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Abstract Ischemic tolerance is the establishment of brain re-
sistance to severe ischemic damage by a mild preconditioning
stimulus, insufficient to irreversible tissue damage, but capa-
ble of initiating a defense response. We developed the model
of focal-focal ischemic tolerance, in which the first local
photothrombotic infarct (PTI) in the rat brain cortex reduced
the infarct caused by second PTI applied to the contralateral
cortex of the same rat 7 days later. Using antibody microar-
rays, we compared protein profiles in the penumbra surround-
ing the PTI core after single and double PTI. We observed up-
or downregulation of several dozens of proteins that are aimed
at neurodegeneration or neuroprotection. Both single and dou-
ble PTI induced damaging processes in the rat cerebral cortex
that included over-expression of various pro-apoptotic and
signaling proteins and downregulation of other signaling pro-
teins and regulators of proliferation, some components of ac-
tin, intermediate fiber and microtubular cytoskeletons, and
proteins involved in vesicle transport and synaptic transmis-
sion. The simultaneous protective processes included the up-
regulation of different signaling and anti-apoptotic proteins,
stimulators of proliferation, and proteins involved in remod-
eling of actin cytoskeleton. The elevated expression of some
signaling proteins, such as calcium-dependent PLCγ1,
PKVα1, CaMKIIα, calnexin, and calreticulin was preserved
after double PTI. Less pro-survival proteins were downregu-
lated in the penumbra after double than single impact.
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Introduction

Glucose oxidation is the major energy source in the brain, so
disruption of the brain supply with oxygen leads to infarct of
the nervous tissue. Ischemic brain damage due to vascular
occlusion and reduced blood flow is a leading cause of human
disability and mortality worldwide. However, despite an in-
tensive search in numerous laboratories, effective neuropro-
tective drugs are still missing [1, 2]. Therefore, deeper and
more comprehensive studies of the mechanisms of neurode-
generation and neuroprotection are needed to develop new
approaches to stroke treatment.

There is a high probability of ischemic brain damage exists
during the human life. One can, therefore, assume the exis-
tence of some endogenous regenerative mechanism for ensur-
ing brain survival after quite mild ischemic attack or trauma.
Ischemic preconditioning (IP) is such adaptation mechanism.
The essence of IP is that quite soft preconditioning stimulus,
insufficient to irreversible tissue damage, but capable of initi-
ating defense response, increases tolerance of cells to the next
more powerful or prolonged ischemic effect. Ischemic toler-
ance (IT) is an ancient form of evolutionary plasticity of the
nervous system of invertebrates and vertebrates [3–5].
Transient ischemic attack promotes IT occurrence in humans
[6, 7].

There are two IT phases found in the brain. The early IT
phase that takes several hours does not require additional pro-
tein synthesis. It includes phosphorylation and other post-
translational modifications of proteins, changes in the perme-
ability of ion channels, etc. It disappears rapidly [8]. The late
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IT phase requires de novo synthesis of proteins involved in
regulation of metabolism, ion homeostasis, proliferation,
excitotoxicity, and cell death. It develops for 12–72 h and is
maintained up to 1–2 weeks. Namely this late phase may be
used for stroke prophylaxis and treatment [9–12]. There are
three basic intervals in this process:(1) Between the precondi-
tioning stimulus and the damaging effects some enzymes,
kinases, transcription factors, stress proteins, structural and
transport proteins, regulators of the cell cycle, and apoptosis
may be over-expressed to protect the cells from further dam-
age.(2) Ischemia, which brings weaker consequences than
without a preconditioning stimulus. (3) During post-
ischemic reperfusion, the effector mechanisms are designed
to stabilize the energy and protein metabolism, reduce the
damaging effect of glutamate and reactive oxygen and nitro-
gen species, and reduce inflammation [8]. The gene expres-
sion profile is known to be different for the early and late IT,
and different in neurons, or glial, or endothelial cells [3].

Various cellular components such as redox-sensitive en-
zymes, cytokines, neurotransmitters, neuromodulators, mem-
brane receptors, and ion channels may serve as sensors of
preconditioning stimuli [3, 12]. They initiate the adaptive re-
sponse. Different protein kinase cascades such as Ras/Raf/
MEK/ERK [13], phosphatidylinositol 3-kinase/Akt [14], ni-
tric oxide-related signaling [15, 16], and transcription factors
HIF-1a (hypoxia inducible factor 1a) [16], STAT (signal trans-
ducer and activator of transcription) [17], CREB (cAMP-
dependent transcription factor) [18], AP-1 (activator protein-
1) [19], and nuclear factor NF-κB [20] serve as transducers.
Activation of transducers changes the expression of many
effector proteins.

Initial ITstages may vary depending on the inductor nature,
but the final steps associated with activation of effectors, are
universal for all stimuli. IT may be induced not only by ische-
mia, but a variety of physical and chemical factors such as
hypoxia, hyperoxia, heating, inflammatory mediators, meta-
bolic inhibitors, trauma, physical activity, and others [21].
Preconditioning protects nerve and glial cells from oxidative
stress, maintains membrane potential, and activates hypoxia-
sensitive anti-apoptotic genes [2, 21]. It improves blood flow
to the penumbra [22] and inhibits aggregation of platelets and
white blood cells, which causes post-ischemic microvascular
occlusion [23].

Several experimental models of ischemic stroke are used in
preclinical studies: transient mechanical occlusion of the mid-
dle cerebral artery (MCAO) by ligation or by the introduction
of the silicon-coated nylon thread; short-term bilateral occlu-
sion of the carotid arteries. Thrombotic occlusion is created by
injection or thrombin clots [2, 4, 21]. However, it is not easy to
obtain a controlled and reproducible local thrombosis in these
cases.

The focal photothrombotic infarct (PTI) based on photody-
namic effect and local laser irradiation better satisfies these

requirements [24–27]. In photodynamic effect the energy of
photoexcited dye molecules that stain cells is transferred to
oxygen and converts it into the highly toxic singlet form.
Singlet oxygen and other reactive oxygen species cause oxi-
dative stress and cell death. Based on this effect photodynamic
therapy is used in oncology for destruction of malignant tis-
sues including brain tumors [28]. Local photothrombosis of
brain vessels is a non-traditional use of photodynamic effect.
In this method, the water-soluble photosensitizer Rose Bengal
(RB), which does not penetrate cells and remains in the blood-
stream, is used. Following local laser irradiation results in
oxidative damage to the endothelium and basal membrane,
platelet aggregation and occlusion of small cerebral vessels.
This causes focal photothrombotic infarction of the cerebral
tissue. The advantages of PTI as a stroke model include non-
invasiveness, possibility to control location, size and extent of
the damage, good reproducibility, possibility of repeated ma-
nipulations, and good animal survival [25, 26]. Therefore, PTI
may be considered as a relevant inducer of ischemic tolerance.
However, its drawback is a small penumbra width due to rapid
infarct of the cerebral tissue under intense laser irradiation.
Using less intense but longer irradiation, we induced PTI in
the rat cerebral cortex with rather broad penumbra (about
1.5 mm), sufficient to obtain enough tissue for the proteomic
study [27].

In the present work, we carried out proteomic study of
molecular mechanisms of the late (steady) ischemic tolerance
in the penumbra surrounding the ischemic core in the rat ce-
rebral cortex. In this study, the primary PTI have served as a
preconditioning stimulus, and the secondary, testing PTI was
applied to the contralateral cerebral cortex 7 days later. The
results of this experiment were compared with the results of a
single (primary) PTI treatment.

Materials and Methods

Chemicals

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

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
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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 Southern Federal
University (Approval No 02/2014).

Focal Photothrombotic Infarct in the Rat Cerebral Cortex

The unilateral focal photothrombotic infarction in the rat
somatosensory cortex was induced as previously de-
scribed [27]. The rats were anesthetized with chloral
hydrate (300 mg/kg, i.p.). After the longitudinal incision
of the skull skin, the periosteum was gently removed.
Bengal Rose (20 mg/kg) was injected in the v.
subclavia. The unilateral irradiation of the somatosenso-
ry cortex was performed through the cranial bone using
a 532-nm diode laser (64 mW/cm2, Ø 3 mm, 30 min).
Irradiation zone was located according to stereotactic
coordinates into representative forelimbs in the sensori-
motor cortex: 0.5 mm anterior to bregma, 0.5 mm lat-
eral to the midline (Fig. 1). The animals were eutha-
nized with the chloral hydrate overdose (600 mg/kg,
i.p.) and decapitated 4 or 24 h after single or double
PTI. The sham-operated animals, which were underwent
to the same procedures but not irradiated, were used as
a control. A single PTI was considered as a precondi-
tioning impact. In this case, the wound was sutured
after PTI. Animals well survived this operation without
functional disorders. In the case of double PTI, the sec-
ond testing PTI with the same parameters was applied
in 7 days after the first preconditioning PTI to the con-
tralateral cortex of the same rats. These animals were
similarly euthanized and decapitated 4 or 24 h after the
second PTI. The data of the experiments with single
unilateral and double bilateral PTI were compared with

control results obtained on sham-operated rats, which
were similarly treated, but not irradiated.

Infarct Volume Determination

At various intervals after PTI mice were deeply anesthetized
with chloral hydrate and decapitated. The brains were rapidly
extracted and placed into a freezer (−80 °C) for 5 min and
sliced into 1-mm-thick coronal sections. The sections were
stained 30 min with 1% 2,3,5-triphenyltetrazolium chloride
(Sigma-Aldrich Co) at 37 °C in dark. The hemisphere and
infarction areas were traced and measured on each section
using the Image J software (NIH, USA).

For immunohistochemical study, the rats were perfused
transcardially with 10% buffered formalin (pH 7.2) under
chloral hydrate anesthesia. The extracted brains were post-
fixed with formalin and embedded into paraffin using the
standard technique. Five-micrometer sections of the experi-
mental and control cortex tissues were made. The sections
were demasked in Tris-EDTA buffer with 0.05% Tween-20
(pH 9.0) in the programmed barocamera Pascal (Dako).
Reactions were visualized using the REVEAL Polyvalent
HRP-DAB Detection System (Spring Bioscience, SPD-060,
USA) according to the manufacturer’s instructions. The pri-
mary antibodies against PAR4 (SAB4502078, Sigma-Aldrich,
1:3000) or cofilin, (SAB4500148, Sigma-Aldrich, 1:3000)
were used. The sections were counterstained with Mayer’s
hematoxylin and imaged on the Eclipse FN1 microscope
(Nikon, Japan; objective lens Plan Fluor ELWD, 40×/0.60).
Omission of the primary antibody was routinely used to cer-
tify 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 under the Eclipse FN1 microscope

Fig. 1 The location of the photothrombotic infarct (PTI) in the sensomotory cortex of a rat. I. The scheme. II. The rat brain in 1 day after PTI (A), 7 days
(B), 14 days (C), and 21 days (D). Scale bar: 10 mm
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(Nikon, Japan; objective lens Plan Fluor ELWD, 40×/0.60).
The image analysis was performed using the ImageJ software
(NIH, USA). For quantification, the immunoreactivity coeffi-
cients were determined in each section in control (n = 3) and
experimental (n = 3) samples according the formula: I = Nip/
N t * 100%, where N ip and N t are the numbers of
immunopositive pixels and total number of pixels, respective-
ly. Statistical analysis was performed with Student’s t test for
independent experiments. Quantitative data were presented as
mean ± SEM.

Western Blot

The tissue extracts containing 10 μg of protein in 15 μl of the
buffered saline were subjected to electrophoresis in 7.5%
polyacrylamide gel in Mini-PROTEAN Tetra cell (Bio-Rad).
Then proteins were electro-transferred on the polyvinyl-
difluoride membrane Immun-Blot PVDF Membrane (162-
0177, Bio-Rad), using mini Trans-Blot transfer cell (Bio-
Rad). After washing the membrane was incubated 1 h in a
blocking solution (PBS, 5% dry skimmed milk). Then the
membranes were consecutively incubated overnight with the
primary rabbit anti-Bcl-xL antibody and with the secondary
antibody anti-rabbit IgG-peroxidase (both from Sigma-
Aldrich, USA). Then the membranes were washed in TTBS
and incubated with Сlarity Western ECL Substrate (Bio-Rad).
The chemiluminescence was registered using the gel-
documentation system Fusion SL (Vilber Lourmat, France)
and the software Vision Capt. Quantitative data are presented
as mean ± SEM.

Proteomic Study

The Panorama Antibody Array–Cell Signaling kit (CSAA1,
Sigma-Aldrich Co) contains two identical microarrays, in
which the nitrocellulose-coated glass slides containing 448
microdroplets with immobilized antibodies against 224 sig-
naling proteins in duplicate. Non-labeled bovine serum albu-
min was used as a negative control, and single spots with Cy3
and Cy5-conjugated BSA were used as a positive control.
After photothrombotic treatment, the rat cortex was extracted,
and the PTI core region was excised using theØ3 mm circular
knife. Then the surrounding 2 mm width ring-shape cortex
area around the PTI core (penumbra) was cut out by another
Ø7 mm circular knife (the experimental sample). The similar
piece from the somatosensory cortex of sham-operated rats
was used as control. Each sample contained tissues from three
rats. The pieces were weighed, homogenized, and lysed 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 experimen-
tal and control samples were diluted to 1 mg/ml protein con-
tent and incubated 30 min in darkness at room temperature
with Cy3 or Cy5, respectively. The unbound dye was removed
by centrifugation (4000 rpm; 4 min) of the SigmaSpin
Columns (CSAA1 components) filled with 200 μl of the la-
beled protein samples. The eluates were collected, and protein
concentration was detected again. In another set, these sam-
ples were stained oppositely, by Cy5 and Cy3, respectively.

One microarray was incubated 40 min at room temperature
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 microarray was incubated with the
oppositely labeled samples: Cy5 and Cy3, respectively. Such
swapped staining provided verification of results and compen-
sation of a potential bias in binding of Cy3 or Cy5 dyes to
protein samples. This provides the double test and full control
of the experiment. After following triple washing in the wash-
ing buffer (CSAA1 component) and triple washing in the pure
water, the microarray slides were air dried overnight in
darkness.

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 used as a background. The
median fluorescence value 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 characterized 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 4
Exp/Ctr (or Ctr/Exp) ratio values for relative expression of
each protein (two microarrays with two microdroplets of each
antibody) in each experiment. The experiments, in which pen-
umbra tissues from three rats were united, were repeated two
or three times as indicated in the headings of Tables 2 and 3.
The obtained 8 or 12 Exp/Ctr (or Ctr/Exp) ratio values were
averaged. The standard statistical treatment based on
Student’s t test and 95% significance level was used.
Quantitative data in Tables 2 and 3 were presented as
mean ± SD. Only > 30% differences (the cut-off level) in the
protein levels between irradiated and control animals (i.e.
experimental/control ratios > 1.3) are displayed in Table 1
and discussed. The reliability of the proteomic microarray data
was provided by the self-control experiment using the
swapped staining in the second microarray [29, 30].
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Results

Infarct Volume Changes in the Rat Cerebral Cortex After
Single and Double PTI

The infarct volume of animals subjected to single PTI was
maximal at 24 h after photothrombotic treatment:
27.8 ± 1.3 mm3. It decreased to 21.5 ± 2.1 mm3 during next
13 days (Table 1). In the rat groups subjected to double PTI,
the mean volume of primary infarct was the same as in the
groups subjected to single PTI. The volumes of secondary
infarct did not differ from that after a single infarct at 1 or
7 days after the treatment. However, the difference became
significant at 14 days after the second PTI: 15.9 ± 1.5 versus
21.5 ± 2.1 (p < 0.05) (Table 1). Thus, primary PTI as a pre-
conditioning factor provided ischemic tolerance in the rat ce-
rebral cortex that was observed 14 days after the secondary
damage.

The Changes in the Expression of Signaling Proteins
in the Penumbra After Single PTI

The present data on changes of the protein expression profile
in the penumbra that surrounds the infarction core in the ce-
rebral cortex of rats subjected to single unilateral PTI were
compared with the protein profile in the cortex of sham-
operated rats (Table 2). These data, as a whole, were similar
to the results of the previous experiments, in which the protein
profile in the penumbra was compared with that in the untreat-
ed contralateral cortex of the same animals 1, 4, and 24 h after
PTI [27]. That experiments showed up- or downregulation of
proteins involved in various cellular subsystems in the pen-
umbra tissue such as intracellular signaling, regulation of ap-
optosis, cell cycle, cytoskeleton, vesicular transport and syn-
aptic processes. The changes in the protein profile were max-
imal 4 h after PTI and decreased later, at 24 h. In the present

experiments, 48 and 27 proteins were upregulated, whereas 48
and 17 proteins were downregulated at 4 and 24 h after single
PTI, respectively (Table 2). Double PTI (first preconditioning
PTI + second testing PTI applied in the contralateral cortex in
7 days after the first impact) induced upregulation of 52 and
40 proteins, and downregulation of 31 and 23 proteins in 4 and
24 h, respectively (Table 3).

4 h After Single PTI

At 4 h after single PTI, diverse pro-apoptotic proteins were
upregulated by 37–94% in the penumbra (Table 2). These
included various apoptosis execution proteins: caspases 3, 6,
7, and 11, activated caspase 3, SMAC/DIABLO, and PSR
(phosphatidylserine receptor), which recognizes apoptotic
cells for further elimination. It was of interest that many pro-
teins that can initiate diverse apoptosis pathways in specific
situations were simultaneously over-expressed in the penum-
bra. These are AIF that induces caspase-independent apopto-
sis, Bcl-10 that activates expression of p38, JNK and NF-κB;
p38 that stimulates apoptosis under stressful impacts and ac-
tivates expression of p53 and E2F1;c-myc, which regulates
many cellular processes including transcription, proliferation
and apoptosis [31]; transcription factors p53 and E2F1 that
regulate expression of various apoptosis-associated genes
[32, 33]; Par4 (prostate apoptosis response 4) that initiates
p53-independent apoptosis of ischemic neurons [34]; stress-
activated transcription factor GADD153(CHOP10) that in-
hibits proliferation and stimulates apoptosis [35]; pro-
apoptotic neurotrophin receptor p75 [36]; glutamate receptor
NMDA2a that mediates excitotoxicity and apoptosis [37].
Glutamate decarboxylase (GAD65/67), which converts L-glu-
tamate into GABA [38], and CUG-binding protein 1
(CUGBP1), which controls mRNA stability and alternative
splicing of some genes, can stimulate apoptosis of neurons
[39]. Amyloid precursor protein APP and nicastrin were

Table 1 The volumes of the unilateral and bilateral infarct after single and double photothrombotic stroke in the rat brain cortex. The second
photothrombotic impact was carried out 7 days after the first one in the contralateral cortex of the same rats.М ± SEM

№ Experimental group Single PTI Double PTI

Infarct volume (mm3) First PTI Second PTI

Infarct volume (mm3) Experimental group Infarct volume (mm3)

1 4 h after unilateral PTI (n = 6) 23.5 ± 2.5 – – –

2 24 h after unilateral PTI (n = 6) 27.8 ± 1.3 – 1 day after second PTI
(8 days after first PTI) (n = 7)

27.3 ± 2.3

3 7 days after unilateral PTI (n = 7) 24.4 ± 1.8 23.0 ± 1.8 7 days after second PTI
(14 days after first PTI) (n = 6)

23.2 ± 2.7

4 14 days after unilateral PTI (n = 6) 21.5 ± 2.1 21.0 ± 1.7 14 days after second PTI
(21 days after first PTI) (n = 8)

15.9 ± 1.5*

*р < 0.05
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Table 2 The relative changes in the expression of signaling proteins in
the penumbra at 4 or 24 h after photothrombotic infarction (PTI) in the rat
cerebral cortex (Exp) as compared with the cortical tissue of control
sham-operated rats (Ctr) that were operated like in the experimental group

but not irradiated (control). Each experiment was double repeated. Mean
Exp/Ctr ratios (or Ctr/Exp in the case of downregulation) that differed
from control values by more than 30% (the cut-off level); (p<0.05) and
standard deviations (SD) are shown in the table as italic values.

Name 4 h 24 h Function

Mean SD Mean SD

Exp/Ctr (increase)

Pro-apoptotic proteins

Par4 2.21 0.06 1.55 0.31 Initiation of p53-independent apoptosis including apoptosis of neurons

Bcl-10 1.89 0.09 <1.3 − Activates JNK, p38, NF-κB; recruits TRADD and RIP involved in apoptosis and necroptosis

AIF 1.84 0.14 <1.3 − Induction of apoptosis. Triggers chromatin condensation and DNA fragmentation

E2F1 1.67 0.09 <1.3 − Transcription factor; drives the cell cycle; can stimulate apoptosis if cell division is impaired

p38 MAPK 1.61 0.04 <1.3 − Stress-activated MAP kinase; stimulates cerebral apoptosis in stroke

p53 1.58 0.04 1.34 0.18 Pro-apoptotic transcription factor, controls >100 genes; arrests cell cycle and stimulates
apoptosis

c-myc 2.34 0.15 <1.3 − Transcription factor; controls protein synthesis via regulation of RNA polymerase I, II, and III,
and histone acetylation, regulates proliferation potentiates apoptosis; proto-oncogene

NGFR p75 1.66 0.04 <1.3 − Pro-apoptotic receptor of NGF; Inhibits growth of regenerating axons and induces their
degeneration

GADD 153
(CHOP-10)

1.67 0.01 <1.3 − Transcription factor. Induced under stress including ischemia and DNA damage. Inhibits
proliferation and induces apoptosis

NMDAR2a 1.52 0.03 <1.3 − Glutamate receptor: Са2+-channel, excitotoxicity, apoptosis

CUGBP1
c(CUG-binding
protein 1)

1.31 0.04 1.34 0.22 Controls mRNA stability. Alternative splicing of different genes. Stimulates apoptosis of
neurons

Caspase 3 2.17 0.15 1.50 0.17 Execution of apoptosis

Activated caspase 3 1.50 0.05 <1.3 − Execution of apoptosis; activates caspases 6 and 7

Caspase 6 1.68 0.04 <1.3 − Execution of apoptosis

Caspase 7 1.49 0.03 <1.3 − Execution of apoptosis

Caspase 11 1.55 0.03 <1.3 − Inflammatory caspase; stimulates apoptosis of astrocytes and microglia after inflammatory
activation

SMAC/DIABLO 1.81 0.13 1.47 0.26 Apoptosis; activates caspases 9, 3, 6 and 7

Anti-apoptotic proteins

Bcl-x 1.91 0.09 1.30 0.19 Anti-apoptotic

Bcl-xL 1.34 0.11 1.66 0.28 Anti-apoptotic. Prevents cytochrome c release and caspase activation

Mcl-1 1.73 0.07 1.31 0.17 Anti-apoptotic protein from Bcl-2 family. Autophagy/apoptosis switch. Neuroprotector

ERK5 1.78 0.08 1.40 0.24 Anti-apoptotic neuroprotector; activated under oxidative stress by Ca2+-dependent manner

p63 2.24 0.24 1.42 0.18 Anti-apoptotic. p53 family

p21Waf-1 1.66 0.04 <1.3 − p53-dependent inhibitor of proliferation and apoptosis

MDM2 <1.3 − 1.39 0.19 p53 antagonist. Negatively regulates p53-mediated transcription and stimulates its
degradation. Stimulates E2F1. Activates proliferation

Estrogen receptor 1.90 0.11 1.48 0.25 Anti-inflammatory and antioxidants action. Modulates protein synthesis and inhibits
apoptosis. Protects brain against ischemia

MKP-1′ 1.84 0.07 1.42 0.27 Phosphatase of MAP kinase-1. Anti-apoptotic neuroprotector; stops p38 and JNK signaling.

Signaling proteins

Phosphothreonines 1.64 0.05 1.38 0.21 Phosphorylated threonines in proteins. Their level is low in the normal tissue, but increases
10-fold under injury

Phosphoserine 1.71 0.08 1.51 0.32 Phosphorylated serines in proteins.

ERK-1 1.78 0.06 1.51 0.28 Activated by external stimuli; phosphorylates various transcription factors and cytoskeleton
proteins; regulates proliferation, cell shape, and survival

ERK1 + ERK2 1.62 0.03 <1.3 − Activated by external stimuli; phosphorylates various transcription factors and cytoskeleton
proteins; regulates proliferation, cell shape and survival

GRB-2 <1.3 − 1.35 0.22 Links tyrosine kinases receptors with Ras signaling pathway after their activation
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Table 2 (continued)

Name 4 h 24 h Function

Mean SD Mean SD

RAF1 1.36 0.02 1.30 0.17 Phosphorylates and regulates downstream MAP kinases after activation by Ras proteins

MAKAPK2 1.48 0.06 1.42 0.31 Activated by р38 and phosphorylates chaperons hsp25/hsp27 under stress

PKCα 1.40 0.03 <1.3 − Regulates multiple functions: growth, apoptosis, proliferation, differentiation,
neurotransmission

SGK 1.42 0.06 <1.3 − Involved in PI3K-mediated signaling; links cell hydration and metabolism; stimulates ion
channels

SMAD4 1.36 0.04 <1.3 − Activates transcription

Phospholipase A2

group V
1.58 0.13 <1.3 − Synthesis of fatty acids and phospholipids. The key enzyme in the synthesis of

proinflammatory mediators

Phospholipase Cγ1 1.56 0.03 <1.3 − Mediates neurotrophic regulation. Controls outgrowth of neurites, migration of neurons, and
synaptic plasticity

Calmodulin 1.47 0.04 <1.3 − Ca2+-binding protein. Activates numerous cellular proteins

CaMKIIα 1.40 0.03 <1.3 − Regulates glutamate receptors, synthesis and secretion of neurotransmitters, learning and
memory, gene expression

CaMKIV 1.36 0.05 <1.3 − Regulates gene expression, synthesis and secretion of neurotransmitters, axonal transport

Amyloid-related proteins

APP. C-terminal
region

1.76 0.10 1.37 0.19 β-amyloid precursor protein; induces oxidative stress and astrocytosis

APP 1.45 0.08 <1.3 − β-amyloid precursor protein; induces oxidative stress and astrocytosis

Nicastrin 1.38 0.03 <1.3 − Part of the γ-secretase protein complex; interacts with presenilins 1/2 and splits amyloid
precursor protein (APP) to β-amyloid

Cell cycle regulation

CDC6 1.62 0.11 <1.3 − Organization of the prereplicative complex; controls G1/S transition

Cyclin B1 <1.3 − 1.35 0.14 Stimulates M/G2 transition in the cell cycle

Cell protection, chaperones

Calreticulin 1.37 0.04 <1.3 − Ca2+-binding endoplasmic reticulum chaperone; controls protein folding. Regulates Ca2+

homeostasis

Calnexin 1.52 0.06 1.42 0.21 Ca2+-binding endoplasmic reticulum chaperone; controls protein folding. Regulates Ca2+

homeostasis

Actin cytoskeleton, adhesion

p120CTN 1.83 0.05 1.49 0.26 Catenin. Links E- and N-cadherins to actin cytoskeleton and signaling proteins involved in
neuroprotection after cerebral ischemia

α-Catenin 1.55 0.06 <1.3 − Part of the N-cadherin/catenin adhesion complex; links cadherins with actin cytoskeleton.
Involved in neuroprotection after cerebral ischemia.

β-Catenin <1.3 − 1.33 0.19 Links cadherins with cytoskeleton. Participates in Wnt signaling pathway

Actopaxin 1.48 0.04 1.32 0.11 Adhesion-dependent cytoskeleton remodeling, cell motility and division; links integrin, actin
fibers and ILK kinase

Cofilin 2.03 0.09 1.51 0.29 Mediates depolymerization of fibrillar actin, cytoskeleton remodeling, formation of leading
edge, cell motility, endocytosis, cytokinesis

p35 1.66 0.03 1.42 0.29 Complex p35/Cdk5 binds adhesion complex β-catenin/ N-cadherin and mediates growth and
navigation of axons, and neuron migration during cortical neurogenesis.

Synaptic processes

SNAP-25 1.60 0.08 1.41 0.24 Fusion of synaptic vesicles with presynaptic membrane; exocytosis of neuromediators

Glutamate
decarboxylase
(GAD65/67)

1.53 0.05 1.41 0.26 Conversion of L-glutamate into GABA; can be pro-apoptotic

Ctr/Exp (decrease)

Signaling proteins

PML 1.43 0.17 <1.3 − Transcription factor and tumor suppressor. Regulates proliferation and p53 responses to
oncogenic stimuli.

NAK 1.48 0.08 <1.3 − NF-κB activating kinase. Activated by growth factors and protein kinase Cε
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Table 2 (continued)

Name 4 h 24 h Function

Mean SD Mean SD

NF-kB 1.52 0.11 <1.3 − Transcription factor. Regulates cell survival, proliferation and apoptosis

Synthrophin α1 2.42 0.39 1.88 0.37 Membrane protein. Component of various signaling pathways. Interacts with microtubules.
Some ion channels. dystrophin. neuronal navigator Nav1 and other proteins.

MAPK
phosphorylated

2.65 0.60 <1.3 − Activated MAP kinases

DAP kinase 1.55 0.06 <1.3 − Death-associated protein kinase; Ca2+/calmodulin-regulated. Controls cytoskeleton
remodeling during apoptosis

FAK 1.55 0.05 <1.3 − Focal adhesion kinase. Signals on the cell adhesion to extracellular matrix. Mediates loss of
focal contacts, cell rounding and membrane blebbing in apoptosis. Over-expression of FAK
inhibits apoptosis

pFAK 2.52 0.68 <1.3 − Focal adhesion kinase. Signals on the cell adhesion to extracellular matrix. Mediates loss of
focal contacts, cell rounding and membrane blebbing in apoptosis. Over-expression of FAK
inhibits apoptosis

S-100 3.29 0.22 2.11 0.44 Ca2+-binding protein; regulates Ca2+ homeostasis, activity of various enzymes and
transcription factors

S-100 β <1.3 − 2.09 0.46 β-chain of S-100. Regulates Ca2+ homeostasis, activity of various enzymes and transcription
factors.

AP2α 2.68 0.25 <1.3 − Regulates monoaminergic systems in neuropsychiatric disorders. Also regulates proliferation
and differentiation

AP2β 2.29 0.25 <1.3 − Regulates monoaminergic systems in neuropsychiatric disorders. Also regulates proliferation
and differentiation

AP2γ 2.50 0.28 <1.3 − Regulates monoaminergic systems in neuropsychiatric disorders. Also regulates proliferation
and differentiation

Pro-apoptotic proteins

p14arf 1.49 0.12 <1.3 − Prevents p53 degradation via inhibition of MDM2, which suppresses transcription and
ubiquitination of p53.

FADD 2.10 0.19 1.35 0.06 Fas-associated protein with Death Domain. Apoptosis

Fas(CD95/Apo-1) 1.48 0.15 <1.3 − FasL receptor. Stimulates extracellular apoptosis pathway.

Caspase 4 2.73 0.24 <1.3 − Inflammatory caspase. Activated by ER stress; mediates cell death by pyroptosis

Caspase 5 1.45 0.04 <1.3 − Inflammatory caspase, mediates cell death by pyroptosis

Caspase 9 1.53 0.13 <1.3 − Apoptosis execution

ARTS 1.32 0.02 <1.3 − Mitochondrial protein; translocates to the nucleus, coincident with apoptotic signals induced by
TGF-β

Intracellular transport

Adaptin (β1 + β2) 2.43 0.18 1.43 0.16 Vesicular transport, clatrin vesicle formation

GRP1(ARNO3, or
cytohesin-3)

1.60 0.10 <1.3 − Regulates protein sorting and membrane trafficking; controls Golgi structure and function

Myosin IIA 1.52 0.06 <1.3 − Non-muscular myosin. Involved in transport of vesicles. mRNA and organelles along actin
fibers in neurons and glial cells; fusion of synaptic vesicles, neuron migration, adhesion,
cytokinesis

Myosin Va 1.50 0.01 <1.3 − Transport of vesicles, mRNA and organelles along actin fibers in neurons and glial cells;
involved in fusion of synaptic vesicles

Ran 1.49 0.13 <1.3 − Nuclear import of cytoplasmic proteins

NTF2 2.34 0.24 1.50 0.15 Ran-assisted nuclear import of cytoplasmic proteins

Cytoskeleton

β-actin <1.3 − 1.82 0.55 Non-muscular cytoplasm actin involved in intracellular movements

Spectrin (α + β) 4.87 0.83 <1.3 − Maintains the plasma membrane integrity and cytoskeleton structure. Spectrin cleavage causes
membrane blebbing and apoptosis

Ezrin 1.65 0.07 <1.3 − Adapter linking actin filaments to the plasma membrane; regulates adhesion, cytoskeleton
remodeling, cell shape, migration, apoptosis

Vinculin <1.3 − 1.51 0.11 Element of the scaffold that links integrin adhesion proteins to the actin cytoskeleton

Tropomyosin 2.98 0.26 <1.3 − Regulates association of proteins with actin cytoskeleton
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over-expressed after PTI. Nicastrin is known to split APP and
to release the peptide AICD, which enhances p53-mediated
apoptosis [40].

At the same time, a number of anti-apoptotic proteins such
as Bcl-2 family proteins Bcl-x, Bcl-xL, and Mcl-1; p53 antag-
onist p63; p53-dependent inhibitor of proliferation and apo-
ptosis p21Waf-1 [41]; anti-apoptotic neuroprotectors ERK5
that mediates regeneration of injured axons [42]; protein phos-
phatase MKP-1, which stops the pro-apoptotic signaling of
p38 and JNK [43]; and estrogen receptor, the anti-inflamma-
tory, antioxidant and anti-apoptotic factor [44], were upregu-
lated by 1.3–2.2 times in the penumbra at 4 h after single PTI
(Table 2).

The 1.5- to 2-fold downregulation of diverse pro-apoptotic
proteins such as caspase 9; extracellular pro-apoptotic ligand

Fas (CD95/Apo-1); death-associated domain FADD; DAP ki-
nase (death-associated protein kinase) that controls cytoskel-
eton remodeling during apoptosis [45], transcription factor
PML that is involved in apoptosis of ischemic neurons [46];
mitochondrial protein ARTS (apoptosis-related protein in the
TGF-β signaling pathway) that induces apoptosis after trans-
location into the nucleus [47], and p14arf which inhibits
MDM2 and thereby prevents proteolysis of p53 [48], also
contributed into neuroprotection in the penumbra.

Serine/threonine protein kinases activate proteins by phos-
phorylation of these residues. In normal tissue the basic levels
of phosphoserines and phosphothreonines are low but in-
crease under injury. The observed 64–71% increase in the
levels phosphoserines and phosphothreonines (Table 2) indi-
cates the activation of different proteins in the penumbra.

Table 2 (continued)

Name 4 h 24 h Function

Mean SD Mean SD

βI- tubulin 4.95 1.31 3.37 1.18 Component of microtubules

β-tubulin
polyglutamylated

3.75 0.29 2.24 0.76 Regulates assembly of microtubules and their interaction with tau and other proteins

βIV- tubulin 3.53 0.31 2.05 0.28 Regulates assembly of microtubules and their interaction with tau and other proteins

γ-tubulin <1.3 − 1.98 0.30 Conservative element of the microtubule organizer

MAP-1 1.53 0.09 <1.3 − Component of microtubules. Located in neuronal and glial processes

Pancytokeratin 1.60 0.15 <1.3 − Intermediate filaments

Cytokeratin 7 9.74 1.52 2.23 0.89 Cytoskeleton; intermediate filaments. Localized in the vascular epithelium

Cytokeratin 8.12 <1.3 − 1.72 0.42 Intermediate filaments

Cytokeratin 13 <1.3 − 2.87 1.03 Intermediate filaments

Metabolism and cell protection

Aop-1 1.68 0.34 <1.3 − Mitochondrial antioxidant protein (peroxiredoxin-3)

HSP 70 <1.3 − 1.64 0.33 Molecular chaperone

HSP 90 3.19 0.55 <1.3 − Molecular chaperone

Cystatin A 1.76 0.14 <1.3 − Inhibitor of lysosomal proteases

CNPase 1.38 0.02 <1.3 − Myelin formation. Expressed only in oligodendrocytes and Schwann cells

Neuromediator synthesis and synaptic processes

Tyrosine hydroxylase 1.81 0.10 <1.3 − Synthesis of catecholamines (L-DOPA, dopamine, epinephrine, norepinephrine) from tyrosine

Tryptophan
hydroxylase

1.68 0.16 <1.3 − Synthesis of serotonin and melatonin

DOPA decarboxylase 2.84 0.09 <1.3 − Synthesis of dopamine

Syntaxin 14.20 6.21 3.31 1.30 Docking of synaptic vesicles and neuromediator secretion

Cell cycle regulation

Cyclin D1 1.56 0.18 <1.3 − Regulates G1/S in the cell cycle

Cdk6 1.44 0.03 <1.3 − Cyclin-dependent kinase 6. The complex cyclin D1/cdk6 regulates G1/S transition in the cell
cycle.

Cdc7 kinase 1.34 0.08 <1.3 − Initiation and regulation of replication

Cdk-7/CAK 1.48 0.06 <1.3 − Activates cyclin-dependent kinases that control the cell cycle

Topoisomerase-1 2.05 0.18 <1.3 − Participates in proliferation and transcription

Trf-1 1.89 0.12 1.43 0.28 Modulates telomerase to reduce the telomere length
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Serine/threonine protein kinases ERK1/2, SGK, RAF1,
PKCα that regulate diverse cellular processes such as metab-
olism, proliferation, neurotransmission survival and apoptosis
were upregulated in the penumbra by 36–78%. The level of
transcription activator SMAD4 increased by 36%. However,
the NF-κB-mediated signaling pathway was not involved in
the penumbra response to PTI. In fact, both NF-κB and
NF-κB-activating kinase NAK were downregulated
(Table 2). Activator proteins AP-2α, AP-2β, and AP-2γ, tran-
scription factors that regulate proliferation, differentiation, and
activity of the monoaminergic systems [49] were downregu-
lated in the penumbra by 2.3–2.7 times (Table 2).

Phospholipases PLA2 group Vand PLCγ1 were upregulat-
ed in the penumbra by 56–58%. Upon binding of growth
factors, PLCγ1 produces inositol triphosphate, which stimu-
lates Ca2 +release from endoplasmic reticulum (ER).
Cytosolic Ca2+activates various signaling proteins. The
Ca2+-dependent proteins calmodulin, CaMKIIα, and
CaMKIV, which regulate ionotropic receptors, gene expres-
sion, synthesis and release of neurotransmitters, axonal trans-
port, memory formation, and other neuronal functions, were
upregulated in the penumbra by 36–47% (Table 2). These
processes are pro-survival. The level of another Ca2+-binding
protein S-100, which regulates Ca2+ homeostasis, activity of
various enzymes and transcription factors, decreased 3.3 times
(Table 2). The upregulation of Ca2+-dependent ER chaperones
calnexin and calreticulin and protein kinase MAKAPK2,
which activates small ER chaperones hsp25/hsp27, was also
pro-survival. However, downregulation of mitochondrial an-
tioxidant protein AOP-1, chaperone HSP90 and cystatin A,
which inhibits cathepsins, lysosomal proteases, reduced the
protective potential in the penumbra tissue.

Various regulators of the cell cycle were differently
expressed in the penumbra 4 h after single PTI. The downreg-
ulation of Cdc7 kinase that is involved in the initiation of
DNA replication, cyclin D1 and Cdk6 that regulate G1/S tran-
sition in the cell cycle, Cdk-7/CAK, which activates cyclin-
dependent kinases, topoisomerase-1 that is involved in DNA
replication, and Trf-1 that controls the telomere length
(Table 2), indicated the suppression of diverse proliferation
processes. However, the expression of CDC6, which orga-
nizes the prereplicative complex and controls G1/S transition,
increased. Possibly, various components of the cell cycle were
differently regulated in different penumbra regions.

Diverse proteins associated with actin cytoskeleton were
also up- or downregulated in the penumbra after single PTI
(Table 2). The over-expression of catenin α and catenin
p120CTN, which bind fibrillar actin to E-and N-cadherins that
link cells to each other, and p35, which together with Cdk5
binds to β-catenin/N-cadherin adhesion complex and regu-
lates the growth of injured axons (+ 83,+ 55, and + 66%,
respectively; Table 2) could stabilize the neurovascular units
in the penumbra and participate in neuroprotection [50]. The

level of actopaxin, a component of the protein scaffold, which
links the intracellular actin cytoskeleton with integrins that
bind cells to the extracellular matrix [51] increased by 48%.
Cofilin depolymerizes fibrillar actin. Its two-fold over-expres-
sion could be associated with remodeling of the actin cyto-
skeleton [52]. However, spectrin (α + β), which maintains the
plasma membrane integrity and cytoskeleton structure, ezrin
that links actin filaments to the plasma membrane, and tropo-
myosin that regulates binding of various proteins to the actin
cytoskeleton, were downregulated 5, 1.6, and 3-fold, respec-
tively. The levels of focal adhesion kinase FAK, associated
with the actin-binding platform, and its phosphorylated form
pFAK also decreased 1.5–2.5 times (Table 2). Such bidirec-
tional changes in the expression of cytoskeleton proteins
could be associated either with cell death and tissue destruc-
tion, or with physiological remodeling that changes the cell
shape during intracellular movements and cell motility.
Simultaneously, the downregulation of the microtubule com-
ponents βI-tubulin, βIV tubulin, and polyglutamylated β-tu-
bulin, microtubule-associated protein MAP-1, cytokeratin 7,
the component of vascular intermediate fibers, and CNPase
that mediates myelin formation [53] (Table 2) indicated tissue
destruction in the penumbra.

The single PTI violated transport processes in the penum-
bra. The levels of adaptin (β1 + β2) that mediates formation
of clatrin vesicles and GRP1 (or ARNO3, or cytohesin-3) that
controls Golgi structure and regulates protein sorting and
membrane trafficking [54] decreased by 2.4 and 1.6 times,
respectively (Table 2). Expression of myosins IIA and Va that
mediate transport of vesicles, mRNA and organelles along
actin filaments in neurons and glial cells decreased 1.5 times.
The proteins Ran and NTF2 involved in the nuclear import of
cytoplasmic proteins [55] were also downregulated by 1.5 and
2.3 times, respectively (Table 2).

The levels of proteins involved in the synthesis of
neuromediators, dopamine (tyrosine hydroxylase and DOPA
decarboxylase), and serotonin (tryptophan decarboxylase) de-
creased by 1.7–2.8 times. The most significant was 14-fold
decrease in the level of syntaxin that mediates docking of
synaptic vesicles and neurotransmitter release (Table 2).

24 h After Single PTI

The changes in the protein profile in the penumbra at 24 h
after single PTI resembled that at 4 h but were weaker and
included fewer proteins: 27 proteins were upregulated and 17
downregulated. The values of changes in the protein levels
were also lower (Table 2).

Among pro-apoptotic proteins, we observed only over-
expression of caspase 3, SMAC/DIABLO, Par4, p53,
GAD65/67, and CUGBP1. However, the expression of pro-
apoptotic proteins, which were downregulated in the penum-
bra at 4 h after single PTI (except FADD), did not change
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relatively to control at 24 h. On the other hand, almost all anti-
apoptotic proteins except p21Waf that were upregulated at 4 h,
were also upregulated at 24 h. The levels of protective proteins
AOP-1, cystatin A, and chaperone Hsp 90 that were downreg-
ulated at 4 h, did not change relatively to control at 24 h; only
chaperon Hsp 70 was downregulated (Table 2).

Fewer changes were also observed in the expression of
signaling proteins. The levels of phosphoserines and
phosphothreonines as well as ERK1, GRB2, RAF1, and
MAKAPK2 remained elevated at 24 h and that of synthrophin
α1 and S-100 reduced. The expression of other signaling pro-
teins did not differ significantly from control. Different regu-
lators of the cell cycle that were downregulated at 4 h also did
not change at 24 h. However, cyclin B1 was upregulated by
35% at 24 h after single PTI (Table 2).

The levels of various components of the actin cytoskeleton,
which were upregulated at 4 h, remained elevated at 24 h. The
levels of α-catenin, spectrin (α + β), ezrin and tropomyosin
did not change at 24 h. β-Tubulins remained downregulated.
Additionally, the levels of γ-tubulin and cytokeratins 13 and
8.12 decreased (Table 2). The levels of adaptin (β1 + β2) and
NTF2 involved in the intracellular transport processes
remained decreased, but the expression of other transport pro-
teins did not differ from control. The levels of proteins that
mediate synthesis of neuromediators did not differ anymore
from that in the control tissue (Table 2).

The Changes in the Expression of Signaling Proteins
in the Penumbra After Double PTI

As shown above, the second, testing PTI applied 7 days after
the first, preconditioning impact resulted in a smaller infarc-
tion volume than after only one PTI. That was the manifesta-
tion of the preconditioning effect. What is the biochemical
mechanism of this effect? We have studied the changes in
the protein profile in the penumbra around the core of the
second photothrombotic infarct at 4 and 24 h after the second
PTI.

4 h After Double PTI

At 4 h after second PTI, we observed the over-expression of
52 proteins in the penumbra, whereas 31 proteins were down-
regulated (Table 3), fewer than after single PTI: 48 (Table 2).
Themajority of the upregulated proteins in the penumbra were
the same as after the single impact (Tables 2 and 3).
Nevertheless, some difference in the protein profile should
be noted. Unlike single PTI, at 4 h after second PTI pro-
apoptotic MAP kinase JNK and phosphatidylserine receptor
PSR were over-expressed by 37 and 62%, respectively
(Table 3). At the same time, we did not observe the downreg-
ulation of pro-apoptotic proteins Fas, FADD, ARTS, caspases
4, 5 and 9.These data indicated the shift of the life/death

balance to damage of the penumbra tissue. On the other hand,
the upregulation of anti-apoptotic protein MDM2, and the
absence of expression of glutamate decarboxylase GAD65/
67 and CUGBP1, which promote apoptosis in some situa-
tions, indicated the simultaneous pro-survival tendency.

The changes in the expression of intracellular signaling in
the penumbra at 4 h after double PTI (Table 3) were, in some
respect, lower than after a single impact (Table 2). In fact,
overall phosphorylation of serines and threonines in proteins
did not increase, but decreased as compared to the control
levels. This indicated less activation of cellular proteins.
Phospholipases PLA2 (group V) and PLCγ1 were not upreg-
ulated, but 3.3- to 3.4-fold downregulated in the penumbra
after double PTI (Table 3). The level of SMAD4 did not in-
crease. On the other hand, unlike single PTI, double PTI
caused upregulation of transcription factor ATF2 and protein
kinase Cβ (+ 44 and + 52%, respectively; Table 3). The ex-
pression of PML, NF-κB, NAK, DAP kinase, synthrophin
α1, focal adhesion kinase FAK and its phosphorylated form
did not decrease as after a single PTI (compare Tables 2 and
3).

The over-expression of cyclin B1 and cyclin-dependent
kinase Cdk4, the downregulation of cell cycle inhibitor
p19INK4D, along with the absence of downregulation of
Cdk6, cyclin D1, and Cdc-7/CAK (Table 3) after double
but not single PTI evidences the higher proliferation ac-
tivity that was probably directed to recovery of the pen-
umbra tissue.

The PTI-induced changes in the actin skeleton were almost
the same after double and single PTI (Table 3). DAP kinase
that regulates cytoskeleton remodeling was not downregulat-
ed as after single PTI. The levels of other cytoskeleton com-
ponents, tubulins and intermediate fibers, such as β-tubulins I
and IV, microtubule-associated protein MAP1, pan
cytokeratin, and cytokeratin 13 did not decrease in the pen-
umbra after double PTI that indicates better safety of the cy-
toskeleton. Moreover, the levels of cytokeratin 8.13,
cytokeratin 19, and α-internexin increased after second but
not first PTI. Therefore, double PTI damaged microtubules
and intermediate filaments weaker than the single impact.

The increased levels of the vesicular protein bCOP
and clathrin light chain protein (+ 30%, Table 3) indi-
cated activation of the vesicular transport. The levels of
Ran and NTF2 that import proteins into the cell nucleus
were not reduced, and this transport was not so im-
paired as after single PTI (Table 2). CNPase involved
in the myelin formation was not downregulated. These
data indicate weaker damage of the intracellular trans-
port processes and probably higher protective potential
in the penumbra tissue.

As a whole, at 4 h after the preconditioning impact, second
PTI weaker damaged the penumbra tissue around the infarc-
tion core in the rat cerebral cortex.

Mol Neurobiol (2018) 55:229–248 239



Table 3 The relative changes in the expression of signaling proteins in
the penumbra around the photothrombotic infarction (PTI) core in the rat
cerebral cortex (Exp) at 4 and 24 h after the second (testing) PTI, which
was induced in the contralateral cortex in 7 days after the first
(preconditioning) PTI, versus protein expression in the same cortical re-
gion of the control sham-operated rats that were operated like in the

experimental group but not irradiated (Ctr) (the experiments were repeat-
ed 3 and 2 times, respectively). Mean Exp/Ctr ratios (or Ctr/Exp in the
case of downregulation) that differed from control values by more than
30% (the cut-off level); (p<0.05) and standard deviations (SD) are shown
in the table as italic values

Name 4 h 24 h Functions

Mean SD Mean SD

Exp/Ctr (increase)

Pro-apoptotic proteins

Par4 1.94 0.19 1.71 0.17 Initiation of p53-independent apoptosis including apoptosis of neurons

Bcl-10 1.73 0.08 1.49 0.24 Activates JNK, p38, NF-κB

E2F1 1.66 0.05 1.55 0.10 Transcription factor; drives the cell cycle; can stimulate apoptosis if cell division is impaired

p53 1.62 0.11 1.46 0.16 Pro-apoptotic transcription factor, controls >100 genes; arrests cell cycle and stimulates
apoptosis

NMDAR 2a 1.60 0.11 1.36 0.21 Glutamate receptor: Са2+-channel, excitotoxicity, apoptosis

GADD 153
(CHOP-10)

1.60 0.14 1.36 0.16 Transcription factor. Induced under stress including ischemia and DNA damage. Inhibits
proliferation and induces apoptosis

p38 MAPK 1.47 0.09 1.30 0.08 Stress-activated MAP kinase; stimulates cerebral apoptosis in stroke

JNK MAPK 1.37 0.09 <1.3 − Stress-activated MAP kinase; stimulates apoptosis

c-myc 1.76 0.09 1.60 0.36 Transcription factor; controls protein synthesis via regulation of RNA polymerase I, II, and III, and
histone acetylation, regulates proliferation potentiates apoptosis; proto-oncogene

AIF 1.38 0.15 1.41 0.11 Induction of apoptosis, triggers chromatin condensation and DNA fragmentation

NGFR p75 1.55 0.07 1.37 0.19 Pro-apoptotic receptor of NGF; Inhibits growth of regenerating axons and induces their
degeneration

Caspase 3 1.67 0.10 1.61 0.13 Execution of apoptosis;

Activated caspase 3 1.54 0.07 <1.3 − Execution of apoptosis; activates caspases 6 and 7

Caspase 6 1.59 0.07 1.33 0.20 Execution of apoptosis

Caspase 7 1.45 0.07 <1.3 − Execution of apoptosis

Caspase 11 1.70 0.10 <1.3 − Inflammatory caspase; stimulates apoptosis of astrocytes and microglia after inflammatory
activation

SMAC/DIABLO 1.58 0.19 1.58 0.13 Apoptosis; activates caspases 9, 3, 6, and 7

PSR 1.62 0.09 <1.3 − Phosphatidylserine receptor. Recognition and removal of apoptotic cells

Anti-apoptotic proteins

p63 <1.3 − 1.46 0.17 Anti-apoptotic. p53 family

Bcl-x 1.53 0.07 1.52 0.25 Anti-apoptotic.

Bcl-xL 1.30 0.17 1.41 0.10 Anti-apoptotic. Prevents cytochrome c release and caspase activation

ERK5 1.54 0.11 1.48 0.08 Anti-apoptotic neuroprotector; activated under oxidative stress by Ca2+-dependent manner

p21Waf-1 1.58 0.08 1.32 0.21 p53-dependent inhibitor of proliferation and apoptosis

MDM2 1.39 0.06 1.38 0.09 P53 antagonist. Negatively regulates p53-mediated transcription and stimulates its degradation.
Stimulates E2F1. Activates proliferation

MKP-1 1.50 0.10 1.49 0.08 Phosphatase of MAP kinase-1. Anti-apoptotic neuroprotector; stops p38 and JNK signaling

Mcl-1 1.39 0.10 <1.3 − Anti-apoptotic protein from Bcl-2 family. Autophagy/apoptosis switch. Neuroprotector

Estrogen receptor 1.61 0.11 1.48 0.12 Anti-inflammatory and antioxidants action. Modulates protein synthesis and inhibits apoptosis.
Protects brain against ischemia

Nedd 8 <1.3 − 1.32 0.16 Ubiquitin-like protein. Neddilation regulates ubiquitin-mediated proteolysis. IAP-mediated
neddilation of caspases inhibits apoptosis

Signaling proteins

Phosphothreonines <1.3 − 1.50 0.12 Phosphorylated threonines in proteins. Their level is low in the normal tissue, but increases 10-fold
under injury

Phosphoserine − − 1.48 0.07 Phosphorylated serines in proteins.

ERK-1 1.64 0.11 1.61 0.16 Activated by external stimuli; phosphorylates various transcription factors and cytoskeleton
proteins; regulates proliferation, cell shape, and survival
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Table 3 (continued)

Name 4 h 24 h Functions

Mean SD Mean SD

ERK1 + ERK2 1.45 0.10 1.37 0.22 Activated by external stimuli; phosphorylates various transcription factors and cytoskeleton
proteins; regulates proliferation, cell shape, and survival

GRB-2 <1.3 − 1.44 0.30 Links tyrosine kinases receptors with Ras signaling pathway after their activation

RAF1 1.43 0.08 1.33 0.12 Phosphorylates and regulates downstream MAP kinases after activation by Ras proteins

MAKAPK2 1.59 0.10 1.45 0.09 Activated by р38 and phosphorylates chaperons hsp25/hsp27 under stress

ATF2 1.44 0.07 <1.3 − Transcription factor. It is stimulated by p38 or JNK under stress and activates transcription.
Abundant in brain

SGK 1.33 0.06 <1.3 − Involved in PI3K-mediated signaling; links cell hydration and metabolism; stimulates ion
channels

Phospholipase Cγ1 − − 1.38 0.17 Mediates neurotrophic regulation. Controls outgrowth of neurites, migration of neurons, and
synaptic plasticity

PKCα 1.53 0.11 1.30 0.15 Regulates multiple functions: growth, apoptosis proliferation, differentiation,
neurotransmission

PKCβ 1.52 0.10 <1.3 − Regulates multiple functions: growth, apoptosis proliferation, differentiation,
neurotransmission

Calmodulin 1.40 0.07 <1.3 − Ca2+-binding protein. Activates numerous cellular proteins

CAM kinase IIα 1.33 0.06 1.30 0.05 Regulates glutamate receptors, synthesis and secretion of neurotransmitters, learning and
memory, gene expression

CAM kinase IV 1.41 0.07 <1.3 − Regulates gene expression, synthesis and secretion of neurotransmitters, axonal transport

Amyloid-related proteins

APP, C-terminal
region

1.40 0.06 1.45 0.08 β-amyloid precursor protein; induces oxidative stress and astrocytosis

Nicastrin 1.42 0.07 1.33 0.07 Part of the γ-secretase protein complex; interacts with presenilins 1/2 and splits amyloid
precursor protein (APP) to β-amyloid

Cell cycle regulation

Cdk4 1.46 0.07 <1.3 − Controls G1/S transition in the cell cycle

CDC6 1.44 0.13 <1.3 − Organization of the prereplicative complex; controls G1/S transition

Cyclin B1 1.31 0.08 1.39 0.10 Stimulates M/G2 transition in the cell cycle

Cell protection, chaperones

Calreticulin 1.36 0.08 <1.3 − Ca2+-binding endoplasmic reticulum chaperone; controls protein folding, regulates Ca2+

homeostasis

Calnexin 1.36 0.13 1.51 0.09 Ca2+-binding endoplasmic reticulum chaperone; controls protein folding, regulates Ca2+

homeostasis

Actin cytoskeleton, adhesion

p120CTN 1.69 0.10 1.56 0.11 Catenin. Links E- and N-cadherins to actin cytoskeleton and signaling proteins involved in
neuroprotection after cerebral ischemia

α-catenin 1.53 0.08 1.38 0.21 Part of the N-cadherin/catenin adhesion complex; links cadherins with actin cytoskeleton.
Involved in neuroprotection after cerebral ischemia.

Actopaxin 1.43 0.08 1.39 0.07 Adhesion-dependent cytoskeleton remodeling, cell motility and division; links integrin, actin
fibers and ILK kinase

Cofilin 1.65 0.10 1.59 0.09 Mediates depolymerization of fibrillar actin, cytoskeleton remodeling, formation of leading
edge, cell motility, endocytosis, cytokinesis

p35 1.61 0.11 1.49 0.09 Complex p35/Cdk5 binds adhesion complex β-catenin/ N-cadherin and mediates growth and
navigation of axons, and neuron migration during cortical neurogenesis.

Intracellular transport

βCOP 1.32 0.07 <1.3 − Coated vesicle transport

Clathrin Light Chain 1.31 0.07 <1.3 − Vesicular transport (clathrin vesicles)

Myosin Va 1.59 0.08 <1.3 − Transport of vesicles, mRNA and organelles along actin fibers in neurons and glial cells;
involved in fusion of synaptic vesicles

Synaptic processes

SNAP-25 1.46 0.08 1.46 0.07 Fusion of synaptic vesicles with presynaptic membrane; exocytosis of neuromediators
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Table 3 (continued)

Name 4 h 24 h Functions

Mean SD Mean SD

Synuclein α 1.31 0.07 <1.3 − Abundant in presynaptic terminals

Glutamate
decarboxylase
(GAD65/67)

<1.3 − 1.48 0.09 Converts L-glutamate into GABA; can be pro-apoptotic

Ctr/Exp (decrease)

Signaling proteins

Phosphoserine 1.34 0.11 1.48 0.07 Phosphorylated serines in proteins. Involved in recognition and apoptotic cells.

Phosphotyrosines 1.53 0.08 <1.3 − Signal on the binding of growth factors to receptors and promote intracellular signaling
cascades

PKCγ 1.39 0.12 <1.3 − Regulates multiple functions: growth, apoptosis proliferation, differentiation,
neurotransmission

ERK
(nonphosphorylate-
d)

1.56 0.30 <1.3 − Inactive ERK

Synthrophin α1 <1.3 − 2.21 0.60 Membrane protein associated with distrophin, nNOS, microtubules. Component of numerous
signaling pathways. Stabilizes synapses.

S-100 2.77 0.25 2.51 0.56 Ca2+-binding protein; regulates Ca2+ homeostasis, activity of various enzymes and
transcription factors

Phospholipase
Cγ1

3.27 0.74 − − Mediates neurotrophic regulation. Controls outgrowth of neurites, migration of neurons, and
synaptic plasticity

Phospholipase
A2 group V

3.35 0.55 <1.3 − Synthesis of fatty acids, phospholipids and prostaglandins.

AP2α 1.94 0.34 1.30 0.18 Regulates monoaminergic systems in neuropsychiatric disorders. Also regulates proliferation
and differentiation

AP2β 1.99 0.31 1.35 0.17 Regulates monoaminergic systems in neuropsychiatric disorders. Also regulates proliferation
and differentiation

AP2γ 1.94 0.40 1.31 0.25 Regulates monoaminergic systems in neuropsychiatric disorders. Also regulates proliferation
and differentiation

Phospho-Pyk2
(pY579/580)

2.34 0.83 <1.3 − Adhesion-associated signaling; interacts with protein scaffold that links integrins to actin
cytoskeleton at focal adhesion contacts.

Pro-apoptotic proteins

p14 arf 1.31 0.10 <1.3 − Inhibits MDM2, which suppresses transcription and stimulates ubiquitin-mediated degradation
of p53.

FADD <1.3 − 1.41 0.18 Fas-associated protein with Death Domain. Apoptosis

Caspase 4 <1.3 − 1.45 0.32 Inflammatory caspase. Activated by ER stress; mediates cell death by pyroptosis

Intracellular transport

Adaptin (β1 +
β2)

1.69 0.19 1.51 0.09 Vesicular transport, clatrin vesicles

GRP1(ARNO3,
cytohesin-3)

1.41 0.08 <1.3 − Regulates protein sorting and membrane trafficking; controls Golgi structure and function

NTF2 <1.3 − 1.52 0.13 Ran-assisted nuclear import of cytoplasmic proteins

Cytoskeleton

β-actin <1.3 − 2.24 0.86 Intracellular non-muscular actin

Ezrin 1.50 0.11 <1.3 − Adapter linking actin filaments to the plasma membrane; regulates adhesion, cytoskeleton
remodeling, cell shape, migration, apoptosis

Spectrin (a + b) 3.38 1.53 <1.3 − Maintains the plasma membrane integrity and cytoskeleton structure. Spectrin cleavage causes
membrane blebbing and apoptosis

Tropomyosin 1.88 0.38 <1.3 − Regulates association of proteins with actin cytoskeleton

βI-tubulin <1.3 − 4.05 1.28 Component of microtubules

β-tubulin
polyglutamylated

4.31 0.71 2.99 0.95 Regulates assembly of microtubules and their interaction with tau and other proteins

γ- tubulin <1.3 − 2.71 0.82 Conservative element of the microtubule organizer

Cytokeratin 7 2.26 0.37 4.57 2.94 Cytoskeleton; intermediate filaments. Localized in the vascular epithelium
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24 h After Double PTI

The characteristic time for development of the late ischemic
tolerance is 24 h. At 24 h after single PTI, 27 proteins were
upregulated and 17 proteins downregulated (Table 2), whereas
at the same interval after double PTI, 40 proteins were upreg-
ulated and 23 down regulated (Table 3). Unlike the rats sub-
jected to single PTI, in the preconditioned animals the apopto-
tic processes in the penumbra were more pronounced. Pro-
apoptotic proteins caspase 3, caspase 6, SMAC/DIABLO,
Bcl-10, AIF, Par4, E2F1, p38, p53, p75, c-myc, GADD153,
NMDAR2, NGFR p75were upregulated at 24 h after double
PTI (Table 3) like at 4 h after either single or double PTI
(Tables 2 and 3). Unlike, only Par4, p53, GAD 65/67,
CUGBP1, caspase 3, and SMAC/DIABLO were over-
expressed after single PTI (Table 2). Almost the whole sets
of the anti-apoptotic proteins over-expressed at 4 h after PTI
were upregulated in both cases (Tables 2 and 3).

Unlike single PTI, nicastrin and Ca2+-dependent signaling
proteins PLCγ1, PKCα, and CaMKIIα were upregulated in
the penumbra by 30–38% at 24 h after double PTI (Table 3).
However, the levels of activator proteins AP2α, β, and γ, and
synthrophinα1decreased by 30–35% at 24 h after second PTI.
The changes in the expression of other signaling proteins and
regulators of the cell cycle were the same or absent after single

and double PTI: increase in the overall threonine and serine
phosphorylation and upregulation of ERK1/2, RAF1, GRB-2,
and MAKAPK2 (Tables 2 and 3).

The only difference between the expression of proteins
associated with actin cytoskeleton at 24 h after single and
double PTI was 38% upregulation of α-catenin (Table 3) in-
stead of 33% increase in the level of β-catenin (Table 2).

We also observed 48% upregulation of glutamate decar-
boxylase (GAD65/67) that converts L-glutamate into GABA
after double but not single PTI (Table 3). On the other hand,
double but not single PTI decreased the expression of DOPA
decarboxylase and tyrosine hydroxylase, which mediate do-
pamine synthesis, in the penumbra by 31 and 47%, respec-
tively (Table 3). This shows increase in the role of GABAergic
processes, and decrease of the role of dopaminergic processes
in the post-ischemic penumbra at 24 h after double PTI.

Immunohistochemical and Western Blot Studies
of Expression of Par4, Cofilin, and Bcl-xL in Penumbra

The immunohistochemical analysis showed the significant in-
crease in the expression of Par4 in the penumbra at 4 and 24 h
after single PTI as compared with the cerebral cortex of the
sham-operated animals (+ 90 and + 77%, p < 0.05, respective-
ly) and at 4 h after double PTI (+ 46%). Its expression at 24 h

Table 3 (continued)

Name 4 h 24 h Functions

Mean SD Mean SD

Cytokeratin 8,12 <1.3 − 1.90 0.70 Intermediate filaments

Cytokeratin 8,13 3.54 0.9 <1.3 − Intermediate filaments

Cytokeratin 19 1.87 0.54 <1.3 − Intermediate filaments

Cytokeratin 13 <1.3 − 6.68 3.52 Intermediate filaments

Pan cytokeratin <1.3 − 1.32 0.18 Intermediate filaments

α-internexin 1.75 0,17 <1.3 − Intermediate filaments, neurofilaments

Neuromediator synthesis and synaptic processes

Tyrosine Hydroxylase 1.39 0.07 1.31 0.16 Synthesis of catecholamines (L-DOPA, dopamine, epinephrine, norepinephrine) from tyrosine

DOPA decarboxylase 3.06 1.41 1.47 0.30 Synthesis of dopamine

Syntaxin 2.87 0.66 3.35 0.90 Docking of synaptic vesicles and neuromediator secretion

Metabolism and cell protection

Aop-1 1.38 0.13 <1.3 − Mitochondrial antioxidant protein (peroxiredoxin-3)

Cystatin A 1.40 0.15 1.35 0.28 Inhibitor of cathepsins, lysosomal proteases

HSP 70 <1.3 − 1.79 0.44 Molecular chaperone

HSP 90 2.39 0.52 <1.3 − Molecular chaperone

Cell cycle regulation

Cdc7 kinase 1.51 0.08 <1.3 − Initiation and regulation of replication

p19INK4D 1.34 0.09 <1.3 − Inhibits CDK4 and CDK6, suppresses the cell cycle

Cyclin A 1.38 0.26 <1.3 − Activates Cdk2, regulates phase G2 and M/G2 transition in the cell cycle.

Trf-1 1.73 0.18 1.34 0.06 Modulates telomerase to reduce the telomere length

Topoisomerase-1 1.48 0.18 <1.3 − Participates in proliferation and transcription
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after double PTI did not differ significantly from control, but
was 36% lesser than after single PTI (p < 0.05) (Fig. 2).

The expression of cofilin in the penumbra increased at 4
and 24 h after single (+ 130 and + 73%, p < 0.05, respectively)
and double PTI (+ 48 and +39 %, p < 0.05, respectively) as
compared with the cerebral cortex of the sham-operated ani-
mals. Its expression at 4 h after double PTI was 37% lesser
than after single PTI (p < 0.05) (Fig. 3).

The western blot analysis showed the 2.3-fold decrease in
the level of the anti-apoptotic protein Bcl-xL in the penumbra
at 4 h after single (p < 0.05), but not double PTI (Fig. 4). At
24 h after single or double PTI, its expression showed the
tendency of decrease, but it was not significant (Fig. 4).

Discussion

In order to reveal the biochemical basis of the preconditioning
effect, we compared the protein profiles in the penumbra
around the infarct core in the rat brain cortex at 4 or 24 h after
the single photothrombotic impact with the protein profile in

the penumbra surrounding the second infarct zone in the ce-
rebral cortex of rats, which suffered from the same precondi-
tioning photothrombotic infarct in the contralateral cortex that
happened 7 days earlier (Tables 2 and 3, respectively).

The present data showed that double PTI induced lesser
infarct volume than single PTI. This effect became visible at
14 days after the second impact (Table 1). This was possibly
the result of remote ischemic tolerance induced in the rat brain
by first non-lethal PTI. Thus, we developed a new model of
focal-focal ischemic tolerance, in which the photothrombotic
impact to the cerebral cortex can serve as a remote precondi-
tioning stimulus, which increases a tolerance to the subse-
quent photothrombotic injury in another brain region.

The responses of the cerebral tissue to photothrombotic
impact were complex and involved reactions of various cellu-
lar subsystems. Several dozens of signaling proteins, whose
levels increased or decreased 4 or 24 h after single or double
PTI (the early or late reperfusion periods), participated in pro-
and anti-apoptotic processes; different intracellular signaling
pathways; remodeling and destruction of various cytoskeleton
elements, such as microtubules, actin filaments and

Fig. 2 The immunoreactivity of
Par4 in the sensomotory cerebral
cortex of rats after single and
double photothrombotic infarct
(PTI). a–f:
Immunohistochemistry of Par4. a
The control cortex region of the
sham-operated rat 4 h after the
operation. b The penumbra region
4 h after the single PTI. c The
penumbra region 4 h after the
double PTI, when the second
(testing) PTI was applied in
7 days after the first
(preconditioning) PTI. d The
control cortex region of the sham-
operated rat 24 h after the
operation. e The penumbra region
24 h after the single PTI. f The
penumbra region 24 h after the
double PTI, when the second
(testing) PTI was applied in
7 days after the first
(preconditioning) PTI. The scale
bar: 100 μm. g Immunoreactivity
coefficient of Par4 (M ± SEM;
n = 3) in the penumbra and the
cortex of sham-operated control
rats 4 and 24 h after single
(ischemia) and double
(preconditioning + ischemia) PTI.
*p < 0.05 relatively to sham-
operated animals. #p < 0.05
relatively to single PTI and the
same time
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intermediate filaments; suppression of vesicular transport and
synaptic processes; impairment of the cell cycle, etc. The role
of some proteins in the response of the cerebral cortex to
ischemic stroke and development of ischemic tolerance has
been discussed in the literature [30] while the roles of others
are not well known.

The revealed changes in the protein profile were bidirec-
tional, aimed at both neurodegeneration and neuroprotection.
After the first, preconditioning PTI, the cerebral cortex in the
contralateral hemisphere became both more vulnerable and
more resistant to the forthcoming lesion. Indeed, both pro-
and anti-apoptotic proteins were expressed simultaneously in
the penumbra. The second PTI induced the greater apoptotic
processes in the rat cortical tissue than the single impact.
The number of over-expressed pro-apoptotic proteins was

almost the same at 4 h after single and double PTI.
However, at 24 h after double PTI, the majority of pro-
apoptotic proteins, 13, remained over-expressed (Table 3),
whereas only 6 of them were upregulated after single PTI
(Table 2). Both, single and double PTI destructed the brain
tissue, damaged vesicle transport and synaptic processes, im-
paired cell adhesion, cytoskeleton and cell proliferation.

At the same time, different protective processes developed
in the cerebral cortex after PTI. These included the upregula-
tion of various anti-apoptotic proteins. They were almost the
same at 4 and 24 h after single or double PTI, and included
Bcl-2 family proteins (Bcl-x, Bcl-xL, Mcl-1), p53 antagonists
(p63, p21Waf, MDM2), and some signaling proteins (ERK5,
MKP-1, estrogen receptor). Some other signaling proteins
could be either pro- or anti-apoptotic depending on the

Fig. 3 The immunoreactivity of cofilin in the sensomotory cerebral
cortex of rats after single and double photothrombotic infarct (PTI). a–
f: Immunohistochemistry of cofilin. a The control cortex region of the
sham-operated rat 4 h after the operation. b The penumbra region 4 h after
the single PTI. c The penumbra region 4 h after the double PTI, when the
second (testing) PTI was applied in 7 days after the first (preconditioning)
PTI. d The control cortex region of the sham-operated rat 24 h after the
operation. e The penumbra region 24 h after the single PTI. f The

penumbra region 24 h after the double PTI, when the second (testing)
PTI was applied in 7 days after the first (preconditioning) PTI. The scale
bar: 100 μm. g Immunoreactivity coefficient of cofilin (M ± SEM; n = 3)
in the penumbra and the cortex of sham-operated control rats 4 and 24 h
after single (ischemia) and double (preconditioning + ischemia) PTI.
*p < 0.05 relatively to sham-operated animals. #p < 0.05 relatively to
single PTI and the same time
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situation. The upregulation of the cell cycle regulators such as
cyclin B1 and Cdk4, and downregulation of the proliferation
inhibitor p19INK4D could stimulate proliferation in the pen-
umbra at 24 h after double but not single PTI. The prolifera-
tion processes could be associated with angiogenesis, gliosis,
and scar formation. The upregulation of actin-binding proteins
could display the remodeling of the actin cytoskeleton associ-
ated with changes in the cell shape and mobility. Lesser
changes in the levels of different cytokeratins and tubulin
isoforms indicate the weaker damage of microtubules and
intermediate fibers after double than after single PTI. The
upregulation of bCOP and clathrin light chain protein and
the absence of downregulation of Ran and NTF2 showed
stimulation of the vesicular transport and weaker damage to
nuclear protein import after double PTI. Ca2+ ions are in-
volved in both cell degeneration and cell protection. The in-
creased expression of calmodulin and calmodulin-dependent
kinases II and IV, calcium-dependent chaperones calnexin and
calreticulin, and MARKARK2 could be associated with cell
protection and increase of the resistance of cortical tissue to
ischemic damage.

Possibly, the opposite, damaging and survival processes
dominated in different parts of the penumbra that are located
either close to the infarct core or at the penumbra periphery,
respectively. They could be also differently developed in dif-
ferent cell types: neurons, astro-, micro- and oligodendroglia,
vascular endothelium, smooth vascular muscles, different
blood cell, etc. [27, 30]. So, more detailed analysis is needed

for investigation of the IT mechanism. It should be noted that
the over-expression of some proteins is not always required
for cell responses to external impacts. Only if the present
proteins are not sufficient for the cell response, the signaling
pathways and transcription factors trigger the synthesis of ad-
ditional molecules. Simultaneously, some proteins are subject-
ed to proteolysis and degrade. The proteomic technique eval-
uates the changes in the protein levels, but does not reveal
their causes, namely, the signaling cascades or transcription
factors, which regulate the expression of various proteins. The
mechanisms of these changes should be examined at the next
stage of the study.

The list of proteins involved in the penumbra response to
PTI and IT development is not short. It includes several
dozens of enzymes. Many important proteins remained be-
yond the present study. The brain reaction to injury is very
complex, and it is impossible to find a single critical pathway
that being modulated can protect the nervous tissue. A com-
plex of protecting medications should be possibly used for
protection of the penumbra tissue. The phenomenon of ische-
mic tolerance is of importance in this aspect because it is based
on the intrinsic mobilization of such complex response. On the
base of the obtained data, one can select several signaling
pathways, which seem to be important for responses of the
penumbra tissue to focal thrombosis and development of is-
chemic tolerance. These pathways include: (a) proteins that
initiate and regulate the concerted pro-apoptotic response such
asBcl-10, p38, E2F1, and p53; (b) anti-apoptotic proteins Bcl-
x, p63, MDM2, p21Waf, and ERK5; (c) signaling regulators
ERK1/2, RAF1, MAPKAP2, calmodulin, and calmodulin-
dependent kinases; (d) amyloid-related proteins APP,
nicastrin, and others. This list is of course incomplete. It in-
cludes both proteins involved in tissue injury, which activities
have to be inhibited, and those involved in tissue protection,
which should be activated. We believe that such study will
help us to find medications that reduce the injurious effects
and assist the development of ischemic tolerance.
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