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Abstract Aim Poly (ADP-ribose) polymerase (PARP) is

a nuclear repair enzyme whose role is widely depicted in

various physiological and pathological processes. In the

present study, we wanted to check the status of PARP and

the role of various cell death proteases involved in apop-

totic and non-apoptotic forms of cell death during transient

focal cerebral ischemia in rat model. The activation of

these proteases can result in the production of PARP

fragments which can be treated as specific signature frag-

ments to the particular protease involved in the pathology

and hence the type of cell death. Results In the ischemic

samples, we observed activation of calpain, cathepsin-b,

caspase-3, and granzyme-b which were known to act on

and cleave PARP to produce specific signature fragments

by Western blot and immunohistochemical analysis. Cresyl

violet staining showed the presence of apoptotic and

necrotic cell deaths. Further we observed interaction of AIF

and gra-b with PARP in double immunofluorescence and

co-immunoprecipitation experiments. Conclusion Activa-

tion of calpains, cathepsin-b, caspase-3, and granzyme-b

correlated with either apoptotic or necrotic cell deaths in

cresyl violet staining. The appearance of PARP signature

fragments gives a clear idea on the involvement of par-

ticular protease in the pathology. Appearance of signature

fragments like 89- and 50-kDa indicates the involvement of

apoptotic and necrotic cell death in the pathology. Further

interaction of AIF and gra-b with PARP also indicates the

involvement of non-apoptotic modes of cell death during

the pathology of focal cerebral ischemia.

Keywords Cerebral ischemia � PARP � Granzyme-b �
AIF � Apoptosis � Necrosis

Introduction

Cell death during cerebral ischemia is heterogeneous and is

complex due to the involvement of several apoptogenic

proteins (Yamashima 2000; Chaitanya and Babu 2008). A

clear demarcation of apoptosis or necrosis based on bio-

chemical and morphological events has become increasingly

difficult. The involvement of several proteases of different

families harbored at different locations, shuffling to other

places during pathological events (Hayashi and Abe 2004),

their cross talks at different time intervals (Neumar et al.

2003), ability to execute different modes of cell death

independent or dependent of each other (Cho and Toledo-

Pereyra 2008; Van Wijk and Hageman 2005; Dawson and

Dawson 2004), inadequate knowledge of suitable markers

for prior identification of the perspective victim, renders

pharmacological intervention inefficient for the etiology of

cerebral ischemia. Despite having adequate data on the

involvement of several proteases in the pathology of

cerebral ischemia, practically there are no effective phar-

macological agents available for the diseased. Moreover,

some of the proteases, once classically thought to be the

guardians or protectors of the cell, have gradually emerged

to have deleterious consequences upon continuous or over

activation and Poly (ADP-ribose) polymerase (PARP) is

one among them (Van Wijk and Hageman 2005).
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PARP-1, a 113-kDa protein, is an abundant nuclear pro-

tein that is present in all nucleated cells of multi-cellular

eukaryote organisms. On average, approximately one mol-

ecule of this enzyme is present per 1000 base pairs of DNA

(De Murcia and Menissier de Murcia 1994). PARP-1 is

involved in a variety of physiological and pathological

events such as DNA replication, DNA repair, gene expres-

sion, cellular differentiation, chromatin decondensation,

malignant transformation, inflammation, developmental

aspect and apoptosis (Smith 2001; Herzeg and Wang 2001;

Ziegler and Oei 2001; Hassa and Hottiger 2002). Activation

of PARP-1 was demonstrated as the earliest and the most

sensitive response of a cell to DNA damage and it was rec-

ognized as ‘‘a molecular nick sensor’’ (De Murcia and

Menissier de Murcia 1994). PARP-1 accounts for at least

85% of maximal cellular PARP activity (Virag and Szabo

2002). The remaining activity is due to other PARP species,

the physiological functions of which are less well charac-

terized. In the scenario of cell death, PARP is one of the

favorite substrates for a large number of suicidal proteases

like caspase, calpain, cathepsin, and granzyme-b. Further it

has been recently shown that cell death mediated by AIF

independent of caspase is modulated by PARP-1 (Yu et al.

2006). Moreover, the ability of PARP-1 to interact and

modulate the transcription factor NF-kB makes it crucial in

the decisions of life and death of a cell (Hassa and Hottiger

2002).

It is well known that caspases mediate apoptotic cell

death and calpains and cathepsin mediate both apoptotic

and necrotic cell death depending on the intensity of the

insult (Artal-Sanz et al. 2006; Xiuli et al. 2004; Stefan Reid

and Yigong 2004). Granzyme-b, which was thought to play

a role in autophagy or apoptosis, has also been shown to

participate in necrotic death (O’Connell and Stenson 2007;

Young et al. 2007). PARP is one of the preferred substrates

for these proteases and generates fragments of different

molecular weights which are considered to be the signature

fragments of these proteases. Hence, a careful observation

of the fragments can lead to an idea of the protease

involved and to identify the type of cell death in progress.

Hence, in the present study, we investigated the status of

PARP and its fragments, the status of suicidal proteases

that mediate the generation of PARP signature fragments

and the type of cell death that was under operation during

transient focal cerebral ischemia in rat.

Materials and Methods

Antibodies

Calpain antibody used for immunohistochemical analysis was

purchased from RDI (Research Diagnostics Inc.), Flanders,

NJ, and the antibody used for Western blot analysis was a gift

from Dr. Spencer, University of California, LA. Cathepsin-b

antibody was purchased from Oncogene, Sandiego, CA.

Cleaved caspase-3 antibody, which detects p-20 fragment,

used for immunohistochemical analysis and caspase-3 anti-

body for Western blot analysis and PARP antibody was

purchased from CST (Cell Signaling and Technology), Bev-

erly, MA. Granzyme-b antibody was purchased from

Calbiochem, Germany. AIF primary rabbit polyclonal anti-

body was purchased from Oncogene, Sandiego, CA.

Surgical Procedure

All experiments were performed according to the guidelines

of Institutional Animal Ethical Committee (IAEC). Male

Wistar rats, weighing 300–350 g, were used in the present

study. Rats were randomly divided into 3 groups. 1, sham

group; 2, 1-h reperfused; 3, 1-day reperfused groups which

were 3-h middle cerebral artery (MCA) occluded. MCAo

was achieved by the nylon suture method (Longa et al. 1989;

Kawamura et al. 1991), in which the left MCA was occluded

by inserting a nylon monofilament through the external

carotid artery to occlude origin of MCA for 3 h. The animals

were anesthetized using N2O-halothane mixture through

facemask. Briefly, a midline incision was made on the neck,

and bifurcation of the left common carotid artery, left

external carotid artery, and left internal carotid artery was

separated. The external carotid artery was ligated distally

and a 3-0 monofilament suture (50 mm in length) was

inserted through an arteriectomy of the external carotid

artery. The nylon suture was gently advanced from the

external carotid artery into the internal carotid artery. The

path of the suture toward the base of the skull was visualized.

Approximately 17.5–18 mm of suture was inserted past the

common carotid artery bifurcation to block the origin of the

left MCA. The occlusion of the MCA was felt. For the sham-

operated rats, the carotid arteries were exposed; suture was

inserted but not extended to occlude the MCA. The animal

was allowed to recover from anesthesia. After the occlusion

period, the animal was re-anaesthetized and the filament was

removed from the artery.

Three rats from 1-h reperfusion time period were perfu-

sion-fixed with saline followed by 4% paraformaldehyde and

the brains were dissected out for immunohistochemical

analysis. Four rats from each group were killed with an

overdose of pentobarbital, brains were removed quickly, and

the ipsilateral ischemic regions were processed for

immunoblotting.

Behavioral Tests

After the recovery of the animal from anesthesia, an

observer who was masked to the experimental conditions
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performed behavioral functional tests (Murakami et al.

1998). Neurological deficits were scored as follows: no

neurological deficit normal (0); failure to extend the right

forepaw fully (1); circling to the right (2); unable to walk

spontaneously (3); and dead (4). Animals showing no

deficit were not taken into the study.

Western Blots

After decapitation, rat brains (n = 4) were dissected

immediately and ipsilateral hemispheres were separated,

snap frozen in liquid nitrogen, and stored at -80�C until

analysis. Tissues were homogenized in the radio immu-

noprecipitation assay buffer containing 50 mM Tris–HCl

pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.4% deoxy chlolate,

1% non-idet P-40 containing protease inhibitors including

1 mM PMSF and phosphatase inhibitors including 10 mM

b-glycerophosphate, 10 mM NaF, 0.3 mM Na3Vo4. The

lysates were sonicated for 2 min in the equal intervals of

time period and then centrifuged at 14,000g for 15 min at

4�C. Supernatants were collected into pre-chilled ep-

pendorphs and used as protein samples for further analysis.

Equal amounts of protein were separated using SDS-PAGE

and further transferred onto nitro-cellulose membrane. The

transferred immunoblots were blocked in non-fat skimmed

milk (5%) in tris buffer saline (TBS; 10 mM Tris pH 7.5,

150 mM NaCl) for 1 h. The membranes were incubated for

12–14 h in primary antibodies raised against calpain,

cleaved caspase-3, cathepsin-b, PSD-95, and spectrin.

Blots were re-incubated with secondary antibodies conju-

gated to alkaline peroxidase (ALP) (anti-rabbit and anti-

mouse IgG conjugated to ALP obtained from Genei Pvt

Ltd, Bangalore, India), for 1 h at room temperature. Before

and after incubation of blots with secondary antibodies,

blots were washed with TBS and TBST (TBS containing

0.1% Tween 20). Immunoreactivity was visualized by

incubating the blots in BCIP/NBT substrate.

Cresyl Violet Staining

Formalin-fixed, paraffin-embedded ischemic rat brain sec-

tions were deparaffinized in xylene, rehydrated in alcohol

series, and incubated in 0.1% Cresyl violet solution for 3–

5 min. The sections were then rinsed in distilled water and

differentiated in 95% alcohol, followed by dehydration in

100% alcohol. The sections were then cleared in xylene

and mounted using DPX mounting medium.

Immunohistochemistry

For immunohistochemical analysis (n = 3), rats after

MCA occlusion were perfusion-fixed with saline and then

with 4% paraformaldehyde solution. Brains were removed

and post-fixed in the same fixative for another 24 h. Then

each tissue block was dehydrated, embedded in paraffin,

and cut into 3–4-lm-thick coronal sections. Paraffin was

removed from slides using xylene, followed by rehydration

in an alcohol dilution series. Antigen retrieval was per-

formed using a microwave method. Slides were incubated

for 20 min after slow boiling for 10 min and rinsed in PBS.

Slides were soaked in 0.1% Triton-X 100 in PBS for 5 min

to increase permeability of fixed tissue, followed by rinsing

in 19 PBS. Endogenous peroxidase was blocked by incu-

bation for 45 min in methanol containing 1.5% hydrogen

peroxide and blocked using 10% normal goat serum for

1 h. The sections were then stained with monoclonal

antibodies raised against calpain, cleaved caspase-3 (p-20

fragment) and cathepsin-b (diluted 1:100). After they were

washed, the sections were overlaid for 1 h with peroxidase

goat anti-mouse and anti-rabbit antibodies followed by

developing with DAB complex (DAKO-kit). All incuba-

tions were performed under humidified conditions, and

slides were washed 4 times for 5 min each in PBS between

steps. Contralateral hemisphere, omission of primary or

secondary antibody served as controls.

Calpain and Caspase Activity Assays

Calpain Activity

Calpain activity was measured using azocasein (Sigma–

Aldrich) as substrate (Takeuchi et al. 1992; Shukla et al.

2006) at a final concentration 0.6% in 1.0 ml of reaction

mixture containing 0.02% b-mercaptoethanol, 100 mM

Tris–acetate buffer (pH 7.5), 10 mM KCl, 5 mM CaCl2, and

50 lg of enzyme solution. The control tubes were treated the

same way except CaCl2 was replaced by EGTA (5 mM). The

reaction was incubated for 30 min at 37�C and was stopped

by the addition of 0.4 ml of 20% trichloro acetic acid and left

on ice for 30 min. The samples were centrifuged at 6000 rpm

for 1 h and absorbance of supernatant was read at 366 nm

using Shimadzu spectrophotometer.

Caspase Activity

Caspase activity of the cells undergoing apoptosis was

determined using Ac-DEVD-AFC hydrolysis in the tissue

lysates. In total, 50 lg of protein from ipsilateral and

contralateral tissue lysates was incubated in caspase assay

buffer consisting of 20 mM Tris–HCl buffer (pH 7.2)

containing 1 mM Mg2?, 80 mM KCl, and 1 mM DTT) and

5 lg of Ac-DEVD-AFC and the volume was made up to

500 ll. The reaction mixture was incubated at 37�C for

60 min. Ac-DEVD-AFC hydrolysis was monitored by

fluorescence emission of the released AFC (excitation,
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Fig. 1 Cresyl violet stained rat

brain sections. Cresyl violet

stains the nissil granules of the

neurons and renders purple

color to neurons. Necrotizing

neurons are indicated by the

small arrows in the striatum of

ipsilateral hemisphere, apoptotic

neurons are indicated by large
arrows in the cortex of the

ipsilateral hemisphere, and

normal neurons in the striatum

and cortex of contralateral

hemisphere can be observed.

Bright field images were taken

with Olympus UCTR30-2

fluorescent microscope

Fig. 2 a, b Western blot and

densitometric analysis of

calpain and cathepsin-b levels

during cerebral ischemia in rat

brain, respectively.

Representative blot of three

individual Western blots of

calpain and cathepsin-b. A

significant increase in the

calpain and cathepsin-b levels

was observed in ischemic

ipsilateral samples over the

contralateral samples starting

from 1 h of reperfusion till 1-

day reperfusion. Densitometric

analysis for calpain was

performed on full-length m-

calpain. SC sham contralateral,

SI sham ipsilateral, 1HC 1 h

contralateral, 1HI 1 h

ipsilateral, 1DC 1 day

contralateral, 1DI 1 day

ipsilateral samples, respectively,

after 3 h occlusion.

Densitometric analysis was

performed using NIH image

analysis software
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400 nm; emission, 500 nm) using a Fluoromax-3, Jobin

Yvon, Horiba spectrofluorometer as described earlier

(Yadaiah et al. 2007; Bhuyan et al. 2001).

Results

Existence of Apoptotic and Necrotic Cell Deaths

During Cerebral Ischemia

Cerebral ischemia results in an infarct comprising of

necrotic core and apoptotic penumbra. Recent studies have

pointed out that necrosis rather apoptosis might be a key

player in the etiology of cerebral ischemia. We observed

differential modes of cell death, i.e. apoptotic and necrotic

cell deaths, during cerebral ischemia. Cresyl violet staining

of the ischemic brain sections revealed necrotic cells

identified by cellular oncosis, loss of membrane integrity,

and burst of the cell in the striatum. Apoptotic cells iden-

tified with their shrunken shape, vacuolation, and dense

staining were significantly high in the cortical region

(Fig. 1). The presence of heterogeneous cell deaths in

different regions of the ischemic brain points toward the

involvement of different proteases in mediating different

modes of cell death in different regions of the ischemic

brain.

Elevation of Calpains, Cathepsin-b, Granzyme-b, and

Active Caspase-3 Levels During Cerebral Ischemia

Several protease mediating apoptotic and necrotic cell

deaths were found to be up-regulated during the ischemia/

reperfusion in ischemic rat brain. Western blot analysis

revealed the dramatic elevation of calpains, cathepsin-b,

granzyme-b which can modulate both apoptotic and

necrotic cell deaths by 1-h reperfusion time period,

respectively (Figs. 2a, b and 3a). Active caspase-3, which

is known to mediate apoptotic cell death, was also found to

be elevated by 1-h reperfusion time period lasting till 1 day

of reperfusion (Fig. 3b). The elevation of these proteases

was robust at 1-h reperfusion time period. Immunohisto-

chemical analysis with calpain, cathepsin-b, caspase-3, and

granzyme-b revealed differential localization of these

proteases. Calpain immunohistochemistry has shown the

presence of this protease mostly in the striatum correlating

with necrotic cell death identified by cresyl violet staining

(Fig. 4). Further calpain activity was maximal at 1-h fol-

lowed by 1-day reperfusion time periods in the ipsilateral

Fig. 3 a, b Western blot and

densitometric analysis of gra-b

and caspase-3 levels in ischemic

rat brain. Representative blot of

four individual Western blots of

gra-b and caspase-3. A

significant increase in the gra-b

and caspase-3 levels was

observed in ischemic ipsilateral

samples over the corresponding

contralateral samples starting

from 1-h reperfusion till 1 day

of reperfusion. SC sham

contralateral, SI sham

ipsilateral, 1HC 1 h

contralateral, 1HI 1 h

ipsilateral, 1DC 1 day

contralateral, 1DI 1 day

ipsilateral reperfused samples,

respectively, after 3 h

occlusion. Densitometric

analysis was performed using

NIH image analysis software
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hemispheres over the contralateral hemisphere correlating

with their elevated levels in the Western blot analysis

(Fig. 5). Cathepsin-b immunohistochemistry has shown the

presence of this protease mostly in the striatum correlating

with calpain immunohistochemistry and necrotic cell death

identified by cresyl violet staining (Fig. 6). Active caspase-

3 immunohistochemistry revealed the presence of this

protease mostly in the cortical region correlating with

apoptotic cell death (Fig. 7) and its activity was also

maximal at 1-h and 1-day reperfusion time periods in the

ipsilateral hemispheres over the contralateral hemisphere

correlating with the elevated level cleaved caspase-3 levels

in the Western blot analysis (Fig. 8). Immunohistochem-

istry with granzyme-b antibody has shown the presence of

this protease both in cortical and striatal regions of the

ischemic infarct (Fig. 9). The elevation of these suicidal

proteases correlated with either apoptotic or necrotic cell

deaths or both of them cell deaths that were observed with

cresyl violet staining during cerebral ischemia.

Interaction of PARP with AIF

PARP, apart from its main function of repairing DNA, was

known to mediate necrotic cell death as well as cell death

mediated by AIF. Co-immunoprecipitation experiment

with AIF revealed the interaction of PARP with AIF during

cerebral ischemia (Fig. 10). PARP was known to interact

with AIF and helps in the nuclear translocation of AIF,

resulting in large-scale DNA fragmentation. Hence, this

observation indicates that PARP acts as a double-edged

sword depending on the intensity of cellular insults.

Differential Cleavage of PARP

PARP is one of the substrates which stands in the front row

for a variety of suicidal proteases. Co-immunoprecipitation

(Fig. 11) and double immunofluorescence analysis

revealed the interaction of granzyme-b with PARP during

the pathology of cerebral ischemia (Fig. 12). Caspases,

Fig. 4 Immunohistochemical localization of calpain in the ischemic

rat brain. A significant increase in the localization of calpain in the

ipsilateral hemisphere than contralateral is visible. Images were taken

under a magnification of 10009 to have a clear view of cellular

localization of calpains in the infarct. Pyknotic cells and few shrunken

cells resembling apoptotic cells stained positive for calpain in

striatum and cortex (a) of ipsilateral hemisphere over contralateral

hemisphere (b) was observed. Arrows point toward the degenerating

cells ion the ipsilateral hemisphere. Photographs were taken with

Nikon Alphaphot YS2 microscope

Fig. 5 Calpain activity in the contralateral and ipsilateral ischemic

rat brain tissue lysates. Activity was determined by spectrophotomery

using azocasein as the substrate. The bars are normalized with

reference to maximal absorbance of the released trichloroacetic acid-

soluble peptides from azocasein after the addition of 50 lg of tissue

lysate. SC sham contralateral, SI sham ipsilateral, 1HC 1 h contra-

lateral, 1HI 1 h ipsilateral, 1DC 1 day contralateral, 1DI 1 day

ipsilateral reperfused samples, respectively, after 3 h occlusion.

P \ 0.05 was considered significant
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calpains, cathepsin, and granzymes were the most impor-

tant proteases which were known to cleave PARP and

liberate specific signature fragments. The presence of these

signature fragments also gives an idea about the involve-

ment of the suicidal protease particular to pathology. We

observed PARP break-down signature fragments of

molecular weights 89-, 64-, 50-, and 21-kDa (Fig. 13). The

presence of 89- and 21-kDa signature fragments correlated

with the activation of caspase-3 and the presence of

apoptotic cell deaths and presence of 50-kDa fragment

correlated with cathepsin-b and necrotic cell death and the

presence of 64-kDa fragment correlated with the elevated

levels of granzyme-b.

Discussion

Mechanical occlusion of any blood vessel carrying blood to

the brain results in an infarct comprising of central necrotic

core surrounded by transient region and apoptotic penum-

bra (Mehta et al. 2007; Graham and Chen 2001). Ischemic

cell death is very complex due to the activation of several

suicidal proteases, difference in activation time periods,

complex cross talks between them activating one another

and their ability to execute different modes of cell death

independent or dependent of each other (Cho and Toledo-

Pereyra 2008; Neumar et al. 2003). Calpains and cathep-

sins were known to mediate both apoptotic and necrotic

Fig. 6 Immunohistochemical localization of cathepsin-b in the

ischemic rat brain. A significant increase in the localization of

cathepsin-b in the ipsilateral hemisphere than contralateral is visible.

Images were taken under a magnification of 10009 to have a clear

view of regional and cellular localization of cathepsin-b in the infarct.

Arrows point toward the degenerating cells in the ipsilateral

hemisphere (a) over the contralateral hemisphere (b). Bright field

images were taken with Olympus UCTR30-2 fluorescent microscope

Fig. 7 Immunohistochemical localization of cleaved caspase-3 in the

ischemic rat brain. A significant increase in the localization of active

caspase-3 in the ipsilateral hemisphere than contralateral is visible.

However, increase in the immunoreactivity is mostly confined to

apoptotic cells in the cortex than striatum. Images were taken under a

magnification of 10009 to have a clear view of regional and cellular

localization of active caspase-3 in the infarct. Arrows point toward the

degenerating cells in the ipsilateral hemisphere (a) over the contra-

lateral hemisphere (b). Bright field images were taken with Olympus

UCTR30-2 fluorescent microscope
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cell deaths, whereas caspases were implicated only in

apoptotic cell deaths (Artal-Sanz et al. 2006; Xiuli et al.

2004; Stefan Reid and Yigong 2004). Recently, the serine

protease granzyme-b, which is known to be secreted by

activated CTLs and NK cells, was shown to mediate non-

apoptotic mode of cell death (necrotic) apart from classical

apoptotic cell death which is dependent of caspase acti-

vation (Young et al. 2007).

Understanding molecular mechanisms during acute

ischemic insult which results in heterogeneous cell death is

very difficult. Recent data suggest that necrosis rather than

apoptosis appears to be the crucial component of the

damage to the nervous system during human ischemic

injuries and neurodegenerative diseases (Haunstetter and

Izumo 1998). Studies in primates indicate that damage to

the lysosomal membrane is inflicted enzymatically by

activated calpains. Calpains localize to lysosomal mem-

branes after the onset of ischemic episodes with subsequent

spillage of cathepsins into the cytoplasm (Syntichaki et al.

2005). This observation led to the formulation of the

‘‘calpain–cathepsin hypothesis,’’ whereby the calcium-

mediated activation of calpains results in the rupture of

Fig. 8 Caspase activity in the contralateral and ipsilateral hemi-

spheres of the ischemic rat brain tissue lysates using Ac-DEVD-AFC

hydrolysis. The bars are normalized with reference to the maximal

hydrolysis (fluorescence) observed after addition of 50 lg of tissue

lysate. SC sham contralateral, SI sham ipsilateral, 1HC 1 h contra-

lateral, 1HI 1 h ipsilateral, 1DC 1 day contralateral, 1DI 1 day

ipsilateral reperfused samples, respectively, after 3 h occlusion.

P \ 0.05 was considered significant

Fig. 9 Immunohistochemical localization of gra-b in the ischemic rat

brain. A significant increase in the localization of gra-b in the

ipsilateral hemisphere compared to the contralateral hemisphere is

visible. Immunoreactivity was not found in the cells of the

contralateral hemisphere. Images were taken under a magnification

of 10009 to give a clear view of regional and cellular localization of

gra-b in the infarct. Arrows point toward the degenerating cells in the

ipsilateral hemisphere (a) over the contralateral hemisphere (b).

Bright field images were taken with an Olympus UCTR30-2

fluorescent microscope

Fig. 10 Co-immunoprecipitation of PARP-1 with AIF respectively.

AIF antibody was used to isolate the antibody-antigen complex and

Western blot analysis was performed to identify the interacting

proteins. Western blot analysis showed the presence of PARP

interacting with AIF in the ipsilateral hemisphere during cerebral

ischemia. S sham-operated ipsilateral tissue lysate, I tissue lysate from

1-h reperfused ischemic sample, TL whole tissue lysate of ipsilateral

hemisphere which was known to contain elevated levels of PARP. TL

without immunoprecipitation was used as positive control
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lysosomes and leakage of killer cathepsins that eventually

dismantle the cell (Xiuli et al. 2004; Artal-Sanz et al.

2006). Calpains, caspases, and granzymes cleave many

common substrates including cytoskeletal and regulatory

proteins (Yamashima et al. 2003). In addition, these pro-

tease systems appear to modulate each other via calpain-

mediated cleavage and activation of caspases 3, 7, 8, 9

(Wang 2000) and caspase-3-mediated cleavage of cal-

pastatin, which is endogenous inhibitor of calpain, thereby

activating calpain (Kato et al. 2000) and granzyme-b-

mediated activation of caspase-3 directly or via Bid.

Cathepsin-b has also been shown to activate caspase either

directly or indirectly. Taking together these data it becomes

clearly understood that the ischemic cell death is modu-

lated by a network of suicidal proteases, and inhibition of

any single protease might not be sufficient to mitigate the

ischemic injury.

Recent reports have shown that PARP is cleaved to 89-

and 21-kDa signature fragments by caspases, 70- and 40-

kDa signature fragment by calpains, 50-kDa necrotic

fragment by cathepsin-b, and 64-kDa signature fragments

by granzyme-b (Froelich et al. 1996; Gobeil et al. 2001;

Ferrer and Planas 2003). The presence or elevation of these

fragments gives a clear indication of the protease involved

and indirectly the type of death involved. However, as

some of the proteases mentioned earlier participate in

caspase-independent apoptotic cell deaths and necrotic cell

deaths, it becomes quite difficult to elucidate the type of

cell death accurately. We observed significant increase in

the levels of calpains, cathepsin-b, active caspase-3, and

granzyme-b levels indicating involvement of multiple

protease systems and the possibility of heterogeneous cell

death. The presence of necrotic cells correlated with the

activation of calpains and cathepsin-b, and the presence of

apoptotic cells correlated with the activation of caspase-3.

Further the appearance of 89- and 21-kDa apoptotic frag-

ments and 50-kDa necrotic fragment indicates the

Fig. 11 Co-immunoprecipitation of PARP with gra-b. Gra-b anti-

body was used to isolate the antibody-antigen complex and Western

blot analysis was performed to identify the interacting proteins.

Western blot analysis showed the presence of PARP as one of the

proteins interacting with gra-b during cerebral ischemia. S sham-

operated ipsilateral tissue lysate, I tissue lysate from 1-h reperfused

ischemic sample, TL whole tissue lysate of ipsilateral hemisphere

which was known to contain elevated levels of PARP. TL without

immunoprecipitation was used as positive control

Fig. 12 Double immunofluorescence analysis of PARP and gran-

zyme-b. DAPI fluorescence was depicted in blue, PARP

immunofluorescence was depicted in green, gra-b immunofluores-

cence was depicted in red and merged image showing the co-

localization of gra-b with PARP. Co-localization of gra-b with PARP

was observed in ipsilateral hemisphere over the contralateral

hemisphere

Cell Mol Neurobiol (2009) 29:563–573 571

123



existence of heterogeneous cell death in the infarct of focal

cerebral ischemia. Moreover, calpains, cathepsin-b, and

granzyme-b can also be involved in the apoptotic cell

death. Further the elevation of granzyme-b levels, which is

known to be secreted from CTLs and NK cells, gives an

indication of the involvement of immune responses in the

pathology of cerebral ischemia (Hurn et al. 2007; Yilmaz

et al. 2006).

Multi-factorial functions have been attributed to PARP

which include cell death as well as cell survival (Smith

2001). Recent experimental data suggest that post-ischemic

activation of PARP-1 occurs practically in every cell type

of the brain-affected region and significantly contributes to

the extension of the final damage. Genetic suppression of

either PARP-1 or PARP-2 or administration of appropriate

doses of PARP inhibitors within a reasonable time drasti-

cally reduces the infarct volume of stroke in rodent models,

thus suggesting that PARP inhibitors may reduce stroke-

induced neurological damage (Ikeda et al. 2005; Koh et al.

2004). Further PARP has been implicated in inflammatory

responses and as a modulator of AIF-mediated cell death

(Hassa and Hottiger 2002; Yu et al. 2006). Hence, cleavage

of PARP by caspases might be beneficial in reducing

inflammatory responses and cell death mediated by PARP-

1 (Nicotera et al. 1998; Ha and Snyder 1999). Though

granzyme-b mediated 74-kDa fragment has been shown to

have activity, its role contributing to cell death remains

unknown (Froelich et al. 1996). Further it is known that

calpains and cathepsin-b can activate caspase-3 either

directly or indirectly by their cross talks (Yamashima et al.

2003; Lomgren et al. 2001), but why and how are these

proteases set apart from activating caspase-3 during acute

necrotic cell death needs to be investigated. Shedding more

light into this aspect will help in further identifying puta-

tive molecules whose alteration can be of high use in the

pathology of cerebral ischemia.

Focal cerebral ischemia results in cell death, which is

considered to be chaotic. In the present study, the status of

PARP during transient focal cerebral ischemia has been

studied. The presence of specific PARP signature frag-

ments generated by caspase, cathepsin-b, and granzyme-b

correlates with the activation of these proteases and the

type of cell death they are known to modulate. Hence,

differential PARP cleavage during cerebral ischemia indi-

cates the involvement of multiple protease systems and

differential mode of cell death. Further its cleavage pattern

can be used as one of the markers for the existence of

specific proteases in the etiology and the type of cell death

being executed.
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