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Abstract
Infiltration of leukocytes into post-ischemic cerebrum is a well-described phenomenon
in stroke injury. Because CD-8+ T-lymphocytes secrete cytotoxic proteases, including
granzyme-b (Gra-b) that exacerbates post-ischemic brain damage, we investigated roles of
Gra-b in human stroke. To study the role of Gra-b in stroke, ischemic and non-ischemic
tissues (from post-mortem stroke patients) were analyzed using immunoblotting,
co-immunoprecipitation, terminal deoxy uridine nick end labeling (TUNEL) and
Annexin–V immunostaining, and in vitro neuron survival assays. Activated CG-SH cells
and supernatants were used to model leukocyte-dependent injury. Non-ischemic brain
tissues were used as non-pathological controls. Non-activated CG-SH cells and superna-
tants were used as controls for in vitro experiments. Human stroke (ischemic) samples
contained significantly higher levels of Gra-b and interferon-gamma inducible protein-10
(IP-10/CXCL10) than non-ischemic controls. In stroke, poly (ADP-ribose) polymerase-1
and heat shock protein-70 were cleaved to canonical proteolytic “signature” fragments by
Gra-b. Gra-b was also found to bind to Bid and caspase-3. Gra-b also co-localized with
Annexin-V+/TUNEL+ in degenerating neurons. Importantly, Gra-b inhibition protected both
normal and ischemia-reperfused neurons against in vitro neurotoxicity mediated by acti-
vated CG-SH cells and supernatants. These results suggest that increased leukocyte infiltra-
tion and elevated Gra-b levels in the post-stroke brain can induce contact-dependent and
independent post-ischemic neuronal death to aggravate stroke injury.
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INTRODUCTION
Cerebral ischemia is the second leading cause of death and disabil-
ity worldwide. The pathophysiology of stroke injury is highly
complex, involving interactions between multiple cell types and
signal systems (12, 45, 66, 69). Focal cerebral ischemia results in
apoptosis (caspase dependent or independent), necrosis (calpains
and/or cathepsins) and inflammation characterized by immune cell
recruitment and infiltration of the post-ischemic area (18, 69, 71).
Interactions between immune cells and tissue in the post-ischemic
infarct increase injury beyond that mediated by reperfusion alone.
While recent reports have shown that T-cells can promote ischemic
damage, the signaling intermediates and mechanisms involved are
not yet known (37, 80). In our present study, we address the role of
cytotoxic T-cell (CTL) derived Gra-b in neuronal death associated
with ischemic damage. The functional role of Gra-b in inducing
neurotoxicity and aggravating human stroke injury was studied in
vitro using human myeloid and neuronal cell lines. The results of
our present study assign a pathological role of infiltrating CTLs and
Gra-b in the exacerbation and expansion of stroke injury in the
post-ischemic brain.

MATERIALS AND METHODS

Human stroke samples

Human post-mortem stroke samples were obtained from Brain
Bank-National Institute of Mental Health and Neuro-Sciences,
Bangalore, India after informed consent from the close relatives
allowing use of specimens for the research. The identity of the
specimens was not disclosed. These protocols were also approved
by Institutional Scientific Ethics Committee. The pathological
details of the tissue samples are tabulated in Table 1.

Antibodies

Gra-b (Calbiochem, Cat: AM52, Darmstedt, Germany; Abcam,
Cat: Ab53097, Temecula, CA, USA); Perforin (Cell Signaling and
Technology, Cat: 3693, Danvers, MA, USA); poly (ADP-ribose)
polymerase-1 (PARP-1) (Cell Signaling and Technology, Cat:
9542, Danvers, MA, USA); Myeloid leukemia cell differentiation
protein-1 (MCL-1) (BD Transduction, Cat: M54020, California,
USA); FITC-microtubule associated protein-2 (MAP-2)
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(Chemicon, Cat: MAB3418X, Temecula, CA, USA); neuron spe-
cific enolase (NSE) (Chemicon, Cat: AB951); Caspase-3 (Cell Sig-
naling Technology, Cat: 9664S, Danvers, MA, USA), apoptosis-
inducing factor (AIF) (Oncogene, Cat: PC536, Darmstadt,
Germany), ApoAlert DNA fragmentation (TUNEL) kit (Clontech,
Takara, CA, USA).

Immunoblotting of human post-mortem
stroke tissue

Post-mortem brain tissues were divided into two parts. One part
was fixed with 4% paraformaldehyde for staining, and the other
part was used for immunoblot analysis. For immunoblot analysis
samples were homogenized in modified radio immunoprecipitation
assay (RIPA) buffer (+protease/phosphatase inhibitors). 50 mgms
of protein (estimated by Lowry’s method) was immunoblotted for
Gra-b (Calbiochem, 1:1000), PARP-1, IP-10/CXCL10, heat shock
protein-70 (HSP-70), MCL-1, AIF, KU-70 and actin (1:1000) and
developed using nitro blue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) or enhanced chemiluminiscence
(ECL) detection methods.

Co-immunoprecipitation (co-IP)

Co-IP was performed as described by Cao et al (11). Briefly after
preclearing, 350 mg protein was incubated with Gra-b antibody
(0.5 mg) for 12 h at 4°C followed by incubation with 25 ml of
protein A sepharose (90 minutes) at room temperature (RT). Beads
were washed 3 times with PBS (pH 7.4), boiled in 2X sample
buffer and immunoblotted for HSP-70, MCL-1, Caspase-3 and
PARP-1 (1:1000). Ischemic tissue lysates without immunoprecipi-
tation was used as positive control. Samples processed in the same

way but without addition of primary antibodies to the tissue lysates
were used as negative controls to identify non-specific binding of
proteins.

Immunofluorescent co-localization

Paraffin embedded human post-mortem stroke tissues (3 mm thick,
n = 3) were processed, antigen-retrieved in citrate buffer (pH -6.0)
and incubated in 10% normal goat serum (NGS) (30 minutes).
Double immunofluorescence analysis for Gra-b: PARP-1 was per-
formed by incubating the sections in a primary antibody cocktail
followed by incubation in cy3-and cy5-conjugated secondary anti-
bodies. For Gra-b: HSP-70 and Gra-b: MAP-2, sequential staining
was followed by an additional step of blocking with 5% NGS
(30 minutes, RT). The sections were later washed, mounted (90%
glycerol) and visualized by confocal microscopy (Leica confocal
microscope, Heidelberg, Germany).

Immunofluorescent co-localization of TUNEL
with Gra-b and NSE, Annexin-V (Ann-V) with
Gra-b and Neu-N

Paraffin embedded human post-mortem stroke tissues (3 mm thick,
n = 3) were processed as described above and incubated with
Gra-b, NSE primary antibodies overnight at 4°C followed by cy-3,
cy-5 secondary antibody incubation. TUNEL staining was per-
formed according to manufacturer’s instructions. A similar proce-
dure was followed for Ann-V: Neu-N: Gra-b except for additional
incubation steps with diaminobenzidine (DAB). Briefly, sections
were blocked (30 minutes with 5% NGS) and incubated in Neu-N
antibody at 4°C overnight followed by washes and incubating the
sections in Vectastatin ABC elite kit secondary antibody kit

Table 1. Details of the post-mortem human stroke samples. Abbreviations: CVT = Cerebrovenous thrombosis; MCA = Middle cerebral artery;
PCA = Posterior cerebral artery.

Sample ID Age/sex/post-mortem
delay

Post-stroke
survival period

Recurrent strokes Region of tissue removal Other details

08HBTR/T197 35 years/female/27 h/
cerebrovenous
thrombosis (CVT)

5 days None Frontal cortex (control) and
parieto-occipital infarct
(ischemic tissue)

Post-partum CVT

08HBTR/T198 65 years/female/12 h,
30 minutes/CVT

11 days None Left frontal infarct (ischemic
tissue)

Left frontal away from
infarct (control)

No other information

08HBTR/T199 19 years/female/13 h/CVT 8 days None Left fontal infarct (ischemic
tissue)

Left frontal away from
infarct (control)

No other information

08HBTR/T200 45 years/male/1 h, 30
minutes/no cortical
infarcts

— — Frontal cortex (normal used
as control), cerebellum

Death due to hypertension,
systemic vasculitis,
hyponatremia with
pontine myelinolysis

08HBTR/T201 55 years/female/2 h
atherosclerotic
cerebrovascular
disease

1 month 1st episode left PCA,
1 week later—2nd
episode in left MCA

Right MCA (control), left
MCA infarct (used as
ischemic tissue-i1) and left
MCA infarct edge (used as
ischemic tissue-i2)

Hypertensive (4 months),
diffuse atherosclerosis of
carotid vessels
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(Burlingame, CA, USA) and developed with DAB. The sections
were extensively washed and blocked again (for 30 minutes with
5% NGS) and incubated with Gra-b (Abcam) antibody at 4°C
overnight. Sections were incubated in cy-3 conjugated secondary
antibody followed by incubation in FITC-Ann-V (1:100)
(90 minutes, RT). Sections were mounted with DAPI (4′,
6-diamidino-2-phenylindole) and were visualized by fluorescent
microscopy (Leica). All antibody dilutions were performed in Pro-
histo immunohistochemistry (IHC) amplification antibody dilution
buffer (Columbia, SC, USA) and washed in Prohisto IHC amplifi-
cation wash buffer for this staining procedure.

Cell culture

“SH-SY5Y” cells (a human neuroblastoma cell line extensively
used as an in vitro model of neurons) were cultured in dulbecco’s
modified eagle medium (DMEM) with 10% fetal calf serum (FCS)
and 1% penicillin/streptomycin/amphoptericin (PSA). Similarly
CG-SH cells (a human myeloid cell line, ~82% CD-3+) which
secrete Gra-b and perforin was used as model for CTL, Gra-b and
perforin induced cytotoxicity (provided by Dr. Reinhold Munker,
Louisiana state university health sciences center-Shreveport
(LSUHSC-S) (54), were cultured in Roswell Park Memorial
Institute-1640 medium (RPMI-1640) with 10% FCS and 1% PSA
at 37°C.

Activation of CG-SH cells

2 ¥ 106 CG-SH cells were activated using 1 mM calcium ionophore
(A23187, Sigma, St. Louis, MO, USA) + 50 ng/ml phorbol
myristate (PMA) for 48 h (2, 16). Cells were re-plated in fresh
culture medium for additional 24 h. Culture medium was collected
and stored at -80°C until use. Cells were centrifuged and
re-suspended in culture medium with or without Gra-b inhibitor
(50 mM). After this time point, activated CG-SH cells � Gra-b
inhibitor were added to normal or oxygen glucose deprived human
neurons cultured at a 1:5 ratio (SH-SY5Y: CG-SH) in 96 well
plates.

Oxygen glucose deprivation (OGD) and
reperfusion of SH-SY5Y cells

At confluence, neuronal culture media was replaced with OGD
buffer (prepared using DMEM without glucose, supplemented
with 3.7 g/L NaHCO3, pH -7.35) and incubated in an hypoxia
chamber purged with 88% N2, 5% CO2, 1% O2. OGD was main-
tained for 3 h. Later, neurons were reperfused by transferring them
back to normal culture media/air.

Neurotoxicity assay with activated
leukocyte supernatants

SH-SY5Y neurons were cultured to confluence in 96 well plates
and culture media was replaced with control (1:1) or activated
CG-SH supernatants at various dilutions (1:1, 1:5, 1:10) with
culture medium (CG-SH supernatant: culture medium) (16, 76). In
separate experiments SH-SY5Y neurons are ischemic challenged
by OGD for 3 h and reperfused with control or activated CG-SH
supernatants at the above-mentioned dilutions. Twenty-four hours

post-incubation with CG-SH supernatants, thiazolyl blue tetrazo-
lium bromide (MTT assay) was performed to assess the neuronal
toxicity.

Gra-b inhibition and neuronal survival assay

Briefly, SH-SY5Y neurons were cultured to confluency in 96 well
plates, and incubated with control or activated CG-SH � Gra-b
inhibitor I (50 mM, Calbiochem, cat. #368050) for 24 h at a 1:5
ratio (SH-SY-5Y: CG-SH). In parallel experiments, neuronal
ischemia was induced in SH-SY5Y cells by depriving cells of
oxygen/glucose and reperfusing with culture medium containing
control or activated CG-SH cells � Gra-b inhibitor (50 mM).
Twenty-four hours after treatment, cell viability was assessed using
MTT assay.

Immunoblot analysis

Densitometric analysis of immunoblots was performed using NIH
image J analysis (Bethesda, USA), and the values compared using
Graphpad Instat3 software (CA, USA). Two-tailed unpaired t-test
was used to check statistical significance between two groups. One-
way analysis of variance (ANOVA) with Dunnett’s or Bonferroni
post-tests were used to determine statistical significance in MTT
assays. A *P < 0.05 was considered to be significant, **P < 0.01
very significant, ***P < 0.001 extremely significant.

RESULTS

Increased cell death and tissue destruction in
human stroke tissue

Hematoxylin and eosin tissue staining was used to distinguish
signs of tissue deterioration in ischemic-stroke and non-ischemic
control tissues. In ischemic stroke samples, increased numbers of
cells showing disintegration of the neuropil, shrunken nuclei and
extensive vacuolization were observed, consistent with extensive
cell death (compared with non-ischemic controls). Furthermore,
sections were strongly stained with eosin indicating increased
oncosis (cell swelling, increased water content). Basement mem-
brane, neuropil and tissue architecture were also extensively
deranged, revealing the necrotic features and edematous condition
of ischemic stroke tissues compared with controls (Figure 1).

Increased IP-10/CXCL10 levels correlate with
increased Gra-b levels secreted by infiltrating
CD-8+ T-cells (CTLs) in human stroke samples

IP-10/CXCL10, a CXC-chemokine that functions as a potent
chemo-attractant for activated T cells, natural killer (NK) cells and
blood monocytes, is an important mediator of several inflammatory
conditions. Excessive production of IP-10/CXCL10 by astrocytes
has been observed in Japanese encephalitis (9) and inhibition of
IP-10/CXCL10 has shown to reduce pathology mediated by T-cells
in various experimental animal models, namely Theiler’s virus,
experimental autoimmune encephalitis (EAE) a model of multiple
sclerosis (73). We observed a significant increase in IP-10/
CXCL10 levels in all post-mortem ischemic stroke samples
(Figure 2A). The elevation of IP-10/CXCL10 in stroke tissues
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correlated with increase in tissue Gra-b levels. Gra-b, a cytotoxic
serine protease secreted from CTLs and NK cells was elevated in
all human post-ischemic stroke samples along with IP-10/CXCL10
levels in stroke tissues (Figure 2B). Double immunofluorescence
analysis confirmed that CTLs infiltrating human stroke tissue were
Gra-b+. We observed a strong co-reactivity of CD-8+ T-cells (CTLs)
with Gra-b in ischemic stroke samples (~64% � 4.4% of CD-8+ T
cells are Gra-b+) compared with the non-ischemic tissue controls,
confirming that increased levels of Gra-b in ischemic tissue match
CTL infiltration in the stroke brain (Figure 3).

Anti-apoptotic molecules are proteolyzed
by Gra-b

HSP-70 is a crucial anti-apoptotic regulator (25, 26), which inhibits
apoptosis by preventing the translocation of AIF to the nucleus, by
blocking c-Jun N-terminal kinase (JNK) and lysosomal protease

(cathepsin-b and -d) activation and promoting stabilization of anti-
apoptotic MCL-1 (10, 30, 43, 44, 47, 56, 59, 68, 82). Co-IP
revealed an increase in binding of Gra-b with HSP-70 in ischemic
samples over the controls (Figure 4A). Such binding interactions of
Gra-b might explain the appearance of 40-kD HSP-70 signature
fragment in immunoblot analysis (Figure 4A). Immunoblot for AIF
in nuclear samples revealed an increased level of AIF (Figure 4B).
KU-70, a nuclear protein was used to ensure the equal loading of
protein. Gra-b-mediated breakdown of HSP-70 might be one pos-
sible reason for increase in the nuclear translocation of AIF aggra-
vating post-ischemic damage in human ischemic brains correlating
with our previous results (13).

PARP-1 is a nuclear enzyme with diverse influences on cell
survival, inflammatory and apoptotic/necrotic cell death pathways,
depending on the nature and intensity of insult (36, 51, 57).
PARP-1 is a preferred substrate for Gra-b, which upon cleavage by
Gra-b generates two signature fragments of 64 and 72-kD (22).

Haematoxylin and eosin stained human stoke samples

08/HBTR/T200/Normal

08/HBTR/T197/non-ischemic 08/HBTR/T197/ischemic

08/HBTR/T199/non-ischemic

08/HBTR/T201/non-ischemic 08/HBTR/T201/Ischemic 1 08/HBTR/T201/Ischemic 2

08/HBTR/T199/ischemic

08/HBTR/T198/non-ischemic 08/HBTR/T198/ischemic

Figure 1. Hematoxylin and eosin staining
shows increased apoptosis and necrosis in the
post-mortem human stroke tissue. Human
post-mortem stroke samples were processed
and stained with hematoxylin and eosin.
Tissues obtained are from the infarct zone
and away from the infarct (considered
non-ischemic tissue) which increased the
homogeneity of the tissue to be used as
control for the ischemic tissue. Deranged brain
tissue with several degenerating cells (pointed
with small arrows and arrow heads), shrunken
nucleus, disrupted neuropil and extensive
disruption of brain parenchyma and matrix
(pointed with big arrows) is seen in the
ischemic tissue. Moreover, most of the
ischemic samples were heavily stained with
eosin indicating the edematous condition of
the tissue (indicated with *). Increased eosin
staining was observed in all the ischemic
samples over controls. Slight derangement of
tissue was also observed occasionally in the
control tissue but essentially looked similar to
normal. Normal (non-ischemic) brain tissue
from patient sample ID 08/HBTR/T200 was
obtained from cortical region. The regions and
types of tissues obtained were outlined in the
Table 1.
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Figure 2. A. Post-mortem human stroke
tissue contains elevated IP-10/CXCL10 and
Gra-b levels. Immunoblot analysis of
IP-10/CXCL10 shows a significant increase in
IP-10/CXCL10 levels in the ischemic human
stroke samples (ipsilateral) over the
non-ischemic controls (contralateral). B.

Immunoblot analysis of Gra-b also shows a
significant increase in the Gra-b levels in all
ischemic human stroke samples (ipsilateral)
over the non-ischemic samples (contralateral).
T200n-normal brain tissue; T197c,
T97i-contralateral and ipsilateral tissue from
HBTR-197; T198c, T198i-contralateral and
ipsilateral tissue from HBTR-198; T199c,
T199i-contralateral and ipsilateral tissue
from HBTR-199; T201c, T201-i1,
T201-i2-contralateral and ipsilateral tissue from
HBTR-201. Unpaired t-test with two-tail P
value, bars standard error (SE) * denotes
significance.

Double Immunofluorescence of CD-8 and Grab-b

Non-ischemic (T201c) 1000x

CD-8 Gra-b Merge

CD-8 Gra-b Merge

Ischemic (T201-i1) 1000x

Figure 3. Human ischemic infarcts contain increased numbers of Gra-b+

CD-8+ T-cells. Double immunofluorescence analysis of CD-8 and Gra-b
showed increased numbers of CD-8+ T cells (FITC fluorescence- green)
that were also Gra-b+ (Cy3 fluorescence-red) in human ischemic post-

mortem stroke samples compared with corresponding non-ischemic
controls. Representative immunofluorescent images are from the
patient’s samples with IDs’ T201c, T201-i1.
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Co-IP of Gra-b and PARP-1 revealed increased binding of Gra-b
with PARP-1 in ischemic samples (over the contralateral)
(Figure 4C). Furthermore, we also found elevated levels of 64, 89
and 50-kD fragments [signature fragments of Gra-b, caspase-3
(apoptotic) and cathepsin-b (necrotic), respectively] evidence for
apoptotic and necrotic cell death pathways (64) (Figure 4C).

MCL-1 is also presumed to be an important anti-apoptotic mol-
ecule that blocks apoptotic cell death (53). Gra-b degrades MCL-1
and disintegrates Bim-MCL-1 complexes, resulting in Bim-
mediated apoptosis (31, 32). Co-IP for Gra-b and MCL-1 revealed
an increased binding of Gra-b with MCL-1 resulting in decreased
levels in ischemic samples (Figure 4D). We observed a significant
decrease in the MCL-1 levels in all the post-ischemic human brain
samples which correlated with the increased levels of Gra-b. Fur-
thermore, breakdown of HSP-70 (which stabilizes MCL-1) by
Gra-b may accelerate this process (46, 68).

Double immunofluorescent co-localization of Gra-b with
HSP-70 and Gra-b with PARP-1 revealed an increase in the
co-localization of Gra-b with HSP-70 and PARP-1 in ischemic

samples (vs. non-ischemic controls) correlating with our co-IP
experiments (Figure 5A, B).

Gra-b interacts with pro-apoptotic molecules

Gra-b activates apoptotic cell death independent of caspases (35,
68, 70, 72). Bid, a pro-apoptotic mediator, upon binding to Gra-b
and/ or caspase-3 forms “truncated Bid” (t-Bid). t-Bid then translo-
cates into mitochondria and activates intrinsic apoptosis pathways
(3, 7, 29, 67, 77). Co-IP experiments with Gra-b and Bid showed
increased binding between Gra-b and Bid in the ischemic samples
(compared with controls) and suggest an increase in the activation
of the intrinsic apoptosis pathway by the formation of t-Bid
(Figure 6A).

Caspases are also known to contribute to post-ischemic cere-
bral damage by apoptosis, a major mechanism for cell death in
the penumbra of post-ischemic infarcts (20, 21). We found
increased binding of Gra-b to caspase-3 using co-IP (Figure 6B).
Gra-b interactions with caspase-3 would be anticipated to amplify
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Figure 4. A. Gra-b proteolyzes HSP-70, PARP-1 and MCL-1 and facili-
tates the nuclear translocation of AIF. Co-immunoprecipitation (co-IP) of
Gra-b with HSP-70. Increased binding of Gra-b with HSP-70 can be
observed. Representative image is from the “T201” which has two
separate regions of the ischemic infarct. Immunoblot of HSP-70. Signifi-
cantly decreased level of HSP-70 correlated with increased 40 kD pro-
teolytic signature fragment mediated by Gra-b can be observed. B.

Immunoblot of AIF on nuclear samples. A significant increase in the
levels of nuclear AIF can be observed. KU-70 was used as a loading
control for nuclear samples. C. Co-IP of Gra-b with PARP-1. Increased
binding of Gra-b with PARP-1 can be observed (119 kD). Immunoblot of

PARP-1. Significant increase in the cleaved signature fragments 89 and
64 kD can be observed. Further faint increase in the levels of 50 kD
cathepsin-b and can also be observed. D. Co-IP of Gra-b with MCL-1.
Increased binding of Gra-b with MCL-1 can be observed. Immunoblot of
MCL-1. Significant decrease in the levels of MCL-1 in all the ischemic
samples over the contralateral was observed. Representative image for
Co-IP is from the “T201” which has two non-overlapping regions of the
ischemic infarct. Unpaired t-test with two tailed P value was obtained
between two specific groups. Con- Non ischemic tissue, Isc1, Isc2-
Ischemic tissue lysates, TL- Non immunoprecipitated ischemic tissue
lysate (used as positive control).
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activation of caspase-3 and intensify post-ischemic apoptosis in
the infarct.

Gra-b associates with increased numbers of

degenerating neurons in human stroked samples

The precise roles of cytotoxic proteases in neuronal death during
cerebral ischemia are not known. Double immunofluorescent
co-localization of Gra-b with MAP-2 clearly shows that Gra-b is

translocated into neurons within ischemic infarcts (Figure 7A).
Gra-b secreted from CTLs appears to bind, and penetrate into the
neurons within the ischemic infarct resulting in neurons which are
positive for Gra-b. Therefore to address whether Gra-b+ neurons
were also going through cell death, we stained human brain sec-
tions with Ann-V (an apoptotic marker)/Gra-b/NSE and TUNEL
(apoptotic marker)/Gra-b/Neu-N (Figure 7B, C). We found
elevated numbers of Gra-b+ and Ann-V/ TUNEL+ neurons in post-
ischemic infarcts of human brain samples indicating that Gra-b

A
Double immunofluorescence of PARP-1 and Gra-b

PARP Gra-b

20 mm 20 mm 20 mm

40 mm40 mm40 mm

18 mm 18 mm 18 mm

Merge

Non-ischemic
(T201c)

Ischemic
(T201-i1)
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Figure 5. A. Gra-b co-localizes with PARP-1 and HSP-70 in the degener-
ating cells of human post-mortem ischemic infarct samples. Double
immunofluorescence of Gra-b and PARP-1. Increased immunoreactivity
for cells stained positive with both Gra-b and PARP-1 can be observed in
ischemic samples over the contralateral samples. B. Double immunof-

luorescence of Gra-b and HSP-70. Increased immunoreactivity for cells
stained positive with both Gra-b and HSP-70 can be observed in ischemic
samples over the contralateral. Unpaired test with two-tail P value, bars
SE. Representative immunofluorescent images are from the patient’s
samples with IDs’ T201c, T201-i1.
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could contribute to neuronal death in the stroke brain. We observed
approximately ~31.3% � 2.3% of the Ann-V+ neurons were also
Gra-b+ and undergoing cell death in the ischemic stroke samples
over the non-ischemic controls (~4.8 +/- 1.8%).

Gra-b inhibition protects SH-SY5Y neurons from
CG-SH induced neurotoxicity

In order to assess whether activated lymphocytes mediated neu-
ronal injury and if this injury was Gra-b dependent, we per-
formed in vitro neurotoxicity experiments using SH-SY5Y-
human neuroblastoma cells as model of neurons. CG-SH (human
myeloid cell line) cells secrete Gra-b and perforin and were used

as a model for CTL-mediated cytotoxicity. We observed that acti-
vated CG-SH cells secrete significantly greater levels of Gra-b
and perforins compared with non-activated CG-SH cells
(Figure 8A). Moreover, we observed a significant and dose-
dependent decrease in neuronal viability when incubated with
activated CG-SH supernatants. SH-SY5Y neurons incubated with
supernatants from non-activated CG-SH cells diluted at a 1:1
(CG-SH supernatant: culture medium) ratio was used as controls.
Activated CG-SH supernatants diluted 1:1 with normal culture
medium (which contain highest levels of Gra-b and perforins)
showed the highest neurotoxic effect (Figure 8B). Activated
CG-SH supernatants also induced neurotoxicity in ischemia-
challenged neurons in a dose dependent fashion. Controls

B
Double immunofluorescence of Gra-b and HSP-70
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Figure 5. Continued
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included ischemia challenged SH-SY5Y neurons reperfused with
non-activated CG-SH supernatants at a 1:1 dilution (Figure 8C).
We next assessed whether Gra-b inhibition could attenuate the
neurotoxic effects of activated CG-SH cells. Normal or ischemia
challenged SH-SY5Y neurons were incubated with non-activated
(controls) or activated CG-SH cells at 1:5 ratios (SH-SY5Y:
CG-SH). Both cell types were incubated with Gra-b inhibitor
(50 mM) for 1 h prior to their co-incubation. SH-SY5Y neurons
and activated or non-activated CG-SH cells were co-incubated for
24 h in the presence of Gra-b inhibitor. We observed that acti-
vated CG-SH cells strongly induced neurotoxicity in both normal
and ischemic challenged SH-SY5Y neurons. This neurotoxic
effect was significantly attenuated by the Gra-b inhibitor when
added either during normal or during OGD reperfused condi-
tions, indicating that activated CG-SH induce neurotoxicity via
Gra-b dependent mechanisms (Figure 8D).

DISCUSSION
Peripheral and local immune responses contribute to post-ischemic
brain injury. Cerebral ischemia results in intense cytokine and
chemokine expression resulting in inflammation and a combined
immune-ischemic damage (4, 6, 38, 58, 62, 63). Though infiltration
of immune (CTLs) cells into both ischemia-reperfused (I/R)
human and murine brain has been previously reported (38, 62), the
mechanisms through which cytotoxic proteases contribute to CTL-
mediated pathology has not yet been fully explained (27, 33). As
the pathological scenario in rodent models may not exactly match
its human pathological counterpart, more relevant models will be
required to compare injury mechanisms between human and rodent
pathological conditions (1, 24).

Immune responses aggravate central nervous system (CNS) dis-
eases like Alzheimer’s disease, Parkinson’s diseases and cerebral
ischemia (19, 37, 45, 48, 80, 81). Though immune roles in neurode-
generative disorders are controversial and a matter of some debate,
it is well accepted that acute immune responses can provoke post-
ischemic neurodegeneration. The CNS is normally impermeable to
immune cells, and has far fewer T-cells compared with other
organs; their numbers are highly increased in the stroke-inflamed
CNS (16, 38, 62). CTLs infiltrating ischemic lesions have now
been demonstrated to injure the post-ischemic brain, as mice
lacking CD-8 T-cells had smaller infarcts and injury scores than
wild types (37, 80). The mechanisms by which T-cells might con-
tribute to I/R injury in the brain could involve contact-dependent
injury mechanisms or the secretion of TNF-a, Fas-ligand and cyto-
toxins like granzymes/ perforins which kill bystander cells near
infiltrated CTLs (17, 39). Neurons have been shown to be sensitive
to T- cell-mediated injury as CTLs that infiltrate CNS induce neu-
ronal injury via MHC dependent/independent mechanisms involv-
ing perforins and Gra-b (28, 49, 50, 55, 60, 76). In this process,
Gra-b enters target cells by perforin dependent (pore formation in
the target cells) or by endocytosis (via mannose 6-phosphate recep-
tor) mechanisms and induces neurotoxicity in target neurons via
G-protein coupled receptors (23, 74–76). Granzymes are serine
protease family members sharing similar substrate specificity
with caspases. However unlike caspases, granzymes/perforins are
implicated in apoptotic as well as necrotic cell death (42). Gra-b’s
ability to interact with most of the caspase-3 substrates, and its
ability to activate caspases makes Gra-b an important integrator of
cell death signaling (52). CTLs deficient in Gra-b and perforin can
still kill target cells; however, target cell killing is significantly
delayed and the mode of cell death was found to be different from
either perforin-mediated target cell lysis or apoptosis (34, 65, 78).
Under normal conditions the entry of these immune cells into the
CNS is highly restricted by the blood brain barrier (BBB).
However, cerebral ischemia results in the breakdown of BBB, with
the concomitant induction of endothelial adhesion molecules that
guide immune cells into the reperfused brain (79). Elevated levels
of cytokines and chemokines released during ischemic stress
strongly activate this process (4, 6, 69).

In this study we observed a significant elevation of Gra-b in I/R
brain along with elevations in chemokine IP-10/CXCL10, evi-
dence for inflammatory and immune responses in the brain post-
stroke. Previous reports have described T-cell infiltration into the
post-ischemic infarct peaking at 7 days followed by gradual reduc-
tion (38). Our study found elevated Gra-b levels were maintained
for at least 1 month after I/R [one sample came from a patient with
a relatively long survival time point (~1 month) and was highly
positive for elevated Gra-b levels]. Elevated Gra-b levels in the
stroke brain at ~1 month reflecting CTLs (and or NK cells) may
suggest prolonged immune cell-mediated injury which needs to be
addressed. Despite evidence that acute infiltration of immune cells
is injurious, chronic infiltration of immune cells has also been
suggested as being protective by promoting neural reparative pro-
cesses (40, 61). The elevated Gra-b levels resulted in binding to and
destruction of cellular substrates like HSP-70, MCL-1 and
PARP-1, well known as anti-apoptotic mediators; (PARP-1 exerts
differential effects on survival depending on the length and inten-
sity of insult) (36, 41). The presence of 89 and 50-kD PARP-1
fragments is evidence for apoptotic and necrotic forms of cell death

Figure 6. A. Gra-b interacts with pro-apoptotic Bid and caspase-3 in the
human post-mortem ischemic infarcts. Co-immunoprecipitation (co-IP)
of Gra-b with Bid. Increased binding of Gra-b with Bid can be clearly
observed. B. Co-IP of Gra-b with caspase-3. Increased binding of Gra-b
with caspase-3 can be observed. Representative image for Co-IP is from
the “T201” which has two non-overlapping regions of the ischemic
infarct. Con- Non ischemic tissue, Isc1, Isc2- Ischemic tissue lysates, TL-
Non immunoprecipitated ischemic tissue lysate (used as positive
control).
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(14, 22, 64) which involves multiple protease systems and their
combined actions toward these substrates. Our current study points
toward a requirement for a multiply-targeted therapeutic approach
that might simultaneously inhibit several proteases at different time
points to lessen I/R injury.

HSP-70 protects against apoptosis by preventing AIF nuclear
translocation and stabilizing MCL-1 against degradation. Recent
reports have also identified MCL-1 as a target of CTLs (5). We
have observed that both MCL-1 and HSP-70 were proteolyzed,
tipping the balance in the stroke brain toward cell death. Further
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Figure 7. A. Apoptotic neurons in the human post-mortem ischemic
infarcts contain higher levels of translocated Gra-b. Double immuno-
fluorescence analysis of Gra-b and MAP-2. Increased presence of
translocated Gra-b (Cy3 fluorescence-red) in the neurons stained
positive for MAP-2 (FITC fluorescence-green) can be observed in the
ischemic samples over the contralateral. Most of the cells positive for
MAP-2 appeared to be degenerating because of their shrunken shape,
lost of cellular structure and disorganized neuropil. Representative
immunofluorescent images are from the patient’s samples with IDs’
T201c, T201-i1. B. Double immunofluorescence analysis of Gra-b and
NSE with TUNEL. Increased number of cells positive for TUNEL (FITC

fluorescence-green), Gra-b (Cy3 fluorescence-red) and NSE (Cy5
fluorescence-violet) can be observed in the ischemic samples. Repre-
sentative immunofluorescent image is from the patient’s sample with ID
T200-i1. C. Triple immunostaining of Gra-b, Neu-N and Annexin-V (Ann-
V). Increased immunoreactivity of cells for Gra-b (Cy3 fluorescence-red),
Neu-N DAB stained and Ann-V (FITC fluorescence-green) can be
observed in the human ischemic tissue compared with non-ischemic
human stroke samples. No immunoreactivity is observed in negative
staining. Representative immunofluorescent images are from the
patient’s samples with IDs’ T201c, T201-i1, T201-i2.
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support of this is found in the elevated levels of translocated AIF
in nuclear fractions from post-ischemic human brain samples
consistent with compromised HSP-70 functioning. Proteolysis of
HSP-70 by Gra-b could facilitate nuclear translocation of AIF
from the cytosol. Apart from these interactions, binding of Gra-b
with caspase-3 is intriguing. Caspases can mediate ischemic cell
death, and our observation that Gra-b binds caspase-3 suggests
that Gra-b also activates caspase-3 to exacerbate cell death after
cerebral ischemia. Although, ischemia leads to caspase activation,
the role of Gra-b-mediated caspase activation to enhance apopto-
sis in the penumbra continues to grow in complexity. The tempo-
ral and spatial relationship between Gra-b and caspase-3 in
human stroke needs to be further confirmed in animal models of
stroke.

We have previously reported that Gra-b levels were increased
in spinal cord tissue from experimental spinal cord transection
models and in focal ischemic infarcts from rat brain (15, 16).
Even though Gra-b is also elevated in human stroke brains and

co-localizes with degenerating neurons in the present study,
whether Gra-b is associated with ischemic pathology or if it aggra-
vates post-ischemic injury is not obvious. A more clearly defined
understanding of Gra-b in post-ischemic injury is found in our in
vitro experiments using neuron and lymphocyte model systems.
Consistent with classical immunological observations, we found
that activated CG-SH cells secrete higher levels of granzymes and
perforins and CTLs infiltrating stroke tissue are also Gra-b+. These
activated CG-SH supernatants showed a strong neurotoxic effect
when incubated with normal or ischemia challenged SH-SY5Y
neurons, significantly decreased neuronal viability in a dose
dependent fashion. This phenomenon which is contact independent
in vitro, shows that it is possible that CTLs infiltrating the ischemic
infarct can induce neurotoxicity by secreting these proteases
without direct contact with neurons. This process needs to be more
thoroughly investigated to determine whether CTLs infiltrating
ischemic infarct requires contact to whether secreted Gra-b/
perforins can provoke neurotoxicity in the vicinity of nearby
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neurons. Apart from this contact-independent phenomenon of cell
killing by activated CG-SH supernatants, activated CG-SH cells
(co-incubated with normal or ischemia challenged neurons)
induced neurotoxicity which might be contact dependent.

Importantly the CG-SH cell line used in this study to model
lymphocyte function expresses markers found on several leuko-
cyte subsets; therefore, the possibility of neuronal injury mediated
by leukocyte subsets (other than activated lymphocytes) warrants
further study. In accordance with this, Jander et al have previously
reported that ischemic infarct is infiltrated with CD-8+ and CD-4+

macrophage-like cells which were observed in the infarct for
~1 week (CD-8+ macrophage like cells) and from 1 week to
~2 weeks (CD-4+ macrophage like cells) (38). However, whether
these cells exhibit only CD-8 marker or whether they also have
CTL-like properties and the subset of leukocyte population they
belong are not known. Taken together, these data indicate that an
altered immune response with infiltration of different subsets of
leukocytes that are CD-4+ and CD-8+ occurs in post-ischemic inf-
arcts. The specific participation of these cell types in the pathol-
ogy of stroke deserves further attention. Furthermore, expression
of Gra-b and perforin by cell types other than those of lymphoid
lineage is not well known. However, consistent with a previous
report by Berthou et al, which indicated the expression of Gra-b
and perforin by KG1a (human acute myelogenous leukemia) cells
(8), we too observed increased production of Gra-b and perforins
by CG-SH (a human myeloid cell line), indicating that non-
lymphoid leukocytes can induce Gra-b/perforin mediated injury
in stroke brain. In the present study, the neurotoxic effect induced
by activated CG-SH cells was clearly mediated by Gra-b, as Gra-b

inhibition was able to rescue target neurons from the effect acti-
vated CG-SH cells and their secreted products. Regardless, this
clearly indicates that Gra-b/perforins could be key players of
CTL-mediated neuronal cell death. Our results indicate that lym-
phocytes infiltrating stroke brain secrete high levels of Gra-b and
perforins which induce neurotoxicity and aggravate stroke injury.
These in vitro and human stroke data clearly suggest that the
Gra-b+ CTLs infiltrating I/R tissue magnify stroke pathology by
inducing neuronal death and might enlarge infarct size and
severity.

SUMMARY
In summary, this study indicates that Gra-b released by CTLs can
mediate neuronal death by inhibiting anti-apoptotic molecules and
by activating pro-apoptotic molecules in the stroke brain. The
involvement of other “suicidal” proteases and their interactions
with Gra-b would intensify post-I/R damage. Therefore, future
therapeutic targets for stroke might be enhanced by effectively
inhibiting several cytotoxic proteases especially Gra-b to mitigate
the pathology of cerebral ischemia.
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significantly and dose dependently decreased
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Activated CG-SH also induced neurotoxicity in
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in a dose dependent fashion assessed by
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from activated CG-SH cells (leukocyte model)
induced neurotoxicity mediated via Gra-b.
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