Dunnett ° P<0.05, Dunnett

€ € 25 € 25 * € € * €

S ] S ] S 9]

o S S S S o 15f

o 19 @ 5 ® 20 o o @

£ = £ = £ s

o e e 210 <} e

L L L5 L L )

@ 15 @ @ @ 0 10

o o o o o o

29 | 210 210 2 2 2

S 5 S 5 S G 5

< = < = < <

S S s S 03] S S 5

kel k] o k] <} T k)

L S L ] . L o " L o L - IS
control  placebo  statin control _placebo  statin control _placebo  statin control placebo statin control  placebo  statin comrol _placebo _ statin slahn
(sham) crush (sham) crush (sham) crush (sham) crush (sham) crush (sham) crush

CD68 MCP-1 ET-1 GFAP TNF-a iNOS

Figure 5. Changes in the mRNA levels of the CD68, MCP-1, ET-1, GFAP, TNF-o, and iNOS genes in the optic nerve on day 3 after
crushing the optic nerves. RNA was extracted from 4 mm of the optic nerves centered on the crushed site. The expressions of all genes are
significantly increased over the sham control after crushing the optic nerves (placebo). Systemic simvastatin suppresses the increase significantly
(n=6 to 8 for each condition; 22 rats were used). Data are shown as the fold changes (mean = SD) to the sham control in the mRNA expressions.
doi:10.1371/journal.pone.0084387.g005
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Figure 6. Effects of simvastatin on the TNF-o-induced NF-kB activation of optic nerve astrocytes. A. Characterization of cultured
astrocytes isolated from optic nerves. Left panels; GFAP immunostaining of cultured astrocytes with DAPI nuclear counter staining. All cells are
stained positively with antibody to GFAP (green). These cells are also positively stained with TNFR1 antibody (red). Bar= 100 um. Right panel; FACS
analysis of GFAP expression on our cultured astrocytes. Over 96% of the cells express GFAP. B. Representative western blot analysis of phosphorylated
NF- kB p65 and total NF- kB p65. Tubulin was used as an internal control. C. Phosphorylation of NF- kB was quantified by the ratio of phosphorylated
NF- kB to the total NF- kB levels. Data are shown as fold changes (mean * SD, n=4 for each) to the control. TNF-o induced a 1.4-fold increase of
phosphorylated NF-kB from the control level, which was significantly (P=0.001, Scheffe) suppressed by simvastatin. Addition of mevalonate (100 uM)
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significantly (P=0.04, Scheffe) restored the increase. Incubation with NF- kB activation inhibitor, QNZ completely suppressed the TNF-a-induced
phosphorylation of NF-kB. D. Representative EMSA analysis of NF-kB DNA binding activity. NF-kB DNA-binding activity in the nuclei of optic nerve
astrocytes in the control medium (Lane 1), exposed to TNF-a (50 ng/ml) (Lane 2), exposed to TNF-a (50 ng/ml) and simvastatin (1.0 uM) (Lane 3),
incubated with simvastatin (1.0 uM) alone (lane 4), NF-kB DNA-binding activity by competition EMSA with a 100-fold excess of cold NF-kB
oligonucleotides (Lane 5). E. Quantification of NF-kB DNA-binding activity in the nuclei of optic nerve astrocytes cultured under different conditions.
Fold changes (mean = SD, n=4 for each) from the control are plotted. Exposed to TNF-a (50 ng/ml) caused a 3.8 fold increase of NF-kB DNA-binding
activity, which was significantly (P<0.001, Scheffe) suppressed by co-incubation with simvastatin (1.0 uM).

doi:10.1371/journal.pone.0084387.g006

because higher concentrations of simvastatin (>10 uM) were toxic
to our cultured astrocytes (data not shown).

Then, the cultured astrocytes were exposed to TNF-o (50 ng/
ml) in the presence or absence of simvastatin for 2 hrs. They were
washed twice in PBS, harvested by scraping, and lysed with a cell
lysis buffer containing phenylmethanesulfonyl fluoride (1.0 mM),
pepstatin A (10 pM), leupeptin (10 uM), 0.1% SDS, 1.0% Nonidet
P-40, 5.0% sodium deoxy cholate, Tris-HCl (50 mM, pH 7.6),
and NaCl (150 mM). The suspension was sonicated in ice-cold
water, centrifuged, and the supernatant was used to determine the
total protein concentration by the Lowry method (DC Protein
Assay Reagent, Bio-Rad, Hercules, CA, USA).

Samples were separated on a 10% SDS-polyacrylamide gel and
transblotted onto PVDF membranes. The membranes were
blocked with 5% non-fat dry milk in TBS-T (pH 7.4, 0.1%
Tween 20) followed by overnight incubation at 4°C with a
polyclonal p65 antibody (1:1000, Cell Signaling) or NF-kB p65
phosphorylated at serine 536 (1:1000; Cell Signaling). Tubulin (o-
tubulin, 1:1000; Merck Millipore) was used as an internal control.
The protein bands were made visible by horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:2500, Promega, Madison, WI,
USA). The signals were intensified with an ECL plus Western
blotting detection system (GE Healthcare, Amersham, UK). The
densities of the bands of proteins were quantified with a
luminescent image analyzer (LAS-3000, Fujifilm, Tokyo, Japan).
The amount of phosphorylated NF-kB p65 protein expression was
quantified using the equipped software (Multi Gauge version 2.02)
and standardized to total NF-xB.

Electrophoretic Mobility Shift Assay (EMSA)

The NF-xB DNA-binding activity was determined with an
electrophoretic mobility shift assay (EMSA; Gel Shift Kit,
Panomics, Santa Clara, CA) according to the manufacturer’s
protocols. Nuclear extracts were prepared from the astrocytes with
a nuclear and cytoplasmic reagent kit (Active-Motif). In brief]
cultured optic nerve astrocytes were exposed to TNF-o in the
presence or absence of simvastatin for 2 hrs. They were washed
twice in PBS and harvested by scraping. The cells were
resuspended in Hypotonic Buffer (Active-Motif), incubated for
15 min on ice, and a detergent was added. The suspension was
centrifuged for 30 seconds at 14,000 xg at 4°C, and the pellet was
lysed in Complete Lysis Buffer (Active-Motif) and incubated for
30 min on ice. The suspension was centrifuged for 10 min at
14,000 xg at 4°C, and the supernatant was used as the nuclear
fraction. Then, the 2.0 pl of the nuclear extracts (2 pg/ul) was
incubated with a biotin-labeled oligonucleotide containing the
consensus binding sequence for NF-kB (5'-AGT TGA GGG GAC
TTT CCC AGG C-3') for 30 min at 15°C, and the transcription
factor-bound oligonucleotide was separated from the unbound
oligonucleotide by electrophoresis on a 6% non-denaturing
polyacrylamide gel. After transfer to biodyne B nylon membrane
(Thermo, Rockford, IL, USA) with a wet blot apparatus (Bio-Rad,
Hercules, CA, USA), the biotin-labeled bands were made visible
by horseradish peroxidase-based chemiluminescence. The densi-
ties of the bands were quantified with a luminescent image
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analyzer (LAS-3000). The specificity of the binding was verified by
using an unlabeled consensus oligonucleotide corresponding to
NTF-xB binding sequence as a competitor in the binding reaction.

Statistical Analyses

The data are expressed as means * standard deviations (SDs).
Statistical analysis was done by one-way analysis of variance
(ANOVA), and if a significant change was detected, then the
Scheffe or Dunnett post-hoc test was done for statistical
comparisons among groups. Student’s ¢ tests were used to compare
2 groups. The level of significance was set at P<<0.05.

Results

Decrease in Number of RGCs after Optic Nerve Crush

Representative photomicrographs of flat-mounted retinas taken
approximately 1.5 mm from the optic disc margin are shown in
Figure 1A. The RGCs are stained green with Alexa 488-
conjugated Tuj-1, and the number of RGCs is fewer in animals
treated by placebo (crush placebo) after crushing the optic nerve
than in the sham control. The number of RGCs was significantly
higher in animals that had systemic simvastatin (crush statin)
compared to the vehicle-treated animals (crush placebo).

The mean = SD number of RGCs stained by TU]J-1 antibody
was 1816.3+282.6/mm? in the sham operated rats (n = 6), and the
mean number decreased significantly to 831.4+202.5/mm? (n = 9)
on day 7 in the vehicle-treated rats (FigurelB). The reduction was
significantly suppressed to 1169.22201.3/mm? (n = 9) by systemic
simvastatin (P=0.01, Scheffe; Figure 1B).

Immunohistochemistry

Immunohistochemistry was used to determine the inflammatory
responses after the optic nerve was crushed. Representative
photographs of sections immunostained for CD68 (constitutive
marker expressed on microglia/macrophages) and GFAP (marker
of astroglial activation) at the crushed site on day 3 are shown in
Figure 2. These photographs were created using z-stacked images.
Many cells that were immunopositive to CD68 (green) were
detected at the crushed site where the immunoreactivity to GFAP
(red) was relatively weak compared to the area surrounding the
lesion (Figure 2B). Because the apparent CD68-positive cells were
absent in sham control animals (Figure 2A), the accumulation of
CD68 positive cells was clearly caused by crushing the optic nerve.
In rats that had received systemic simvastatin, the number of
CD68 positive cells appeared to be fewer (Figure 2C). The number
of CD68 positive cells at crush lesions was 2054+583/mm? in the
vehicle treated animals (Figure 2B, crush placebo, n=3) and
596+110/mm? in the simvastatin-treated animals (Figure 2C,
crush statin, n = 3). This difference was significant (P=0.01, ¢ test),
indicating a suppression of the recruitment of microglia/macro-
phages.

A photomicrograph showing double labeling of MCP-1 (red)
and GFAP (green) at the crushed site is shown in Figure 3.
Consistent with the findings shown in Figure 2, immunoreactivity
to GFAP was weak at the crushed site, while it was stronger in the
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area surrounding the lesion (Figure 3A, crush placebo). MCP-1 is a
chemokine which has been shown to attract monocytes/macro-
phages infiltration. Immunoreactivity to MCP-1 was also inten-
sified at the border of the crushed site (Figure 3A, crush placebo).
Merged images of GFAP and MCP-1 were taken by a confocal
microscope (TCS SP8, Leica) and are shown in Figure 3B.
Immunoreactivity to MCP-1 and GFAP was co-localized in these
cells (Figure 3B). These findings suggest that the reactive astrocytes
are the primary cells that express the MCP-1 after crushing the
optic nerve. Systemic simvastatin suppressed the increase in the
immunoreactivity to MCP-1 and GFAP (Figure 3A, crush statin).

Because NF-kB activation is required for MCP-1 expression,
immunohistochemistry on phosphorylated NF-kB p65 was also
performed on the crushed optic nerves. Some immunopositive
cells to phosphorylated NF-xB p65 could be detected at the edge
of the crushed site (Figure 4A, crush placebo), while no positive
cells were seen in the sham control animals (Figure 4A, sham). In
animals treated with systemic simvastatin (Figure 4A, crush statin),
the number of immunopositive phosphorylated NF-xB p65 cells
appeared to be fewer than in vehicle-treated animals. The number
of immunopositive cells at the border of the crushed lesions
was153+33/mm? in the vehicle-treated animals (Figure 4A, crush
placebo, n=3) and 71%£29/mm? in the simvastatin-treated
animals (Figure 4A, crush statin, n=3). This change was
significant (P=0.04, ¢ test. A merged image showed that
phosphorylated NF-kB p65 is expressed in the nuclei of some
astrocytes at the border of the crushed lesion from vehicle-treated
animals (Figure 4B). Immunoreactivity to TNF-oo was also
intensified at the border of the crushed site, which was suppressed
by systemic simvastatin (Figure S1). A total of 21 rats were used in
these immunohistochemical analyses.

Alterations in Expression of Genes for ET-1, CD68, GFAP,
TNF-a, and iNOS in Optic Nerve

We investigated the effects of systemic simvastatin on the
neuroinflammatory events in the optic nerve. The expressions of
the mRNA levels of the CD68, MCP-1, ET-1, GFAP, TNF-o,, and
tNOS genes in the optic nerves were examined quantitatively by
RT-PCR on day 3. The mRNA levels of these genes were
normalized to the 18S rRNA level (Figure 5), and the levels are
presented relative to that of the sham controls (n =6 to 8 for each
condition). A total of 22 rats were used.

The mRNA level of CD68 was increased by 11.4-fold
(P=0.001) and MCP-1 by 22.6-fold (P=0.002, Scheffe) over the
control level after the optic nerve was crushed in animals
administered placebo. These increases were significantly depressed
by systemic simvastatin administration (P<<0.05, Dunnett), and the
increase remained at 4.3-fold and 7.6-fold, respectively.

Similarly, the mRNA levels of ET-1, GFAP, TNF-a, and iNOS
were increased by 2.3-fold (P=0.006), 1.6-fold (#=0.01), 7.0-fold
(P=0.01), and 14.8-fold (P=0.004, Scheffe), respectively, of the
sham controls on day 3. Systemic simvastatin significantly
suppressed these increases (P<<0.05, Dunnett), and the levels of
these genes in animals that underwent optic nerve crush and
treated with simvastatin were not different from that in sham
controls (P>0.05, Schefle).

There was a similar trend in the changes of mRNA levels of
RhoA with other genes tested, i.e., an up-regulation after crushing
the optic nerve and suppression by simvastatin (Figure S2).
However, these changes were not significant in multiple compar-
1son among the 3 groups (P=0.11, ANOVA). But, when the levels
were compared between experimental animals that were given
simvastatin (crush statin) and vehicle (crush placebo), the mRNA
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levels of RhoA were significantly lower (P=0.03, ¢ test) in animals
treated with systemic simvastatin (Figure S2).

Astrocytes in Culture

Cells i1solated from intraorbital optic nerves at passage 3 were
immunostained with anti-GFAP antibody and analyzed by
microscopy and FACS (Figure 6A). All of the cells in the field
were positively stained with anti-GFAP antibody (Figure 6A, left
panels). These astrocytes were also stained with antibody to
TNFRI1, receptors for TNF-oo with the “death-domain” motif.
Additionally, FACS analysis showed that >96% of the cells were
GFAP-positive indicating that our cultures were nearly a pure
culture of astrocytes (Figure 6A, right panel).

Modulation of NF-«xB Activation

The effect of statin on the TNF-o-induced phosphorylation of
NF-kB was determined by western blot analysis. Western blot
analysis of extracts from the optic nerve astrocytes after 2 hrs of
exposure to TNF-a (50 ng/ml) in the presence or absence of
simvastatin is shown in Figure 6B. The level of phosphorylated
NF-kB was normalized to the total NF-xB (Figure 6C). TNF-o
caused a 1.4-fold increase in the phosphorylated NF-xB from the
control level. Simvastatin significantly (P=0.001, Scheffe) sup-
pressed the increase, and the addition of mevalonate (100 uM)
partially but significantly (P=0.04, Scheffe) restored the increase.
The NF-kB activation inhibitor, QNZ (100 nM), decreased the
level.

EMSA was also performed using nuclear extracts from the
cultured optic nerve astocytes (Figure 6D). Exposure to TNF-o
(50 ng/ml) induced a 3.8-fold increase of the NF-kB DNA-binding
activity, while co-incubation with simvastatin (1.0 uM) significant-
ly decreased (P<<0.001, Scheffe) the induction by 33% (Figure 6E).

Discussion

Our results showed that systemic simvastatin suppressed the
number of CD68-positive cells at the crushed site of the optic
nerve and decreased the expression of MCP-1 at the border of the
lesion. Systemic simvastatin also suppressed the expression of
phosphorylated NF-xkB as well as the pro-inflammatory events
including the up-regulation of the mRNA levels of the CD68,
MCP-1, ET-1, GFAP, :NOS, and TNF-o genes. The treatment also
rescued the RGCs from optic nerve injury. The results of our
in vitro assays using cultured optic nerve astrocytes showed that
simvastatin suppressed the TNF-o-induced NF-xB activation.

The up-regulation of CD68 and MCP-1 may be closely related
because MCP-1 can attract microglia/macrophages to lesions in
the CNS [29]. In addition, the increase in the number of
macrophages was depressed in mice lacking the MCP-1 gene after
traumatic brain injury compared to wild type animals [30].
Consistent with an earlier report [31], the expressions of the MCP-
I and GFAP genes were co-localized in the astrocytes in the
crushed optic nerve. Thus, it is reasonable to conclude that
astrocytes are the main cells that expressed MCP-1 and attracted
microglia/macrophages to the crushed site.

Earlier, we demonstrated that CD68-positive cells, possibly
microglia/macrophages, accumulated at the crush site and
secreted E'T-1, which induced reciprocal activation of astrocytes
surrounding the lesion [13]. A significant reduction of other pro-
inflammatory molecules including ET-1, GFAP, TNF-a, and
iNOS supports the idea that simvastatin had modulated the
subsequent neuroinflammatory cascades among the astrocytes and
microglia/macrophages.
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It has been shown that activation of glial NF-kB can regulate
neuroinflammation because it drives the transcription of several
pro-inflammatory molecules including TNF-o and iNOS in both
microglia and astrocytes [32]. It has also been shown that
suppression of astroglial NF-kB is protective to RGCs from retinal
ischemia [17] and may also be effective in the treatment of optic
neuritis [18]. NF-kB induces the production of chemokines
including MCP-1 in astrocytes [19]. Our immunohistological
study suggested that astroglial activation of NF-kB occurred at the
edge of the crushed site where the MCP-1 expression was also
mtensified. Consistent with these findings, immunoreactivity to
TNF-o was intensified at the border of the crushed site (Figure S1).
Because systemic simvastatin appeared to suppress the astroglial
NF-«B, it is reasonable that the suppression of the astroglial NF-
kB activation could suppress neuroinflammation in the optic nerve
and protect the RGCs.

We further determined quantitatively that simvastatin sup-
pressed NF-kB activation using optic nerve astrocytes in culture.
TNF-o was used to activate astroglial NF-kB because it plays a
critical role in the death of RGCs after crushing the optic nerve
[27]. In addition, TNF-a causes axonal degeneration in the optic
nerve [28], and the expression of TNF-a increased after the optic
nerves was crushed in this study. Our m vitro assay demonstrated
that pretreatment with simvastatin suppressed the TNF-o-induced
phosphorylation of astroglial NF-kB p65. It also suppressed the
DNA binding activity of NF-xB. Statins inhibit HMG-CoA
reductase and decrease mevalonate metabolites, which subse-
quently suppresses the formation of small G-proteins including
those of the RAS [33] and Rho families [34]. Because the addition
of mevalonate decreased the inhibitory effects of simvastatin on
the TNF-o-induced activation of NF-kB, a reduction of these
small G-proteins is important for the anti-inflammatory effects of
simvastatin. RAS and Rho-GTPases have been reported to
regulate the signal transduction of the MAP kinase family [35],
which then triggers the phosphorylation and activation of NF-xB
[36]. For example, the small G protein RAS p21 is important for
the activation of Raf-1 [37], which in turn activates NF-xB [38].
In addition, the activity of NF-xB is stimulated by Rho
independently of RAS or RAF [39]. Thus, suppression of astroglial
NF-kB through a reduction of small G proteins is one possible
mechanism of how systemic simvastatin protects the RGCs.
Actually, the Rhod gene was down-regulated in the crushed optic
nerve by systemic simvastatin (Figure S2). This reduction may also
suggest a bioavailability of simvastatin in the optic nerve, because
Rhod is a downstream gene of HMG-CoA reductase.

There are limitations of this study. We did not examine the
effect of simvastain on retinal inflammatory responses, and
simvastain may have worked in the retina and rescued the RGCs.
However, we have already shown that neuroinflammation in the
retina is much less than that in the crushed optic nerve [13].
Another limitation is that we did not quantify the NF-kB activities
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Figure $2 Changes in the mRNA levels of the RhoA gene
in the optic nerve on day 3 after crushing the optic
nerves. When the levels are compared between animals that
underwent optic nerve crush with systemic simvastatin (crush
statin) and vehicle (crush placebo), RhoA mRNA levels are lower
(P=0.03, ¢ test) in the animals treated with systemic simvastatin.
Data are shown as the fold changes (mean = SD, n=6-8 in each
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