
Ischemic stroke is one of the major factors of human

disability and death. Acute focal ischemia caused by

occlusion of blood vessels leads very quickly, within a few

minutes, to ATP depletion, generation of reactive oxygen

species, membrane injury, loss of ion gradients, depolar-

ization, excitotoxicity, cell death, and tissue edema.

These injurious processes propagate from the infarction

core to surrounding tissue and kill cells in the adjacent

transition zone (penumbra) [1, 2]. Acute cell necrosis in

the infarct core cannot be prevented. However, tissue

damage in the penumbra develops slower, during hours

and days, and this “therapeutic window” provides time

for neuroprotection and decrease in neuropathological

consequences [1-3]. However, most current neuroprotec-

tive drugs are not sufficiently effective. For example,

detailed clinical study of cerebrolysin, suggested previ-

ously as a promising neuroprotector, did not show a sig-

nificant difference in lethality of patients and side effects

between this drug and placebo [4]. Therefore, the com-

prehensive investigation of biochemical mechanisms that

regulate neurodegeneration and neuroprotection in

penumbra is necessary for development of new approach-

es to treatment of stroke consequences.

Ligation-induced occlusion of the middle cerebral

artery or insertion of a silicone-coated nylon thread are

the most popular experimental models of ischemic stroke.
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Abstract—Photodynamic impact on animal cerebral cortex using water-soluble Bengal Rose as a photosensitizer, which

does not cross the blood-brain barrier and remains in blood vessels, induces platelet aggregation, vessel occlusion, and brain

tissue infarction. This reproduces ischemic stroke. Irreversible cell damage within the infarction core propagates to adjacent

tissue and forms a transition zone – the penumbra. Tissue necrosis in the infarction core is too fast (minutes) to be pre-

vented, but much slower penumbral injury (hours) can be limited. We studied the changes in morphology and protein

expression profile in penumbra 1 h after local photothrombotic infarction induced by laser irradiation of the cerebral cor-

tex after Bengal Rose administration. Morphological study using standard hematoxylin/eosin staining showed a 3-mm

infarct core surrounded by 1.5-2.0 mm penumbra. Morphological changes in the penumbra were lesser and decreased

towards its periphery. Antibody microarrays against 224 neuronal and signaling proteins were used for proteomic study. The

observed upregulation of penumbra proteins involved in maintaining neurite integrity and guidance (NAV3, MAP1,

CRMP2, PMP22); intercellular interactions (N-cadherin); synaptic transmission (glutamate decarboxylase, tryptophan

hydroxylase, Munc-18-1, Munc-18-3, and synphilin-1); mitochondria quality control and mitophagy (PINK1 and Parkin);

ubiquitin-mediated proteolysis and tissue clearance (UCHL1, PINK1, Parkin, synphilin-1); and signaling proteins (PKBα

and ERK5) could be associated with tissue recovery. Downregulation of PKC, PKCβ1/2, and TDP-43 could also reduce tis-

sue injury. These changes in expression of some neuronal proteins were directed mainly to protection and tissue recovery in

the penumbra. Some upregulated proteins might serve as markers of protection processes in a penumbra.
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Thrombotic occlusion can be also created by injection of

thrombin or blood clots. But these methods are not always

well controlled and reproducible. Photothrombotic

infarction (PTI) induced by photodynamic impact and

local laser irradiation create more reliable and repro-

ducible cerebral infarction [5-11].

Photodynamic effect on stained cells is based on

energy transfer of the photoexcitation energy from a pho-

tosensitizer molecule to oxygen, which is thereby trans-

formed to highly toxic singlet form. Singlet oxygen and

other reactive oxygen species induce oxidative stress and

cell death. Photodynamic therapy is currently used in

oncology for tumor destruction [12]. Photodynamic

induction of local thrombosis in the animal brain is a

non-traditional application of the photodynamic effect.

With this method, local laser irradiation after administra-

tion of the water-soluble and cell-impermeable photo-

sensitizer Bengal Rose, which does not cross the

blood–brain barrier and remains in the blood vessels,

causes photosensitization and local oxidative damage of

the endothelium and basal lamina, platelet aggregation,

and occlusion of microvessels in the animal brain. This

quickly, in some minutes, induces local PTI of the brain

tissue. This stroke model is noninvasive. The injury loca-

tion, size, and degree are controlled and reproducible [5-

11]. Brain microinfarction with occlusion of small brain

vessels can induce cognitive impairment, dementia, and

other neurological disorders. The mechanisms of

ischemic injury of the nervous tissue and its recovery after

microinfarction, in particular the involvement of diverse

neurospecific and signaling proteins in the tissue respons-

es are insufficiently studied [13-15].

Modern proteomic techniques provide information

on expression of hundreds of proteins in diverse biologi-

cal samples [16-19]. To characterize changes in expres-

sion of various neuronal and signaling proteins in the

penumbra after PTI, we used proteomic microarrays that

provide simultaneous study of the difference between

expression of 224 signaling and neuronal proteins in pho-

tosensitized rat cerebral cortex as compared with the con-

trol contralateral brain cortex.

MATERIALS AND METHODS

The experiments were performed on adult male

Wistar rats (200-250 g). The animal holding room was

maintained at temperature 22-26°C, 12-h light/dark

schedule, and air exchange rate of 18 changes per hour.

The animal care protocol corresponded to the institu-

tional guidelines. All experimental procedures were per-

formed according to the European Union guidelines

86/609/EEC for use of experimental animals.

Unilateral focal PTI in the somatosensory rat cortex

was induced according to a modified method [7]. The rats

were anaesthetized with chloral hydrate dissolved in 0.9%

NaCl saline (300 mg/kg, i.p.). After the longitudinal inci-

sion of the skull skin, the periosteum was removed.

Bengal Rose (Sigma-Aldrich Co, USA; 20 mg/kg) was

injected in the v. subclavia. The rats were fixed in stereo-

taxis and unilateral irradiation of the somatosensory cor-

tex (fields: FL, forelimb sensorimotor cortex; HL,

hindlimb sensorimotor cortex; Par1, parietal primary

somatosensory cortex [20]) was performed through the

cranial bone using 532 nm laser beam (64 mW/cm2,

3 mm diameter, 30 min). The body temperature was

maintained at 36.7-37.5°C.

One hour after the laser irradiation, the animals were

euthanized with chloral hydrate overdose (600 mg/kg,

i.p.) and decapitated. The infarction core was visualized

by 15 min staining with 1% 3-phenyl-tetrazolium chlo-

ride (Sigma-Aldrich) solution at 37°C. For histological

study, the rats were subjected to transcardial perfusion

with 10% buffered formalin (pH 7.2) at 1 h after irradia-

tion under chloral hydrate anesthesia. The extracted

brains were post-fixed with formalin. The paraffin-

embedded tissue samples were cross-sectioned by 6-8 µm

slices and mounted on slides. After deparaffination, the

sections were stained with hematoxylin and eosin, dehy-

drated by ethanol, cleared by xylene, mounted in Canada

balsam, and examined under the microscope. All

observed large pyramidal neurons were divided into three

categories: normal, reversibly damaged (hypochromic or

hyperchromic), and pyknotic (Table 1). Their numbers

were counted using the ocular grid at 400-fold magnifica-

tion in six randomized visual fields on three slices from

irradiated and untreated contralateral hemisphere (con-

trol) in four rats. The average number of neurons per visu-

al field at 1 h after PTI was compared to that in the con-

trol group using ANOVA test (Statistica 6.1).

In the proteomic study, we used the Panorama

Antibody Array – Neurobiology kit (NBAA5; Sigma-

Aldrich) that contains two identical microarrays, which

are the nitrocellulose-coated glass slides containing 448

microdroplets with immobilized antibodies against 224

neuronal and signaling proteins. Each of 32 microdroplet

sub-arrays has duplicate spots of seven antibodies plus a

single spot with non-labeled bovine serum albumin

(BSA) as a negative control and a single spot with Cy3-

and Cy5-conjugated BSA as a positive control.

At 1 h after PTI, the cortical infarction region was

excised from the extracted rat cortex using a 3-mm diam-

eter circular knife. Then the surrounding 2-mm width

ring-shape cortex area around the PTI core that com-

prised the penumbra was cut out with another 7-mm

diameter circular knife. The similar piece from the non-

irradiated contralateral somatosensory cortex was used as

control. These samples were quickly frozen in liquid

nitrogen and then transferred into a freezer (–85°C). To

obtain sufficient mass of the experimental material, tis-

sues from six rats were combined. Symmetrical samples of

the untreated contralateral cortex of the same six rats
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were collected similarly and served as a control. These

cortex pieces were weighed and homogenized on ice in

extraction/labeling buffer supplemented with proteinase

and phosphatase inhibitor cocktails and nuclease ben-

zonase (components of NBAA5). Then the control and

experimental lysates were centrifuged 2 min at 10,000 rpm

in a cooled centrifuge at 4°C. The supernatants were col-

lected, and the protein content was determined using the

Bradford reagent. Then, both experimental and control

samples were diluted to 1 mg/ml protein content and

incubated 30 min with Cy3 or Cy5, respectively, at a room

temperature in darkness. In another set, these samples

were stained oppositely, by Cy5 and Cy3, respectively.

The unbound dye was removed by centrifugation (4000

rpm, 4 min) in SigmaSpin Columns (NBAA5 compo-

nents) filled with 200 µl of the labeled protein samples.

The eluates were collected, and protein concentration

was determined again. The mixture of the control and

experimental samples (10 µg/ml protein content) labeled

with Cy3 and Cy5, respectively, was added into a tube

with 5 ml of the array incubation buffer (NBAA5 compo-

nent) and incubated 40 min at room temperature on a

rocking shaker. The same procedure was performed with

the oppositely labeled samples: Cy5 and Cy3, respective-

ly. Such swapped staining verifies results and compensates

the potential bias in binding of Cy3 or Cy5 dyes to protein

samples. This provides a double test and full control of the

experiment. After following triple washing of the

microarrays in the washing buffer (NBAA5 component)

and triple washing in 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, respectively).

The integrated fluorescence intensity in each antibody

spot was proportional to the quantity of the bound pro-

tein. Therefore, the comparison of the fluorescence levels

in the experimental and control samples provides infor-

mation on the changes in the protein expression induced

by the studied impact. The fluorescence images of the

antibody microarrays were analyzed and normalized

using the GenePix Pro 6.0 software. Local fluorescence

values in the rings around each spot (background) were

subtracted. The median fluorescence value determined

over all pixels was used for estimation of the protein con-

tent in each spot. The background fluorescence in the

rings around each spot was subtracted. To estimate the

ratio of experimental/control protein levels, the median

values of the ratios of fluorescence intensity Cy5/Cy3 (or

Cy3/Cy5 in swapped stained samples) were determined in

each spot. Two samples labeled independently and

reversely in duplicate in two microarrays provided four

values of the ratio of the experimental/control median

intensities of each protein fluorescence. Six experimental

and six control rats were used in each experiment. The

experiment was repeated twice, so eight ratio values were

averaged. Mean and SD values are displayed in Table 2.

Only >30% differences in the protein levels between the

irradiated and control animals (the cutoff level) and sig-

nificantly differed from 1 (p < 0.05) are displayed in

Table 2 and discussed.

RESULTS

The 3-mm PTI core was surrounded by a penumbra

about 1.5-2.0-mm in width (Fig. 1). The number of

pyramidal neurons (these were mainly observed in the his-

tological samples) with pathological alterations in the sen-

somotor cortex of the control contralateral brain hemi-

sphere was insignificant (Fig. 2a and Table 1).

Morphological changes characteristic for necrosis within

the infarction core at 1 h after light exposure (Fig. 2)

included local neuropil vacuolization (Fig. 2b), swelling of

glial cells, and perineuronal edema (Fig. 2c). Some neu-

rons had hyperchromic or pyknotic nuclei (Fig. 2d). The

average number of hyperchromic and pyknotic neurons per

visual field in the infarction core increased from 3 ± 1 in

the contralateral cortex (control) to 18 ± 4 (p < 0.05) and

from 0 to 3 ± 1 (p < 0.05), respectively (Table 1). Tissue

alterations in the penumbra gradually decreased from the

regions neighboring the PTI core to the periphery (at a dis-

tance of 2 mm), where most neurons looked undamaged

(Fig. 2, e and f). The mean number of hyperchromic neu-

rons per visual field increased to 12 ± 2 as compared with

control (p < 0.05); however, it was lesser than inside the

Control

Infarction core

Penumbra

Total number of neurons

140 ± 8

133 ± 13

143 ± 8

Table 1. Number of altered neurons in the photothrombotic infarction core and penumbra 1 h after local photody-

namic treatment of rat cerebral cortex

Pyknotic neurons

–

3 ± 1*

–

Hyperchromic
neurons

3 ± 1

18 ± 4*

12 ± 2*

Hypochromic
neurons

10 ± 2

14 ± 2

10 ± 2

Normal
neurons

127 ± 8

98 ± 7

121 ± 6

Note: Mean cell numbers are averaged over six randomized visual fields (magnification 400×) in three slices in four rats (M ± SEM; * p < 0.05).
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Fig. 1. Local photothrombotic infarction in rat cerebral cortex induced by photodynamic treatment. a) Infarction core in the sensomotor cor-

tex. The ring-shape penumbra is shown by the white arrowhead. Scale bar, 3 mm. b) Frontal section through the infarction core and penum-

bra. Infarct is represented as a zone of pale-staining cortex, surrounded by a vacuolated edematous neuropil, beyond which the cortex retained

normal staining (hematoxylin–eosin). Scale bar, 100 µm.

a                                                                b

Fig. 2. Morphological changes in rat cerebral cortex 1 h after PTI. a) Control cortical tissue in the non-treated hemisphere; b) infarction core;

* vacuolated neuropil; c) infarction core; black arrows – pericellular edema; d) infarction core; black arrows – pyknotic neurons; white

arrows – hyperchromic neurons; e) penumbra; black arrows – perineuronal edema; white arrows – hyperchromic neurons; f) penumbra;

white arrows – swollen dendrites of pyramidal neurons. Scale bars, 50 µm (a-c, e, f); 20 µm (d).

a                                           b                                            c

d                                           e                                            f
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Proteins

1

Ubiquitin C-terminal 
hydrolase L1 (RA-15) 

PINK1 

PMP22 

Protein kinase Bα

N-Cadherin 

Munc-18-3 

Ubiquitin-1

Glutamic acid decarboxylase 
65 (514-530) 

CRMP2 

Phosphothreonine 

Tryptophan hydroxylase 

DYRK1A 

NAV3 

Parkin

ERK5 (Big MAPK-BMK1) 

Synphilin-1 

MAP1 

Munc-18-1 

Synaptophysin

Table 2. Relative changes in the expression of neuronal and signaling proteins in the penumbra surrounding the local

photothrombotic infarction in rat somatosensory cortex compared with the contralateral cortex tissue 1 h after light

exposure

Protein functions

4

ubiquitination and proteolysis

mitochondria quality control; protects neurons from stress-induced
mitochondrial dysfunction 

peripheral myelin protein; mediates myelin formation, cell−cell inter-
actions, and proliferation arrest 

regulates proliferation, differentiation, cell cycle, metabolism, and
apoptosis

cell−cell adhesion

syntaxin-binding protein; involved in exocytosis of synaptic vesicles and
neurotransmitter release 

ubiquitination and proteolysis

conversion of L-glutamate into GABA

a component of collapsin/semaphorin signaling pathway; localized in
axonal growth cones; involved in axonal guidance

modification of protein function; rare in normal tissue, but increases
10-fold after various activation processes 

synthesis of serotonin in serotoninergic neurons 

phosphorylates transcription factors FKHR, NFAT, STAT3, CREB,
microtubule-associated protein Tau

neuron navigator 3; expressed predominantly in the nervous system;
upregulated after brain injury

mitochondria quality control, stimulation of protein ubiquitination and
mitophagy

mediates oxidative stress-related signaling 

interacts with α-synuclein in neurons; participates in synaptic function,
protein degradation, and pathogenesis of Parkinson disease

microtubule-associated protein; found in dendrites, axons, glial cells,
and mitotic microtubules; regulated mitosis and organelle transport

syntaxin-binding protein; involved in exocytosis of synaptic vesicles and
neurotransmitter release 

synaptic transmission  

SD

3

0.22

0.54

0.62

0.21

0.33

0.17

1.19

0.16

0.35

0.24

0.17

0.31

0.36

0.28

0.15

0.14

0.13

0.22

0.17

Mean

2

1.78

1.75

1.72

1.58

1.57

1.53

1.51

1.51

1.49

1.48

1.48

1.46

1.45

1.41

1.40

1.37

1.36

1.33

1.33

Experiment/control (increase)

Control/experiment (decrease)
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PTI core (Table 1). Pyknotic neurons were not observed. In

some places, perineuronal edema (Fig. 2e) and swelling of

neuronal bodies and neuritis (Fig. 2f) was observed.

Using NBAA5 protein microarrays, we compared

the averaged levels of 224 neuronal and signaling proteins

within the 2 mm cerebral cortex ring around the PTI core

(penumbra) with that in the untreated contralateral corti-

cal tissue 1 h after PTI. We found more than 30% overex-

pression of some proteins in these penumbra samples

(Table 2). These included: ubiquitin-1 and ubiquitin C-

terminal hydrolase L1 (UCHL1) involved in ubiquitin-

mediated proteolysis (+51 and +78%, respectively);

PTEN-induced mitochondrial protein kinase PINK1

and Parkin (+75 and +41%, respectively) involved in

mitochondrial quality control, fission, and mitophagy;

myelin protein PMP22 (+72%); protein kinase PKBα

regulating cell proliferation and apoptosis (+58%); N-

cadherin participating in cell–cell adhesion (+57%); glu-

tamic acid decarboxylase that converts L-glutamate into

γ-butyric acid (GABA) (+51%); tryptophan hydroxylase

that synthesizes serotonin (+48%); collapsin response

mediator protein 2 (CRMP2), a component of the col-

lapsin/semaphorin pathway that regulates axon guidance

(+49%); dual-specificity tyrosine-phosphorylated regu-

lated kinase 1A (DYRK1A) that phosphorylates various

transcription factors and other proteins (+46%); neuron

navigator 3 protein (NAV3) (+45%); MAP kinase ERK5

that mediates oxidative stress signals and protects cells

from apoptosis (+40%); synaptic proteins Munc-18-1

and Munc-18-3 (+33 and +53%), synphilin-1 that par-

ticipates in synaptic function and ubiquitin-mediated

protein degradation (+38%), and microtubule-associated

protein MAP1 (+36%). At the same time, some proteins

were downregulated: protein kinase C (6.3-fold) and its

Cβ1 isoform (–65%); TDP-43 (transactivation response

DNA-binding protein) (2-fold), synaptic proteins synap-

tophysin and syntaxin (–33 and –71%), and neurofila-

ment 68, the cytoskeleton component (–51%).

DISCUSSION

The photothrombotic infarct used in the present

study as a stroke model reproduced well the morphologi-

cal alterations in the cerebral cortex after occlusion of

small blood vessels. Local photodynamic impact induced

typical ischemic alterations in the infarction core: edema,

massive tissue vacuolization, and degenerative changes in

neurons, glia, and blood vessels. Alterations in the

penumbra were similar to those in the PTI core but less-

er. They were more profound near the infarction core and

were reduced at the penumbra periphery.

Stroke-induced neurodegeneration and neuropro-

tection are controlled by the complex intracellular signal-

ing system consisting of hundreds and thousands signal-

ing proteins. Its components, internal interactions, and

role in cell death and survival are insufficiently studied.

Proteomic methods provide simultaneous study of

changes in expression of hundreds of cellular proteins.

This is a novel approach to study complex, multifactor

processes such as stroke and consequent organism

responses. Previous proteomic studies of stroke mecha-

nisms revealed changes in the expression of some bioen-

ergetic [21]; antiapoptotic, inflammatory, antioxidant,

and mitochondria heat shock proteins [22]; protein

kinases [23], and extracellular proteins [18] in the

penumbra.

Using proteomic antibody microarrays, we found

changes in expression of some neuronal and signaling

proteins in penumbra 1 h after PTI in comparison with

the untreated contralateral cortex of the same rats

(Table 2). More than 6-fold downregulation of protein

Note: Mean ratios of median fluorescence values of experimental and control samples, or, oppositely, control and experimental values in the case

of protein level decrease, and SD are given.

1

Neurofilament 68 

Protein kinase Cβ1 

Syntaxin 

TDP-43 

Protein kinase C 

Table 2 (Contd.)

4

synthesized in the neuronal perikaryon, assembled in filaments and
transported along axons towards synaptic terminals 

regulates cell growth, differentiation, apoptosis, oncogenesis, 
and neurotransmission

interacts with synaptotagmin in synaptic vesicles; participates in dock-
ing of synaptic vesicles and neurotransmitter secretion

regulates transcription, RNA splicing, transport, and stability; its
abnormal phosphorylation in neurons induces formation of inclusions
and neurodegeneration 

regulates cell growth, differentiation, apoptosis, oncogenesis, and neu-
rotransmission

3

0.25

0.36

0.40

0.85

3.32

2

1.51

1.65

1.71

2.02

6.28
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kinase C (PKC) was most profound. PKC regulates

numerous cellular processes from proliferation to apopto-

sis. It is known to be rapidly upregulated after ischemia,

and its inhibitors protect brain cells from anoxic [24] and

excitotoxic injury [25]. This suggests the involvement of

PKC in the neurotoxic processes. The inhibition and

downregulation of PKC during ischemic neurodegenera-

tion [26] are in agreement with our data. It could be a

result of tissue destruction and proteolysis. PKC isoforms

γ, δ, and ε are known to be involved in ischemic brain

injury [26, 27]. In our experiments, they were slightly

upregulated in the penumbra (+16-23%) (data not

shown). The observed downregulation of PKC could be

rather associated with 65 and 27% decrease in the levels of

β1 and β2 isoforms (Table 2). PKCβ1/2 mediates gluta-

mate excitotoxicity, and its downregulation protects neu-

rons from excitotoxic and ischemic injury [28]. The

observed downregulation of PKC β1 and β2 could con-

tribute to neuroprotective processes in the penumbra

[28]. On the other hand, PKCβ1 inhibition is known to

exacerbate the injury of astrocytes under oxygen and glu-

cose deprivation [29]. One can suggest the simultaneous

involvement of PKCβ1 in ischemic neuron injury and

astroglia protection in the penumbra tissue.

The upregulation of protein kinase Bα (+58%) and

protein kinase ERK5 (+40%) could contribute to protec-

tion of the penumbra tissue after PTI. In fact, PKBα can

mediate protection of neurons from stroke-induced

apoptosis [30]. ERK5 is involved in the cell response to

stress and plays antiapoptotic and neuroprotective roles

[31].

The level of DYRK1A that phosphorylates a variety

of transcription factors (FKHR, NFAT, STAT3, CREB,

etc.), microtubule-associated protein tau, and other pro-

teins was increased by 46%. The literature data on its role

in signaling pathways that regulate cell survival or death

are controversial. It can play the antiapoptotic role due to

phosphorylation and inactivation of caspase-9 [32].

DYRK1A can also stimulate the proapoptotic ASK1-

JNK signaling pathway [33]. Alternatively, it phosphory-

lates and activates SIRT1, a NAD+-dependent protein

deacetylase essential for energy metabolism and cell sur-

vival [34].

The upregulation of PTEN-induced mitochondrial

kinase PINK1 and Parkin that control mitochondrial

“quality” and induce mitophagy (a form of autophagy

that eliminates damaged mitochondria and thereby pro-

tects cells from stress-induced mitochondrial dysfunc-

tion) may be attributed to compensatory changes in the

penumbra [35, 36].

Many damaged proteins are accumulated in nervous

tissue under oxidative stress, and the ubiquitin-proteasome

system eliminates them [37]. The level of ubiquitin-1 and

ubiquitin C-terminal hydrolase L1 (UCHL1) involved in

ubiquitin-mediated proteolysis and clearance of cells from

damaged proteins was increased in penumbra by 51 and

78%. Overexpression of UCHL1 serves as a marker of

human brain injury [38]. Its upregulation correlated with

38% upregulation of synphilin-1, which participates in

ubiquitin-mediated protein degradation in neurons and

also in synaptic function. The complexes of synphilin-1

with proteins PINK1, UCHL1, SIAH, and Parkin are

implicated in the pathogenesis of Parkinson’s disease [39].

The upregulation of UCHL1 and its interaction with

PKCβ2 in the mouse brain was possibly involved in neuro-

protection induced by ischemic preconditioning [23].

Some proteins involved in maintaining the integrity

and growth of neurites were also overexpressed in the

penumbra. We observed upregulation of neuronal naviga-

tor NAV3, which mediates recovery after neurodegenera-

tion [40]; microtubule-associated protein MAP1, which

fills the axons and dendrites and regulates organelle

transport along neurites [41]; and CRMP2, a component

of the collapsin/semaphorin signaling pathway, which

regulates growth of axons and formation of interneuron

contacts during neurogenesis. CRMP2 is known to be

upregulated in the ischemic mouse cerebral cortex [42]. It

also modulates axon integrity under ischemic and gluta-

mate neurotoxicity [43]. The PKCβ2–CRMP2 complex

is involved in neuroprotection induced by ischemic pre-

conditioning [23]. We also observed 72% upregulation of

peripheral myelin protein PMP22, which mediates for-

mation of myelin sheaths and neuroglial interactions.

PMP22 mutations lead to demyelination [44]. The upreg-

ulation of PMP22 in penumbra is possibly needed to

repair myelin disorganization.

We also observed upregulation of some synaptic pro-

teins in the penumbra: synphilin-1, tryptophan hydroxy-

lase that mediates biosynthesis of serotonin, and glutam-

ic acid decarboxylase that converts L-glutamate into

GABA was possibly aimed to recover synaptic functions.

The level of syntaxin-binding proteins Munc-18-1 and

Munc-18-3, the components of the SNARE complex

involved in exocytosis of synaptic vesicles and neuro-

transmitter release [45], increased by 32 and 53%, respec-

tively. However, the levels of syntaxin and synaptophysin

deceased by 71 and 33%, respectively, which could be a

result of their release from the disrupted Munc-18–syn-

taxin complex. These controversial changes could be due

to simultaneous synapse destruction and the efforts of

brain cells to repair synaptic structures.

Two-fold downregulation of TDP-43 in the penum-

bra could indicate compensatory processes in this zone.

Apparently, TDP-43 is normally involved in transcrip-

tion, mRNA splicing, transport, and stability. However,

modified TDP-43 (phosphorylated, ubiquitinated, or

truncated) can mediate formation of inclusions in neu-

rons involved in neurodegeneration in amyotrophic later-

al sclerosis, frontal-temporal lobar degeneration, and

Alzheimer’s disease [46]. Overexpression of TDP-43 was

observed in the brain infarction core after acute ischemic

stroke in rats [47]. The downregulation of neurofilament
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68, a marker of cytoskeleton disorganization, also indi-

cates the recovery tendency in the penumbra. N-cadherin

mediates cell–cell adhesion [48]. Its 57% upregulation in

the penumbra is evidently associated with maintaining of

tissue integrity.

The depletion of the oxygen supply and energetic

resources in the infarction core is known to impair ion

homeostasis and induces depolarization, water influx,

edema, necrosis, and osmotic cell lysis. Glutamate

release from damaged cells activates NMDA and AMPA

receptors, which opens associated ion channels in neigh-

boring cells. The following Ca2+ influx causes cell necro-

sis and apoptosis. Simultaneous K+ release induces sus-

tained depolarization of neurons and glial cells outside

the PTI core that further maintains glutamate and K+

release. Such self-developing excitotoxic process results

in injury propagation and formation of the penumbra [49,

50]. The energy deficit induces generation of reactive

oxygen species in mitochondria, which enhances oxida-

tive tissue damage [51].

On the other hand, reparative processes occur simul-

taneously with injurious ones in damaged tissue. The

present data have demonstrated neuroprotective process-

es in penumbra 1 h after PTI (Fig. 3). We observed the

overexpression of proteins involved in maintaining the

integrity, guidance, and growth of neurites (NAV3,

MAP1, CRMP2, and PMP22); intercellular interactions

(N-cadherin); structure and functions of mitochondria

(PINK1 and Parkin) and synapses (glutamic acid decar-

boxylase, tryptophan hydroxylase, Munc-18-1 and

Munc-18-3, synphilin-1); ubiquitination and proteolysis

of damaged proteins that mediate tissue clearance

(UCHL1, PINK1, and synphilin-1); some antiapoptotic

proteins (PKBα, ERK5, and DYRK1A). Simultaneous

downregulation of PKC and PKCβ1/2 could reduce the

oxidative and excitotoxic tissue injury. The downregula-

tion of TDP-43 could prevent accumulation of neurotox-

ic inclusions in neurons. The downregulation of neurofil-

ament 68, a marker of cytoskeleton disorganization, also

indicated the recovery tendency.

Thus, in the present work we found a number of pro-

teins that are so important for response of the penumbra

tissue to PTI that they are overexpressed. Many other cel-

lular proteins are expressed sufficiently and their level

does not change. Under external impact or change in

their functional state, these proteins are only activated

via, for example, phosphorylation or limited proteolysis.

Many of the proteins found in the present work are poor-

ly studied, and their role in the ischemic brain is still

unstudied. Our proteomic results are only the first step in

a complex study. It should be kept in mind that proteom-

ic data only provide a list of proteins potentially involved

in infarction propagation or restriction. They do not dis-

close the mechanisms of expression changes, because the

signaling pathways and transcription factors, which con-

trol expression of these proteins, remain unknown.

Further mechanistic investigations should reveal the sig-

naling pathways underlying these changes and determine

the roles of these and other related proteins in develop-

ment of tissue damage and reparation. Possibly, the con-

sequences of stroke will be efficiently treated in future by

a drug complex aimed to a range of tissue processes.

Another limitation of this method as well as other

biochemical assays, which require some mass of biological

material, is associated with the heterogeneity of the nerv-

ous tissue that consists of neurons, different glial cells

(astroglia, oligodendroglia, microglia, etc.), and blood

vessels. Different processes in these cell types can deter-

Fig. 3. Summary scheme of changes in expression of neuronal and signaling proteins in penumbra 1 h after local photothrombotic infarction

in rat cerebral cortex.

CELL-CELL
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mine the observed variable tendencies. Moreover, all

observed changes were averaged over the whole penumbra

tissue (2 mm ring around the PTI core). But the penum-

bra is inhomogeneous. In penumbra, damaging processes

dominate near the PTI core, whereas protective processes

prevail at the penumbra periphery. The balance between

damaging and protective tendencies forms the “death bor-

der”. This balance determines the cell fate, and the goal of

the anti-stroke therapy is to restrict the propagation of this

border due to inhibition of injurious processes and stimu-

lation of tissue recovery. This can be reached based on

deep knowledge of their biochemical mechanisms. The

data also indicate potential markers and targets for diag-

nostics and treatment of infarction in the penumbra.
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