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Astrocyte-Specific Expression of Survivin
after Intracerebral Hemorrhage in Mice:
A Possible Role in Reactive Gliosis?
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Abstract

Intracerebral hemorrhage (ICH), the most common form of hemorrhagic stroke, accounts for up to 15% of all strokes.
Despite maximal surgical intervention and supportive care, ICH is associated with significant morbidity and mortality, in
part due to a lack of viable treatment options. Astrogliosis, a key feature of secondary injury that is characterized by glial
proliferation, is a poorly-defined process that may produce both beneficial and detrimental outcomes after brain injury.
Using a pre-clinical murine model of collagenase-induced ICH, we demonstrate a delayed upregulation of survivin, a key
molecule involved in tumor cell proliferation and survival, by 72 h post-ICH. Notably, this increase in survivin expression
was prominent in GFAP-positive astrocytes, but absent in neurons. Survivin was not expressed at detectable levels in the
striatum of sham-operated mice. The expression of survivin after ICH was temporally and spatially associated with the
expression of proliferating cell nuclear antigen (PCNA), an established marker of cellular proliferation. Moreover, the
survivin expression was co-localized in proliferating astrocytes as evidenced by triple-label immunohistochemistry.
Finally, shRNA-mediated silencing of survivin expression attenuated PCNA expression and reduced cellular proliferation
in human glial cells. Together, these data suggest a potentially novel role for survivin in functionally promoting astrocytic

proliferation after ICH.
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Introduction

NTRACEREBRAL HEMORRHAGE (ICH), the most common form of

hemorrhagic stroke, accounts for up to 15% of all strokes and
afflicts over 50,000 Americans annually." Spontaneous ICH is
primarily caused by the rupture of small blood vessels damaged by
chronic hypertension or amyloid angiopathy, resulting in the for-
mation of a space-occupying hematoma within the brain paren-
chyma. Despite neurosurgical intervention and maximal supportive
care, ICH induces 50-60% mortality within the first year, and less
than 20% of survivors regain functional independence.>* More-
over, the incidence of ICH is increasing due to an aging population
and changing racial demographics.® Unfortunately, effective
medical treatment options are currently lacking, at least in part due
to the poorly defined pathophysiology of ICH.*?

Astrocytes, a prominent brain cell type, play an essential part in
brain homeostasis, apart from providing structural support to neu-
rons. Astrocytes actively promote the formation and maintenance
of the blood—brain barrier,“f6 regulate cerebral blood ﬂow,L9
maintain oxidative and ionic homeostasis,' and secrete neuro-
protective factors.'' !> Astrocytes also respond to brain insults with

conserved, phenotypic changes that may exert both beneficial and
detrimental effects. This process, called reactive astrogliosis, is
characterized by enhanced astrocyte proliferation, glial fibrillary
acidic protein (GFAP) expression, cellular hypertrophy, and glial
scar formation;'® however, the molecular and cellular mechanisms
underlying astroglial cell proliferation, a critical process in reactive
astrogliosis, remain poorly defined. Given the potential for astro-
cytes to influence secondary brain injury and central nervous system
(CNS) repair, an improved understanding of astrogliosis may pro-
vide novel therapeutic targets after brain injuries, including ICH.

Survivin, a member of the Inhibitor of Apoptosis (IAP) protein
family, is ubiquitously present in embryonic and fetal tissues,'” yet
its expression is absent or low in most adult human differentiated
tissues.'® In contrast to other IAP family members that exert anti-
apoptotic functions, survivin promotes both cell survival and cel-
lular proliferation.'®'” Tight regulation of these distinct functions
occurs, at least in part, via the subcellular distribution of survivin.
Along these lines, nuclear localization of survivin correlated with
increased cell division, whereas the antiapoptotic actions associ-
ated with cytosolic localization.”® Herein, we hypothesized that
survivin promotes reactive astrogliosis after ICH.
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Methods
Collagenase-induced ICH

Our animal studies were reviewed and approved by the Com-
mittee on Animal Use for Research and Education at the Medical
College of Georgia, in compliance with National Institutes of
Health (NIH) and U.S. Department of Agriculture (USDA)
guidelines. Male CD1 mice (8 weeks old; Charles River, Wil-
mington, MA) were anesthetized with an intraperitoneal injection
of ketamine and xylazine and positioned prone in a stereotaxic head
frame. A small-animal temperature controller (David Kopf In-
struments, Tujunga, CA) was used to maintain the body tempera-
ture at 37°+£0.50°C. A 0.5-mm burr hole was made 2.2 mm lateral
to the bregma, using care not to damage the underlying dura, with a
high-speed dental drill. A 26-gauge Hamilton syringe containing
0.04 U of bacterial type IV collagenase (Sigma-Aldrich, St. Louis,
MO) in 0.5puL saline was inserted with stereotaxic guidance
3.0 mm into the left striatum to induce a spontaneous ICH, per our
laboratory’s earlier work.'' Collagenase, a proteolytic enzyme,
induces spontaneous intraparenchymal bleeding by disrupting the
basal lamina of cerebral vessels, creating a rupture aneurysm. The
syringe plunger was depressed at a slow rate (0.5 uL over 10 min),
and the syringe remained in place for 5 min to prevent reflux. After
removal of the needle, the burr hole was sealed with bone wax and
the incision was surgically stapled. Sham-operated mice received a
burr hole and needle placement, but only a (0.5 pL) saline (vehicle)
injection was performed. The mice were maintained at 37°C until
recovery.

Immunohistochemistry

Deeply anesthetized mice (n=4 mice/group), were transcar-
dially perfused with 0.9% saline (pH 7.4), followed by 4% para-
formaldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4).
The brains were post-fixed overnight in 4% paraformaldehyde and
cryoprotected in 30% sucrose until the brains were permeated.
They were snap-frozen, sectioned at 25 uM using a cryostat, and
mounted on glass slides. The sections were incubated at 20°C with
10% normal donkey serum in PBS containing 0.4% Triton X-100
for 1h, followed by incubation with primary antibodies at 4°C for
24h in 0.2% Triton X-100 containing PBS (survivin, 1:50; Cell
Signaling Technologies, Danvers, MA), GFAP (1:500; Dako Cor-
poration, Carpinteria, CA), proliferating cell nuclear antigen
(PCNA, 1:100; Cell Signaling Technologies), and NeuN (1:100;
Millipore, Billerica, MA), followed by incubation with Alexa
Fluor-tagged secondary antibodies at room temperature for 1h in
0.2% Triton X-100 containing 0.1 M PBS. Omission of primary
antibody served as a negative control. Immunofluorescence was
determined using an LSM510 Meta confocal laser microscope (Carl
Zeiss, Thornwood, N'Y), as described previously by our laboratory.>'
The numbers of surviving-positive and PCNA-positive cells in
a 200x200-um? area in the peri-hematomal brain region were
counted.

Western blotting

Anesthetized mice were perfused with saline and the brains were
removed. Brain slices (2mm) centered on the injection site, were
prepared with the aid of a brain matrix. The hematomal and peri-
hematomal region (16-20 mm?) in the striatum from ICH-induced
mice or comparable striatal tissue from sham-operated mice (S)
was carefully dissected on ice and homogenized for Western
blotting. Protein concentrations from the homogenates were mea-
sured using a BCA protein assay kit. Proteins (50 pug) were sepa-
rated using a 4-20% gradient gel and transferred onto a PVDF
membrane. The membrane was then blocked with 5% non-fat dry
milk in Tris-buffered saline containing Tween-20 (TBS-T), and
then incubated with appropriate primary antibody followed by
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fluorescent-tagged secondary antibody. The blots were visualized
using a Li-Cor Odyssey near-infrared imaging system, and densi-
tometry analysis was performed using Quantity One software
(Bio-Rad, Foster City, CA), as previously detailed by our group.?>>*
f-Actin was used as a loading control for Western blotting and for
normalization of the densitometry analysis.

Lentiviral-mediated protein knockdown

Human US7MG glial cells (American Type Culture Collection,
Manassas, VA) was cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum and antibiotics in
a 37°C humidified incubator. For survivin knockdown, control
shRNA or survivin shRNA particles (Santa Cruz Biotechnology,
Santa Cruz, CA) were used per the manufacturer’s recommended
protocols. Briefly, U87MG cells were transduced with lentiviral
shRNA particles at multiplicity of infection (MOI) of 1 in the
presence of 5 ug/mL polybrene. Medium was replaced 18 h later
with growth media. At 72 h post-infection, 2 pig/mL puromycin, the
minimum concentration sufficient to kill non-transduced US§7TMG
cells (data not shown), was added to the culture media to select
stably transduced cells. Puromycin selection continued for a week
with partial media replenishment every 48 h. Western blotting was
utilized to confirm protein knockdown. U87MG cells stably
transduced with control shRNA served as control. For cellular
proliferation studies, U§7MG cells stably expressing either control
shRNA or survivin shRNA were plated at 2 x 10° cells/well in a 6-
well plate and cultured in growth medium. Total cell counts were
assessed 1 week after plating with the aid of a hemocytometer.

Statistical analysis

The data are presented as mean + standard error of the mean
(SEM), and were analyzed using analysis of variance (ANOVA) or
the Student’s r-test as appropriate, and as detailed in the figure
legends. A p value < 0.05 was considered to be statistically sig-
nificant.

Results
Astrocyte-specific survivin expression after ICH

To establish whether survivin expression is modulated in the
peri-hematoma region following ICH, a murine collagenase model
of ICH was utilized. Survivin was expressed at undetectable or low
levels in sham-operated mice at 1 day post-ICH (Fig. 1), as assessed
by Western blotting. In contrast, a significant upregulation of sur-
vivin was noted within the striatum (directly adjacent to the he-
matoma) by day 3 and day 5 after injury (Fig. 1). This increase was
followed by a reduction in survivin expression by day 7 after injury
(Fig. 1). Figure 2 depicts representative coronal brain sections from
sham and ICH mice to demonstrate the temporal pattern of hema-
toma development and resolution after injury. The maximal ex-
pression of survivin directly correlated with the pattern of
spontaneous clot resolution.

We next sought to determine the cellular localization of the
increased expression of survivin using immunohistochemistry at 3
days post-ICH. As was observed with Western blotting (Fig. 1),
basal survivin expression was undetectable in sham-operated mice
(Fig. 3A and B, top panels). In contrast, the nuclear neuronal-
specific marker NeuN exhibited a punctate, homogenous ap-
pearance throughout the uninjured striatum. By 72 h post-ICH, a
considerable reduction in NeuN immunoreactivity and a diffuse
appearance were observed within the peri-hematomal region (Fig.
3A). This pattern of staining is consistent with widespread neuronal
injury. In accord with the results from Western blotting, survivin
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FIG. 1. Survivin expression following intracerebral hemorrhage

(ICH). (A) Temporal pattern of survivin expression after ICH, as
assessed by Western blotting. Tissue was collected from the he-
matomal and peri-hematomal striatum at 1, 3, 5, and 7 days post-
ICH. Striatal tissue collected from sham-operated mice (S) served
as a baseline control. Representative blots were normalized to f3-
actin to control for equal protein loading. (B) Densitometric
analysis of Western blotting data. Quantification of survivin ex-
pression was normalized to f-actin. Data were analyzed using
two-way analysis of variance with Bonferroni post-tests (n=3-7/
group, *¥p<0.01, ***p<0.001 versus shams).

was significantly upregulated in the injured striatum adjacent to the
hematoma. Notably, survivin did not co-localize with NeuN.
Conversely, a remarkable level of survivin expression was ob-
served in GFAP-positive cells exhibiting classical reactive astro-
cyte morphology (Fig. 3B) in the injured striatum, compared to
sham-operated mice.

Increased astrocytic proliferation following ICH

Reactive gliosis is characterized by increased cellular prolifer-
ation. Thus we next determined whether the increase in GFAP
immunoreactivity was associated with increased cellular prolifer-
ation after ICH. Consistent with this possibility, expression of
the proliferative marker PCNA was increased within the peri-
hematoma region beginning at day 3 post-ICH, compared to sham
mice with levels remaining elevated through day 7 (Fig. 4A and C).
This pattern of expression temporally mirrored the expression
pattern of the reactive astrocyte marker GFAP, suggesting the
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increase in PCNA may occur within reactive glial cells (Fig. 4A and
B). Immunohistochemistry revealed increased expression of PCNA
in GFAP-positive astrocytes, supporting the notion that ICH
induces delayed astrocytic proliferation and reactivity (Fig. 4D).

Survivin inhibition attenuates glial cell proliferation

We next investigated whether the induction of survivin in re-
active astrocytes functionally promoted glial cell proliferation after
ICH. Dual immunohistochemistry revealed an overlap between
survivin and PCNA-positive cells (Fig. 5). Notably, 36% of cells
expressing survivin were also immunoreactive for PCNA, sug-
gesting that survivin may contribute to astrocytic proliferation after
ICH. Moreover, the triple-label immunohistochemical analysis
revealed a remarkable co-localization of survivin in proliferating
astrocytes (Fig. 6).To further define the role of survivin in the
astrocyte proliferation we inhibited survivin expression in glial
cells. Consistent with astrocytes under physiological conditions
in vivo, primary astrocyte cultures are quiescent and do not express
detectable protein levels of survivin (data not shown). In contrast,
the human U87MG glial cell line expresses survivin and exhibits a
high proliferation rate. Stable transduction of a survivin shRNA in
U87MG (Fig. 7A and B) resulted in abnormally large and flattened
cells with decreased cellular proliferation, as assessed by attenuated
PCNA expression (Fig. 7A and C), and by a reduction in cell
numbers (Fig. 7D). Together, these findings suggest that increased
survivin expression may promote the proliferative phenotype in
reactive astrocytes.

Discussion

ICH is a devastating neurological injury that is widely regarded
as the least treatable form of stroke. ICH patients frequently exhibit
acute neurological deterioration over the first hours and days fol-
lowing presentation, due to the hematoma formation and expan-
sion. Although controversial, current treatment of ICH patients
involves hematoma evacuation and supportive measures to reduce
patient mortality; however, therapeutic options to enhance recovery
are lacking, at least in part, due to a poor mechanistic understanding
of the brain response to injury. As such, a large percentage of ICH
survivors exhibit long-term neurological deficits and rarely regain
full functional independence. Herein we identify for the first time
astrocytic survivin as a potential therapeutic target to modulate the
gliotic response after ICH, which could lead to novel medical
treatment modalities after brain injury.

ICH induces a complex set of molecular and cellular changes
within the brain. Following vessel rupture, blood accumulates
within the parenchyma to form a space-occupying hematoma that
continues to expand to promote neurological demise.>> Hemolysis
attenuates the mass effect by reducing hematoma volume; however,
this process also generates hemoglobin oxidation products which
persist in the brain parenchyma for weeks after ICH, and may result
in cell death, vasogenic edema, and poor outcomes.>*” Based on

FIG. 2. Temporal pattern of hematoma resolution following intracerebral hemorrhage (ICH). Coronal brain slices (2 mm) were
obtained after sham or ICH and digital photographs were captured.
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FIG. 3. Cellular localization of survivin after intracerebral hemorrhage (ICH). (A and B) Dual-label fluorescence immunohisto-
chemistry was performed for survivin and the neuronal nuclear marker NeuN, or the astrocyte-specific marker glial fibrillary acidic
protein (GFAP), in sham-operated mice or at 3 days post-ICH (scale bar=20 um).
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FIG. 4. Astrocyte proliferation following intracerebral hemorrhage (ICH). (A) Representative Western blot illustrating the temporal
pattern of expression of the reactive astrocyte marker glial fibrillary acidic protein (GFAP), and proliferating cell nuclear antigen
(PCNA), a proliferative marker in sham-operated mice (S), or at 1, 3, 5, or 7 days post-ICH. Data were normalized to f-actin to control
for equal protein loading. Right side panels depict the densitometric analysis of Western blotting data. Quantification of (B) GFAP
expression (n=23/group), or (C) PCNA expression (n=3-9/group) was normalized to f-actin. Data were analyzed using one-way
analysis of variance followed by the Student-Newman-Keuls post-hoc test (*p <0.05, ***p <0.001 versus sham animals). (D) Dual-label
fluorescence immunohistochemistry was performed for GFAP and PCNA in sham-operated mice or at 3 days post-ICH (scale
bar=20 um).
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FIG. 5. Relationship between survivin expression and cellular
proliferation. Dual-label fluorescence immunohistochemistry was
performed for proliferating cell nuclear antigen (PCNA), a cellular
proliferation marker, and survivin, in sham-operated mice or at 3
days post-intracerebral hemorrhage (ICH). Images were obtained
in peri-hematomal brain tissue after ICH or in the comparable
brain region of sham-operated mice (scale bar=20 um).

the established role of secondary brain injury in influencing patient
outcomes, pre-clinical research has largely focused on the identi-
fication of novel neuroprotective molecules. Unfortunately, to date
no therapies have been successfully translated to clinical use in
humans, suggesting the need for alternative approaches to improve
long-term patient outcomes following ICH.

The neurovascular unit (NVU) is comprised of neurons, astro-
cytes, and blood vessels, which are anatomically in juxtaposition.
Astrocytes, the predominant cell type within the NVU, maintain
neurovascular function under physiological conditions; however,
controversy remains about whether reactive astrocytes are benefi-
cial or detrimental after brain injury.*® Astrocytes display increased
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cellular hypertrophy and enhanced expression of inflammatory
cytokines after an injury, which stimulate an immune reaction to
clear cellular debris and permit axonal regeneration and vascular
remodeling.?® Reactive astrocytes also exhibit profound genetic
changes that include increased expression of GFAP, S100f, and
vimentin, as well as extracellular matrix components that function
to form a glial scar, restricting secondary tissue injury from unin-
jured brain regions.>*>® As serum levels of both GFAP and S100/
directly correlated with hematoma volume in patients, reactive
astrocytes may exert an important influence on the brain’s response
to hemorrhage.>'

In the present report, elevated expression of GFAP and the
morphological appearance of reactive astrocytes were prominently
detected within the peri-hematoma tissue beginning at 3 days post-
ICH. Notably, the phenotypic manifestation of reactive gliosis
temporally and spatially paralleled the induction of PCNA, an es-
tablished marker of cellular proliferation, suggesting the presence
of actively-proliferating astrocytes. Although the functional sig-
nificance of the gliotic changes was not addressed in the present
study, it is interesting to note that spontaneous hematoma resolu-
tion and neurological improvement were both initiated at 3 days
post-ICH,"! coinciding with the development of the glial response
observed herein.

We next sought to define the molecular basis for the increased
astrocytic proliferation seen after ICH. Herein we observed a strong
upregulation of the IAP family member survivin, primarily within
GFAP-positive astrocytes, beginning at 3 days post-ICH, corre-
lating with the expression of the proliferative marker PCNA. In-
terestingly, a similarly delayed induction in survivin expression
was noted preferentially within astrocytes following traumatic
brain injury,® or after neuronal excitotoxicity.*® Although the
functional significance of survivin after brain injury remains
unexplored, it is notable that survivin co-localized with cleaved
caspase-3, a marker of apoptotic cells, in surviving glial cells
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FIG. 6. Relationship between survivin expression and astrocyte proliferation. Triple-label fluorescence immunohistochemistry was
performed for proliferating cell nuclear antigen (PCNA), and survivin, and glial fibrillary acidic protein (GFAP), in sham-operated mice
or at 3 days post-ICH. The arrows and box indicate co-localization of survivin, PCNA, and GFAP. Images were obtained in the peri-
hematomal brain tissue after ICH, or in the comparable brain region of sham-operated mice (scale bar =20 um). The bottom-most ICH
panels show magnified images (scale bar=10 um) of co-localization of survivin, PCNA, and GFAP.
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FIG. 7. Survivin promotes glial proliferation. Stable expression of survivin shRNA represses proliferating cell nuclear antigen
(PCNA) expression. (A) Survivin knockdown and PCNA expression were demonstrated by Western blots. Data were normalized to f-
actin to control for equal protein loading. Experiments are representative of three independent trials. The right panels depict f-actin-
normalized densitometric quantification of (B) survivin and (C) PCNA expression. The data were analyzed using Student’s #-test
(**p<0.01, *p<0.05 versus control shRNA transduced cells). (D) Stable expression of survivin shRNA represses cellular proliferation
in human U87MG glial cells, compared to cells expressing control shRNA. The effect of survivin knockdown on proliferation was
analyzed over a 1-week period. Experiments are representative of two independent trials. The data were analyzed using Student’s #-test

(**p<0.01, *p<0.05 versus control shRNA transduced cells).

following excitotoxicity in the immature rat brain.*® Together,
these data suggest that the increase in survivin expression may
represent a conserved cellular pathway after brain injury, and imply
a possible anti-apoptotic role in astrocytes.

The biological functions of IAP proteins such as survivin are
determined by the conserved presence of one to three zinc-binding
motifs called baculoviral inhibitor of apoptosis repeat (BIR) do-
mains.®” Type I BIR domains are essential for caspase inhibition
and promote cellular survival. In contrast, type II BIR domains bind
caspases, and act on the cell cycle to modulate cellular prolifera-
tion.>® Of the known IAP family members, cIAP-1, cIAP-2, XIAP,
and NAIP contain three type I BIR domains, whereas livin,
APOLLON/BRUCE, ts-IAP/ML-IAP, and survivin contain a sin-
gle BIR domain or type II domains.*® In this study, survivin ex-
pression was correlated with the induction of the proliferative
marker PCNA. This finding is consistent with reports in glioblas-
toma tumors showing that survivin promotes both cellular growth
and survival.**~*? Unfortunately, surviving-knockout mice cannot
survive, so we were unable to determine whether survivin inhibi-
tion reverses the development of a reactive gliotic phenotype after
ICH. However, stable genetic knockdown of survivin expression in
human U87MG glial cells significantly attenuated PCNA expres-
sion and reduced the rate of cellular proliferation. These data
suggest that the induction of survivin may functionally promote
astrocytic proliferation and the development of reactive gliosis
after brain injury.

The functional significance of reactive astrogliosis remains
highly controversial following brain injury, with both beneficial
and detrimental effects reported.”®** Thus it remains unclear
whether gliosis should be therapeutically enhanced or inhibited to
improve outcomes. Herein we identified the delayed upregulation
of survivin in GFAP-positive astrocytes by 3 days post-ICH. This

induction spatially and temporally correlated with the expression of
PCNA, a marker of cellular proliferation, suggesting that survivin
may represent a conserved and novel therapeutic target to modify
the glial response to hemorrhagic brain injuries. Future work by our
laboratory will continue to explore the functional significance of
survivin in astrogliosis and neurological outcomes after ICH.
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