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Abstract

Long term survival and success of transplanted stem cells to facilitate recovery from brain injury may involve
prolonged use of immunosuppressive agents such as cyclosporine A (CsA). The effect of immunosuppression on
overall stroke outcome, in particular endogenous regeneration, is yet to be determined. This study examined the
effects of Cyclosporine A (CsA) treatment on brain remodeling events after stroke. Cyclosporine A (10 mg/kg, n=8)
or vehicle (2.6% ethanol; 1% castor oil in saline, n=8) was administered prior to endothelin-1induced middle cerebral
artery vasoconstriction in conscious rats, and everyday thereafter for up to 7 days. Treatment with Cyclosporine A
significantly attenuated the development of neurological deficits compared to vehicle controls (48hr; P<0.05) but had
no effect on infarct volume, activation of microglia/macrophages or critical regenerative responses within the
neurogenic niche by 7 days. Treatment with Cyclosporine A did however significantly reduce astrogliosis, in
particularly the number of severely diffuse astrocytes present in regions bordering the infarct (P<0.05). Conversely
the number of astrocytes (P<0.05) with a pro-survival phenotype were increased with Cyclosporine A treatment. This
study suggests that the benefits of Cyclosporine A treatment are not associated with reduced infarct volume but
rather retained astrocyte support for preservation of neurotransmission.

Keywords: Focal cerebral ischemia; Immunosuppression;
Astrogliosis; Inflammation; Brain rescue; Functional outcome

Introduction
Stroke remains a major cause of death and disability in the

industrialized world. Despite attempts to prevent brain injury
following ischemic stroke, it is often too late for reperfusion or
neuroprotective therapies [1]. Most sufferers end up with long term
deficits. For this reason there is a compelling need to develop
treatment strategies that promote restoration of functions.

Studies now show that the injured brain is capable of some repair
with spontaneous functional recovery observed in a cross section of
stroke patients during rehabilitation without pharmaceutical
intervention [2]. Subsequently exercise and environmental enrichment
strategies have shown some success in improving functional outcomes
[3]. To this end, ischemic insults have now been shown to trigger brain
remodeling and stem cell migration from the subventricular zone
(SVZ) of the lateral ventricle to damaged regions of the brain, even in
patients of advanced age [4]. Despite these attempts at repair complete
restoration of function is often not achieved [5]. For this reason
exogenous cell-based therapy to complement endogenous repair
mechanisms are currently being trialed following extensive meta-
analysis of over 40 studies reporting significant improvements in
function when transplanted after stroke in animal models [6]. Early
reports suggest that transplanted embryonic stem cells, fetal stem cells,
and immortalized cell lines can survive the grafting process and

improve functional outcome [7,8]. However, the survival and success
of transplanting a non-autologous stem cell relies heavily upon
preventing host rejection of the graft with immunosuppression
routinely used in conjunction with cell-based therapies [9-12].

Cyclosporine A (CsA) is the most widely used immunosuppressive
agent in allograft transplant procedures and treatment of autoimmune
disorders [13]. Previously, CsA has been shown to be neuroprotective
in experimental animal models of stroke [14-16] which has prompted
further research into its use as a treatment agent [17]. However,
experimental data investigating the effects of CsA in focal models of
stroke remain limited with conflicting reports of the efficacy of CsA
treatment [16,18-22]. Furthermore, previous preclinical studies have
not focused on the effect of CsA on critical cellular events associated
with brain repair in response to injury, which is necessary to evaluate
the impact of CsA on overall stroke outcome. Using a model of stroke
that has been recently characterized and quantified for long term
recovery [23] we examined the cellular effects of CsA on microglia
activation, astrogliosis, angiogenesis, stem cell proliferation and
migration as well as neural differentiation within the neurogenic niche
of the subventricular zone (SVZ), 7 days after transient focal cerebral
ischemia in rats.

Materials and Methods
The following experiments were conducted in adherence to current

RIGOR guidelines [24,25] and included randomization of treatments,
blinding during assessment, inclusion of sham and vehicle control
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groups, and full statistical analysis involving power calculations in
consultation with the Statistical Consulting Centre, University of
Melbourne, Victoria, Australia.

Ethics statement
All experiments described were performed in accordance with the

guidelines of the National Health & Medical Research Council of
Australia Code of Practice for the Care and use of Animals for
Experimental Purposes in Australia. The experimental protocol was
approved by the St Vincent’s Hospital animal ethics committee
(AEC009/09). All efforts were made to minimize suffering and ensure
animal wellbeing. Paracetamol (2 mg/kg in drinking water) was
provided 24 hours prior to and after surgery to minimize distress.

Surgical preparation
Adult male Hooded Wistar rats (300-360 g, n=22, Laboratory

Animal Services, University of Adelaide, Australia) were utilized for
experiments. All rats were maintained on a 12 hr light/dark cycle at
temperatures between 20 and 22˚C, with ad libitum access to food and
water. Rats were anaesthetized using a mixture of Ketamine/Xylazine
(75 mg/kg: 10 mg/kg respectively i.p.) and maintained throughout
surgery by inhalation of isoflurane (95% oxygen and 5% isoflurane). A
23-gauge stainless steel guide cannula was stereotaxically inserted into
the cortex 2 mm dorsal to the middle cerebral artery (MCA; 0.2 mm
anterior, -5.9 mm lateral, -5.2 mm ventral) as in previous studies
[26,27]. Sham control operations (n=3) were performed where animals
underwent cannula implantation without stroke to demonstrate that
surgery itself does not induce cerebral infarction, as previously
described [27]. Rats were allowed to recover for 5 days prior to stroke
induction in conscious rats.

Stroke induction
Focal cerebral ischemia was induced in conscious rats by

perivascular application of endothelin-1 (ET-1; American Peptide
Company, Inc. CA, USA; 60 ρmol in 3 µl of saline over 10 min) (n=22)
to cause vasoconstriction of the right middle cerebral artery [26].
During endothelin-1 infusion, characteristic behavioral changes were
observed indicative of stroke and these responses were graded 1 to 5
according to predictive stroke outcome as in previous studies, with 5
being the most severe [26]. Rats that did not display any behavioral
change were deemed not to have suffered a stroke and were excluded
from further study. Rectal temperatures were taken with a
thermometer probe before stroke and at 30-min or 60-min intervals
for 3 hrs after stroke.

Cyclosporine administration
CsA (10 mg/kg, i.p; n=8, Sandimmune, Novartis Pharmaceuticals

Corporation, NJ, USA) or vehicle control (2.6% ethanol; 1% castor oil
in saline; n=8) was administered 2 days prior to stroke induction and
then again everyday thereafter. The dosing regime was chosen based
on previous studies demonstrating 10 mg/kg is sufficient to prevent
host rejection of stem cell transplants in rats [9]. Pre-treatment of rats
with CsA or vehicle did not affect behavioral signs indicative of stroke
induction and therefore allowed rats to be assigned a stroke severity
score during stroke induction to ensure that within each treatment
group stroke severity was equally matched as in previous studies [26].

Assessment of functional outcome
All behavioral assessments were conducted blinded to treatment

before any surgical procedures (pre-surgery), immediately prior to
ET-1-induced MCA constriction (pre-stroke) and 24, 48, 72 hrs, and 7
days after ET-1-induced vasoconstriction (post-stroke). Animals were
evaluated for neurological abnormalities based on detection of
abnormal posture and hemiplegia as previously described [28,29].
Asymmetry was evaluated using the adhesive label test by measuring
latency to touch and remove attached stimuli from contralateral and
ipsilateral forepaws as described previously [29,30]. The neurological
function of each rat was compared to pre-stroke scores, such that each
rat acted as its own control.

Quantification of ischemic damage
7 days after stroke, rats were decapitated, forebrains removed and

frozen over liquid nitrogen, and stored at -80˚C prior to processing.
Coronal sections (16 µm thick) were prepared using a Leica cryostat
(Leica Microsystems, Wechsler, Germany) at eight pre-determined
coronal planes throughout the brain from -3.2 to 6.8 mm relative to
Bregma as in previous studies [26,27]. Infarct was determined in
triplicate unstained sections using a micro-computer imaging device
(MCID M4 image analyzer, Imaging Research Inc., St. Catharine’s,
ON, Canada) according to the methods of Callaway et al. [31] and
validated by McCann et al. [32]. Total infarct volume was determined
by integrating the cross-sectional area of damage at each stereotaxic
level with the distances between levels [33]. The influence of edema
was corrected for by applying the following formula: (area of normal
hemisphere/area of infarcted hemisphere) x area of infarct [34].

Immunohistochemistry
Immunohistochemical staining was performed in adjacent to

identify astrocytes, microglia/macrophages, proliferating SVZ cells,
migrating SVZ neuroblasts, radial glial cells, and blood vessels after
stroke according to methods described previously [23]. Briefly, tissue
sections were fixed in 4% paraformaldehyde (PFA) in 0.1M PBS for 15
min at room temperature, followed by washes then blocked with 5%
normal goat serum (NGS) in 0.3% Triton X-100 for 30 mins. Primary
antibodies that were diluted in blocking solution included the
following: mouse anti-glial fibrillary acidic protein (GFAP; 1:400,
Millipore, Billerica, MA, USA), mouse anti-OX42/CD11b (OX42;
1:100, Serotec, Raleigh, NC, USA), rabbit anti-Ki67 (Ki67; 1:1000,
Labvision Thermo Scientific, , USA), guinea-pig anti-doublecortin
(DCX; 1:3000, Millipore, Billerica, MA, USA), rabbit anti-von
Willebrand factor (vWF; 1:200, Millipore, Billerica, MA, USA).
Biotinylated secondary antibodies used included goat anti-mouse
(1:200, DAKO, Glostrup, Denmark), goat anti-rabbit (1:200, Vector
Labs, Burlingame, CA, USA), goat anti-guinea-pig (1:200, Vector Labs,
Burlingame, CA, USA), goat anti-rabbit (1:200, Vector Labs,
Burlingame, CA, USA). Secondary antibodies were diluted in blocking
solution as above. Standard ABC methodology was used to process
cells for diaminobenzidine (Sigma, St. Louis, MO, USA)
immunohistochemistry and resultant color reaction was visualized
with an Olympus microscope (Albertslund, Denmark). Control
experiments included either exclusion of each primary antibody from
the protocol or the inclusion of the appropriate IgG control to confirm
the specificity of each antibody.
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Immunofluorescence
Adjacent sections to those used for immunohistochemistry, were

used for the detection of cells within the SVZ with dual
immunofluorescent techniques as previously described [23]. Briefly,
tissue sections were fixed in 4% PFA in 0.1M PBS for 15 min at room
temperature, followed by washes then blocked with 5% NGS in 0.3%
Triton X-100 for 30 mins. Primary antibodies that were diluted in
blocking solution included the following: rabbit anti-Ki67 (Ki67;
1:2000, Labvision Thermo Scientific, , USA), mouse anti-GFAP (1:400,
Millipore, Billerica, MA, USA), guinea-pig anti-doublecortin (DCX;
1:500, Millipore, Billerica, MA, USA), mouse anti-Nestin (1:400, Cell
Signaling Technology, Danvers, MA, USA), and rabbit anti-GFAP
(1:400, DAKO, Glostrup, Denmark). Secondary antibodies (1:500 for
all) used included; Alexa-568 goat anti-rabbit, Alexa-488 goat anti-
mouse, Alexa-488 goat anti-guinea pig. Secondary antibodies were
diluted in blocking solution as above. In control experiments, primary
antibodies were omitted or the appropriate IgG control was included
to verify antibody specificity. Resulting sections were examined with a
laser scanning confocal microscope (Nikon Instruments Inc., Melville,
NY, USA) using a x40 magnification (a higher magnification was
required to achieve greater image resolution for cell counts).

Quantification of immunohistochemistry
Cells of interest were quantified according to our previously

published methods [23]. Consistent sample areas for each region were
quantified in order to avoid influences of stroke volume on
pathological responses (Abeysinghe et al, 2014[23]). Four common
regions of interest where damage was routinely observed were
identified in each section for assessment: the damaged cortex,
damaged striatum, and the border region surrounding the infarct for
both the cortex and striatum. Each analysis area was then compared
with the appropriate corresponding mirror region within the
contralateral hemisphere (undamaged tissue using the same sample
area), as well as to sham-operated controls.

Astrocytes:GFAP labeled reactive astrogliosis was assessed and
quantified based on morphological stage of activation [35-37] 7 days
post-stroke according to our previous methods [23]. Different
gradations of astrocyte transition were identified based on cellular
hypertrophy, length and thickness of processes, and categorized as
either activated astrocytes or diffuse astrocytes. Activated astrocytes
showed some sign of cellular hypertrophy but without significant
thickening or overlapping of processes (stellated), whilst diffuse
astrocytes displayed a cobblestone morphology with many cells/
processes overlapping (indicative of the glial scar) [35]. An automated
systematic random sampling point-counting system was applied with
a Computer Assisted Stereological Toolbox (CAST System; Olympus)
[38]. Quantification of activated or diffuse astrocytes within the
cortical and striatal core damage and border regions were counted and
expressed as a percentage of the total number of counts (cross hairs)
within the defined sample area. The number of resting/quiescent
astrocytes was also quantified in the contralateral hemisphere for
comparison across treatment groups and to sham-operated controls.

Activated microglia/macrophages: Quantification of OX42 positive
cells using the point-counting system were assessed within the same
regions of interest as assessed for astrocyte cell counts [23]. OX42
positive cells that displayed activated amoeboid morphology with
reduced processes and enlarged cell bodies were counted and
expressed as a percentage of the total number of counts (cross hairs)

within the defined sample, and compared across hemispheres, between
treatment groups as to sham-operated controls. Resting microglia that
displayed morphology with small cell bodies and highly ramified
processes were excluded from counts (rarely identified within the
damaged zone).

SVZ cell proliferation and neural differentiation:Ki67 positive
proliferative cells, proliferating radial glial cells (Ki67/GFAP positive),
or migrating immature neurons (DCX positive) within the SVZ were
quantified separately at 7 days post-stroke as previously described [23].
Cells within the ipsilateral SVZ and contralateral SVZ were quantified
using the cell counter plug-in for National Institute of Health ImageJ
software (USA). Ki67 positive images were obtained using an Olympus
microscope (Albertslund, Denmark) under x20 magnification, while
Ki67/GFAP positive and Ki67/DCX positive images were obtained
using a laser scanning confocal microscope (Nikon Instruments Inc.,
Melville, NY, USA) under x40 magnification. The small counting
frame within the SVZ required quantification of cell numbers using
standard stereological techniques and ImageJ. The total number of
proliferating cells, proliferating radial glial cells, or immature neurons
detected in the ipsilateral SVZ was then compared to the
corresponding contralateral SVZ and expressed as 100% control.
Qualitative images of radial glial cells (Nestin/GFAP positive)
observed migrating from the SVZ toward penumbral regions was
obtained using a confocal microscope (Nikon) under x40
magnification.

Blood vessels: Blood vessel quantification was assessed 7 days post-
stroke in vWF-labeled sections within the same brain regions of
interest used for quantification of inflammatory cells using the CAST
point-counting system [23]. The number of both small and large vWF
labeled blood vessels detected in the ipsilateral sample region was then
compared to the contralateral region and expressed as 100% control.

Statistical analyses
Neurological outcome data was analysed by Kruskal-Wallis non-

parametric ANOVA followed by Dunn’s post-test and deficits were
considered improved by a score of 1 with a SD of 1.98. Forelimb
asymmetry data were analysed by repeated measures two-way
ANOVA (side x hr/days after stroke) to compare latencies in the
ipsilateral and contralateral forepaws over time. Infarct area at each
stereotaxic position from bregma was analyzed by two-way ANOVA
between treatment groups, and infarct volume was analysed using
paired t-tests. Bonferroni post-hoc tests were used to compare between
groups, if P<0.05. Cell counts were analysed by one-way ANOVA
followed by Bonferroni post-test for comparisons between all groups
including shams. Values are presented as mean ± SEM. To test for
correlation between infarct volume and either: inflammatory cell
activation, SVZ cell proliferation, migrating SVZ neuroblasts, or
angiogenesis the Pearson product-moment coefficient, r, for ordinal
values was determined using GraphPad Prism, version 6 (GraphPad
Software Inc., San Diego CA). A value of P<0.05 was considered
significant.

Results

Functional outcome
A total of 19 rats were included in our analysis. Rats that were

excluded from this study included two that did not show signs of
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having a stroke during ET-1 infusion and one that died as a result of a
severe stroke.

ET-1 induced stroke resulted in significant neurological deficits in
vehicle treated animals at 24 (P<0.01), 48 (P<0.001), 72 hrs (P<0.001)
and 7 days (P<0.05, n=8, Kruskal-Wallis ANOVA followed by Dunn’s
post-test; Figure 1A) post-stroke when compared to pre-stroke scores.
Rats receiving CsA also displayed deficits from 24hrs to 7 days post-
stroke (P<0.05, n=8, ANOVA; Figure 1A) when compared to pre-
stroke ratings. These deficits however were significantly less by 48 hrs
in comparison to vehicle treated controls (P<0.05, ANOVA; Figure
1A). Given the large difference in means at 48 hr, the precision of the
estimates was adequate (95% CI 3.85–6.65 Vehicle; 1.09-4.40 CsA
treatment) to establish the presence of a treatment effect.

Latency to touch and remove adhesive labels from the stroke
affected contralateral forepaw were significantly increased when
compared with the ipsilateral forelimb at 24 (vehicle: P<0.0001, CsA:
P<0.001), 48 (vehicle: P<0.0001, CsA: P<0.05), and 72 hrs (vehicle:
P<0.01, CsA: P<0.05, Two-way ANOVA) after stroke, but not after
this time (Figures 1B-E) No significant differences existed in latency to
touch or remove adhesive labels between vehicle and CsA treated rats
at any time. Sham-operated animals showed no evidence of
neurological deficits displayed after cannula-implant surgery.

Infarct outcome
Histological analysis 7 days post-stroke from both treatment groups

revealed damage in the parietal, insular, and frontal cortex, and the
striatum consistent with previous studies [23,26, 27,39] (Figures 1I, J).
Treatment with CsA had no significant effect on infarct area at any
anatomical level relative to bregma (Figures 1F, G) or overall volume
of infarct (Figure 1H) in the cortex and striatum when compared to
vehicle treated control rats. Sham-operated animals showed no
evidence of quantifiable ischemic damage in the region of the MCA
and were therefore not included in infarct correlation analysis.

Histopathology outcome
Astrogliosis: Astrogliosis was assessed by quantifying astrocytes

based on three morphological distinctions. First, astrocytes of normal
quiescent appearance were identified by low GFAP expression with
long slender processes that did not overlap and were normally found
in both hemispheres of sham-operated controls (Figures 2A and 2D)
or within regions remote to the infarct site or the contralateral
hemisphere of treated animals. Second, severely diffuse astrocytes were
identified based on pronounced up-regulation of GFAP expression,
hypertrophy of the cell body and processes with distinct process
overlap, and dense packing of cells as seen in vehicle treated controls
(Figures 2B and 2E). Third, activated astrocytes were defined by an up-
regulation of GFAP expression with cellular hypertrophy without
pronounced overlap of processes as observed in CsA treated animals
(Figures 2C and 2F). Activated and diffuse astrocytes were counted
and compared to sham control rats. No astrocytes were present within
core infarcted regions analysed and as such only cell counts within the
border cortical and striatal regions were presented. The number of
activated and diffuse astrocytes within the ipsilateral hemisphere of
vehicle and CsA treated rats were significantly greater than sham-
operated controls (P<0.05 compared to sham-operated animals,
scatter plot, ANOVA, Figures 2G-2J). Rats that received CsA
treatment showed a significant increase in the number of astrocytes
with activated morphologies along with significantly reduced numbers

of astrocytes with severely diffuse morphologies in the surrounding
cortical (Activated; P<0.05, Diffuse; P<0.01, Figures 2G and 2H
respectively) and striatal (Activated and Diffuse; P<0.05, Figures 2I
and 2J respectively) border regions in comparison to vehicle treated
animals. The effects of CsA treatment on quiescent resting astrocytes
were also examined. Quantification of astrocytes with a resting
morphology within the contralateral hemisphere of sham-operated,
vehicle and CsA treated animals revealed no significant difference in
appearance or number of astrocytes between groups (ANOVA,
Figures 2K and 2M). No activated or diffuse astrocytes were observed
within the contralateral hemisphere of either treatment group or
sham-operated controls (ANOVA, Figures 2L and 2N).

Figure 1: Effects of CsA and vehicle treatments on functional
outcome and infarct volume 7 days post-stroke. Neurological
deficit scores from both treatment groups (A). Data presented as
box plots include hinges extending from the 25th to 75th
percentiles, the median line within the box and whiskers extending
to the minimum and maximum values of the dataset (n=8/group).
*P<0.05; **P<0.01; ***P<0.001 relative to 0 hr scores, #P<0.05
compared with vehicle treated (Kruskal-Wallis non-parametric
ANOVA followed by Dunn’s post-test). Latency to touch (B, C)
and remove adhesive (D, E) for both treatment groups. Data
presented as mean ± SEM, *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 compared with 0hr score in the same forelimb,
#P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 compared with
ipsilateral forelimb at the same time measurement (Two-way
ANOVA with Bonferroni multiple comparisons test). CsA
treatment had no significant effect on infarct area at any of the
stereotaxic positions relative to bregma (F, G) or infarct volume (H)
within the cortex and striatum post-stroke when compared to
vehicle treated rats (two-way ANOVA). Data presented as mean ±
SEM. Core infarct areas of the cortex and striatum were identified
using MCID images generated from unstained sections in vehicle
treated (I) and CsA treated (J) rats where white dotted lines mark
damage within the cortex and striatum. CsA: Cyclosporine A;
MCID: micro computer imaging device.
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Figure 2: Effects of CsA treatment on activated versus diffuse
astrocytes and correlation with infarct volume. Bright-field
immunohistochemical photomicrographs depicting GFAP staining
of resting astrocytes within the ipsilateral hemisphere of sham-
operated controls (A, D), diffuse astrocytes (B, E) and activated
astrocytes (C, F) within the border cortex and striatum of the
ipsilateral hemisphere from vehicle and CsA treated animals using
consistent sample areas. Short arrows represent cells in resting
states with long slender processes and low level of GFAP
expression, open arrow heads indicate activated astrocytes with
cellular hypertrophy up-regulation of GFAP without process
overlap, and filled arrow heads represent diffuse astrocytes with
cellular hypertrophy and pronounced process overlap. Scatter plots
demonstrate CsA significantly increased the number of activated
and decreased the number of diffuse astrocytes within the border
cortex and striatum (G-J, ANOVA). Data are presented as mean ±
SEM, *P<0.05 compared to sham-operated animals, #P<0.05,
##P<0.005 compared to vehicle treated animals. No difference in
the number of resting, activated/diffuse astrocytes in the
contralateral hemisphere across all groups analysed (L-N)
(ANOVA). No correlation between infarct volume and the number
of activated astrocytes in either treatment groups within the cortex
border (O). A significant correlation was found between infarct
volume and the number of severely diffuse astrocytes within the
border cortex for both treatment groups (vehicle: r=0.85, P<0.01,
n=8, CsA: r=0.81, P<0.05, n=8; P). No correlation was observed
between infarct volume and the number of activated astrocytes in
either treatment groups within the striatum border (Q). A positive
correlation was found between volume of infarct and diffuse
astrocyte numbers within the border striatum of vehicle treated
animals only (vehicle: r=0.86, P<0.05, n=5; R) (Pearson product
moment correlation coefficients). Scale bars A-F = 100μm. CsA:
Cyclosporine A; GFAP: glial fibrillary acidic protein.

Differences between astrocyte morphological activation across
treatment groups was further investigated in relation to stroke severity
by comparing the number of activated and diffuse astrocytes across
infarct volumes for each treatment group. No significant correlation
was observed between activated astrocytes and lesion size in either
treatment group within the penumbral regions of the cortex and
striatum (Figures 2O, 2Q respectively). In contrast, greater lesion size
was found to correlate significantly with a higher number of severely
diffuse astrocytes within the border cortex (r=0.85, P<0.01, n=8,
Figure 2P) and striatum (r=0.86, P<0.05, Figure 2R) of vehicle treated
animals, an effect that was attenuated with CsA treatment despite
similar stroke severities.

Microglia/macrophage activation: Microglial/macrophages labeled
with OX42 were observed in resting states within the contralateral
hemisphere of treated animals or both hemispheres of sham-operated
controls, while activated microglia/macrophages were observed in the
ipsilateral hemisphere of treated animals. Resting microglia displayed
ramified morphology with small cell bodies and long fine branched
processes within the ipsilateral cortex and striatum of sham-operated
controls (Figures 3A, 3D). Activated microglia appeared amoeboid
with large cell bodies and retracted processes similar in appearance to
blood derived macrophages. Both activated microglia and blood borne
macrophages were quantified together and were mainly observed
within the core damaged regions of the cortex (Figures 3B, 3C) and
striatum (Figures 3E, 3F) as well as surrounding border areas for both
vehicle and CsA treated animals. Following stroke there was a
significant increase in the number of activated microglia/macrophages
detected across the infarct at 7 days of both treatment groups
compared to the ipsilateral hemisphere of sham-operated controls
(P<0.05), and was not affected by treatment with CsA compared to
vehicle controls (Scatter plots; Figure 3G-3J). Correlation analysis
between lesion volume and microglia activation revealed larger infarct
volumes correlated with increased numbers of activated microglia/
macrophages in both treatment groups in the core cortical (vehicle:
r=0.96, P<0.0005, n=8, CsA: r=0.97, P<0.0001, n=8; Figure 3K),
cortical border (vehicle: r=0.97, P<0.0001, CsA: r=0.78, P<0.05; Figure
3L), striatal core of the vehicle treated animals only (vehicle: r=0.90,
P<0.05, n=5; Figure 3M), and striatal border (vehicle: r=0.91, P<0.05,
n=5, CsA: r=0.92, P<0.05, n=5; Figure 3N).

SVZ cell proliferation, migration and neural differentiation: In
order to determine the effects of CsA treatment on the neurogenic
niche we examined cell proliferation, migration and differentiation
within the SVZ (Figures 4A-D). Stroke resulted in an increase in the
number of cells positive for Ki67, Ki67/GFAP, and DCX in the
ipsilateral SVZ of both CsA treated and vehicle treated rats when
compared to the SVZ of the non-ischemic hemisphere, and sham-
operated controls (Ki67+ cells and Ki67/GFAP+ cells: P<0.05 for both
treatment groups; DCX+ cells: P<0.05, for vehicle treated only, Scatter
plots, ANOVA, Figures 4I-K).

Treatment with CsA had no effect on the overall number of Ki67+
proliferating cells, Ki67/GFAP+ proliferating radial glial cells, or the
generation of migratory DCX+ neuronal cells within the SVZ when
compared to vehicle treated rats (Figures 4I-K).
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Figure 3: Effect of CsA on activated microglia and macrophages 7
days post-stroke and correlation with infarct volume.
Immunohistochemical photomicrographs of OX42 labeled
microglia/macrophages in consistent sample areas within the cortex
(A-C) and striatum (D-F) representing resting states within the
ipsilateral hemisphere of sham-operated controls and activated
states within the core damaged regions of the ipsilateral hemisphere
from both vehicle and CsA treated animals 7 days post-stroke.
Short arrows represent cells in resting states with highly ramified
processes, while arrow heads indicate activated microglia and blood
borne macrophages with amoeboid morphology, large cell bodies
and retracted processes. Scatter plots demonstrate no significant
differences in the number of microglia/macrophages between
treatment groups in all regions analysed (G-J) (ANOVA). Data are
presented as mean ± SEM, *P<0.05 compared to sham-operated
animals. A positive correlation was observed between infarct
volumes and activation of microglia/macrophages in the core
cortex (vehicle: r=0.96, P<0.0005, n=8, CsA: r=0.97, P<0.0001, n=8;
K) and border cortex (vehicle: r=0.97, P<0.0001, CsA: r=0.78,
P<0.05; L) of both treatment groups, core striatum (vehicle: r=0.90,
P<0.05, n=5, CsA: r=0.74, n=5; M) of the vehicle treated rats only,
and striatal border of both treatment groups (vehicle: r=0.91,
P<0.05, n=5, CsA: r=0.92, P<0.05, n=5; N) (Pearson product
moment correlation coefficients). Scale bars A-F = 100μm. CsA:
Cyclosporine A; OX42: CD11b antigen on microglia/macrophages.

Only GFAP+ astrocytes with stellated phenotypes were quantified
within the SVZ as these newly generated astrocytes do not show
evidence of being diffuse in morphology.

Comparisons between lesion size and cell numbers within the SVZ
revealed larger infarct volumes significantly correlated with an
increased number of Ki67+ proliferating cells within the ipsilateral
SVZ 7 days from stroke onset for both treatment groups (vehicle:
r=0.76, P<0.05, n=8, CsA: r=0.78, P<0.05, n=8; Figure 4L). The same
was observed for Ki67/GFAP+ proliferating radial glial cells (vehicle:
r=0.77, P<0.05, n=8, CsA: r=0.88, P<0.005, n=8; Figure 4M) for both
treatment groups. Similarly, a positive correlation was found between
infarct volume and the number of DCX+ immature neuronal cells
generated from the SVZ (vehicle: r=0.77, P<0.05, n=8, CsA: r=0.91,
P<0.005, n=8; Figure 4N).

Further staining with nestin revealed GFAP+ radial glial cells
extending from the SVZ towards injured regions of the brain with no
visible differences between treatment groups (Figures 4E and 4F).
Although a larger proportion of new Nestin/GFAP+ astrocytes was
apparent within the border regions of vehicle treated rats than
compared to CsA treated rats (Figures 4G and 4H).

Angiogenesis: vWF immuno-stained blood vessels revealed non-
angiogenic regions with organised and disperse blood vessel staining
within the contralateral hemisphere of vehicle and CsA treated
animals and both hemispheres of sham-operated controls (Figure 5A
and 5D). vWF-stained blood vessels also revealed areas of blood vessel
hyperdensity consequent of angiogenesis within and around the core
cortical (Figures 5B and 5C) and striatal infarcts (Figures 5E and 5F)
from both treatment groups. Both large and thin walled microvessels
were point counted within a defined sample area (800µm2) from the
same anatomical region for all rats and compared to the contralateral
mirror image for both treatment groups and sham-operated controls.
Stroke resulted in a significant increase in angiogenesis in all regions
analysed for both treatment groups when compared to the
corresponding non-ischemic hemisphere and when compared to
sham-operated controls (P<0.05) 7 days post-stroke (Scatter plots;
Figures 5G-J). Treatment with CsA had no effect on angiogenesis
compared to vehicle treated controls. Blood vessel counts were
compared with quantified infarct volume for each rat from both
treatment groups. Examination of correlations with ischemic damage
revealed a positive correlation existed between the infarct volume and
the number of blood vessels in both treatment groups within the core
cortex (vehicle: r=0.94 P<0.001, n=8, CsA: r=0.96, P<0.0005, n=8;
Figure 5K), border cortex (vehicle: r=0.79, P<0.05, CsA: r=0.78,
P<0.05; Figure 5L), core striatum (vehicle: r=0.93, P<0.01, n=5, CsA:
r=0.97, P<0.01, n=5; Figure 5M) and border striatum regions (vehicle:
r=0.88, P<0.05, CsA: r=0.96, P<0.01; Figure 5N).

Changes in pro-survival astrocytes also corresponded with reduced
neurological deficit formation after stroke. Since CsA treatment did
not affect infarct size, microglia activation or other brain modelling
events, these findings demonstrate a targeted effect on astroctyes for
retaining function after stroke.
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Figure 4: Effect of CsA on SVZ cell proliferation/migration, and
neural differentiation and infarct correlation 7 days post-stroke.
Merged immunofluorescent images of Ki67+ proliferating cells
(red) with either GFAP+ stellated astrocytes (green; A, B); or
immature migrating neuroblasts (DCX; green; C, D) within the
SVZ of the lateral ventricle (LV). Co localization with Ki67 can be
observed within the SVZ of both treatment groups highlighting an
apparent increase in the number of proliferating radial glial cells
(Ki67/GFAP+) and little co-localization with immature neuroblasts
(Ki67/DCX+). Merged immunofluorescent images of neural
progenitor cell marker Nestin (green) and astrocytic marker GFAP
(red) double labeling immature radial glial cells (yellow) within the
SVZ can be seen migrating towards the infarct with little difference
between vehicle (E) and CsA (F) treated groups. Greater
colocalization of Nestin/GFAP+ (yellow) immature astrocytes was
apparent within cortical border regions of vehicle treated animals
(G) than compared to CsA treated animals (H). Scatter plots
confirm no significant differences in the number of Ki67+, Ki67/
GFAP+, and DCX+ cells within the SVZ between vehicle and CsA
treated groups (I-K respectively, ANOVA). Data are presented as
mean ± SEM. *P<0.05 compared to sham-operated animals.
Positive correlations were observed between infarct volume and the
number of Ki67+ (vehicle: r=0.76, P<0.05, n=8, CsA: r=0.78,
P<0.05, n=8; L), Ki67/GFAP+ (vehicle: r=0.75, P<0.05, CsA: r=0.94,
P<0.001; M), and DCX+ cells (vehicle: r=0.76, P<0.05, CsA: r=0.90,
P<0.005; N) within the lateral ventricle of the SVZ in comparison to
the respective contralateral SVZ (Pearson product moment
correlation coefficients). Scale bars A-H = 50 μm. CsA:
Cyclosporine A; GFAP: glial fibrillary acidic protein; DCX:
doublecortin; SVZ: subventricular zone.

Figure 5: Effect of CsA on angiogenesis and correlation with infarct
volume 7 days following ET-1 induced stroke.
Immunohistochemical photomicrographs of vWF staining in
consistent sample areas from the ipsilateral hemisphere of sham-
operated controls demonstrating normal vascularisation (A, D) and
the ipsilateral core damaged regions of the cortex (B, C) and
striatum (E,F) demonstrating blood vessel hyperdensity consequent
to angiogenesis from both treatment groups at 7 days post-stroke.
No difference was observed between vehicle and CsA treated
animals in the number of blood vessels detected in all regions used
for analysis (G-J, ANOVA). Data are presented as mean ± SEM,
*P<0.05 compared to sham-operated animals. A positive
correlation was observed between infarct volume and core cortical
(vehicle: r=0.94 P<0.001, n=8, CsA: r=0.95, P<0.0005, n=8; K),
bordering cortical (vehicle: r=0.79, P<0.05, CsA: r=0.78, P<0.05; L),
core striatal (vehicle: r=0.93, P<0.01, CsA: r=0.97, P<0.01; M) and
bordering striatal areas (vehicle: r=0.88, P<0.05, CsA: r=0.96,
P<0.01; N) for both treatment groups (Pearson product moment
correlation coefficients). Scale bars A-F = 200 μm. vWF: von
willebrand factor; CsA: Cyclosporine A.

Functional outcome and infarct volume
Whilst treatment with CsA did not attenuate infarct volume, and

functional outcome by 7 days was not significantly different between
treatments, it did significantly improve initial neurological deficits
post-stroke indicating an early protective effect of CsA on functional
loss. Spontaneous recovery often observed even within vehicle control
groups is likely to account for a lack of effect between treatment
groups by 7 days. None-the-less, CsA treatment did not improve
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hemineglect deficits with the adhesive label test at any time after
stroke, which highlights the need to incorporate multiple behavioral
measures since it is difficult to relate such diffuse damage that results
from stroke to a single behavioral measure [40].

Few studies have evaluated pre-treatment of CsA in models of focal
ischemia with assessments made 24 hrs-3 days post-stroke
[16,21,22,41] and only one study assessed the influence of CsA on
functional outcome up to 24 hours with no benefits reported [41].
Behavioural analysis as early as 24 hrs post-stroke may lack sensitivity
to detect neurological deficits since maximal infarct volume is not
reached until at least 3 days in rodent models [42]. Our study expands
on previous data as it is the first to evaluate CsA pre-treatment on both
neurological outcome and infarct size beyond 3 days when the infarct
has completely matured [27]. It is important to understand that
improvements in neurological function after stroke can occur without
change to overall stroke volume, as shown with other treatments.
Previous studies using Rho-associated kinase (ROCK) inhibitors,
Y-27632 and Fasudil, report functional recovery 40 days post-stroke in
the absence of neuroprotection [43]. Studies now suggest improved
functional outcomes can be achieved without reduction in infarct
volume through enhanced plasticity and brain remodeling [43].

Despite the above, studies assessing the effects of CsA on stroke
volume in other models of stroke have in contrast reported positive
effects when compared to vehicle control animals [44]. These
discrepancies may relate to the dose of CsA used. Two high doses of
CsA at 20 mg/kg each delivered immediately after reperfusion and 24
hrs post-reperfusion successfully reduced infarct size [45]. However, in
the same study a low dose of 10 mg/kg resulted in no change to total
infarct volumes and higher doses of CsA ranging from 30-50 mg/kg
were associated with high mortality rates, suggesting CsA-induced
toxicity. Additionally Cho et al. [41] recently reported reduced infarct
volume 24 hours after stroke following pre-stroke treatment with CsA
(10 mg/kg), but they did not investigate effects of CsA beyond this
recovery time. Yu et al. [19] reported CsA administered at an even
lower dose of 1 mg/kg and a second dose of 10 mg/kg demonstrated
both non-neuroprotective and neuroprotective effects respectively 3
days post-stroke in a rat model of MCA occlusion. Contrasting data
highlights the importance of testing neuroprotective or restorative
drug treatments in a variety of experimental stroke models ranging
from small to large animals and the incorporation of dose-response
studies for appropriate evaluation of preclinical data as outlined by
previous STAIR meetings (Stroke Therapy Academic Industry
Roundtable) [46].

Effects of CsA on astrocytes
Treatment with CsA significantly reduced the number of diffuse

astrocytes known to contribute to extensive glial scar formation
surrounding cortical and striatal infarcts [23,35]. Although this is not
the first report to show that CsA treatment reduces reactive gliosis
after stroke, we now provide quantitative analysis of this effect and
distinguish astrocytes based on morphological transition beyond the
initial reports conducted up to 48 hours post-stroke [21]. Extending
the recovery time is important since astrocytes transition occurs over
days to weeks in response to stroke as they dynamically change from
supportive to major contributors to glial scar formation [23,27]. By
extending recovery to 7 days we show that this transition can be
accurately quantified.

Astrocytes are known to exist in a variety of phenotypes that have
pro-survival (cytotrophic) and destructive (cytotoxic) components

that arbitrate brain integrity, neuronal death, and subsequent rescue
and repair after brain injury [35,36,47,48]. The degree of astrocyte
activation is a gradated continuum of morphological change that
influences brain preservation to long-lasting glial scar formation and is
considered manageable by pharmacological intervention [35,49,50].
Strategies aimed at targeting astrocyte activation must be capable of
reducing their involvement with glial scarring; however it is equally
imperative to retain their pro-survival morphology. Pro-survival
astrocytic phenotypes have previously been associated with up-
regulation of brain-derived neurotrophic factor (BDNF), glutamate
transporters, anti-oxidant enzymes [37] and improved glycogen
metabolism [51]. All are vital for restoring neurotransmission. The
findings from this study demonstrate that treatment with CsA
attenuates the development of neurological deficits possibly through
retained astrocyte support (as described by Lau et al. and Sofroniew et
al.)[35,36]. Pro-survival astrocytes have previously been shown to be
important for neuronal rescue and restoration of neurotransmission,
brain plasticity, synaptogenesis and maintenance of the blood brain
barrier [35,52].

We previously report that the majority of cells within the
neurogenic niche after ET-1 stroke differentiate into astrocytes and
extend towards the glial scar, where they are found as diffuse
astrocytes incorporated into the glial scar by 14 days [23]. We now
report that CsA treatment appears to reduce the transition of radial
glial cells into diffuse astrocytes, since many nestin positive astrocytes
bordering the infarct retained pro-survival profiles without evidence of
overlapping processes typical of cells within the glial scar. We
therefore suggest that CsA treatment may also improve the impact of
newly generated astrocytes from the SVZ by reducing their
contribution to scar formation whilst generating astrocytes for trophic
support. Recent reports describe key positive functions of astrogliosis
for neuronal support [35,53], thus highlighting the importance of
maintaining beneficial effects of reactive astrogliosis with
pharmacological strategies.

Initial motor deficits detected after stroke are also due to depression
or ‘silencing’ of surviving pathways and not just the loss of neurons
within the core [54, 55]. Spontaneous recovery after stroke is thought
to be due to unmasking or activation of these silent pathways with
restoration of nerve transmission between surviving cells. This is likely
to account for the spontaneous recovery observed in vehicle-treated
controls. In this study we have shown the treatment with CsA retains
pro-survival astrocyte phenotypes which is important for neuronal
support, in particular glutamate re-uptake and ATP availability
[35,56,57]. Maintenance of synaptic function by astrocytes is
becoming increasingly recognized with astrocytic dysfunction linked
to increased synaptic glutamate accumulation and excitotoxicity-
mediated neuronal cell death [58-69]. CsA treatment may prevent
silencing of pathways within the border regions by permitting
glutamate turnover and restoring neurotransmission through retained
trophic astrocytic support and thus account for reduced deficits
observed by 48 hrs post-stroke. Brunkhorst et al. [67] recently reported
functional recovery from stroke following treatment with
neuroprotective compound FTY720, a sphingosine-1-phosphate
antagonist, with improvements observed attributed to reduced
astrogliosis and glial scarring, modulation of synaptic morphology,
and increased expression of neurotrophic factors including vascular
endothelial growth factor (VEGF) within the border regions of
damage. In addition, Taylor et al. [27] previously report that recovery
of function after stroke plateaus as scar formation increases within the
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border regions of the infarct, indicating an association between glial
scarring and functional outcome.

Correlation of treatment with infarct volume
Previous studies report that stroke severity can also affect the degree

of pathological response [23,59]. Given this correlation, it was essential
to determine if the reduction in astrogliosis after CsA administration
was attributed to direct effects of treatment rather than variations in
the size of the lesion between treatment groups. An attenuated
correlation was observed between diffuse astrocyte numbers and
infarct size in CsA treated animals within the cortical border but
overall number of diffuse astrocytes was significantly less than that of
vehicle treated animals. No correlation was observed between infarct
volume and diffuse astrocytic numbers within the striatal border of
CsA treated animals. Therefore the increase in the number of activated
astrocytes and decrease in the number of diffuse astrocytes in CsA
treated groups was directly related to treatment rather than variation
in infarct size across groups.

Impact of CsA on microglia/macrophage activation
The brain is thought to be a site that is “immunoprivileged” [60]

and reports on effects of CsA on brain inflammation are limited.
Microglia are the immune cells of the central nervous system and have
been studied in great detail regarding their over activation following
injury to the brain [61-63]. Surprisingly we found that CsA had no
effect on activated microglia/macrophages 7 days post-stroke
suggesting CsA mediated effects appear to be specific to astrocyte
transition. This is in direct contrast to recent work where pre-
treatment with CsA resulted in reduced microglia/macrophage
numbers 24 hours post-stroke [41]. This again highlights the need to
incorporate longer recovery periods to enable full maturation of the
infarct to occur as well as testing of pharmacological treatments in a
variety of stroke models.

Given the initial improvements in functional deficits observed with
CsA treatment where changes in microglia responses are not observed,
the question arises as to how important is inflammation to stroke
outcome [64-66]? The inflammatory contribution from microglia and
macrophages following stroke is thought to create a toxic environment
that contributes to the spread of damage in the days after a stroke
event [39]. Indeed in the present study where CsA has no effect on
microglia/macrophage activation we observed no differences in overall
infarct in comparison to vehicle control. Any toxic effects on
functionally depressed neurons in the penumbra however, may in this
case be counteracted due to the positive trophic effects of activated
astrocytes, thus resulting in brain rescue. Similar to previous reports,
reduced astrogliosis and functional recovery following treatment with
neuroprotective compound FTY720 was observed in the absence of
attenuation of microglia/macrophages activation [67]. These results
suggest that whilst CsA does not affect microglia/macrophage
activation, reduction in over-activation of astrocytes and astrogliosis
alone may be physiologically beneficial.

CsA effects on SVZ cell proliferation/migration and neural
differentiation

When assessing treatments that alter the post-stroke environment it
is important to understand the effects on mechanisms associated with
neurogenesis. In the present study we demonstrate that treatment with
CsA does not alter cell proliferation/migration or neural

differentiation within the SVZ. Normally, the adult SVZ consists of a
subpopulation of cells including radial glial cells (type B cells), rapidly
dividing transient amplifying cells (type C cells) and migratory
neuroblasts (type A cells) [68,69]. In the present study, the total
number of Ki67+ proliferating cells, Ki67/GFAP+ proliferating radial
glial cells and DCX+ immature migratory neuroblasts generated
within the SVZ increased significantly 7 days post-stroke in both
treatment groups. CsA administration did not affect overall cell
proliferation within the SVZ, identified by Ki67 staining, in
comparison to vehicle treated controls. Furthermore, DCX staining, a
marker for immature migrating neuroblasts, revealed no significant
impairment in neural differentiation within the SVZ following CsA
administration relative to vehicle treated control animals.

Stroke increases proliferation and migration of neural progenitor
cells within the SVZ towards injured brain regions [70,71], where they
have the ability to differentiate into either neurons or astrocytes based
on the local microenvironment [69,72,73]. Treatments that aim to
improve brain regeneration must therefore avoid negatively
influencing this process [23]. In the current study we observed no
effect on the number of Ki67/GFAP+ proliferating radial glial cells
within the SVZ with CsA treatment. However, in comparison to
vehicle treated controls, CsA treatment did appear to reduce the
amount of Nestin/GFAP+ staining in the ischemic border zone. This
may be due to reduced activation of new astrocytes in this region.
Therefore attenuation of astrogliosis with CsA may be due to a
collective contribution from reduced differentiation of new progenitor
cells into astrocytes, as well as reduced over activation of pre-existing
astrocytes. How CsA exerts this effect over astrocyte transition
remains to be determined. However the potential of CsA treatment to
reduce astrogliosis while releasing trophic factors that support survival
and neural differentiation of newly generated progenitor cells is quite
promising and represents a desirable treatment outcome.

CsA effect on angiogenesis
Although mature functional blood vessels are not evident until 14

days post-stroke, activated, injured and newly forming blood vessels at
7 days are known to release an array of trophic factors including VEGF
and brain-derived neurotrophic factor. In addition to being
angiogenic, these trophic factors can evoke neurogenesis, are
chemotactic for progenitor cells and may enhance the survival and
integration of newly generated neuroblasts in the injured brain tissue
[3,74,75]. Interestingly VEGF has also been demonstrated to enhance
synaptic plasticity [76] and can be beneficial in experimental stroke
[77]. Brunkhorst et al. [67] demonstrated up-regulated expression of
VEGF within border regions of the infarct following FTY720
treatment associated with reduced astrogliosis, however angiogenesis
was not evaluated in their study. In the present study CsA had no
affect on the angiogenic response 7 days post-stroke. Combined
trophic signaling from angiogenic vessels with reduced astrogliosis
may work in concert to support neuronal rescue for functional return.

Conclusion
Pharmacological manipulation of reactive astrogliosis and

maintenance of pro-survival astrocytic characteristics has great
potential for rescue of neurological deficits that occur due to
functional depression in pathways that lay outside of the damaged
brain. It has been suggested that reactive astrogliosis and scar
formation seen in animal models is reflective of that which occurs in
the human brain following stroke [78]. This further highlights the
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importance of gaining a better understanding of glial cells and the
influence on brain recovery to facilitate the development of
therapeutic strategies for future clinical use. Here we provide evidence
for the use of CsA for reducing early functional deficits after stroke,
even in the absence of neuroprotection. Restorative strategies aimed
towards creating a more supportive microenvironment devoid of scar
tissue with retained astrocytic support has great potential for early
rescue of depressed pathways. Treatments aimed towards overcoming
astrogliosis and scar formation could also be used to complement
other brain restoration treatments such as cell-based therapies to
facilitate their integration and maturation. Given the similarities in
glial scar formation between animal models and the human brain after
injury, further investigation into novel methods for attenuating
astrogliosis may be of great benefit for restoring function in stroke
sufferers.
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