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Abstract Apoptotic cell death contributes to neuronal

loss in the penumbral region of brain infarction. Activated

caspase-3 (ACA-3) cleaves proteins including poly(ADP-

ribose) polymerase-1 (PARP-1) important in DNA repair,

thus promoting apoptosis. Overactivation of PARP-1

depletes NAD? and ATP, resulting in necrosis. These cell

death phenomena have been investigated mostly in exper-

imental animals. We studied an autopsy cohort of 13 fatal

ischemic stroke cases (symptoms 15 h to 18 days) and 2

controls by immunohistochemical techniques. The number

of PARP-1 immunoreactive neurons was highest in the

periinfarct area. Nuclear PARP-1 correlated with increas-

ing neuronal necrosis (P = 0.013). Cytoplasmic PARP-1

correlated with TUNEL in periinfarct and core areas

(P = 0.01). Cytoplasmic cleaved PARP-1 was inversely

correlated with increasing necrotic damage (P = 0.001).

PAR-polymers were detected in neurons confirming

enzymatic activity of PARP-1. Cytoplasmic ACA-3 cor-

related with death receptor Fas (rs = 0.48; P = 0.005). In

conclusion, the confirmation of the same pathways of cell

death than previously described in experimental animal

models encourages neuroprotective treatments acting on

these mediators also in human stroke.
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Abbreviations

ACA Activated caspase-3

AIF Apoptosis inducing factor

PARP-1 Poly(ADP-Ribose) polymerase-1

TUNEL Terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP nick end labeling

Introduction

The urge for translational brain ischemia research is

derived from the clinical trials with neuroprotective

regimens, which have been shown to be effective in

experimental animal models but have failed in clinical

trials of ischemic stroke [8, 11, 14]. The molecular

mechanisms involved in the ischemic human brain might

differ from the controlled conditions of the animal exper-

iments, which are performed with relatively young animals

with no comorbidities [9]. The situation is very different

in an aged stroke patient with multiple underlying risk

factors and concomitant acute cardiovascular or respiratory
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diseases at the presentation of ischemic stroke. We have

previously described the dominance of neuronal apoptotic

cellular damage in the periinfarct area [30]. The current

study further explores the molecular mechanisms involved

in pathways of neuronal death in a cohort of ischemic

human brains obtained in emergency autopsies.

Apoptotic cell death is responsible only for a minority of

the cells as compared to necrotic cell loss in ischemic

human brain [21], but is dominant in the penumbra, the

target of neuroprotective regimens [13, 17, 30]. The con-

comitant activation of the cell-death receptor (extrinsic)

and mitochondrial (intrinsic) pathways of apoptosis has

been investigated thoroughly in rats and mice after middle

cerebral artery occlusion (MCAO) (for review see [29]).

The role of mitochondria-dependent apoptosis in neurons

has not been studied at all in ischemic adult human brains.

These two pathways converge in the activation of caspase-

3 (ACA-3), a down-stream terminator caspase. ACA-3

inactivates essential cellular substrates like DNA-repairing

enzyme poly(ADP-ribose) polymerase-1, PARP-1, by

cleaving it into 89 and 28 kDa fragments characteristic of

ongoing apoptosis.

In the experimental settings, glutamate-mediated

NMDA-receptor stimulation leads to increase in intracel-

lular nitric oxide (NO) and subsequently peroxynitrate

[ONOO(-)] formation, which causes DNA strand breaks

and activation of PARP-1 [18, 25, 28]. Pathological over-

activation of PARP-1 depletes NAD? and ATP, and is

associated with necrosis. PARP-1 cleavage is suggested to

enable the ATP to be utilized for the execution of apop-

tosis. These hypothetical pathways leading to concomitant

cell necrosis and apoptosis are illustrated in Fig. 1. In

addition to these mechanisms, PAR polymers generated

through PARP-1 activity are suggested to be neurotoxic

[1]. Only a handful of studies have described the cell death

phenomena in ischemic human brains [17, 21, 26, 30, 33],

not to mention in tissues obtained with short post-mortem

delay after acute stroke.

In experimental animal studies, neuroprotection has

been suggested to ensue by inhibition of poly(ADP-ribo-

syl)ation [3, 18]. Furthermore, phase I and II clinical trials

with PARP-1 inhibitors are underway as cardioprotecting

agents or as an adjunct chemo- or radiosensitizer therapy

[15, 28]. Now, clinical trials with PARP-1 inhibitors in

ischemic stroke are not yet found in the databases (e.g.

clinicaltrials.gov). Still, stroke is suggested to be the prime

indication for development of PARP-1 inhibitors [16, 27].

This led us to explore these neuronal cell death pathways in

ischemic human stroke, with the ultimate goal of aiding

in the planning and interpretation of clinical trials with

neuroprotectants in combination with the only present

treatment of stroke, namely thrombolysis.
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Fig. 1 The concomitant pathways of necrotic and apoptotic cell

death in brain ischemia. Illustration is modified from Meli et al. [25]

with the permission from Elsevier Science. Glutamate-mediated

activation of NMDA-receptor leads to increased intracellular perox-

ynitrate, ONOO(-), which in turn overactivates PARP-1. In a mild

insult, PARP-1 exerts its physiological role in DNA repair and

maintenance of chromatin integrity. In settings of massive DNA

damage, PARP-1 overactivation can lead to necrotic type of cell death

due to depletion of NAD? and ATP stores. Concomitantly, overac-

tivation of PARP-1 leads to release of AIF to the cytosol from the

mitochondria. In addition, PAR is generated mainly in the nucleus,

localizes to cytosol, and interacts there with mitochondria to induce

cell death. Caspase-3 inhibits PARP-1 activity by cleaving it and thus

‘‘saves’’ energy for apoptotic machinery. AIF apoptosis inducing

factor, NMDA N-methyl-D-aspartate, ONOO(-) = peroxynitrate
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Materials and methods

Autopsy material

We studied autopsy specimens from 13 cases of fatal

ischemic stroke (symptom duration from 15 h to 18 days)

treated at the Department of Neurology, Helsinki Uni-

versity Central Hospital from year 1993. Autopsies were

performed within a mean of 18.6 h after death (range

3.5–40 h). Two patients who died of a non-neurological

cause served as controls. The study protocol was

approved by the institutional review committee of the

Helsinki University Central Hospital. Informed consent

was given by relatives. Clinical characteristics are out-

lined in Table 1. Complete recanalization was absent

from all cases including a patient who received 1.1 mg/

kg of alteplase (rt-PA) according to the European

Cooperative Acute Stroke Study (ECASS) trial protocol

(Case 3).

Neuropathology

Tissue sampling was based on the most recent CT scan as

described earlier [30] to obtain samples from the infarct

core and periinfarct area (ipsilateral to thrombosis) and

from the corresponding areas of the contralateral hemi-

sphere and from the control brains (n = 2). On autopsy,

infarction areas were identified macroscopically and

approximately 1-cm3 cortical samples including subcortical

white matter were dissected and fixed with formalin prior

to embedding in paraffin.

Sections of 5 lm were cut and were stained with

hematoxylin–eosin to confirm ischemic neuronal changes

as described earlier [30]. Evaluation was performed by a

neuropathologist unaware of the patient history or the

sample localization. Focusing on the integrity of the

nucleus, scores for signs of ischemic neuronal changes in

each tissue section were given as described by [10]. In

short, Score 0, normal neuronal morphology; Score 1,

Table 1 Characteristics of deceased patients and controls studied post-mortem

Case no/

Gender

Age

(years)

Post-mortem

(h)

Risk factors Cause of death

Agonal phasea
Survival time

(days)

Occluded

vessel/HT

Medication

prior/in-hospitalb

1/M 63 10 AF, AS, DM, H, HF Strokec 0.6 ICA/TE ASA/–

2/F 89 12 AF, CAD, DM, H Herniation 1 MCA/E HT ASA/–

3/F 75 40 H Herniation 1.2 MCA/T Ht –/rTPA, heparin

4/F 67 20 CAD, HC, I.E Herniation 1.6 MCA/TE Ht ASA/ASA, NSAID

5/F 44 26 PFOd Herniation 1.6 MCA/TE –/NSAID

6/M 82 28 None Herniation 2.5 ICA/T –/NSAID, heparin

7/M 74 13 AS, CAD, EA Stroke 2.5 BA/T HT ASA/–

8/F 79 21 CAD, H, HF PE (AMI), stroke 3 MCA/T –/–

9/F 72 4.5 AS, CAD Herniation 3 MCA/T ASA/NSAID, heparin

10/M 48 3.5 HC Strokea,e 5.4 MCA/T ASA/–

11/F 65 6 CAD, H, HF Stroke 8.5 BA/T ASA, NSAID/heparin

12/F 75 43 AF, AS, CAD, DM, H PE, stroke 17 ICA/T Ht –/heparin, warfarin

13/M 79 15 AF, CAD, H, HF PE, herniation 18 MCA/TE HT NSAID/–

A/Ff 76 28 AF, AS, HF Duodenal ulcer – – NA

B/Mf 41 14.5 CADd Duodenal ulcera – – NA

AF atrial fibrillation, AS generalized arteriosclerosis, CAD coronary artery disease, DM diabetes mellitus, EA carotid endarterectomy,

H hypertension, HC hypercholesterolemia, HF heart failure, IE chronic ischemic encephalopathy, PFO patent foramen ovale, VF ventricular

fibrillation, herniation herniations of brain, CA cardiac arrest, AMI acute myocardial infarction, PE pulmonary embolism. Immediate cause of

death is given first, followed by a contributing condition, HT hemorrhagic transformation according to neuropathology report with HT referring

to dense multifocal hemorrhages and more subtle, local hemorrhages denoted by Ht, ICA internal carotid artery, MCA middle cerebral artery,

BA basilar artery, T thrombosis, TE thrombo-embolism, NA not applicable
a Convulsions during agonal phase
b Medications including acetosalicylic acid (ASA) or non-steroidal anti-inflammatory drugs (NSAID) prior to hospitalization and in-hospital use

of ASA, NSAIDs, thrombolytic agents (rt-PA), and/or anticoagulants including heparin or low molecular weight heparins (Heparin) and warfarin
c Cardio-pulmonary resuscitation prior to death
d Diagnosis based only on autopsy findings
e Contralateral MCA occlusion 7 months before
f Cases A and B, control patients dying suddenly without a neurological cause
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largely normal morphology but scattered neurons with

nuclear abnormalities such as pyknosis, low nuclear cyto-

plasmic contrast and smearing of nuclear border (Type III

neurons by Eke [10]); Score 2, large proportion of neurons

with nuclear abnormalities, Score 3, large proportion of

neurons with nuclear abnormalities, with scattered ones

with irreversible signs such as shrunken cytoplasm with

irregular borders and invisible nuclei (Type IV neurons by

Eke); and Score 4, large proportion of neurons with irre-

versible changes.

When comparing the neuropathological scoring with the

CT scan and macroscopical sampling in autopsy, the sec-

tions with scores 0 or 1 were derived from contralateral

hemisphere or control areas (ipsi- or contralaterally), with

scores 2–3 from periinfarct area, and with score 4 from the

infarct core [30].

Immunohistochemistry

The antibodies used were as follows (antibody; dilution,

manufacturer): (1) Pc rabbit anti-human Fas (C-20:sc-715);

1:400, Santa Cruz Biotechnology Inc., Santa Cruz, CA,

USA, (2) Pc rabbit anti-human FasL (Q-20:sc-956); 1:100,

Santa Cruz Biotechnology Inc. (3) Rabbit immunoglobulin

G (G IgG) as control for antibodies 1 and 2; 1:2,500,

Vector Laboratories Inc., Burlingame, CA, USA. (4) MoAb

rabbit anti-Cleaved Caspase-3 (Asp 175:5A1) (#9664);

1:75, Cell Signaling Technology, Inc., Danvers, MA, USA.

Incubation with PBS as control for Ab 4. (5) MoAb anti

poly(ADP-ribose) polymerase against full-length PARP-1

(MCA 1522G); 1:100, Serotec AbD, Oxford, UK. (6)

Mouse immunoglobulin G1 (m IgG1) as control antibody

for Ab 5; 1:100, DAKO A/S. (7) Pc rabbit anti PARP-1 p85

fragment (Cleaved PARP-1) (#G7341); 1:100, Promega

Corporation, Madison, WI, USA. (8) R IgG 1:5,000

(Vector) as control for Ab 8. (9) MoAb anti-PAR

(cat 4335-MC-100) 1:400, Trevigen, Gaithersburg, MD,

USA. (10) M IgG3 1:400 (ID Labs, Inc., UK) as control for

Ab 9. Abbreviations: Pc = polyclonal antibody (Ab).

MoAb = monoclonal Ab.

Paraffin-embedded sections were deparaffinized with

xylene and hydrated through graded alcohols. Antigen

unmasking by microwave irradiation in 0.1 M citrate buf-

fer (pH 6.0) twice at 750 W (5 min) and once at 650 W

(5 min) was done prior to quenching in 0.3% H2O2 in

methanol (3% peroxide in aqua for ACA-3 Ab) for 10 min,

and blocking with 10% normal sera for 30 min (5% normal

sera for 1 h for ACA-3 Ab) prior to incubation with the

primary antibody at 4�C overnight. Biotinylated secondary

antibody (1:200; 30 min) was followed by avidin–biotin

complex for 30 min (Vectastain ABC Elite Kit; Vector

Laboratories, Inc.). Incubation with diaminobenzidine

(DAB) according to manufacturer’s instructions (SK-4100,

Vector laboratories Inc.) was carried out prior to counter-

staining with Mayer’s hemalum. For cleaved PARP-1

(p85), NovoLinkTM detection was carried out according to

manufacturers’ recommendation with the exception of

washing buffer (0.05 M Tris–Hcl pH 7.6, 0.03 M NaCl,

0.1% Tween 20).

Additional control experiments included omission of the

primary or secondary antibody in the ABC-method, which

resulted in loss of immunoreactivity (not shown). For Fas

antibody, see also [30]. For PARP-1 and cleaved PARP-1

antibodies, Western blot testing was performed (below).

Preabsorption of 109 (volume) of caspase-3 protein

(#1050, Cell Signaling Technology) with ACA-3 antibody

(1 h, RT) prior to immunohistochemical staining abolished

immunoreactivity in duplicate experiments (not shown).

Western blotting

Human recombinant caspase-3 protein (cat. 707-C3/CF,

R&D Systems Minneapolis, MN, USA) was used to cleave

purified full-length human PARP-1 protein in vitro (R&D

Systems). Western blot analysis was used to assess the

specificity of PARP-1 antibodies (from Serotec and Pro-

mega) in differentiating the full-length and cleaved

fragment of PARP-1 (for details see Electronic supple-

mentary material).

Double-labeling immunofluorescent staining

of PARP-1 and PAR

The antibodies were applied in dilutions similar to immu-

nohistochemistry (antibodies numbered 5–10).

Paraffin-embedded sections were deparaffinized with

xylene and hydrated through graded alcohols. Antigen

unmasking by microwave irradiation in 0.1 M citrate

buffer (pH 6.0) once at 750 W (5 min) and twice at

650 W (5 min) was done prior to blocking with 0.1 M

Tris–Hcl/3% BSA and 20% FBS, pH 7.5 for 30 min. First

primary antibody was incubated for 1 h (RT) followed by

rabbit anti-mouse FITC 1:20 (No. F0232, DAKO) for 1 h

(RT). Endogenous Avidin/Biotin blocking was performed

according to manufacturers’ recommendations (Vector

cat. SP-2001) prior to the second primary antibody

incubation at ?4�C overnight. Anti-mouse or anti-rabbit

biotinylated secondary antibody (1:200 ABC Elite Kit;

Vector Laboratories, Inc.) was followed by NeutrAvidin

Rhodamine Red 1:200 (cat. No A6378, Molecular probes,

Netherlands) for 30 min (RT). The slides were mounted

on cover slips with Vectashield-DAPI fluorescence

mounting media containing 40,6-diamino-2-phenylindole

(Vector). Slides were washed twice in PBS for 5 min

between all steps. All steps were performed in a humid

chamber in dark.
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Triple-labeling immunofluorescent staining of in situ

cell death detection by TUNEL with ACA-3 and DAPI

Microwave irradiation in 0.1 M citrate buffer (pH 6.0) at

370 W (5 min) was followed by blocking with 3% bovine

serum albumine (BSA) in 20% normal bovine serum/0.1 M

Tris–HCl (pH 7.5) for 30 min. Overnight incubation with

the primary antibody (ACA-3) was succeeded by secondary

biotinylated antibody at 1:200 dilution for 30 min (Vector)

and subsequent detection with RhodamineRed�-conjugated

NeutraliteTM avidin (A6378; Molecular Probes Europe, The

Netherlands) at 1:200 dilution (30 min). Subsequently, the

TUNEL reaction (terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP nick end labeling) was carried out

according to manufacturer’s instructions (in situ cell death

detection kit, Fluorescein; Boehringer Mannheim) with a

FITC-tag. The sections were mounted on cover slips with

Vectashield-DAPI fluorescence mounting media containing

40,6-diamino-2-phenylindole (Vector) and then investigated

with an epifluorescence microscope.

Acquisition of microscopical data and statistical

analyses

The present investigational microscopical data were col-

lected from tissue blocks from the infarct and periinfarct

region and from homologous regions of the contralateral

hemisphere. In each section, immunoreactivity was evalu-

ated in five consecutive fields of 0.3125 mm2 resulting in a

mean [SE] of immunopositive cell structures/mm2. We

confirmed the severity of ischemic neuronal changes from

an adjacent section (increasing damage scores from 0 to 4 as

described in ‘‘Neuropathology’’ ). This also made sure that

the ischemic neuronal changes associated with secondary

ischemia, e.g. due to bilaterally increased intracranial

pressure, were represented as early ischemic changes

(i.e. score 1) in the results.

The descriptive data are given as mean [SE]. Statistical

analyses were performed as described previously [30] using

the SPSS for Windows-program (version 13.0). In short, the

difference between the mean numbers of immunoreactive

cell structures/mm2 in each brain location was evaluated by

one-way ANOVA followed by LSD post hoc test. Jonc-

kheere–Terpstra trend test was applied to determine the

strength of associations between the continuously distrib-

uted variables, i.e. median immunoreactivities of ACA-3

and PARP-1 and the class-ordered ischemic neuronal score.

Spearman correlation coefficient (rS) was used to assess the

relation between PARP-1 and the percentage of TUNEL-

positive neurons and between ACA-3 and Fas immunore-

active cells. In the box plots, the median line is shown, the

bar represents the upper 75% and lower 25% quartile, and

the error bar depicts high- and low values. P values \ 0.05

were considered statistically significant.

Results

Our previous study described apoptotic cell morphology

and TUNEL-labeling most prominently as neuronal phe-

nomena [30], which is in line with results in experimental

animal model of permanent middle cerebral artery occlu-

sion (PMCAO) [4]. In addition, there is also experimental

evidence for apoptotic cell death of other cell types,

including astrocytes [31]. In the present study, we concen-

trated the systematic evaluation of the immunoreactivities

on neuronal expression of cell death mediators, namely

caspase-3 and PARP-1.

Western blotting

In Western blotting with purified PARP-1 protein, the

PARP-1 antibody against full-length PARP-1 (Serotec)

detected both a band of 116 kDa (equivalent to full-length

PARP-1) and a less intense band of the size 89 kDa.

PARP-1 protein cleavage by ACA-3 in vitro prior to

Western blotting resulted in complete loss of signal for

full-length PARP-1. Antibody against cleaved PARP-1

(Promega) detected only a band corresponding to cleaved

PARP-1 (89 kDa) (Electronic supplementary material).

Later in the text, PARP-1 refers to full-length PARP-1

(not totally excluding minor detection of cleaved PARP-1

p89 fragment) and cleaved PARP-1 to detection of p85

fragment using the specific antibody (Promega) in

immunohistochemistry.

PARP-1 immunoreactivity

Only scattered neurons showed PARP-1 immunoreactivity

in control brains (n = 2; Fig. 2a). Post-ischemic PARP-1

immunoreactivity was evident both in neuronal nuclei

(Fig. 2b) and in cytoplasm (Fig. 2c). Adjacent sections

with m IgG1 were negative (not shown). Interestingly, post-

ischemic PARP-1 immunoreactivity was also evident in the

nucleolus (Fig. 2d). The maximum number of PARP-1

positive neuronal nuclei was evident in the infarct core

during the first post-ischemic day and this shifted to the

periinfarct area during the second day (highest at 23 h vs.

at 39 h, respectively). The mean number of PARP-1

immunoreactive neuronal nuclei was highest in the peri-

infarct area (Fig. 3a). Interestingly, the nuclear PARP-1

positivity correlated with increasing neuronal ischemic

(necrosis) score with the exception of most dense ischemic

damage (Score 4; only 2 brain sections) (Fig. 3b;
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P = 0.013). The induction was evident up to 2 weeks

(Fig. 3c).

The number of neurons with cytoplasmic PARP-1

immunoreactivity was highest in the periinfarct region

compared to infarct core area (4.6 [0.8] vs. 2.3 [0.5]; P =

0.028). Cytoplasmic PARP-1 immunoreactivity (Fig. 3d)

followed a similar temporal course with maximum induction

at 3 days like nuclear PARP-1. The cytoplasmic PARP-1

immunoreactivity correlated with increased percentage of

TUNEL-labeled cells (described earlier [30]) in the brain

regions with neuronal ischemic scores 2, 3 or 4, i.e. the

periinfarct and infarct core regions (Fig. 3e; P = 0.01) up to

5.4 days survival time. In the contralateral hemisphere, the

maximum number of neuronal nuclei expressing PARP-1

was evident at 1.6 days and was reduced during the third day.

Post-ischemic cleaved PARP-1 immunoreactivity

The maximum number of neuronal nuclei immunoreactive

for cleaved PARP-1 was observed between 3 days and

2 weeks (Fig. 4a) compared with the peak in less than

3 days for PARP-1 (Fig. 3c). Adjacent sections with R IgG

were negative (Data not shown). The number of nuclei

immunoreactive for cleaved PARP-1 correlated with

increasing neuronal ischemic score with the exception of

most dense ischemic damage (P = 0.009; Fig. 4b, c).

The maximum number of neuronal cytoplasm express-

ing cleaved PARP-1 was evident by less than 3 days

(Fig. 4d). The cytoplasmic cleaved PARP-1 expression

was in inverse correlation with increasing neuronal ische-

mia score (P = 0.001; Fig. 4e, f).

PAR-polymer immunoreactivity

PAR immunoreactivity was prominent in the cytoplasm of

neurons in the control brains (Fig. 5a). PAR immunore-

activity was very intense both in the neuronal nuclei and

cytoplasm in two brain sections from the periinfarct area

with a neuronal ischemia score 2 (Cases 1 and 6) (Fig. 5b).

PAR immunoreactivity was mostly seen in the neuronal

nuclei in two brain sections (Cases 12 and 13) with

advanced ischemic damage (Score 4; infarct core)

(Fig. 5c). The control sections with m IgG3 were negative

(data not shown).

Fig. 2 Subcellular localization of post-ischemic PARP-1 in neurons.

a Only low-level, scattered PARP-1 immunoreactivity was seen in

control brains. b Neurons in the infarcted brain cortex are PARP-1

positive. Note the intense immunoreactivity in the neuronal nuclei

(DAB; brown) (arrows). c Intense PARP-1 immunoreactivity is also

evident in the neuronal cytoplasm (arrows). d Note the prominent

PARP-1 immunoreactivity in the nucleoli of the neurons (arrow).

Magnification is 4009 in all. In a–d hematoxylin counterstaining is

used for nuclear visualization
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Double labeling of PARP-1 and PAR

The amount of neuronal somas immunofluorescent for

cleaved PARP-1 (p85) was bigger than for full-length

PARP-1 (Rhodamine Red in Fig. 5d. Case 2) in keeping

with the results from immunohistochemical staining

(Figs. 3, 4). PAR-fluorescence in neuronal nuclei (FITC in

Figs. 5e, h) colocalized both with the full-length (yellow in

Fig. 5f) and cleaved PARP-1 enzyme (yellow in Fig. 5i).

The control sections with m IgG3 and m IgG1 or R IgG were

negative (data not shown). Less PAR-immunofluorescent

cells were detected in a section from the contralateral

hemisphere (Case 2) (data not shown).

Activated caspase-3 (ACA-3) immunoreactivity

Activated Caspase-3 immunoreactivity was seen only in

scattered cells in the control brains (n = 2). Post-ischemic

ACA-3 expression became evident in the cytoplasm of the

gray matter neurons after 15 h of ICA occlusion (Fig. 6a).

About a fourfold increase in the number of ACA-3 im-

munopositive neurons was detected in the infarct core very

acutely and it subsided during the following days up to

1 week. In the periinfarct area, the magnitude of the

increase in the number of ACA-3 immunoreactive neurons

was roughly threefold, and it tended to be increased up to a

week. A decrease in the number of ACA-3 positive neurons

between the groups of acute ischemia (\3 days of symp-

toms) and [2 weeks ischemia duration was detected

(Fig. 6b; P = 0.002). In the contralateral hemisphere,

neuronal ACA-3 immunoreactivity showed an increasing

trend up to 3 days, after which the number of ACA-3-

positive neurons was equivalent to controls (n = 2). The

cytoplasmic ACA-3-positivity correlated with Fas immu-

noreactivity, which we have described earlier [30]

(rs = 0.48; P = 0.005; Fig. 6c).

Fig. 3 Quantification of neuronal PARP-1. The number of immuno-

reactive cells/mm2 is given in the Y-axis. a In post-ischemic brains,

the number of PARP-1 immunoreactive neuronal nuclei/mm2 is

highest in the periinfarct region. b Number of PARP-1 immunore-

active nuclei increases with ischemia severity = increasing neuronal

ischemic damage score with the exception of areas with the most

severe damage, i.e. the necrotic infarct core (Score 4). N refers to the

number of brain sections in each neuronal ischemia score group. The

outliers and extreme values are denoted by symbol �. c The number of

PARP-1 immunoreactive neuronal nuclei is highest by less than

3 days and it subsides during the second week. d The peak number of

PARP-1 immunoreactive neuronal cytoplasm is evident by less than

3 days. Statistical analysis was performed without controls in a, c,

and d due to small number (n = 2). e Cytoplasmic PARP-1 correlates

with increased percentage of TUNEL-labeled cells with apoptotic

morphology (as described earlier [30]) in brain areas with ischemic

neuronal score 2, 3 or 4 (i.e. the periinfarct and infarct core regions)

up to 5.4 days. The error bars show the mean [SE] of immunopos-

itive cell structures/mm2 in a, c and d
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ACA-3 expression was seen in the neuronal processes in

the infarct core after 1.6 days of MCA occlusion (Case 4).

In double-labeling immunofluorescence, ACA-3 positive

neuronal processes colocalized to some extent with the

TUNEL-positive nuclei (Fig. 6d).

Discussion

Taken together, neuronal cytoplasmic ACA-3 immunore-

activity was highest in the periinfarct area—the area of most

prevalent apoptosis—and it correlated with somas immu-

noreactive for death receptor Fas (documented previously

[30]). The number of neurons with cytoplasmic PARP-1

immunoreactivity was highest in the periinfarct region and

it correlated with increasing number of TUNEL-labeled

neurons showing also apoptotic morphology (Fig. 3e). The

number of neurons with cytoplasmic expression of cleaved

PARP-1 was in inverse correlation with increasing ischemic

damage (Fig. 4e). For nuclear immunoreactivity, both

PARP-1 and cleaved PARP-1 correlated with increasing

neuronal ischemic damage score, with a delayed peak in the

expression of cleaved PARP-1 after 3 days of ischemia

(Figs. 3c, 4a). As a sign of PARP-1 enzymatic activity,

PAR immunoreactivity was very intense both in the neu-

ronal somas and in the cytoplasm of post-ischemic neurons.

PAR-polymers colocalized both with the full-length and

cleaved PARP-1 enzyme in double-labeling (Fig. 5).

Acute neuronal injury causes overactivation of PARP-1,

which results in unregulated poly(ADP-ribose) (PAR)

synthesis and widespread neuronal cell death [19]. It has

been hypothesized that PAR is generated mainly in the

nucleus and localizes to cytosol and interacts there with

mitochondria to induce cell death [1]. The present and our

previous [30] observational findings generate a hypothesis

of overexpressed nuclear full-length and cleaved PARP-1

as a kind of surrogate marker of necrosis while cytoplasmic

PARP-1 might reflect concomitant ongoing apoptosis.

Fig. 4 Quantification of post-ischemic cleaved PARP-1 in neurons.

The number of immunoreactive cells/mm2 is given in the Y-axis.

a The maximum number of neuronal nuclei immunopositive for

cleaved PARP-1 is evident between 3 days–2 weeks. b Nuclear

cleaved PARP-1 expression correlates with increasing neuronal

ischemic damage score with the exception of most dense ischemic

damage. N refers to the number of sections in each neuronal ischemia

score group. c Cleaved PARP-1 immunoreactivity in neuronal nuclei

(arrow head) (Case 5). d The maximum number of neuronal

cytoplasm immunopositive for cleaved PARP-1 is evident by less

than 3 days. e Cytoplasmic cleaved PARP-1 shows an inverse

correlation with increasing neuronal ischemia score. f Cleaved PARP-

1 immunoreactivity in neuronal cytoplasm (arrow head) (Case 4).

The outliers and extreme values are denoted by symbol � in b and e.

The bar 20 lm in c, f
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After a delay of some days, PARP-1 cleavage could reflect

an attempt to substitute necrosis with apoptosis in the

periinfarct region, a process requiring ATP. A previous

study describing PARP-1 cleavage during apoptosis in

vitro demonstrated that the larger p89 PARP-1 fragment

migrates from the nucleus to the cytoplasm in apoptotic

cells [32]. Our results support inhibition of the pathological

PARP-1 overactivation in neurons as a therapeutic strategy

in human brain ischemia. It might possibly prevent cell

necrosis and ensuing loss of cellular energy together with

downregulation of various pro-inflammatory signal trans-

duction pathways [34].

Only scattered neurons expressed PARP-1 in normal

brain tissue, in accordance with previous results [21].

Post-ischemic nuclear expression of PARP-1 peaked in

the infarct core and in the periinfarct area inside 3 days,

which is consistent with previous human results [21]. On

the other hand, by 2 days only very sparse cells contained

detectable PARP-1 within the infarcts [21], while in our

material, the induction was evident for up to 2 weeks.

Regardless of the survival time, intense nuclear and

cytoplasmic immunoreactivity were not detected in the

same cells, supporting an ischemia-induced subcellular

translocation of PARP-1. Cytoplasmic PARP-1 has been

described in normal brains in a previous study, where

subcellular localization of PARP-1 was studied in three

non-neurological patients [5]. In another study of human

traumatic brain injury, PARP-1 was found either exclu-

sively in the nucleus or in both nuclear and cytoplasmic

compartments [2]. The dominance of cytoplasmic neuro-

nal staining was linked with a short time interval from

trauma to surgery [2]. All these post-mortem studies carry

a hazard that the changes in PARP immunoreactivity may

be due to cell death or partial cell death, during which the

nuclear content becomes more accessible to immunohis-

tochemical staining.

Fig. 5 PAR immunoreactivity and double-labeling with PARP-1 and

cleaved PARP-1. a PAR immunoreactivity was prominent in the

cytoplasm of neurons (arrow) in a control brain (a in Table 1). b PAR

immunoreactivity was very intense both in the neuronal nucleus

(arrow head) and cytoplasm (arrow) in the periinfarct area with a

neuronal ischemia score 2 (Case 1). c PAR immunoreactivity was

mostly seen in the neuronal nuclei (arrow head) in brain sections with

advanced ischemic damage (Score 4; infarct core. Case 3). d The

amount of neuronal somas immunofluorescent for full-length PARP-1

was smaller than for cleaved PARP-1 (p85) (g) (Rhodamine Red;

Case 2). e PAR-fluorescence in neuronal somas (FITC) colocalized

(arrow head) both with the full-length PARP-1 (f) (yellow) and H,

with cleaved PARP-1 enzyme (i) (double arrow heads). The

bar 20 lm
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Strikingly, in the present study, PARP-1 was detected in

nucleoli either alone or with simultaneous nuclear expres-

sion between 15 and 39 h and only in the periinfarct and

contralateral regions (Fig. 2d), which retain more physio-

logical energy metabolism than the infarct core. Although

nucleolar PARP-1 expression has not been reported in

neurons before, it has been described in vitro in MDBK,

HeLa and CHO cells [7] and in murine fibroblasts [23]

fitting as a sign of active RNA synthesis in general [12].

The scattered expression of ACA-3 in controls is in line

with the suggested roles of caspases in axon guidance, syn-

aptic plasticity and preservation of normal brain integrity

[22]. Interestingly, post-ischemic ACA-3 immunoreactivity

became evident in the cytoplasm of the gray matter neurons,

although the well-established role of ACA-3 as an inacti-

vator of the nuclear protein PARP-1 (as well as other nuclear

substrates) would suggest a nuclear localization [35]. In a

previous study of human brain ischemia ACA-3 was strongly

expressed both in the cytoplasm and in the nucleus [21]. Our

results are in keeping with the results of Ferrer et al. [13] that

demonstrated the exclusive expression of ACA-3 in the

cytoplasm in a Western blot analysis from penumbral sam-

ples of adult rats.

Based on a series of human atherothrombotic infarcts, it

has been hypothesized that apoptosis makes little contribu-

tion to neuronal death in focal brain infarcts in man, because

many neurons showed obvious morphological changes of

ischemic neuronal death without immunolabeling for cas-

pase-3 in the infarcted regions [20]. In contrast to that, our

results support a concomitant role for apoptosis and necrosis

in neuronal ischemic cell death in keeping with our previous

results demonstrating the decrease in TUNEL-labeling with

increased necrosis [30]. Moreover, the cytoplasmic ACA-3-

positivity correlates with post-ischemic Fas-expression—a

key receptor for extrinsic pathway of apoptosis—induction

of which we also have described earlier in man [30].

Fig. 6 Neuronal ACA-3 quantification and colocalization with

TUNEL. The number of immunoreactive cells/mm2 is given in the

Y-axis. a Neurons in infarcted cerebral cortex show cytoplasmic

immunoreactivity for activated Caspase-3. Cells start to lose the

normal, rounded nuclear shape with convolution of nuclear membrane

(arrow head). b The number of ACA-3 immunoreactive neuronal

cytoplasm is highest during 3 days and decreases during the second

week. Statistical analysis was performed without controls due to small

number (n = 2). c A linear correlation is evident between ACA-3 and

the number of cells immunoreactive for Fas (as described earlier [30])

in infarcted brains. d In double-labeling, ACA-3 positive neuronal

extensions (Rhodamine-Red; arrow head) colocalized to some extent

with the TUNEL-labeled nuclei (FITC; arrow) (Case 4; periinfarct

area). Magnification is 4009 in a and 4709 in c (bar 20 lm). In a,
hematoxylin counterstaining is used for nuclear visualization
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The major limitations of our study are that the data are

descriptive (no possibility of interventions) and data are

based only on immunohistochemical data. In our opinion,

the autopsy brain cohort is best used for microscopical

evaluation instead of homogenization for, e.g. Western

Blotting. In the latter approach, the knowledge on cellular

localization would be lost. Due to the extensiveness of data

collected by counting the number of positive cells (semi-

quantitative) under a microscope, our analysis lacks

systematic evaluation of PARP-1, PAR, and ACA-3

immunoreactivities in other cells of the neurovascular unit

[6, 24] besides neurons. Third, the autopsy cohort consists

of serious, lethal (in many cases death due to herniation)

brain infarct cases with main artery occlusion, which limits

the interpretation of the results to a less severe stroke.

There is a great interest in the potential clinical benefit of

PARP-1 inhibition in human diseases, such as myocardial

infarction, stroke and cancer based on the double-edged role

of PARP-1 in the pathogenesis of cardiovascular and

inflammatory diseases and on the other hand on its ability to

repair injured DNA [15]. As reviewed by Graziani and

Szabo [16], a vast body of literature suggests that cells with

mild, repairable DNA damage as well as cells with severely

damaged DNA are diverted by PARP-1 inhibition to a

common pathway, i.e. apoptotic cell elimination. PARP-1

overactivation in brain ischemia is suggested to ensue after

increase of nitric oxide (NO) [25], which lead to mito-

chondrial dysfunction by induction of apoptosis inducing

factor, AIF [24, 36] (Fig. 1). Caspase-3 (and caspase-7)

mediated PARP-1 inactivation by its cleavage suggests that

blocking PARP-1 activation is crucial for the execution of

apoptosis. This theory of protection against necrosis by

inhibition or inactivation of excessive PARP-1 renders the

necrotic process amenable to pharmacological intervention

[16]. Our present study demonstrates neuronal overex-

pression, cleavage, and subcellular translocation of PARP-1

along with neuronal overexpression of ACA-3 in human

ischemic stroke.

In summary, together with our previous report [30], the

present studies on a unique set of human post-mortem

brains demonstrates the concomitance of necrosis and

apoptosis and their relation to the extent of ischemic neu-

ronal damage in human ischemic stroke. Moreover, the

induction of several cell death mediators described origi-

nally in animal experiments (Fas, FasL, ACA-3, PARP-1)

was translated to human ischemic stroke and importantly,

with a prolonged window of therapeutic opportunity lasting

up to several days instead of hours.
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Finnish Academy, Sigrid Jusélius Foundation, HUCH governmental

subsidiary grants for research (EVO), Päivikki and Sakari Sohlberg
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