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Abstract In ischemic stroke, cell damage propagates from
infarct core to surrounding tissue. To reveal proteins involved
in neurodegeneration and neuroprotection, we explored the
protein profile in penumbra surrounding the photothrombotic
infarct core induced in rat cerebral cortex by local laser irra-
diation after Bengal Rose administration. Using antibody mi-
croarrays, we studied changes in expression of 224 signaling
proteins 1, 4, or 24 h after photothrombotic infarct compared
with untreated contralateral cortex. Changes in protein expres-
sion were greatest at 4 h after photothrombotic impact. These
included over-expression of proteins initiating, regulating, or
execu t i ng va r i ous apop to s i s s t age s ( ca spa ses ,
SMAC/DIABLO, Bcl-10, phosphatidylserine receptor
(PSR), prostate apoptosis response 4 (Par4), E2F1, p75, p38,
JNK, p53, growth arrest and DNA damage inducible protein
153 (GADD153), glutamate decarboxylases (GAD65/67),
NMDAR2a, c-myc) and antiapoptotic proteins (Bcl-x, p63,
MDM2, p21WAF-1, ERK1/2, ERK5, MAP kinase-activated
protein kinase-2 (MAKAPK2), PKCα, PKCβ, PKCμ, RAF1,
protein phosphatases 1α and MAP kinase phosphatase-1
(MKP-1), neural precursor cell expressed, developmentally
down-regulated 8 (NEDD8), estrogen and EGF receptors, cal-
modulin, CaMKIIα, CaMKIV, amyloid precursor protein
(APP), nicastrin). Phospholipase Cγ1, S-100, and S-100β
were down-regulated. Bidirectional changes in levels of

adhesion and cytoskeleton proteins were related to destruction
and/or remodeling of penumbra. Following proteins regulat-
ing actin cytoskeleton were over-expressed: cofilin,
actopaxin, p120CTN, α-catenin, p35, myosin Va, and pFAK
were up-regulated, whereas ezrin, tropomyosin, spectrin (α +
β), βIV-tubulin and polyglutamated β-tubulin, and
cytokeratins 7 and 19 were down-regulated. Down-
regulation of syntaxin, AP2β/γ, and adaptin β1/2 indicated
impairment of vesicular transport and synaptic processes.
Down-regulation of cyclin-dependent kinase 6 (Cdk6), cell
division cycle 7-related protein kinase (Cdc7 kinase),
telomeric repeat-binding factor 1 (Trf1), and topoisomerase-
1 showed proliferation suppression. Cytoprotection proteins
AOP-1 and chaperons Hsp70 and Hsp90 were down-regulat-
ed. These data provide the integral view on penumbra re-
sponse to photothrombotic infarct. Some of these proteins
may be potential targets for antistroke therapy.
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Introduction

Ischemic stroke is one of the leading causes of human disabil-
ity and mortality. Acute ischemia caused by vascular occlu-
sion very quickly, for few minutes, induces deficit of oxygen
and glucose that is followed by necrosis and infarction of the
nervous tissue. It is impossible to rescue these cells. However,
the injurious processes propagate to the surrounding tissue
beyond the infarction core. The tissue damage in this transi-
tion zone (penumbra) develops slower, for several hours,
which provides time for neuroprotection therapy, which can
potentially limit the brain injury [1, 2].
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In order to find the antistroke neuroprotectors, various glu-
tamate antagonists, blockers of Ca2+ channels, inhibitors of
nitric oxide signaling, antioxidants, and ROS scavengers have
been tested. However, efficient neuroprotective drugs for
stroke pharmacotherapy have not been found yet [3].
Therefore, wider search based on comprehensive studies of
molecular mechanisms of neurodegeneration and neuropro-
tection is needed [4, 5]. The cell response to acute injury is
initially determined by proteins present in the cell. However, if
their protective capability is insufficient, additional proteins
are synthesized. The proteomic techniques have been used
to characterize the cerebral ischemia-induced changes in ex-
pression of hundreds of proteins in the ischemic core and
penumbra [6–11]. This information sheds light to some mech-
anisms of ischemic brain injury.

In the present work, we have studied the biochemical con-
sequences of the focal photothrombotic infarction (PTI) in the
rat cerebral cortex induced by the local photodynamic treat-
ment. Photodynamic effect is based on dye photoexcitation in
stained cells that is followed by generation of singlet oxygen
and other ROS, oxidative stress, and finally, necrosis or apo-
ptosis [12]. Cerebral PTI is induced by laser irradiation of the
cerebral cortex after administration of Bengal Rose, a hydro-
philic photosensitizer that does not penetrate cells and accu-
mulates in the brain vessels. Following photoirradiation in-
duces local oxidative damage of the vascular endothelium,
aggregation of platelets, and occlusion of microvessels. This
stroke model is little invasive. The injury location, size, and
degree are easily controlled and reproducible [9, 10, 13–16].

Using less intensive but prolonged irradiation, we achieved
a wider penumbra that was sufficient for biochemical analysis.
Recently, we have studied changes in expression of 224 neu-
ronal proteins in penumbra. We identified proteins whose ex-
pression increased or decreased after focal PTI [9, 10]. The
aim of the present work was to study the changes in the ex-
pression of 224 signaling proteins in the penumbra around the
PTI core in the rat cerebral cortex at different intervals after
laser irradiation (1, 4, or 24 h) as compared with untreated
contralateral cortex. We have revealed a number of up- or
down-regulated proteins, which could be involved in the inte-
gral response of the penumbra tissue to photoinduced focal
ischemia.

Materials and Methods

Chemicals

Cy3™ or Cy5™ monofunctional reactive dyes were supplied
by GE Healthcare. The Panorama Ab Microarray Cell
Signaling Kits (CSAA1, Sigma-Aldrich Co.) and other
chemicals were obtained from Sigma-Aldrich-Rus (Moscow,
Russia).

Animals

The experiments were performed on adult male Wistar rats
(200–250 g). The animal holding room was maintained at a
temperature of 22–25 °C, 12-h light/dark schedule, and an air
exchange rate of 18 changes per hour. All experimental pro-
cedures were carried out in accordance with the European
Union guidelines 86/609/ЕЕС for the use of experimental
animals and local legislation for ethics of experiments on an-
imals. The animal protocols were evaluated and approved by
the Animal Care and Use Committee of the Southern Federal
University (approval no. 02/2014).

Focal Photothrombotic Ischemia in the Rat Cerebral
Cortex

The unilateral focal PTI in the rat somatosensory cortex was
induced according to [9, 10, 13]. The rats were anesthetized
with chloral hydrate (300 mg/kg, i.p.). After the longitudinal
incision of the skull skin, the periosteum was removed.
Bengal Rose (20 mg/kg) was injected in the vena subclavia.
Then, the rats were fixed in the stereotactic holder. The uni-
lateral irradiation of the somatosensory cortex was performed
through the cranial bone using 532 nm diode laser (64 mW/
cm2, Ø 3 mm, 30min). Irradiation zone was located according
to stereotactic coordinates in the sensorimotor cortex: 0.5 mm
anterior to bregma, 0.5 mm lateral to the midline. The animals
were euthanized with the chloral hydrate overdose (600 mg/
kg, i.p.) and decapitated 1, 4, or 24 h after PTI. The symmetric
cortical region in the contralateral hemisphere served as a
control.

Histology and Immunohistochemistry

Twenty-four hours after light exposure, rats which brains
should be stained by 2,3,5-triphenyltetrazolium chloride
(TTC; Sigma-Aldrich Co.) were deeply anesthetized with
chloral hydrate and then decapitated (n = 3). Brains were then
rapidly removed, placed into a freezer (−70 °C) for 5–8 min,
and sliced into 2-mm-thick coronal sections (Fig. 1). The
hemisphere and infarction areas were traced and measured
on each section using ImageJ analysis software (NIH). For
histological study, the rats were perfused transcardially with
10 % buffered formalin (pH 7.2) under chloral hydrate anes-
thesia 4 h after laser irradiation. The extracted brains were
post-fixed with formalin. The paraffin sections were stained
with hematoxylin and eosin and imaged on the Eclipse FN1
microscope (Nikon, Japan; objective lens Plan Fluor ELWD,
40×/0.60) (Fig. 1a).

For immunohistochemical study, 5-μm sections of the
paraffin-embedded experimental and control cortex tissues
were used. The sections were demasked in Tris-EDTA buffer
with 0.05 % Tween 20 (pH 9.0) in the programmed
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barocamera Pascal (Dako). Reactions were visualized using
the REVEAL Polyvalent HRP-DAB Detection System
(Spring Bioscience, SPD-060, USA) according to the manu-
facturer’s instructions. The primary antibodies against PAR4
(SAB4502078, Sigma-Aldrich, 1:3000) or cofilin
(SAB4500148, Sigma-Aldrich, 1:3000) were used. The sec-
tions were counterstained with Mayer’s hematoxylin and im-
aged on the Eclipse FN1 microscope (Nikon, Japan; objective
lens Plan Fluor ELWD, 40х/0.60). Omission of primary anti-
body was routinely used to certify the absence of nonspecific
labeling. All observations were performed in lamina
granularis externa, lamina pyramidalis, and lamina
granularis interna. Twelve images were acquired per section
and studied using the ImageJ software (NIH, USA) [19]. For
quantification, the immunoreactivity coefficients, I = Nip /
Nt × 100 %, where N ip and Nt are the numbers of
immunopositive pixels and total number of pixels, respective-
ly, were determined in each section in control (n = 3) and
experimental (n = 3) samples. Statistical analysis was per-
formed using Student’s t test for independent experiments.
Quantitative data were presented as mean ± SEM.

Proteomic Study

The Panorama Antibody Ab Microarray Cell Signaling kit
(CSAA1, Sigma-Aldrich Co.) contains two identical micro-
arrays. In each of them, the nitrocellulose-coated glass slide
contained 448 microdroplets with immobilized antibodies
against 224 signaling proteins in duplicate. Nonlabeled bovine
serum albumin was used as a negative control, and a single

spot with Cy3 and Cy5-conjugated BSA was a positive
control.

At 1, 4, or 24 h after photodynamic treatment, the rat cortex
was extracted, and the PTI core region was excised using a
Ø3-mm circular knife and discarded. After that, the 2-mm
cortical ring around the PTI core (penumbra) was cut out by
another Ø7-mm circular knife. A similar piece from the non-
irradiated contralateral somatosensory cortex was used as con-
trol. These pieces were weighed, homogenized, and lyzed in
the extraction/labeling buffer supplemented with protease and
phosphatase inhibitor cocktails and nuclease bensonase (com-
ponents of CSAA1). Then, the control and experimental ly-
sates were centrifuged in the cooled centrifuge (10,000 rpm,
4 min, 4 °C). The supernatants were frozen in liquid nitrogen
and stored at −80 °C for further analysis. After thawing, the
protein contents in both experimental and control samples
were determined using Bradford reagent. Then, the samples
were diluted to 1 mg/ml protein content and incubated for
30 min in the dark at room temperature with Cy3 or Cy5,
respectively. The unbound dye was removed by centrifugation
(4000 rpm; 4 min) of the Sigma Spin Columns (CSAA1 com-
ponents) filled with 200 μl of the labeled protein samples. The
eluates were collected, and protein concentration was deter-
mined again. In another set, these samples were stained oppo-
sitely, by Cy5 and Cy3, respectively.

One microarray was incubated for 40 min at room temper-
ature on a rocking shaker in 5 ml of the mixture of the control
and experimental samples (10 μg/ml each) labeled with Cy3
and Cy5, respectively. Another microarraywas incubated with
the oppositely labeled samples: Cy5 and Cy3, respectively.
Such swapped staining provided verification of results and
compensation of a potential bias in binding of Cy3 or Cy5
dyes to protein samples. This ensures the double test and full
control of the experiment. After following triple washing in
the washing buffer (CSAA1 component) and triple washing in
pure water, the microarray slides were air-dried overnight in
the dark.

The microarrays were scanned using the GenePix 4100A
Microarray Scanner (Molecular Devices, USA) at 532 and
635 nm (fluorescence maximums of Cy3 and Cy5, respective-
ly). The integrated fluorescence intensity in each antibody
spot was proportional to the quantity of the bound protein.
The fluorescence images of the antibody microarrays were
analyzed and normalized (ratio-based normalization) using
the software GenePix Pro 6.0. Local fluorescence values in
the rings around each spot were served as a background. The
median fluorescence value that was determined over all spot
pixels was used for estimation of the protein content in each
spot, and the ratios of the experimental to control values char-
acterized the difference in the protein level between
photothrombotic and normal cortical tissue in the contralateral
cortex. Two samples, labeled independently and reversely in
duplicate, provided four experimental values for each protein.

Fig. 1 Morphological changes in the rat cerebral cortex after PTI. a
Representative TTC staining images of the rat coronal brain sections at
24 h after light exposure. The red-colored areas represent normal areas,
whereas the pale areas represent the infarct regions. Scale bar 3 mm. b
Representative hematoxylin-eosin staining of the rat coronal brain
sections at 4 h after light exposure. Coronal slice image with normal,
infarct, and transition zones, labeled with white dotted line. Scale bar
500 μm. c, d The areas in the black rectangles in b. c Transition zone
(penumbra) and normal tissue. d The tissues in the infarction core and
transition zone (penumbra). Scale bar 50 μm
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Each experiment was repeated four times for 1 h or 4 h reper-
fusion exposures, or two times for 24 h reperfusion exposure,
and the experiment/control ratios were averaged. The standard
statistical processing based on Student’s t test and 95 % sig-
nificance level was used. Quantitative data in Table 1 are
presented as means ± SD. Only proteins whose expression
was more than 30 % different from the control are shown in
Table 1 and are discussed. The reliability of the proteomic
microarray data was proved by the self-control experiment
using the swapped staining in the second microarray [9, 10].

Results

Morphological Changes in the Rat Cerebral Cortex
after Photothrombotic Infarction

In the hematoxylin/eosin-stained cortical slices, the PTI core
looked as a pale-stained area containing hypereosinophilic
neurons with pyknotic nuclei (Fig. 1b, d). In the penumbra,
the number of such abnormal neurons gradually decreased.
Beyond the vacuolated area, the cortex retained a rather nor-
mal structure, with the neurons having the basophilic stippling
of their cytoplasm (Fig. 1c). The mean width of the penumbra
was 1.5–2 mm. At the periphery of penumbra, clusters of
normal neurons were observed along with hypereosinophilic
neurons having the pyknotic nuclei (Fig. 1c, d). The depth of
the infarction zones was 2.7–3 mm (Fig. 1b). The infarct vol-
ume at 24 h after PTI l was 31 ± 2 mm3.

PTI-Induced Changes in Expression of Signaling Proteins
in Penumbra

The histological (Fig. 1) and ultrastructural data [10] showed that
the necrotic infarct core was surrounded by 1.5–2-mm-width pen-
umbra. Morphological alterations decreased gradually across the
penumbra from regions adjacent to the PTI core to the periphery.

The proteomic study of the expression of 224 signaling
proteins in the penumbra as compared with the untreated con-
tralateral cerebral cortex of the same rats showed >30 % up-
regulation of 15, 51, and 37 proteins at 1, 4, or 24 h after PTI,
respectively. At the same time, the levels of 14, 27, and 22
proteins, respectively, decreased (Table 1). The strongest
changes were observed at 4 h after PTI (Table 1). The most
characteristic processes in the post-stroke penumbra included
simultaneous up-regulation of various pro and antiapoptotic
proteins. We observed over-expression of proteins that are
involved in execution of diverse apoptosis stages:
SMAC/DIABLO (+75 %), Bcl-10 (+60 %), caspase 6
(+46 %), caspase 7 (+24 %), caspase 3 (+50 %) and its acti-
vated form (+32 %), and phosphatidylserine receptor (PSR)
(+46 %). Some multifunctional proteins that can promote ap-
optosis in specific situations were also up-regulated. They

included prostate apoptosis response 4 (Par4) (+94 %), E2F1
(+51 %); p75 (nerve growth factor receptor) (+54 %), MAP
kinases p38 (+45 %) and JNK (+35 %), p53 (+51 %), growth
arrest and DNA damage inducible protein 153, C/EBP homol-
ogy protein 10 (GADD153/CHOP-10) (+50 %), glutamate
decarboxylases (GAD65/67) (+49 %), glutamate receptor
NMDAR2a (+46 %), inflammatory caspase 11 (+58 %), and
c-myc (+56 %). The down-regulation of NF-κB activating
kinase (NAK) (−54 %) also potentiates apoptosis.

At the same time, antiapoptotic neuroprotectors such as
Bcl-x (+40 %), estrogen receptor (+62 %), ERK5 (+57 %),
MAP kinase phosphatase-1 (MKP-1) (+57%), and p53 antag-
onists p21WAF-1 (+50%), MDM2 (+39%), and p63 (+31%)
were up-regulated. The proinflammatory caspase 4 was 2.1-
fold down-regulated.

The up-regulation of various signal transduction proteins
was aimed to regulate diverse cell functions including surviv-
al. We observed over-expression of MAP kinase ERK1/2
(+68 %); MAP kinase-activated protein kinase-2
(MAKAPK2) (+62 %); EGF receptor (+53 %); protein ki-
nases Cα, Cβ, and Cμ (or PKD) (+54, 36, and 32 %, respec-
tively); protein phosphatase 1α (+36 %); RAF1 (+45 %); se-
rum and glucocorticoid inducible kinase (SGK) (+41 %); cal-
modulin (+38 %); calcium/calmodulin-dependent protein ki-
nases II and IV (CaM kinases IIα and IV) (+38 and 35 %,
respectively); amyloid precursor protein (APP) (+44 %); and
nicastrin (+40 %). Phospholipase Cγ1, S-100, and its β-chain
were down-regulated by a factors of −1.98, −2.6, and −1.95,
respectively.

Bidirectional changes in the levels of proteins that are in-
volved in the intercellular interactions, adhesion, and cyto-
skeleton were associated with destruction and remodeling of
the penumbra tissue. Some proteins that regulate the actin
cytoskeleton were up-regulated; they included cofilin
(+72 %), actopaxin (+37 %), and focal adhesion kinase, phos-
phorylated at tyrosine 577 (FAK-pTyr577) (+39%). However,
the phosphorylation of another focal adhesion kinase Pyk2
decreased by 2.3 times. Catenin p120CTN and α-catenin that
link cadherins with the actin cytoskeleton were also up-
regulated (+50 and +77 %, respectively). The protein p35
associated with the β-catenin/N-cadherin complex was up-
regulated by 61 %. At the same time, ezrin that links the actin
cytoskeleton to the plasma membrane was down-regulated
(−76 %). The level of myosin Va increased by 42 %. Other
cytoskeleton components such as tropomyosin (−3-fold),
spectrin (α + β) (−2.5-fold), βIV-tubulin and polyglutamated
β-tubulin (−5.7- and −2.8-fold), and cytokeratins 7 and 19
(−3- and −1.9-fold) were down-regulated.

Down-regulation of syntaxin (−3-fold), adaptor proteins
AP2β and AP2γ (−67 and −98 %, respectively), adaptin
(β1 + β2 ) (−79 %) , and gene r a l r e cep to r fo r
phosphoinositides-1 (ARF nucleotide binding site opener,
also called cytohesin-3) (GRP1(ARNO3 cytohesin-3))
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(−66 %) indicated impairment of Golgi apparatus, vesicular
transport, and transport of synaptic vesicles. Nevertheless,
synaptosome-associated protein of 25 kDa (SNAP25)
(+55 %) and coat protein β-COP (+34 %) were up-regulated.
Nuclear transport factor 2 (NTF2) was 2-fold down-regulated.

The down-regulation of cyclin-dependent kinase 6 (Cdk6),
Cdc7 kinase (cell division cycle 7-related protein kinase), Trf1
(telomeric repeat-binding factor 1), and topoisomerase-1 (−2-,
−2-, −1.8-, and 1.5-fold, respectively) indicated the suppres-
sion of proliferation. At the same time, the level of cyclin B1
that regulates proliferation was up-regulated (+33 %).

Some cytoprotection mechanisms were suppressed: the
levels of the mitochondrial antioxidant protein AOP-1 and
chaperons Hsp70 and Hsp90 decreased by −50 %, −80 %,
and −2.8-fold, respectively. Up-regulation of ubiquitin-like
protein neural precursor cell expressed, developmentally
down-regulated 8 (NEDD8) (+38 %) indicated activation of
proteolysis. At the same time, the level of cystatin A, inhibitor
of lysosomal proteases, decreased (−57 %).

Smaller changes were observed at 1 or 24 h after PTI
(Table 1). Over-expression of such proteins as Par4,
p 1 2 0CTN , SMAC /D IABLO , c o f i l i n , ERK1 ,
MAKAPK2, p35, Bcl-10, ERK5, MKP-1, caspase 3, and
MDM2 and down-regulation of βIV-tubulin, β-tubulin
polyglutamylated, cytokeratin, syntaxin, Hsp70 and
Hsp90, S100 and S100β, spectrin (α + β), phosphorylat-
ed Pyk2, caspase 4, phospholipase Cγ1, Trf1, and adaptin
(β1 + β2) occurred throughout the entire reperfusion in-
terval from 1 to 24 h after PTI. These proteins are likely to
play the major role in the response of penumbra tissue to
PTI. We did not observe up-regulation of proteins only at
1 h after PTI, at the early stage of the response of the
cortical tissue. At the late reperfusion stage, 24 h after
PTI, changes in the protein expression were weaker than
at 4 h: 37 proteins were up-regulated and 22 were down-
regulated. The expression of apoptosis-inducing factor 2
(AIF), caspase 7, Cdk4, and activating transcription factor
2 (ATF2) increased by 31–41 % only at this stage, where-
as AP2α was down-regulated (−44 %).

Generally, the integral response of the penumbra tissue to
PTI included multiple changes in the expression of diverse
proteins involved in various cellular subsystems and
processes.

Immunohistochemical Study of the Expression of Par4
and Cofilin in Penumbra

Immunohistochemical analysis showed significant increase in
Par4 expression in the penumbra at 1, 4, and 24 h after PTI as
compared with the contralateral cerebral cortex of the same
animals (+51, +74, and +48%, p < 0.05, respectively) (Fig. 2).
These changes were observed mainly in the vicinity of the

infarct core, but not at the periphery of the penumbra, where
the Par4 level was low.

The expression of cofilin in the penumbra (Fig. 3) also
increased significantly 1, 4, and 24 h after PTI (+60, 75, and
+50 %, p < 0.05, respectively).

Discussion

The early change in the protein profile in the penumbra that
was observed 1 h after PTI enhanced at 4 h and involved the
larger group of proteins. The penumbra response 24 h after the
impact included fewer proteins (Table 1). These proteins per-
form diverse functions, and changes in their levels represent
the integral response of the penumbra (Fig. 4), which included
the coordinated reactions of various cellular subsystems lead-
ing either to survival and recovery or to cell death. These data
are summarized on Fig. 4.

Fig. 2 Expression of Par4 in the untreated contralateral (CL) rat brain
cortex (A) and in the penumbra 1, 4, or 24 h after PTI (b–d, respectively).
e The index of Par4 immunoreactivity in the control (CL) cortex areas and
in the penumbra 1, 4, and 24 h after PTI. Mean ± standard error.
(Student’s t test for independent groups; *р < 0.05; n = 3). Scale bar
50 μm
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Proteins that Regulate Cell Death and Survival

One of the most significant effects observed in the penumbra
after PTI was the concerted up-regulation of diverse proteins
that can initiate, mediate, or regulate apoptosis. These includ-
ed apoptosis execution proteins such as SMAC/DIABLO;
AIF; Bcl-10; execution caspases 3, 6, and 7; proapoptotic
signaling protein p75; MAP kinases p38 and JNK; transcrip-
tion factors that induce expression of apoptosis-regulating
genes p53, c-myc, E2F1, and GADD153/CHOP-10; and mul-
tifunctional proteins such as Par4, glutamate decarboxylase,
glutamate receptor NMDAR2a, caspase 11, and PSR that,
except other functions, can promote apoptosis in some situa-
tions (Table 1).

The transcription factor E2F1 is one of the key players that
determine the cell fate. It induces up-regulation of a variety of
genes involved in the regulation of DNA synthesis and repair,
cell cycle, and apoptosis [17–19]. Its expression is controlled
byMAP kinase p38 and transcription factor c-Myc [20]. E2F1
can regulate apoptosis either in a p53-dependent or in a p53-

independent manner [17, 18]. It induces up-regulation of dif-
ferent proapoptotic proteins such as SMAC/DIABLO, Apaf-
1, BH3-only proapoptotic proteins of Bcl-2 family, caspase 3,
caspase 7, caspase 8, caspase 9, p53, and p73 [17, 19]. We
observed over-expression of E2F1, p53, c-myc, p38,
SMAC/DIABLO, Bcl-x, caspase 3, caspase 6, and caspase 7
in penumbra after PTI (Table 1). This corresponds to the data
on up-regulation of E2F1 [21] and p53 [22] after transient
ischemic stroke in rats. Cerebral ischemia has been shown to
induce significant up-regulation of caspase 3, caspase 6, and
caspase 7 [23]. On the other hand, inhibition of the p53/E2F1
pathway prevented neuronal apoptosis [24]. One can suggest
tha t the up-regula t ion of caspase 3, caspase 7 ,
SMAC/DIABLO, Bcl-x, Bcl-10, p21/Waf1, and p53 in the
penumbra was associated with the over-expression of E2F1.

p53 is known to stimulate expression of caspase 6 [25],
p21/Waf1, and MDM2. It could be responsible for the up-
regulation of these proteins in the penumbra after PTI.
MDM2 negatively regulates p53. It inhibits the transcription
activity of p53 and stimulates its proteolysis. Over-expression
of MDM2 after transient middle cerebral artery occlusion
(MCAO) in rats could mediate the recovery of injured neurons
[26]. p21WAF-1 is a target gene of p53. DNA damage up-
regulates р21Waf-1, which then inhibits p53-mediated apo-
ptosis and arrests the cell cycle. This enables the repair of
the damaged DNA [27, 28]. The observed up-regulation of
p21WAF-1 in the penumbra after PTI was in agreement with
the over-expression of p21WAF-1 mRNA in neurons of hip-
pocampus, cortex, and striatum after transient forebrain ische-
mia in rats [29]. Since DNA is not damaged in the penumbra,
and cell proliferation is limited, the inhibition of apoptosis
could be the major effect of p21WAF-1. The protein p63, an
antagonist of p53, was also over-expressed in the penumbra.
Under experimental ischemia, it is rapidly induced and in-
hibits apoptosis of cortical neurons [30]. According to [31],
survival, death, or senescence of neuronal cells depends on the
balance between activities of p53, p63, and p73.

Another transcription factor c-myc was also over-
expressed in the penumbra after PTI. This multifunctional
protein regulates energy metabolism, protein synthesis, and
cell cycle. It can potentiate apoptosis [19, 32]. Its up-
regulation also occurred after transient global or focal cerebral
ischemia in the rodent brain [33]. Ferrer et al. (2003) showed
the increased phosphorylation of c-myc in the penumbra 4 h
after focal ischemia in rats [34]. It was suggested that c-myc
contributes to the delayed neuronal death after transient global
ischemia [33]. The observed over-expression of transcription
factor GADD153/CHOP-10 in the penumbra could also stim-
ulate apoptosis. It is known to inhibit proliferation and induce
apoptosis via down-regulation of Bcl-2, depletion of glutathi-
one, and increased ROS production. Its level is normally low,
but increases under DNA damage, ER stress, or cerebral
ischemia [21, 35].

Fig. 3 Expression of cofilin in the untreated contralateral (CL) rat brain
cortex (A) and in the penumbra 1, 4, or 24 h after PTI (b–d, respectively).
e The index of cofilin immunoreactivity in the control (CL) cortex areas
and in the penumbra 1, 4, and 24 h after PTI. Mean ± standard error.
(Student’s t test for independent groups; *р < 0.05; n = 3). Scale bar
50 μm
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The activation of MAP kinases p38 and JNK can induce
apoptosis. Both of them were up-regulated in the penumbra
after PTI. JNK phosphorylates c-Jun, a component of the tran-
scription factor AP-1, which regulates the expression of some
proteins that regulate apoptosis. It also enhances the
proapoptotic activity of p53 [36]. The p38-mediated
proapoptotic pathway involves E2F1 [37]. Phosphorylation
of ERK, JNK, p38, CREB, Elk-1, c-Myc, ATF-2, and c-Jun,
which are associated with cell death or survival, was observed
in the penumbra at 4 h after MCAO in rats [34]. Under stress
conditions, the p38 mitogen-activated protein kinase
MAKAPK2 phosphorylates chaperones HSP25/HSP27,
which stabilize the protein structure and prevent apoptosis.
Its up-regulation after ischemia/reperfusion injury can be in-
volved in brain protection [38].

The nerve growth factor receptor p75 is known to mediate
neuronal apoptosis [39]. In our study, it was up-regulated in

the penumbra 4–24 h after PTI. Its expression was also ob-
served in the penumbra after cortical ischemia [40].

Not only apoptotic proteins but also some multifunctional
proteins that among other functions regulate apoptosis were
over-expressed in the penumbra after PTI. In our experiments,
the level of Par4 significantly increased in the penumbra dur-
ing 1–24 h of reperfusion. This is in agreement with the up-
regulation of Par4 observed under neurodegeneration, stroke,
and excitotoxicity [41]. Its proapoptotic effect was associated
with the suppression of NF-B activity and following down-
regulation of Bcl-2, IAP, and calbindin [40]. The early induc-
tion of Par4, p53 and Bcl-2 protein family, which mediate
mitochondrial dysfunction and subsequent release of
proapoptotic proteins, has been suggested to be the leading
mechanism of apoptosis in ischemia [42].

The phagocytic removal of apoptotic neurons occurs after
exposure of phosphatidylserine, the Beat-me^ signal. The PTI-

Fig. 4 The summary scheme of changes in the expression of signaling proteins in the penumbra 4 h after focal photothrombotic infarct in the rat cerebral
cortex
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induced up-regulation of PSR that recognizes apoptotic cells
and stimulates their phagocytic elimination was observed in
our experiments. Similarly, its over-expression was observed
in microglial cells after focal brain ischemia [43]. We also
observed the up-regulation of inflammatory caspase 11, which
mediates apoptosis of astrocytes and microglia following in-
flammation [44]. Therefore, degeneration of glial cells could
contribute to the overall apoptosis in the penumbra. Another
inflammatory caspase 4 was down-regulated. Under ER
stress, it is known to mediate activation of caspase 3 and
apoptosis [45]. Possibly, ER stress-mediated apoptosis did
not play a significant role in death of penumbra cells.

Upon glu tamate binding , g lu tamate receptor
NMDAR2a provides influx of Na+ and Ca2+ into neurons
and release of K+, which depolarizes adjacent cells and
mediates propagation of excitotoxicity. The Ca2+-depen-
dent excitotoxic response leads to apoptosis [46]. Over-
expression of glutamate decarboxylase (GAD65/67) ob-
served in the penumbra af te r PTI was another
proapoptotic effect associated with glutamate metabolism.
This effect is in agreement with the observation that the
embryonic splice variant of GAD67 induces apoptosis in
the adult brain under stroke [47].

The down-regulation of cytoprotective proteins such as mi-
tochondrial antioxidant protein AOP-1 and molecular chap-
erons HSP-70 and HSP-90 could reduce the cell viability in
penumbra.

Not only proapoptotic but also antiapoptotic processes oc-
curred in the penumbra after PTI. We observed the up-
regulation of diverse signaling proteins with the protective,
antiapoptotic activity such as protein kinases ERK 1/2,
ERK5, MAKAPK2, PKCα, PKCβ, PKCμ (PKD), and
RAF1; protein phosphatases 1α and MKP-1; estrogen and
EGF receptors; NEDD8; and antiapoptotic proteins Bcl-x,
p63, MDM2, and p21WAF-1. The observed changes in their
expression are generally in agreement with the literature data.
The prosurvival extracellular signal-regulated kinases ERK1/
2 are known to phosphorylate various transcription factors and
cytoskeleton proteins and thereby regulate proliferation, cell
mobility, and survival. For example, Kitagawa et al. (1999)
have reported the over-expression of ERK1/2 at 3–8 h after
MCAO. At 24 h, its level was elevated only in the penumbra,
but decreased in the ischemic core [48]. Ferrer et al. (2003)
observed the phosphorylation of ERK in the penumbra fol-
lowing reperfusion [34]. ERK5 is known to be activated by
neurotrophic factors or oxidative stress and to participate in
neuroprotection and ischemic tolerance due to its
antiapoptotic activity [49]. Activation of ERK by reactive ox-
ygen species is mediated by the Raf1-1-dependent signaling
pathway [50]. The observed over-expression of Raf1 in pen-
umbra after PTI was in agreement with the simultaneous up-
regulation of ERK1/2 and ERK5. We also observed the over-
expression of the EGF receptor, which stimulates the

downstream pathways Raf1/ERK1/2 and PI 3-kinase/Akt un-
der MCAO-induced ischemia. The cross-talk of these EGF
receptor-associated signaling pathways either protects brain
cells or potentiates their damage [51].

Protein kinase C isoforms α, β, and μ control multiple cell
functions such as proliferation, neurotransmission, apoptosis,
and brain response to stroke [52]. PKCα and PKCβwere also
up-regulated after incomplete global cerebral ischemia [53].
PKCμ (also named as PKD) plays the neuroprotective role in
cerebral ischemia: it phosphorylates chaperon HSP27, which
then suppresses ASK1/JNK-mediated neuron apoptosis [54].

Protein phosphatases 1α and MKP-1 dephosphorylate and
inactivate numerous phosphorylated proteins. Over-
expression of MKP-1 under hypoxia/reoxygenation sup-
pressed neuronal death via inhibition of JNK [55], whereas
its inhibition increased injury [56]. Up-regulation of these
protein phosphatases in the penumbra after PTI indicated mo-
bilization of such neuroprotective mechanism.

Estrogen protects the brain from ischemic stroke through
transcriptional activation of the antiapoptotic proteins Bcl-2
and Bcl-xL [57]. The observed up-regulation of the estrogen
receptor in the penumbra after PTI was apparently aimed to
neuroprotection.

Different stressful impacts such as reperfusion 1–4 h after
transient global cerebral ischemia [58] or photothrombotic
infarct, in our work, increased the expression of serum/
glucocorticoid-regulated kinase SGK1, which regulates ion
channels, cell volume, cell cycle, and apoptosis. It links cell
hydration and metabolism and possibly plays a protective role
in oxidative stress situations [59].

Phospholipase Cγ releases diacylglycerol, which stimu-
lates protein kinase C, and inositol 1,4,5-trisphosphate, which
stimulates Ca2+ release from endoplasmic reticulum. PLCγ1
is involved in necrosis and apoptosis of glial cells [60] and
death of neurons [61]. Its down-regulation in the penumbra 1–
24 h after PTI could play the neuroprotective role. The Ca2+/
calmodulin-dependent signaling pathways regulate produc-
tion and secretion of neurotransmitters, cytoskeleton remod-
eling, axonal transport, gene expression, cell survival, learn-
ing, and memory. Calmodulin, CaMKIIα, and CaMKIV are
abundant in the mammalian brain. Nevertheless, their expres-
sion simultaneously increased in the penumbra after PTI. The
neuroprotective role of CaMKII can be associated with phos-
phorylation and inhibition of some proapoptotic proteins such
as NO synthase and GSK-3. Nonetheless, the excessive
CaMKII can enhance excitotoxic neuronal death through
phosphorylation of NMDA and AMPA receptors and Ca2+

influx. Application of CaMKII inhibitors has protected the
brain from ischemic damage [62], whereas CaMKIV can in-
hibit excitotoxicity through disruption of the NMDAR/PSD95
complex, activation of the antiapoptotic PI3K/Akt pathway,
and phosphorylation of the transcription factor CREB, which
stimulates expression of some antiapoptotic genes [63].
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The observed up-regulation of calreticulin in the pen-
umbra 4 h after PTI could play a protective role.
Calreticulin is a Ca2+-binding endoplasmic reticulum
chaperone, which regulates Ca2+ homeostasis and controls
protein folding. It regulates apoptosis via modulation of
p53 expression and functional activity. Its level correlates
with the rate of apoptosis [64]. During the early stage of
ischemic stroke, calreticulin inhibited Fas/FasL-mediated
apoptosis of neuronal cells [65].

Ca2+-binding protein S-100 and its β-chain (S-100β) were
down-regulated in the penumbra after PTI. S-100β is specific
for the nervous tissue, in particular, for glial cells. In the
nanomolar range, it demonstrates neuroprotective properties,
whereas at micromolar concentrations, it can induce apopto-
sis. Serum S-100 and S-100β are markers of brain injury such
as acute stroke, neurotrauma, brain tumors, and neurodegen-
erative disorders [66, 67].

The observed up-regulation of proteins that positively con-
trol the cell cycle such as cyclin B1, cdk4, E2F1, c-myc, and
EGF receptor in the penumbra after PTI indicated the prolif-
eration processes. This corresponded to the stroke-induced
proliferation of microvessels (angiogenesis) [68], astrocytes
and microglia [69], and neural progenitor cells [70] in the
penumbra. At the same time, other regulators of the cell cycle
such as Cdk6 that controls G1/S transition, Cdc7 kinase that is
involved in the initiation of DNA replication, topoisomerase-1
that mediates DNA replication, and Trf1 that controls the telo-
mere length were down-regulated. These data indicated the
suppression of proliferation. This discrepancy could be asso-
ciated with different regulation of proliferation in various pen-
umbra components, glial cells, or endothelium and in different
locations, close to the infarction core or at the periphery of the
penumbra.

The over-expression of APP in the penumbra after PTI was
evidently associated with the up-regulation of nicastrin, a
component of the γ-secretase protein complex that releases
the intracellular C-terminal domain of APP (AICD). After
translocation into the nucleus, AICD regulates transcription
of GSK-3β, p53, and APP itself. APP regulates Ca2+ homeo-
stasis, cell adhesion and migration, axonal outgrowth and res-
toration after injury, cell survival, and apoptosis [71]. Our
results were in agreement with the up-regulation of APP after
cerebral ischemia [72] that is considered as an adaptive and
neuroprotective response [71, 72].

Cytoskeleton

Bidirectional changes in the expression of various cytoskele-
ton elements such as actin network, microtubules, and inter-
mediate fibers were associated either with destruction or with
remodeling of the penumbra tissue. The tissue integrity is
provided by integrin- and cadherin-mediated cell adhesion to
the extracellular matrix and to other cells, respectively. Inside

the cell, the actin fibers are attached to the protein scaffold
formed at the cytoplasmic tails of integrins or cadherins.
These scaffolds consist of different structural and signaling
proteins. The actin cytoskeleton is responsible for maintaining
the cell shape, motility, and intracellular movements. Diverse
proteins associated with actin cytoskeleton such as α-catenin,
catenin p120CTN, p35, cofilin, actopaxin, and myosin Va
were up-regulated in the penumbra after PTI. Catenin
p120CTN and α-catenin that link E- and N-cadherins with
the actin fibers and intracellular signaling proteins regulate
the architecture and dynamics of the actin cytoskeleton.
These proteins play critical roles in protection against cerebral
infarct and brain recovery by remodeling of the neurovascular
unit and cytoskeleton [73]. Actopaxin links integrins to the
intracellular actin fibers. It recruits integrin-linked kinase and
focal adhesion kinase, which signals about the integrin-
dependent reorganization of the actin cytoskeleton [74].
FAK regulates the cell shape, motility, and some stages of
apoptosis. Loss of the adhesion contacts leads to FAK-
mediated rounding of the cell, membrane blebbing, chromatin
condensation, and fragmentation of the nucleus. However,
excessive FAK can inhibit apoptosis. Myosin Vα mediates
the organelle transport along actin fibers in neuronal and glial
cells and participates in the synaptic transmission. The up-
regulation of these proteins in the penumbra could maintain
the integrity of the brain parenchyma after cerebral ischemia.

At the same time, the changes in expression of some
cytoskeleton-associated proteins in the penumbra after PTI
could be associated with remodeling or death of the cell.
Cofilin depolymerizes and reorganizes fibrillar actin and
thereby changes the cell shape and motility. Its over-
expression may be associated either with apoptosis or with
the cell remodeling caused by impaired adhesion [75].
Under ischemic stroke, cofilin rapidly forms the rod-shaped
actin bundles, which suppress the axonal transport and con-
tribute to synaptic deficit [76]. Oxidative stress induces cofilin
translocation into mitochondria and release of cytochrome c,
which promotes apoptosis [77]. The siRNA-mediated down-
regulation of cofilin increased viability of cultured cortical
neurons, thereby indicating the involvement of cofilin in neu-
rodegeneration and apoptosis [75, 76].

Spectrin (α and β isoforms) lines the intracellular side of
the plasma membrane, maintains its integrity, and forms a
scaffold for the actin cytoskeleton. Under brain injury, it is
cleaved by calpain (in the case of necrosis) or caspases (in
the case of apoptosis). This destroys the cytoskeleton and
causes membrane blebbing [78]. Like in our study, the break-
down of spectrin was observed in the ischemic core and, to a
lesser extent, in the penumbra 2–3.5 h after MCAO [79].
Tropomyosin, oppositely, stabilizes fibrillar actin and
mediates formation of the complex actin network. It controls
the actin filament dynamics and the cell shape during
migration, morphogenesis, and cytokinesis. Its down-
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regulation in the penumbra after PTI indicated tissue destruc-
tion [80]. The level of ezrin, which links the plasma mem-
brane to the actin cytoskeleton and controls the cell shape
and motility, also decreased in the penumbra. This could be
a result of PTI-induced tissue destruction. The focal adhesion
kinase Pyk2, specific for CNS, activates ERK, JNK, and p38
after formation of the adhesive contacts and modulates the
cytoskeleton architecture, cell morphology, ion channels, neu-
ronal activity, and cell death. The decline in its phosphoryla-
tion could be associated with destruction of the penumbra
tissue.

The microtubular cytoskeleton was also impaired 1–24 h
after PTI. We have observed the decrease in the levels of βIV-
tubulin and polyglutamated β-tubulin, which regulate the as-
sembly of microtubules and their interactions with motor pro-
teins and other microtubule-associated proteins [81]. The
over-expression of p35 in the penumbra could be associated
with cell damage and death. p35 binds to protein kinase Cdk5,
and this complex controls the dynamics of the microtubular
cytoskeleton. It hyperphosphorylates tau protein and regulates
the microtubule remodeling [82]. Cerebral ischemia has been
shown to up-regulate p35 and Cdk5 in the peri-infarct neurons
and blood vessels and to induce cell death [73]. Over-
activation of Cdk5 is a crucial prodeath signal in neurons,
astrocytes, and endothelium, whereas its inhibition provides
neuroprotection. It decreases the infarct size and induces func-
tional recovery [73]. The down-regulation of cytokeratins 7
and 19, components of intermediate fibers, could be due to
destruction of the penumbra tissue after PTI.

Vesicular Transport

PTI also impaired the vesicular transport in the penumbra. At
4 h after PTI, we observed down-regulation of the adaptor
proteins AP2α, AP2β, and AP2γ as well as adaptins β1 and
β2, which mediate formation of clathrin vesicles and endocy-
tosis. Calpain-mediated suppression of the clathrin-dependent
endocytosis and vesicular transport is known to sensitize cells
to glutamate-mediated excitotoxicity and neurodegeneration
[83], whereas β-COP that mediates the vesicular transport
between endoplasmic reticulum and Golgi stacks was up-reg-
ulated. The similar up-regulation of β-COP in hippocampal
neurons after transient ischemia indicated the activation of
biosynthetic processes and vesicle transport [84]. The down-
regulation of GRP1(ARNO3, cytohesin-3), which controls
Golgi structure and regulates protein sorting and membrane
trafficking, could be a result of destruction of the Golgi appa-
ratus. The down-regulation of cystatin A, an inhibitor of lyso-
somal proteases, was possibly associated with stimulation of
the lysosomal activity in the penumbra.

Vesicle transport plays the central role in synaptic transmis-
sion. Bidirectional changes in the expression of synaptic pro-
teins were observed in the penumbra after PTI. On the one

hand, tyrosine hydroxylase that synthesizes catecholamines
(L-DOPA, dopamine, epinephrine, norepinephrine) and
syntaxin, which is involved in the docking and fusion of syn-
aptic vesicles with the presynaptic membrane and in neuro-
transmitter release, was down-regulated. On the other hand,
SNAP25 that also mediates fusion of synaptic vesicles and
release of neurotransmitters from presynaptic nerve terminals
was up-regulated. This discrepancy remained unclear because
both SNAP-25 and syntaxin are involved in the same synaptic
processes [85].

The up-regulation of the ubiquitin-like protein NEDD8 is
another hallmark of cell injury in the penumbra. Neddylation
regulates proteasomal degradation of proteins. It is involved in
the maintenance of synapses [86]. NEDD8 expression can
serve as a biomarker of ischemic brain injury that may be
helpful for the early detection and prognosis of ischemic
stroke [87].

Thus, the expression of diverse proteins involved in
signal transduction, regulation of apoptosis, remodeling
of the cytoskeleton, adhesion, vesicular transport, and
the cell cycle changed positively or negatively in the
penumbra surrounding the infarct core during 1, or 4,
or 24 h reperfusion. The early changes in the protein
profile were observed 1 h after the PTI. After 4 h, the
changes in the protein profile in the penumbra increased
and included the larger set of proteins. In the infarction
core, most of cells die rapidly from necrosis, whereas in
the penumbra apoptosis plays a significant role [88]. As
commonly assumed, apoptosis is executed by existing
proteins in the cell, which consecutively activate each
other. On the other hand, apoptosis is known to require
protein synthesis [89]. Which proteins are synthesized?
The present results on the concerted up-regulation of
various proapoptotic and signaling proteins in the pen-
umbra suggest that the existing protein pool is insuffi-
cient, and additional proteins are necessary. This raises
the question on transcription factors and signaling path-
ways responsible for the expression of different proteins.
Not all of them are still known.

According to the current paradigm, in the ischemic lo-
cus, the oxygen and glucose deficit induces ATP depletion,
generation of reactive oxygen species, oxidative membrane
injury, loss of ionic gradients, Ca2+ influx, K+ release, ox-
idative stress, and tissue edema. Ca2+ activates hydrolytic
enzymes and induces necrosis or apoptosis. K+-mediated
depolarization assists the opening of NMDA channels in
neighboring neurons, additional Ca2+ influx, and release of
K+ and glutamate. Such self-developing excitotoxic pro-
cess results in the injury propagation outside the infarction
core [1, 2]. [Ca2+]i increase is, therefore, the key event that
promotes cell death. How do Ca2+ ions regulate the gene
transcription? Massive Ca2+ influx into ischemic cells can
occur through either synaptic or extrasynaptic NMDA
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receptors. Correspondingly, it can induce either neuronal
survival via transcription of prosurvival genes and suppres-
sion of apoptotic cascades or neuronal death [90, 91]. The
first effect is mediated by the Ca2+-dependent stimulation
of Ras/Raf/ERK or CaMKI and CaMKIV pathways that
stimulate the CREB-mediated transcription of prosurvival
genes. CREB also mediates the expression of the mito-
chondrial Ca2+ uniporter that limits the Ca2+ overload
[92]. Ca2+ entry through the extrasynaptic NMDA recep-
tors inactivates the ERK pathway and suppresses the
CREB-mediated transcription. At the same time, it can ac-
tivate the FOXO-mediated transcription of various
proapoptotic genes [89, 90]. Transcription repressor
DREM is another Ca2+-dependent regulator of gene ex-
pression. It represses transcription by direct binding to
DNA, but its affinity for DNA is reduced upon Ca2+ bind-
ing [93]. Ca2+-dependent phosphatase calcineurin dephos-
phorylates nuclear factor of activated T-cells (NFAT),
which then translocates to the nucleus and regulates the
transcription of α-actin and calponin, which are involved
in formation and remodeling of the actin cytoskeleton [94].
Ca2+ also controls gene expression indirectly through the
Ca2+-dependent interaction between calmodulin and S-100
with the basic helix-loop-helix transcription factors that
prevents the binding of these factors to DNA [95].

It is still unclear, which cellular components of the penum-
bra—neurons, glial cells, or blood vessels—contribute more
into the PTI-induced changes in the protein profile in the ce-
rebral cortex. Another important reason that influences the
PTI-induced tissue injury is the damage degree, which de-
creases gradually from the PTI core to the penumbra periph-
ery. Both neurodegeneration and neuroprotection processes
occur simultaneously in the penumbra, but neurodegeneration
dominates in the area adjacent to the infarction core, whereas
recovery processes prevail at the penumbra periphery. The
aim of the neuroprotective therapy is to prevent the expansion
of the death/survival boundary and reduce the degeneration
zone.

The proteomic data provide a list of proteins with the
changed expression in the penumbra at different time in-
tervals after photothrombotic infarct. These results, like
genomic data, do not disclose the reasons of these changes
because signaling pathways and transcription factors,
which control the expression of these proteins, remain un-
known. In some cases, one can suggest the key functions of
such transcription factors as E2F1 or p53. Further mecha-
nistic studies will answer these questions. Some of these
proteins are novel in the context of the stroke research, and
the detailed investigation of the reasons and consequences
of changes in their levels will discover the novel mecha-
nism of the penumbra response to ischemia. Some over-
expressed proteins may be the potential therapeutic targets
for stroke therapy.
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