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Abstract

Recent studies have shown that fingolimod (FTY720) is neuroprotective in CNS injury models of
cerebral ischemia and spinal cord injury. The purpose of the study was to examine the effect of
fingolimod in a mouse model of intracerebral hemorrhage. ICH was produced in adult CD1 mice
by injecting collagenase VII-S (0.5 pL, 0.06 U) into the basal ganglia. Fingolimod (or saline) was
given 30 min after surgery and once daily for two days. Three days after intracerebral hemorrhage,
brain edema, hematoma volume and the number of apoptotic cells were quantified. In another
cohort of mice, brain atrophy was evaluated 2 weeks following intracerebral hemorrhage.
Neurobehavioral tests were performed at 3, 7 and 14 days. Fingolimod significantly decreased
edema, apoptosis and brain atrophy. More importantly, fingolimod enhanced neurobehavioral
recovery. Preliminary experiments showed no difference in the number of inflammatory (CD68-
positive) cells between the two groups. In conclusion, fingolimod exerts protective effects in a
mouse model of intracerebral hemorrhage; the mechanisms underlying this neuroprotective effects
deserves further study.
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1. Introduction

2. Results

Nontraumatic intracerebral hemorrhage (ICH) accounts for 15 to 20 % of all strokes; with
only 38% of patients surviving the first year (Qureshi et al., 2001). Brain edema is an
independent factor that determines the outcome, and therefore reducing brain edema is the
most important method to treat ICH patients (review (Adeoye and Broderick, 2010;
Kuramatsu et al., 2013)). In addition, apoptosis also represents a prominent form of cell
death after ICH (Qureshi et al., 2003; Wang et al., 2011), suggesting that agents that would
decrease both brain edema and apoptosis could be useful to decrease mortality and/
morbidity associated with ICH.

Fingolimod (FTY720) is a sphingosine-1-phosphate (S1P) analogue, which is now used for
the treatment of multiple sclerosis (Kappos et al., 2006). Although its mechanism of action
in multiple sclerosis is thought to be peripheral and involve induction of lymphopenia, this
agent does show protective effects in acute central nervous system injury models of cerebral
ischemia (Hasegawa et al., 2010) and spinal cord injury (Lee et al., 2009a; Zhang et al.,
2009). In a detailed study, we have found that fingolimod treatment decreases brain edema,
apoptosis, and infarct volume and improves behavioral functions in rodents with ischemic
stroke (Wei et al., 2011). More recently, our experiment showed that fingolimod reduces
hemorrhagic transformation and prevents blood brain barrier breakdown following delayed
tissue plasminogen activator treatment in a mouse thromboembolic model (Campos et al.,
2013).

Based on these studies, our goal was to test the hypothesis that fingolimod would also be
effective in a mouse model of ICH. We therefore compared brain edema, apoptosis, brain
atrophy, inflammatory cells and neurobehavioral scores in fingolimod- and saline-treated
mice. Our result show that fingolimod decreases brain edema, apoptosis and brain atrophy,
as well as improves motor deficit, however it has no influence on the number of brain
inflammatory cells.

After the ICH surgery, the animals were randomly assigned to the fingolimod or saline
treatment groups. In the short-term study, all the animals survived before they were
euthanized on day 3. However, one mouse died (in the control group and on day 8) in the
long-term experiment.

2.1. Fingolimod attenuated weight loss following ICH

Mice were weighed before and after surgery. All mice showed severe weight loss after brain
hemorrhage. Fingolimod treatment significantly reduced weight loss, compared to controls
(p=0.0001 for day 1 and p=0.02 for day 3, n=10 in each group) (Fig.1).

2.2. Fingolimod reduced brain edema

Brain water content was measured 3 days after ICH. After euthanasia and decapitation, the
brains were immediately placed into a brain-cutting matrix. Each hemisphere was separated
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into two halves: section 1, surrounding the hematoma, and section 2, comprising the rest of
the forebrain. Compared to the saline-treated group, fingolimod significantly reduced brain
edema in section 1 (P=0.037) and in the hemisphere as a whole (P=0.029, n=5 in each

group) (Fig.2).

2.3. Fingolimod decreased apoptotic cells

Fingolimod has previously been shown to decrease the number of apoptotic neurons in a
mouse stroke model (Wei et al., 2011). To examine the effect of fingolimod on apoptosis in
this model of ICH, we used a TUNEL detection kit for the detection of the endonucleolytic
cleavage of chromatin, characteristic of apoptosis. All the cell nuclei were counterstained
with DAPI. The ratios of apoptotic to normal cell nuclei were compared in the fingolimod
and saline groups. Three days after ICH, fingolimod treatment significantly reduced the
proportion of apoptotic cells in the core (p=0.024, n=10 in each group), but not at the edge
of the hematoma (Fig.3 and S2).

2.4. Fingolimod alleviated brain atrophy

As an indirect measure of brain atrophy, the ventricle sizes were compared between the two
groups (Sun et al., 2011). The ipsilateral ventricle size was expressed as a percentage of the
contralateral ventricle. Two weeks after ICH, fingolimod significantly decreased the volume
of the ipsilateral dilated ventricle, compared to control group (p=0.001, n=10 in FTY720
group and n=9 in saline group) (Fig.4).

2.5. Fingolimod improved neurobehavioral functions

Neurobehavioral outcome was evaluated 3 days, 1 week and 2 weeks after ICH. We used a
gross 5-point neurological assessment and a “wire grip” test to evaluate motor functions. All
the tests were performed in a blinded manner. Compared to the saline-treated group,
fingolimod significantly reduced behavioral deficits in both tests (p<0.05, n=10 in FTY720
group and n=9 in saline group) (Fig.5).

2.6. Fingolimod did not change hematoma volume and inflammatory cells

Since S1P is known to attenuate blood-brain barrier dysfunction (van Doorn et al., 2012)
and fingolimod decreases hemorrhagic transformation associated with delayed
administration of Tissue Plasminogen Activator in a mouse stroke model (Campos et al.,
2013), we examined whether fingolimod affected the extent of collagenase-induced
bleeding, using DAB staining to assess the volume of hemorrhagic brain tissue. Compared
to saline, fingolimod did not affect hemorrhage volume (p=0.46, n=10 in FTY720 group and
n=9 in saline group) (Fig.6A and S3A). In addition, because a previous study has found that
fingolimod-induced neuroprotection was accompanied by decreased inflammation (Wei et
al., 2011), we assessed the number of inflammatory cells stained with antibodies against
CD68 (monocytes/macrophages). Fingolimod did not impact the number of cells labeled
with CD68 antibody (p=0.74, n=10 in FTY720 group and n=9 in saline group) (Fig.6B and
S3B for CD68).
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3. Discussion

The present study was designed to test the efficacy of fingolimod in a mouse model of ICH.
Our results show that fingolimod decreased brain edema and atrophy and inhibited
apoptosis, improved neurological functions, but did not seem to influence brain
inflammation. These data, taken together with the results of another study showing that
fingolimod reduced sensorimotor deficits and brain edema in experimental ICH in mice
(Rolland et al., 2013), strengthen the notion that fingolimod could eventually be used
clinically to reduce brain damage and enhance recovery after ICH.

Drugs acting on the immune system, although useful in their ability to reduce inflammation,
are often limited by their toxicity profile. We therefore first assessed the safety of
fingolimod in mice with ICH, using body weight as an indirect indicator of general toxicity.
Previous studies have shown that fingolimod had either no effect or induced a slight
decrease in body weight (Lee et al., 2009b; Quesniaux et al., 2000). In the present study, all
mice lost weight following ICH. However, mice treated by fingolimod had a less
pronounced weight loss, compared to the animals in the saline group, suggesting either that
fingolimod had no toxicity, or that any adverse effects were more than compensated for by
reversing the consequences of intracranial hemorrhage. The effect of fingolimod on body
weight may indeed have been a sign that it was neuroprotective, considering studies in
stroke, showing that changes in body weight are often proportional to cerebral infarct sizes
and an indirect index of ischemic brain damage (Reglodi et al., 2003; Rogers et al., 1997;
Yamamoto et al., 1988).

Brain edema develops in most patients with ICH and has been linked to early neurological
deterioration. It is a predictor of poor functional outcome (Adeoye and Broderick, 2010;
Kuramatsu et al., 2013). In the current study, fingolimod significantly decreased brain water
content, which is consistent with the results of a recently published study (Rolland et al.,
2013). Fingolimod has been shown to promote adherent junction assembly and decreased
permeability of the blood brain barrier via S1P4 receptors (Brinkmann et al., 2004; Lee et
al., 2006). It is therefore possible that fingolimod prevents blood brain barrier breakdown
after ICH, a contention supported by our recent observation that fingolimod inhibited Evans
blue leakage caused by delayed tissue plasminogen activator (tPA) administration in a
mouse model of hemorrhagic transformation and thromboembolic stroke (Campos et al.,
2013).

Histological analyses performed in tissue from patients with ICH indicate that apoptosis
represents a prominent form of cell death after ICH (Qureshi et al., 2003; Wang et al., 2011).
Several pathways leading to apoptosis have been identified and agents targeting these
pathways are now undergoing clinical trial (Keep et al., 2012). Fingolimod had previously
been found to decrease apoptotic cell death following middle cerebral artery occlusion in
mice (Wei et al., 2011), but its effect in an ICH model had not been studied. We now report
that fingolimod significantly reduced apoptotic cells. It is unclear whether this effect is
related to a direct neuroprotective action on neurons, or is accounted for by a decrease in
deleterious mediators or conditions surrounding neurons in vivo. The fact that we were
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unable to observe neuroprotective effect of fingolimod using primary neurons (Wei et al.,
2011) suggests that the latter hypothesis is more likely.

Protective effects of fingolimod have now been observed in a large number of acute brain
injury models, including cerebral ischemia (Liu et al., 2013), spinal cord injury (Lee et al.,
2009a; Zhang et al., 2009), traumatic brain injury (Zhang et al., 2007), intracerebral
hemorrhage (Rolland et al., 2013), and t-PA-induced hemorrhagic transformation (Campos
et al., 2013) et al. Some studies indicate that this protection is associated with decreased
macrophage infiltration (Kaneider et al., 2004; Rausch et al., 2004; Wei et al., 2011; Zhang
et al., 2007) and microglial activation (Gao et al., 2012; Jackson et al., 2011; Miron et al.,
2010; Noda et al., 2013). After ICH, the number of cells positive for CD68 (a marker for
macrophage and microglia) increased 7-8 fold in the cerebral parenchyma adjacent to the
hematoma (Dahnovici et al., 2011), and numerous CD68-positive cells were also seen in
infarcted tissue after brain ischemia (Krupinski et al., 1996). In our study, the number of
CD68 positive cells was not altered by fingolimod. This lack of effect was also reported in
another study using demyelination models (Hu et al., 2011); it suggests that the protective
effects of fingolimod may involve mechanisms other than inflammation. In agreement with
this hypothesis, several studies hint at direct CNS effects of fingolimod in experimental
autoimmune encephalomyelitis (EAE) (Miron et al., 2008), in particular on astrocytes (Choi
etal., 2011).

In conclusion, this study documents the safety and potential protective effects of fingolimod
in a mouse model of ICH. Further studies are needed to determine the possible mechanisms
underlying this protection.

4. Experimental procedures

4.1. Animals

Male CD1 mice (35 to 45 g, Charles River Laboratory, Wilmington, MA, USA) were
maintained on a 12/12 hours light/dark cycle and fed ad libitum. Experiments were
conducted according to protocols approved by the Animal Research Committee of
Massachusetts General Hospital and NIH guide for the Care and Use of Laboratory
Animals. Group sizes were predetermined based on the results of preliminary experiments.
Mice were randomly allocated to each treatment group.

4.2. Experimental design

The project included both a short-term and a long-term study (Fig.S1). Mice received saline
or 0.5 mg/kg fingolimod (i.p.) 30 min after surgery and once daily on the following two
days. Fingolimod was dissolved in saline at a concentration of 0.5mg/ml immediately before
administration. In the short-term study, mice were euthanized 3 days after ICH to measure
inflammatory cells, brain edema, hematoma volume and apoptosis. In the long-term
experiment, mice were euthanized 2 weeks following surgery to quantify brain atrophy.
Behavioral tests were performed 3 days, 1 week and 2 weeks after induction of ICH. All
assessments were performed by investigators blinded to the treatment group.
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4.3. Intracerebral hemorrhage model

ICH was induced by injecting collagenase into the striatum as previously described
(Rodrigues et al., 2003; Rosenberg et al., 1990). Mice were anesthetized with isoflurane
(1.8%) and placed in a stereotaxic frame. A burr hole was made and a 30-gauge needle was
inserted into the striatum (location 2.5 mm lateral to the midline, 0 mm to bregma, 3.5 mm
in depth below the skull). Half a microliter of saline containing 0.06 1U of collagenase (Type
VII; Sigma) was injected over 5 min using a micropump. After infusion, the needle was left
in place for 25 min, and slowly removed; the skin incision was sutured. Rectal temperature
was maintained at 37.5 °C with a heating pad during the surgery. Mice were kept in an
incubator to maintain body temperature for 3 h after the surgery.

4.4, Brain edema

After euthanasia by decapitation, the brains were immediately removed and placed into a
brain-cutting matrix. Hemispheres were separated into two sections based on the position of
the needle track: the rostral first section comprised brain tissue around the core of the
hematoma, while the caudal second section comprised unaffected brain tissue (Fig.2A). The
cerebellum was used as internal control for brain water content. Tissue samples were
weighed to determine the wet weight (WW), and then dried at 100 °C for 24h to obtain dry
weight (DW). The percentage of water content was calculated using the formula, [(WW -
DW) / WW] x 100%.

4.5. Behavioral testing

For behavioral tests, 5-point assessment and wire grip tests were performed in a blinded
manner to evaluate outcomes at day 3, week 1 and week 2. The 5-point scale evaluation was
implemented as follows (Foerch et al., 2008): 0 = no apparent deficit; 1 = slight deficit,
extension deficit of left forepaw or slight instability during walking, but no circling; 2 =
circling to the right with at least some straight movements and some covering of distance; 3
= heavy circling to the right without straight movements or no movements at all; 4 =
moribund. For the hanging wire test, mice were picked up by the tail and placed on a taut
metal wire suspended between two upright bars 50 cm above a padded table (Bermpohl et
al., 2006). The wire grip scores were quantitated as follows: 0, if the mouse was unable to
remain on the wire for more than 30 sec; 1, if the mouse failed to hold onto the wire with
both forepaws and hindpaws; 2, if the mouse held onto the wire with both forepaws and
hindpaws but not the tail; 3, if the mouse used its tail along with both forepaws and both
hindpaws; 4, if the mouse moved along the wire on all four paws plus tail; 5, if mouse that
scored 4 points also ambulated down one of the posts supporting the wire.

4.6. Tissue preparation

After behavioral tests, the animals were over anesthetized and euthanized. Brains were
frozen immediately, and cut into 20 um sections with a cryostat. Brain sections were taken
every 500 um, starting at + 1.5 mm and extending to —3.5 mm with respect to bregma. The
slides were stored at — 80 °C until used for assessment of apoptosis, hematoma volume,
lesion size and brain atrophy.
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4.6. Analysis of apoptosis

The extent of cell death was assessed using a Terminal deoxynucleotidyl Transferase Biotin-
dUTP Nick End Labeling (TUNEL) kit (12156792910, Roche, USA) (Matsushita et al.,
2011). Nuclei were counterstained by 4”,6-diamidino-2-phenylindole (DAPI). Images were
acquired from 4 randomly selected fields (40X) at both the edge and center of the hematoma
region (Fig.3 and S2). The total number of nuclei and TUNEL positive cells were counted in
each field of view, and the ratio of apoptotic cells to nuclei was calculated.

4.7. Hematoma volume

Hematoma volume was assessed by 3,33-diaminobenzidine tetrahydrochloride (DAB)
staining after ICH (Wasserman et al., 2008). The DAB kit contains a metal enhancer
(Sigma; D0426, USA), which reacts with hemoglobin to form a blue-black product while
blood-free tissue remains almost clear (Fig.S3A). After DAB staining, the area of hematoma
was circled in each section and the volume of hematoma was integrated for all the sections
with blood (MCID Elite, InterFocus Imaging, UK) (Campos et al., 2013).

4.8. Inflammatory cells

In order to count the number of inflammatory cells in brain sections, we performed
immunohistochemical staining with antibodies against CD68, a marker for macrophages
(Dahnovici et al., 2011). Fresh frozen sections were fixed with 4% PFA for 10 min, and
blocked with 10% normal donkey serum in PBS. The primary antibody mouse monoclonal
against CD68 (KP1, 1:2000, ab955, Abcam, USA) was then added and incubated for 1h at
room temperature. After washing with PBS, the sections were incubated with a donkey anti-
mouse IgG secondary antibody (1:300, 715165150, Jackson, USA), and nuclei were
counterstained with DAPI (Fig.S3B). Using a wide-field fluorescence microscope, 4 fields
were randomly selected (20X) and the number of positive cells was counted by an
investigator blinded to the treatment groups.

4.9. Brain atrophy

Frozen brain sections were stained using hematoxylin and eosin (H & E). Enlargement of
the lateral ventricle was used as a proxy measure for brain tissue loss in the injured
hemisphere as described (Sun et al., 2011) Lateral ventricular areas were measured in
consecutive sections with the software MCID. The volume of ipsilateral ventricle size was
expressed as percent of that of the contralateral ventricle (Fig 4).

4.10. Statistical Analysis

Data (except for behavior) are shown as mean = SEM. The distribution of all data was
normal, as assessed by Normal Quantile Plots analysis. Differences between two groups
were compared by Student’s t test. Neurological scores are given as median, and were
analyzed by Mann-Whitney rank sum test. All statistical analyses (except Normal Quantile
Plots) were performed using SPSS 16.0. Differences were considered statistically significant
atp <0.05.
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Fig. 1. Weight loss after ICH
Compared to pre-surgery, animals lost weight in both treatment groups after collagenase injection. However, fingolimod-treated

mice lost less weight than vehicle-treated mice. *p<0.05, **p<0.01, compared to control group, n=10 in each group.
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Fig. 2. Fingolimod reduces brain edema
Brain water content was measured 3 days after ICH in the ipsilateral (1) and contralateral (C) hemispheres. A) Each hemisphere

was separated into two sections as shown in Panel A. B) The percentage of water content was expressed as (wet — dry weight) /
wet weight. Compared to vehicle-treated mice (SAL), fingolimod (FTY) significantly reduced brain edema. *p<0.05, compared
to control group, n=>5.
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Fig. 3. Fingolimod decreased apoptotic cells
The apoptotic cells were counted at 3 days after ICH. The ratios of apoptosis were compared between FTY720 and saline group.

A) Cells were counted independently in the core of the hemorrhage (open square) and in the peripheral region (filled square). B)
Fingolimod significantly reduced the number of apoptotic cells located in the center of the hematoma. Data are presented as
mean + SEM, *p< 0.05, compared to control group, n=10 in each group.
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Fig. 4. Fingolimod decreases brain atrophy
Ventricle sizes were used as indirect measure of brain atrophy 2 weeks after ICH. A) Representative eosin-hematoxylin-stained

brain sections in saline (SAL) and fingolimod-treated mice (FTY). B. The ipsilateral (Ips) ventricle size was expressed as a
percentage of that of the contralateral (Con). **p< 0.01, compared to control group; n=10 in FTY720 group and n=9 in saline

group.
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Fig. 5. Fingolimod improves neurobehavioral functions
Neurobehavioral outcomes were evaluated 3 days, 1 week and 2 weeks after ICH. A) The 5-point scale evaluation was

implemented as indicated in the text; higher scores correspond to larger deficits. B) The wire grip performance was quantified as
described in Methods; lower scores correspond to larger deficits. FTY=fingolimod, SAL=Saline. *p< 0.05, compared to control
group (at 3 days: n=20 in the fingolimod group and n=19 in the saline group; at 1 and 2 weeks, n=10 in the fingolimod group
and n=9 in the saline group).
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Fig. 6. Fingolimod does not alter hematoma volume or the number of CD68" positive cells
A) The volume of hemorrhage was determined using DAB-stained sections. B) The number of CD68 positive cells was

compared between the fingolimod and the control groups. Data were presented as mean + SEM, n=10 in the fingolimod group
and n=9 in the saline group.

Brain Res. Author manuscript; available in PMC 2015 March 25.



