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Abstract

The search of effective anti-stroke neuroprotectors requires various stroke models adequate for different aspects of the ischemic
processes. The photothrombotic stroke model is particularly suitable for the study of cellular and molecular mechanisms
underlying neurodegeneration, neuroprotection, and neuroregeneration. It is a model of occlusion of small cerebral vessels,
which provides detailed study of molecular mechanisms of ischemic cell death and useful for search of potential anti-stroke
agents. Its advantages include well-defined location and size of ischemic lesion that are determined by the aiming of the laser
beam at the predetermined brain region; easy impact dosing by changing light intensity and duration; low invasiveness and
minimal surgical intervention without craniotomy and mechanical manipulations with blood vessel, which carry the risk of brain
trauma; low animal mortality and prolonged sensorimotor impairment that provide long-term study of stroke consequences
including behavior impairment and recovery; independence on genetic variations of blood pressure and vascular architecture;
and high reproducibility. This review describes the current application of the photothrombotic stroke model for the study of
cellular and molecular mechanisms of stroke development and ischemic penumbra formation, as well as for the search of anti-

stroke drugs.
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Ischemic Stroke and Neuroprotection
Problem

Ischemic stroke is one of the major factors of human disability
and death. It is responsible for more than 5.5 million human
deaths each year worldwide [1]. Blockage of blood vessels
very rapidly, for few minutes, leads to oxygen and glucose
deficit, ATP depletion, generation of reactive oxygen species
(ROS), oxidative stress, injury of cellular membranes, loss of
ionic gradients, depolarization, excitotoxicity, edema, necro-
sis, and brain tissue infarct [2, 3]. In such short time, it is
practically impossible not only to treat, but even to diagnose
stroke.

The damaging processes propagate from the infarction core
to the surrounding tissue. Tissue lesion in the peri-infarct zone
(or zone at risk or ischemic penumbra) develops slower, for
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several hours, and this “therapeutic window” provides time
for cell protection. The concept that ischemic penumbra (or
shorter - penumbra) is potentially salvageable is the basis of
numerous searches of neuroprotective medications, which can
save the penumbra tissue and limit negative stroke conse-
quences [4]. More than 1000 preclinical studies and more than
200 clinical trials were performed. However, no one drug with
proven neuroprotective efficiency and without harmful ad-
verse side effects has been found yet. Even medications that
protected ischemic cell cultures and experimental animals
were not efficient in humans or caused harmful adverse effects
[1, 5—11]. Therefore, the comprehensive studies of the molec-
ular basis of neurodegeneration and neuroprotection in pen-
umbra are needed for development of novel approaches for
treatment of stroke consequences [12, 13]. Adequate stroke
models that represent different aspects of stroke development
are necessary [1, 14, 15].

Animal Models of Stroke
Human ischemic stroke (about 80% of all stroke cases) is

caused either by large vessel atherosclerosis and rupture of
artherosclerotic plaques (about 50% of cases), or by
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cardioembolism (20%), or by small vessel injury (lacunar in-
farct of subcortical white matter, about 25%) [15]. A number
of animal models of cerebral ischemia are currently used for
the study of cellular and molecular mechanisms of ischemic
brain damage and for testing of new anti-stroke
neuroprotectors [1, 14—19]. Different rodent stroke models
display various but not all aspects of human stroke.

Acute global ischemia is commonly induced either by per-
manent ligation of both vertebrate arteries and temporary li-
gation of two common carotid arteries (four-vessel occlusion
model), or only by temporary ligation of two common carotid
arteries (two-vessel occlusion model). These methods result in
extensive, but reversible bilateral lesion of forebrain, mainly
white matter. They are relevant to cardiac arrest and asphyxia
in humans. Their disadvantages include complicated surgery,
occurrence of seizures, variable outcome and poor reproduc-
ibility. Global ischemic models are less relevant to human
stroke than the focal stroke models.

Focal models of ischemic stroke are more realistic for hu-
man stroke. They are more complicated than global ischemia
because of temporal and spatial heterogeneity. Focal ischemic
stroke is usually the result of permanent or transient occlusion
of the middle cerebral artery (MCAO). In the permanent mod-
el, long-lasting arterial blockade is created, for example, by
electrocoagulation of vessels or by intra-arterial insertion of a
silicon-coated nylon thread for one or more days. In transient
focal ischemia models, the bloodstream is usually blocked
mechanically by the nylon filament for 0.5-2 h. This method
provides well reproducible infarct size and does not require
craniotomy. Timing of occlusion determines the extent and
location of ischemic lesion. The MCAO model is character-
ized by the large infarct volume. It exhibits an ischemic pen-
umbra similar to that of human stroke and is well reproduc-
ible. The reperfusion and duration of ischemia are quite con-
trollable. This procedure is relatively easy and not time-con-
suming. The MCAO model has been used in many studies of
molecular mechanisms of ischemic stroke, neurodegenera-
tion, cerebral inflammation, and damage of blood—brain bar-
rier [14-19]. However, MCAO requires anesthesia and signif-
icant surgical skill. It is characterized with a risk of vessel
rupture, hemorrhage, and high mortality due to large infarct.
It often induces hypothalamus damage that rarely occurs in
human stroke [19]. The transient ischemia is followed by
prompt tissue reperfusion that causes secondary oxidative tis-
sue injury. In the case of permanent ischemia, no reperfusion
occurs. The mechanical occlusion models poorly reflect the
hemodynamic aspects of thrombolytic reperfusion and not
suitable for thrombolysis studies [14—19].

The most common ischemic damage in humans encom-
passes 4—14% of the brain hemisphere tissue. In these cases,
the neuroprotective therapy can be applied. More than 39%
ischemic brain damage is classified as a malignant brain in-
farction with minimal possibility of functional recovery and
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high mortality [19, 20]. MCAO-induced ischemic stroke in
rodents damages commonly 21-45% of the ipsilateral hemi-
sphere. Therefore, the MCAO model reproduces malignant
rather than common human stroke. It should be noted that
rodents can survive and recover brain functions after stronger
brain damage than humans [21].

The thromboembolic model of focal cerebral ischemia is
similar to the transient focal ischemic model, but arteries are
occluded by the exogenous thrombin clot, or synthetic
macrospheres (300400 wm) or microspheres (<50 pm)
injected into internal carotid artery. This method is relevant
to human stroke, but location, size, and duration of ischemia
are difficult to control and reproduce. It also requires anesthe-
sia. Nevertheless, these experimental models provide a lot of
information on the stroke pathophysiology [15-19].

In 1985, Watson and coworkers have suggested another
model of ischemic stroke — photothrombotic stroke, in which
focal infarct of the animal cerebral cortex is induced by local-
ized photodynamic effect. Under light exposure, the hydro-
philic dye such as Rose Bengal (RB) or erythrosine B, which
poorly penetrates cells and remains in the brain vasculature,
induces localized oxidative lesion of endothelial membranes,
platelet aggregation, and occlusion of microvessels followed
by cerebral blood flow (CBF) interruption [22].

Photodynamic Effect and Photodynamic Therapy

Photodynamic therapy (PDT) effect is killing of stained cells
under light exposure in the presence of oxygen. After light
absorption, the energy of photoexcitation is transferred from
the photosensitizing dye molecules to oxygen and turns it into
highly reactive singlet form and other ROS. Following oxida-
tive stress induces cell death. The photosensitizing dye (PS),
light, and oxygen are non-toxic individually, but their combi-
nation damages cells [23-25]. PDT is currently used for kill-
ing of malignant cells and treatment of various cancer forms
[26, 27] including brain cancer [28, 29]. PS accumulates in
tumors, where its level 3-30 times higher than in surrounding
healthy tissues. This provides selective, local, and contactless
tumor destruction with minimal toxicity to surrounding
healthy tissue, absence of long-term side effects, the possibil-
ity of multiple repetition and combination with other treatment
modalities, and short treatment duration. The optimal proper-
ties of PS include high absorption of red light in the “thera-
peutic window” (600—800 nm), where photons penetrate
deeper into the tissue, high quantum yield of singlet oxygen,
selective accumulation in tumors, rapid elimination after the
treatment, non-toxicity, and low price. Various dye classes
such as porphyrins, chlorines, phthalocyanines, and others
are used in PDT [26, 30].

The main stages of PDT include PS delivery and selective
staining of a tumor, light exposure, cell killing, tumor destruc-
tion, removal of destroyed cells, and wound healing. The
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pharmacokinetics of PS depends on its hydrophobicity/
hydrophilicity and intra-molecular distribution of polar
groups. Hydrophobic PSs are located in the lipid bilayer inside
the plasma membrane and membranes of intracellular organ-
elles. However, in the bloodstream they aggregate and precip-
itate. Hydrophilic PS cannot cross the cell membrane. They
may penetrate the cell by means of pinocytosis after adsorp-
tion on the cell surface. After intravenous administration, the
major fraction of hydrophilic PSs remains in blood vessels
[31-33].

Here we concentrate on the non-oncological application of
PDT—its ability to induce focal photothrombotic brain in-
farct. In this case, hydrophilic PSs that poorly penetrate cells
and remain in the brain vasculature are used.

Photothrombotic Stroke as a Model of Ischemic
Stroke

In the photothrombotic stroke (PTS) model, the focal cerebral
infarct is induced by photodynamic effect of anionic xanthene
dyes such as Rose Bengal (RB) or erythrosine B. After injec-
tion, these water-soluble PSs do not cross the blood-brain
barrier (BBB) and remain in the bloodstream, where they bind
to the vascular endothelium, platelets and other blood cells.
Upon localized laser irradiation, these PSs efficiently generate
singlet oxygen, which causes oxidative damage to membranes
in the vascular endothelium, platelet aggregation, and occlu-
sion of small vessels that leads to ischemia and death of brain
cells [22, 34, 35]. Rose Bengal or erythrosine B (15-25 mg/kg)
are administrated intraperitoneally (in mice) or intravenously
(in rats). In these small rodents laser radiation easy passes
through the thin cranial bone. The scattered light is eventually
absorbed by PS molecules after multiple scatterings. The wide
absorption band of RB (480-560 nm in water or 500-580 nm
in the presence of a protein that mimics a cell) has a maximum
near 550 or 560 nm and a shoulder at 510-520 or 520—
540 nm, respectively [36]. Different light sources that emit
light in this spectral region have been used for PTS induction:
collimated and filtered white light (560 nm) [22], krypton
laser (568 nm) [18], dye laser (562 nm) [37], or laser diode
(532 nm) [38—41]. Although the 532 nm wavelength does not
fit the absorption maximum, light absorption in the spectral
shoulder is sufficient for inducing of localized cerebral infarct.
Since light scattering in white matter more than four times
higher as compared with gray matter, the low-intense light
exposure may induce photothrombosis predominately in
white matter [42]. Good practical guidance for PTS tech-
niques have been recently published [42—44].
Photothrombotic stroke is the unique model of occlusion of
small cerebral vessels. Unlike occlusion of only one artery that
occurs usually in human stroke, PTS impairs the blood flow in
a number of superficial vessels within the area exposed to
light. In comparison with other stroke models, its advantages

include the predictable and well-defined location of an ische-
mic lesion that is determined by the aiming of the laser beam
at the predetermined brain region, the degree of ischemic le-
sion is determined by light intensity and duration and may be
easily managed, the lesion is well reproducible due to the
stereotaxic accuracy of irradiation and continuous monitoring
of light intensity, simplicity of execution, low invasive-
ness and minimal surgical intervention, low animal mor-
tality (<10%), prolonged sensorimotor impairment that
provides long-term study of stroke consequences and be-
havior impairment and recovery, and independence on ge-
netic variations of blood pressure and vascular architec-
ture. PTS does not require craniotomy and mechanical
manipulations with blood vessel such as ligation or fila-
ment insertion, which carry the risk of local brain trauma.
The molecular mechanism of neurodegeneration in PTS is
in general similar to that in focal human stroke. This is a
model of permanent ischemia. Unlike MCAO that pro-
duces ischemic lesion without the participation of platelet
aggregation, which primarily promotes brain ischemia in
humans, platelet aggregation plays the important role in
PTS-induced vessel occlusion. So, this model can be used
for the study of the thrombosis-associated inflammation
and apoptosis [45].

However, PTS does not mimic well all aspects of acute
human stroke. PTS simultancously induces cytotoxic
(intracellular) and vasogenic (extracellular) edema with rapid
breakdown of the blood-brain barrier [15, 19, 45-47]; where-
as, acute human stroke is characterized by a primary cytotoxic
edema, followed by vasogenic edema in several hours [15, 19,
45]. Another disadvantage of PTS as compared with other
focal stroke models is rather narrow or absent of the salvage-
able ischemic penumbra due to intense development of tissue
necrosis and edema. A little or no local collateral blood flow
and reperfusion are observed in this area [45]. Since the ische-
mic penumbra, or “tissue at-risk,” is the major target of neu-
roprotective therapy, the translational impact of this model
seems to be limited [15].

Recently, the technique of photothrombotic occlusion of
the middle cerebral artery (MCAO-PTS) in mice has been
developed [48, 49]. In this method, the temporalis muscle
was carefully resected from the temporal bone. Then the bone
was thinned using the dental burr till it became so transparent
that the MCA was visible. After RB administration, a laser
beam was directed to MCA through the lens or optical fiber.
MCAO-PTS is well reproducible: the coefficient of variation
of the lesions was 22-28% as compared with 70% in the
traditional MCAO stroke model [48]. Histopathological study
showed slightly shrunk nuclei and swollen neuropil at 1 h after
MCAO-PTS in rats; nuclear pyknosis, cytoplasmic eosino-
philia, vacuolization, and vasogenic edema at 3 h; severe
pyknosis and extensive cytotoxic and vasogenic edema at 6—
12 h; extensive neuron necrosis with structural disintegration
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and peripheral inflammatory infiltration at 1-9 days. Magnetic
resonance imaging confirmed this data [46]. Unlike MCAO,
MCAO-PTS better reproduces the pathophysiology of throm-
bosis in clinic, in which platelet aggregates occlude MCA.
Using laser speckle contrast imaging (LSCI), in which coher-
ent light (660 nm) incident to a surface produces a reflected
speckle pattern that depends on movements of the underlying
light-scattering particles such as red blood cells, and recently
developed multi exposure speckle imaging techniques, it was
shown that MCAO-PTS almost completely suppressed CBF
in the irradiated region of the mouse cerebral cortex [50].

Several stages of photothrombotic occlusion of main and
branch cortical vessels with different vascular mechanics and
hemodynamics were characterized with high spatial and tem-
poral resolution using a microscopic LSCI system [51]. The
combination of RB-PTS and confocal optical imaging provid-
ed a time-lapsed observation of clot formation dynamics in a
single cortex vessel and assessed cellular responses within the
mouse CNS in vivo [44]. Using a stereotaxically implanted
optic fiber, photothrombotic infarct was induced in the rat
caudoputamen [52], or in the internal capsule of the rat brain.
The resulting white matter infarction caused a significant mo-
tor deficit [43, 53].

The accurate location of the PTS-induced damage allows
studying the behavioral deficit associated with the injured area
in the cerebral cortex. Stroke-induced sensorimotor dysfunc-
tion and following function restoration in stroke patients are
associated with the reorganization of peri-infarct area and the
similar area in the contralateral hemisphere [54]. Using PTS
model, one can identify molecular and cellular events that lead
to the reorganization and restoration of brain functions due to
neuronal plasticity [55]. The two-dimensional real-time mon-
itoring of PTS-induced CBF impairments in conscious and
freely moving rats was performed with a high spatiotemporal
resolution using the LSCI technology [56]. Similarly, the dy-
namics of motor deficit and recovery after PTS were studied
with high temporal and spatial resolution in freely running
mice. This method, which does not use anesthetics, was pro-
posed as an optimal model for neurobehavioral evaluation in
the preclinical anti-stroke drug screening [57]. PTS was also
used in studies of the mechanisms of neuroregeneration in
rodents. A localized PTS in the mouse motor cortex stimulat-
ed axon sprouting within the spinal cord areas that were in-
nervated previously by the injured cortex region. This is an
example of neural plasticity associated with functional recov-
ery [58]. Harrison et al. (2013) studied the post-stroke func-
tional reorganization in the sensorimotor cortex of transgenic
mice that expressed light-sensitive channelrhodopsin-2. Using
noninvasive motion sensors, the authors recorded evoked mo-
tor activity in cortical neurons. Targeting of light pulses to an
array of cortical points, they obtained a map of the forelimb
somatosensory cortex. PTS decreased the motor output in the
infarct area and induced the spatial displacement of the
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sensory and motor maps. Therefore, surviving cortical regions
show which functions have been performed by the stroke-
damaged areas [59].

PTS mimics the ischemic occlusion of small cerebral ves-
sels, which leads to cerebral microinfarct. As noted by Talley
Watts et al., PTS-induced focal microinfarct is clinically rele-
vant to “silent” stroke that can lead to non-lethal, subclinical
impairment of cognitive functions such as decline in memory,
decision-making, and behavior changes. Patients with silent
stroke are often unaware they have suffered a stroke; but over
time, multiple silent strokes lead to considerable cognitive
impairments.

Human stroke is commonly the result of acute occlusion of
major brain arteries such as middle cerebral artery. Significant
symptoms of stroke such as paralysis, sensory loss and diffi-
cult speaking that occur after MCAO or transient ischemic
attack are not observed after PTS [44]. Nevertheless, the neu-
rodegeneration and neuroprotection processes in PTS-induced
cerebral microinfarct have the same nature as in classical
stroke. Using PTS model, one can better understand stroke
pathophysiology and explore new neuroprotective approaches
for stroke treatment.

Mechanisms of PTS-Induced Brain Injury

Pathological processes in the PTS core (Fig.1) include several
interlinked components similar to that in human stroke and
other stroke models, but have some specific features. The
classical PTS model is characterized with rapid progression
of ischemic cell death. Photodynamic generation of singlet
oxygen and free radicals is believed to induce platelet activa-
tion and thrombus (or thrombi) formation. Subsequent occlu-
sion of small vessels reduces delivery of glucose and oxygen
that suppresses oxidative phosphorylation and ATP produc-
tion. Following activation of anaerobic glycolysis increases
production of lactic acid and causes tissue acidosis. ATP loss
leads to failure of Na*/K*-ATPase, fall of ionic gradients, and
Na" influx and efflux of K* in neuronal and glial cells [60, 61].
Extracellular K* induces widespread anoxic depolarization in
neighboring neurons and glia [62]. Cytosolic Ca** and oxida-
tive stress play the pivotal role in ischemic cell damage. Ca**
can penetrate through the ionotropic glutamate receptors in the
plasma membrane, and release into cytosol from the intracel-
lular stores: the mitochondria and endoplasmic reticulum
(ER). Massive glutamate release from injured neurons acti-
vates NMDA and AMPA channels in the depolarized neigh-
boring neurons, through which numerous Ca”* ions enter
these cells. This further boosts the initial ischemic insult and
promotes injury propagation and formation of the penumbra
[63]. Ca®* activates calpain and endonucleases, which cleave
DNA to cause apoptosis. Calpain hydrolyzes various cellular
proteins, ruptures lysosomes, and releases cathepsins. The un-
controlled proteolysis mediated by calpain and cathepsins in
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Fig. 1 The scheme of the stroke-
induced processes and penumbra
formation
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neurons and glial cells contribute to neurodegeneration [64].
Ca”* accumulation in mitochondria by Ca®* uniporter de-
creases mitochondrial potential [65]. The perturbation of elec-
tron transport causes leakage of electrons that react with oxy-
gen to produce superoxide-anion (O, ) [66] that is followed
by formation of hydrogen peroxide (H,0O,) and hydroxyl rad-
ical (OH"). Ca**-activated neuronal NO synthase produces
nitric oxide that turns into peroxynitrite (ONOO ") by reacting
with O, [67, 68]. ROS-induced oxidative stress is the major
cause of tissue lesion [69]. ROS also stimulate some signaling
proteins and transcription factors that regulate cell survival
and death such as MAP kinases p38 and JNK, NF-«B, and
AP-1 [70]. Oxidative damage of ER and mitochondria pro-
motes release of stored Ca®* and pro-apoptotic proteins (cyto-
chrome ¢, SMAC/DIABLO, AIF, etc.) into the cytosol [71]. In
general, severe oxidative stress causes necrosis, whereas mod-
erate stress can elicit apoptosis that predominate in the ische-
mic core and penumbra, respectively. The simultaneous de-
generation of neurons, glial cells, and capillaries, and devel-
opment of vasogenic and intracellular edema in the infarction
core were observed at 4 h after PTS in the rat cerebral cortex at
the histological and ultrastructural levels [40, 47].
Photothrombotic infarct was suggested to be the result of
occlusive vascular thrombosis due to platelet aggregation and
platelet-endothelium interaction [22, 34, 35]. Emboli may be
carried distally from the site of photoinjury and cause multiple
cerebral infarction [35]. However, the primary mechanisms of
PTS, the links between ROS generation and platelet aggrega-
tion are not well understood. The role of platelet aggregation
in PTS is debated. On one hand, platelet aggregation and

platelet-containing thrombi were observed in many cases of
cerebral photothrombosis [34, 35, 47]. Different anti-platelet
drugs reduced the photothrombotic brain damage. For exam-
ple, the selective phosphodiesterase 3 inhibitor K-134, which
has a strong anti-platelet and anti-thrombotic activity,
prevented cerebral infarction associated with platelet hyper-
aggregability under PTS-MCAO [72]. On the other hand,
some authors showed that platelet aggregation and clot forma-
tion, although occur at PTS, may be not critical for damage of
the nervous tissue. The application of some anti-platelet
agents and anticoagulants did not reduce significantly the in-
farct volume and cell damage after PTS. Besides, the size and
extent of photothrombotic brain damage did not change in
mice with the deficiency of platelets and coagulation factors
[73, 74]. Therefore, the mechanism of PTS-induced tissue
damage can differ from that in human stroke, where platelet
aggregation and blood clotting factors are the major pathogen-
ic factors.

Both cytotoxic and vasogenic edema are significant com-
ponents of photothrombotic brain injury [40, 45-47]. In hu-
man stroke, however, tissue infarct is mainly associated with
cytotoxic edema, whereas vasogenic edema develops several
hours later [20, 45]. Brain edema contributes to reduction of
the infarct volume [45]. In PTS, both edema types were ob-
served at as early as 1-4 h after light exposure [40, 46, 47];
however, their mechanisms may be different. The cytotoxic
edema is apparently the result of acute oxygen and energy
deprivation, deterioration of active ion pumping, impairment
of ionic homeostasis, loss of cellular osmoregulation, swelling
of intracellular organelles, and massive vacuolization of the
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cytoplasm. The increased Na* influx induces osmotic move-
ment of water into neurons and glial cells through aquaporins
that leads to organelle and cell swelling and brain edema [61].
In PTS, massive vascular leakage inside the infarct core oc-
curred within the first hour after light exposure. This flow was
reduced at 4 h, but a substantial leakage was still maintained in
the penumbra at 24 h after PTS [75]. Rapid water influx is
followed by necrotic cell lysis, especially in the ischemic core
[20, 76]. Thus, both occlusive thrombi and vascular leakage
are the pathogenic factors in photothrombotic stroke. The de-
velopment of focal cerebral ischemia in rats was shown to be
associated with the activity of Na*/H" exchanger; its inhibi-
tion reduced the infarct volume [77].

The vasogenic edema is associated with PTS-induced BBB
breakdown [45—47]. These processes occur shortly, at 1-4 h
after photothrombotic lesion [34, 46, 47, 78]. As a conse-
quence of BBB disruption, some PS molecules can penetrate
glia and neurons and contribute to direct photodynamic injury
of these cells [79]. Acute vasogenic edema is associated with
release of proteolytic enzymes from necrotic cells, which de-
grade the extracellular matrix and cellular membranes [47].
Caveolin-1 is a key modulator of vascular permeability. It
played a critical role in the regulation of blood-brain barrier
permeability after focal ischemic injury [80]. The comparative
study of PTS-induced changes in the O, level, oxidative
DNA damage, BBB integrity and infarct volume in the wild-
type mice and transgenic mice, which over-express Cu/Zn
superoxide dismutase, showed that PTS-induced BBB disrup-
tion is mediated by O, . The cytosolic Cu/Zn superoxide dis-
mutase protected brain from BBB disruption and infarction
after PTS [81].

PTS-Induced Penumbra

The ischemic penumbra is not initially inured. It is considered
as a potentially salvageable tissue. The main interest in the
ischemic stroke research is the mechanisms that control pen-
umbra formation, and search of neuroprotective agents capa-
ble to inhibit this process and to save neuronal cells in this
peri-infarct zone.

How to visualize the ischemic penumbra? Traditional
hematoxylin/eosin straining shows the basic morphological
alterations in cells surrounding the necrotic core with an opti-
cal spatial resolution of 1-2 um. It has been used in many past
studies. Electron microscopy shows fine ultrastructural chang-
es in the cellular components with much better spatial resolu-
tion—about 2—5 nm [40]. The immunohistochemical methods
visualize the distribution of various proteins in the cerebral
tissue. Some of them, such as c-fos and HSP-90 served as
penumbra markers [48]. Another potential penumbra marker
is astrocytes-specific glial fibrillary acidic protein (GFAP) that
indicates gliosis and formation of glial scar [82]. However,
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these methods require fixed tissue samples and cannot be ap-
plied to humans and living animals.

Magnetic resonance imaging is the gold standard in nonin-
vasive studies of global alterations in the brain structure of
experimental animals or humans in a clinic. Defining the is-
chemic penumbra allows selection of patients suitable for re-
canalization therapy in clinic [48]. MRI variants such as
perfusion-weighted imaging (PWI), diffusion-weighted imag-
ing (DWI), and T2-weighted imaging (T2WI) were used to
determine the infarct volume and to visualize the ischemic
penumbra after PTS [45-48, 82]. DWI showed that the lesion
core was surrounded by the periphery with distinct apparent
diffusion coefficient (ADC) values at 4 h after PTS. These
changes were similar to those observed after MCAO in ani-
mals and human stroke [47]. The mismatch between the PWI
pattern and the ADC map defined the penumbra in mice at
different time intervals from 1 to 24 h after MCAO-PTS [48].
However, the spatial resolution of MRI (about 100 pum) is not
sufficient for detailed analysis of the tissue lesion.

A novel multi-modal approach to imaging of molecular
and elemental alterations in ischemic stroke has been recently
developed. In this approach, the traditional methods such
as histology, immunohistochemistry, and MRI were
complemented with a number of spectroscopic imaging tech-
niques including Fourier transform infrared imaging (global
FTIR imaging and single-beam wide-field SR-FTIR imaging
with the spatial resolution of 20 and 2—5 um, respectively),
Raman spectroscopic imaging (resolution 0.5 pwm), and
Coherent anti-Stokes Raman spectroscopy (CARS). These
techniques provide the information on the distribution of lipid
acyl groups, lipid esters, total protein and aggregated protein
content in cells and tissue. X-ray fluorescence imaging (XFI)
shows the distribution of various metals (K, Ca, Fe, and Cu—
Zn) in the tissue. Using this platform, the authors character-
ized the peri-infarct zone (i.e., ischemic penumbra) at 24 h
after BR-PTS in the mouse brain cortex. They suggested that
the photothrombotic ischemic model may be highly valuable
to study the biochemical mechanisms of edema following
ischemic insult and to test the efficacy of novel treatments
aimed at minimizing edema [82].

Another approach to multi-modal characterization of the
PTS results in the mouse or rat brain included the combination
of the histological hematoxylin/eosin staining; delineation of
infarct area by triphenyl tetrazolium chloride (TTC) staining;
immunohistochemical staining for anti-alpha smooth muscle
actin, GFAP, CD68, and NeuN; regional cerebral vasculature
examination by LSCI; assessment of blood-brain barrier dis-
ruption using Evans blue; T2WI, DWI, and PWI magnetic
resonance imaging; and evaluation of cerebral glucose metab-
olism by micro-positron emission tomography/computer to-
mography imaging (MicroPET/CT). Using this complex ap-
proach, tissue infarct, brain edema and BBB disruption were
observed in the infarction core in the first day after PTS.
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Neovascularization started at day 3, whereas astroglial and
inflammation response involving macrophages and microglia
— at day 7. The gradual increase in the number of inflamma-
tory cells and astrocytes, neovascularization, recoverable im-
provement of BBB permeability, CBF, and glucose metabo-
lism were demonstrated in the peri-infarct region rather than in
the infarct core [45].

A major criticism of the PTS model is little or no salvage-
able penumbra due to intense development of necrosis in the
infarction core. This reduces the translational efficacy of this
stroke model for search of neuroprotective agents capable to
save the penumbra cells.

In order to study neurodegeneration and neuroprotection in
the ischemic penumbra, some modifications of the
photothrombotic model have been developed. Less intense
but prolonged photodynamic action (Rose Bengal; 532 nm
laser irradiation, 60 mW/cmz, 30 min) induced the 1.5—
2 mm width penumbra around the 3-mm infarction core in
the rat cerebral cortex. This was confirmed by histological
and electron-microscopic studies. The ultrastructural alter-
ations in the peri-infarct area adjacent to the PTS core in the
rat cerebral cortex were similar but slightly weaker than in the
infarct core. They included significant cytotoxic and
vasogenic edema, pyknosis and karyopyknosis, destruction
of intracellular organelles, and other hallmarks of degenera-
tion of neurons, glial cells, and capillaries. These morpholog-
ical changes decreased gradually across the penumbra. The
ischemic penumbra has not a distinct boundary. At a distance
of about 1.5 mm from the infarction core, the cortical mor-
phology looked almost normal, except the vasogenic edema
around some vessels and neurons [40].

Other authors also observed the mild diffuse peri-infarct
injury in the rat cerebral cortex around the ischemic infarct
core that was induced by PTS with the reduced RB dose
(10 mg/kg) and low white light intensity (40 mW/cm?,
555 nm, 5 min) [83]. Nahirney et al. (2016) reported that the
PTS-induced break of BBB occurred not only in the infarct
core, but also in the peri-infarct zone. End feet of astrocytes
and their mitochondria were severely swollen at 3 h after PTS.
These changes were partially recovered by 72 h. BBB perme-
ability was associated with an occurrence of endothelial cave-
olae and vacuoles, rather than with loss of tight junctions [84].
BBB opening and extravasation of albumin was suggested to
facilitate K*-mediated spreading depolarization associated
with epileptiform discharges in the penumbra [85].

In the “ring” PTS model, the argon laser beam (514.5 nm,
0.9 W/cm?, 2 min; photosensitizer erythrosine B) was config-
ured as the narrow ring with 5-mm diameter and 0.35-mm
width. The advantage of this model is the anatomically
predefined region at-risk (ischemic penumbra) inside the cir-
cle surrounded by the ring of necrotic tissue. The local cere-
bral blood flow inside the photothrombotic ring declined
promptly after irradiation. This mimicked the ischemic

penumbra. In the central region, some neurons swelled at
4 h after ring-PTS. Neuronal necrosis, neuropil damage, and
progressive formation of cystic cavities were observed at 24 h.
At 48 h, the majority of neurons were severely swollen, eo-
sinophilic, and pyknotic. However, at 7 days after PTS, the
tissue morphology partly normalized [86—88].

Extracellular acidosis is an important consequence of is-
chemic stroke. It activates Na*/H* exchanger isoform 1
(NHE1) in the central nervous system pericytes. NHE1 affects
the endoplasmic reticulum and thereby causes Ca** oscilla-
tions. The repetitive increase in cytosolic Ca** mediates phos-
phorylation of CaMKII that translocates into the nucleus and
phosphorylates CREB, which further initiates transcription of
genes that encode a variety of proteins [89].

Necrotic cell death dominates in the PTS core, whereas in
the penumbra apoptosis prevails [90, 91]. The ratio of apopto-
tic and necrotic cells in the penumbra (~ 1:2) was maintained
up to 72 h after PTS. In penumbra regions adjacent to the
infarct core, the highest level of apoptotic cells was observed
at 24 h after PTS, whereas the peak amount of necrotic cells
was observed later at 48 h [92]. Repair of the damaged brain
tissue and filling this area with neurons and glial cells occurred
from 3 to 28 days [93]. Elevated level of apoptosis in the
penumbra after PTS was characterized with overexpression
of p53, de-novo protein synthesis and endonuclease-
mediated DNA injury [94]. The over-expression of anti-
apoptotic proteins Bcl-w and Bcl-2 and relatively unchanged
levels of pro-apoptotic proteins Bax and SMAC/DIABLO
were observed at 4-72 h after low-intensity ring PTS. At 1—
24 h after highly intense irradiation, Bcl-w level decreased and
Bcl-2 level increased. SMAC/DIABLO released from mito-
chondria to the cytosol and induced massive apoptosis.
Therefore, the intensity of PTS-induced focal ischemia deter-
mines the balance between anti- and pro-apoptotic proteins
and, correspondingly, cell survival or death [92].

The proteomic study using antibody microarrays showed
the complex regulation of pro- and anti-apoptotic processes in
the penumbra that surrounds the PTS-induced ischemic core
in the rat cerebral cortex. The changes in protein expression
were greatest at4 h after PTS comparing with 1 or 24 h. At this
time, over-expression of proteins that initiate and regulate di-
verse proapoptotic pathways (Par4, E2F1, p75, p38, JNK, c-
myc, p53, GADD153, GAD65/67, and NMDAR2a) and exe-
cute the apoptosis program (AIF, SMAC/DIABLO, Bcl-10,
PSR, caspases 3, 6, and 7) was observed. Simultaneously,
different antiapoptotic proteins (Bcl-x, p63, p21 WAF-1,
MDM2, ERKS, MKP-1, NEDDS, and estrogen receptor) were
up-regulated. Over-expression of Ca**-dependent (calmodu-
lin, CaMKIl«, and CaMKIV) and other signaling proteins
(ERK1/2, MAKAPK?2, PKB«, RAF1, protein phosphatase
lx, ATF2, DYRKI1A, and EGF receptor) in the penumbra
versus the contralateral cortex of the same animals might par-
ticipate in the anti-apoptotic processes. At the same time, other
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signaling proteins such as Notch/NUMB, TDP43, or compo-
nents of the Wnt/3-catenin pathway (axinl, GSK-3, and
FRAT1) were down-regulated. Down-regulation of Cdk®,
Cdc7 kinase, Trfl, and topoisomerase-1 could be related to
the suppression of proliferation [40, 41].

Overexpression of proteins that regulate axon outgrowth
and guidance (NAV-3, CRMP2, and PKC[32), intercellular
interactions (N-cadherin, PMP22), mitochondria quality con-
trol (Pink1, parkin), ubiquitin-mediated proteolysis (ubiquilin-
1, UCHL1) and metabolism (LRP1, monoamine oxidase B)
was possibly associated with attempts to maintain the integrity
of the penumbra tissue. Bidirectional changes in the levels of
adhesion and cytoskeleton proteins might be associated with
destruction and remodeling of the penumbra tissue. These
included up-regulation of different actin-associated proteins
(cofilin, actopaxin, p120CTN, «-catenin, p35, and myosin
Va and pFAK), whereas other actin-associated proteins (ezrin,
spectrin (o+[3), tropomyosin, neurofilament 68, and neurofil-
ament-M) as well as components of microtubules and inter-
mediate filaments (3~tubulin, polyglutamated (3-tubulin,
doublecortin, and cytokeratins 7 and 19) were down-regulat-
ed. Reduced expression of adaptin (31/2, synip, ALS2,
VILIP1, syntaxin, synaptophysin, and synaptotagmin indicat-
ed the impairment of vesicular transport and synaptic process-
es. Simultaneously, proteins involved in dopamine metabo-
lism (tyrosine hydroxylase, DOPA decarboxylase, and dopa-
mine transporter) were down-regulated. On the other hand,
some synaptic and vesicular transport proteins (syntaxin-8,
TMP21, Munc-18-3, tryptophan hydroxylase, and glutamate
decarboxylase) were upregulated [40].

Such concerted expression in the penumbra of various pro-
and antiapoptotic proteins, which control very different as-
pects of the complex tissue reaction, remains to be understood.
The signaling pathways leading from the primary pathogenic
agents, which propagate the ischemic lesion to surrounding
tissue (glutamate, Caz+, spreading depolarization, ROS, aci-
dosis, edema, etc.) to transcription factors that regulate expres-
sion of these proteins are still unknown. One can suggest the
pivotal role of some signaling proteins (such as p38 and p53)
and transcription factors (such as E2F1, HIF-1«x, and p53) in
regulation of apoptosis in the penumbra [41, 92, 95]. The
causative relationships between expression of transcription
factor HIF-1« and induction of caspase 3 in the penumbra
was observed in the rat brain at 12 and 24 h after PTS [96].

Taken together, these data provide the integral view on the
molecular basis of neurodegeneration, neuroprotection, and
tissue remodeling in the penumbra after photothrombotic in-
farct. Some of these changes are associated with cell injury
and death, whereas others are involved in cell survival and
protection. The balance between injurious and recovery pro-
cesses in this area determines the cell fate [40, 41].
Nevertheless, it should be taken into account that these data
were averaged over the whole penumbra sample (2-mm ring
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around 3-mm infarct core) because the proteomic study re-
quires 100-200 mg tissue samples. However, the penumbra
is very spatially inhomogeneous with significant injury gradi-
ent from the infarct core to periphery. Moreover, it consists of
different cell types (neurons, glial cells, vessels, blood cells,
etc.), which interact with each other and differently react to
injury. So, more detailed study of the potential roles of various
proteins in the response of different penumbra elements to
PTS is needed.

Nevertheless, some of these proteins may be novel poten-
tial targets for the anti-stroke therapy, and some of their inhib-
itors may be potential anti-stroke neuroprotectors. The PTS
model is currently used by different research groups for testing
of various anti-stroke medications.

Use of PTS Model in Testing of Potential
Neuroprotective Agents

Different anti-stroke strategies and neuroprotective agents that
can potentially prevent damage propagation and improve sur-
vival of neuronal cells have been tested using the
photothrombotic stroke model. In these studies, not only tra-
ditional cortical PTS, but other PTS variants such as MCAO-
PTS [97, 98] or photothrombotic spinal cord injury [99] were
explored. We overview here the data on neuroprotective ef-
fects of some drugs that can reduce the acute photothrombotic
brain damage within the first 24 h after PTS when neuropro-
tection is still possible (Table 1). The pharmacological correc-
tion of recovery, regeneration, and rehabilitation processes
that occur after the first 24 h remains beyond this review.

The first generation of neuroprotective agents was directed
to inhibition of calcium channels, glutamate excitotoxicity and
oxidative stress. Some of them showed positive effects in the
experiments on rats and mice. For example, the application of
Ca** channel blocker diazepam at 1 and 4 h after PTS reduced
the infarct volume and protected neuronal cells [100].
Modulation of different potassium channels has attracted at-
tention as a novel strategy to reduce stroke-induced brain in-
jury. The newly discovered potassium channel TREK-1, that
is found recently in cerebral neurons, glia, and vascular ele-
ments, contributes to the background leak K* current. TREK-
1 regulates neuronal excitability. It is responsive to various
physiological and pathological stimuli such as membrane
stretch, intracellular acidification, temperature, and polyunsat-
urated fatty acids, and plays a key role in neuroprotection after
cerebral ischemia. Activation of TREK-1 by «-linolenic acid
in a rat brain after PTS exerted the multi-cellular protective
effects; it restored the astrocytic glutamate transporter GLT-1,
down-regulated aquaporin AQP4, reduced edema and apopto-
sis and improved behavioral function recovery [101].
Retigabine, an opener of M-type K* channel (KCNQ), de-
creased infarct size, reduced inflammation, and prevented
neurological dysfunctions after PTS [98].
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Table 1 Some anti-stroke
compounds tested using Modality Substance Effect References
photothrombotic stroke model
that showed neuroprotective Ca®* channel Diazepam IS decrease [100]
effects after application within blocker
first 24 h after ischemic injury. IS Activator of o-linolenic acid Activates potassium channels TREK-1. [101]
_ infarct size K*channels Hyperpolarizes cells. Reduces expression
TREK-1 of aquaporin-4, edema, apoptosis, and
activation of microglia; improves
functional recovery.
Opener of M-type ~ Retigabine Decreases IS, inflammation, prevents [98]
K* channel neurological dysfunctions
(KCNQ)
Fe®* chelator, 2,2"-dipyridyl Reduces level of toxic free Fe**, production [102-104]
antioxidant of ROS, expression of HO-1and HIF-1«,
apoptosis, and IS.
NMDAR Memantine Improves stroke outcome, decreases [105]
antagonists astrogliosis, increases levels of BDNF at
oral administration
1-metho-xyoctadecan-1-ol ~ Reduces IS, edema, improves functional [106]
outcome
Antioxidant, ITH33/1IQM9.21 Multi-target effects: antioxidant, protects [107]
mitochondria mitochondria, reduces Ca>* level, protects
protection neurons in penumbra, decreases IS
Antioxidant Melatonin Inhibits MMP-9 and attenuates BBB [98, 99,
disruption, reduces risk of t-PA-mediated
hemorrhage. Reduces IS and functional
deficit, improves motor skills. Effects are
mediated by HO-1 and nicotinic nAcChR
108-110]
Downregulates Rutin Attenuates PTS-induced MMP-9 activation [111]
MMP-9 and disruption of BBB; improves
functional outcome
MMP inhibitors Minocycline Doxycycline  Reduce IS; decrease expression of MCP-1, [112]
Batimastat TNF-«, and IDO
«7 nAChR PNU282987 Affects Nrf2/HO-1 pathway; reduces ROS [113]
agonist production, TNF release and cell death,
induces HO-1 expression. Decreases IS,
improves motor skills.
Activation of Sulforaphane Increases transcription of Nrf2, Hmox1, [114]
Nrf2 GCLC and GSTA4 mRNA
Neurotrophic BDNF Induces neuronal remodeling; reduces [115, 116]
factor pathological astrogliosis, improves
functional motor recovery
Inhibitor of Cystamine Increases level of BDNF, neuronal survival [117]
transglutamin- and plasticity, induces functional recovery,
ases regulates axon remodeling, and enhances
neuronal progenitor cell proliferation
Soluble Nogo66 sNgR-FC Prevents PTS-induced up-regulation of [118]
receptor RhoA, p-JNK, p-c-JUN and p-ATF-2 in
ipsilateral hemisphere via inhibition of
RhoA/INK pathway
Serotonin Fluoxetine, Sertraline Reduces IS, normalizes blood pressure, via [119]
reuptake increased expression of HO-1, HIF-1«x in
inhibitors ischemic core
Erythropoietin Carbamylated derivatives ~ Reduce IS, nootropic and neuroprotective [120]
effects
Extra-low Neuroprotective effect. Up-regulation of [121]
frequency BDNF, TrkB, pAkt, Bel-xL, and pBad after
electromagnet- PTS; down-regulation of Bad, Bax and
ic field caspase 3, IL13 and MMP9

The level of cytotoxic Fe** in the infarct core and penum-
bra increased after the PTS. Iron chelator ferritin was also up-

regulated in these regions. Application of Fe** chelator and
antioxidant 2,2"-dipyridyl reduced the level of toxic-free Fe**,
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decreased production of ROS, and expression of HO-1 and
HIF-1o. As a result, PTS-induced apoptosis was inhibited,
brain lesion and ischemic volume decreased. These data
showed the importance of the iron chelation therapy very soon
after ischemic stroke [102—104].

Different inhibitors of glutamate NMDA receptors such as
MK-801 also reduced photothrombotic brain damage in ani-
mals, but could not be used for human treatment because of
strong adverse effects. The safer next generation anti-
excitotoxic agents such as memantine [105] or 1-metho-
xyoctadecan-1-o0l [106] reduced the infarct volume and func-
tional deficit without such negative effects. After oral admin-
istration, memantine increased the expression of BDNF, re-
duced reactive astrogliosis, and stimulated vascularization in
the penumbra. It improved recovery of sensory and motor
cortical functions. The clinical availability and tolerability of
memantine make it to be a potential candidate for clinical
translation [105].

Multi-target ligands may be more efficient than a single-
targeted compound. Lorrio et al. (2013) used the glutamic acid
derivative ITH33/IQM9.21, which blocks voltage-dependent
Ca”* current and reduces the transient elevation of [Ca”*], that
is elicited by depolarizing stimuli. Its i.p. injection before and
during 2 days after PTS caused twofold decrease in the infarct
volume in the mouse brain. The neuroprotective effect of
ITH33/IQM9.21 on vulnerable neurons in the ischemic pen-
umbra could be associated with reduction of Ca®* overload,
mitochondrial protection and antioxidant action [107].

Melatonin, a pineal secretory hormone, is a potent antiox-
idant and radical scavenger. Its application induced multiple
beneficial effects in the PTS-treated animals. It maintained the
penumbral blood flow, reduced the PTS-induced infarction
zone, improved functional outcome and motor skills [99,
108, 109]. These effects were possibly mediated by cycloox-
ygenase 1 [108], heme oxygenase-1, and «7 nicotinic acetyl-
choline receptors (&7 nAChR) [109]. Melatonin attenuated
photothrombotic disruption of BBB via inhibition of matrix
metalloproteinase-9 (MMP-9), which disrupts BBB [97, 99,
110], and reduced risk of t-PA-mediated hemorrhage [97].
Similarly, rutin down-regulated MMP-9, suppressed PTS-
induced disruption of BBB; and improved functional outcome
after PTS [111]. Other inhibitors of matrix metalloproteinases
minocycline, doxycycline, and batimastat also reduced the
cerebral infarct volume that could be associated with down-
regulation of a number of signaling molecules such as mono-
cyte chemotactic protein-1 (MCP-1), tumor necrosis factor-oc
(TNF-«), and indoleamine 2,3-dioxygenase (IDO) [112].

Using PNU282987, an agonist of o7 nAChR, which af-
fects Nrf2/HO-1 pathway and induces HO-1 expression, de-
creased ischemic volume, improved motor skills, reduced
ROS production, TNF release and cell death [113]. The tran-
scription factor Nrf2 controls expression of various proteins
involved in the antioxidant cell protection. Its activation by
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sulforaphane increased transcription of Nrf2, Hmox1, GCLC,
and GSTA4 in the mouse brain and exerted neuroprotective
action in the photothrombotic cerebral ischemia, but did not
influence the infarct volume, the number of activated glial
cells, and improvement of animal motor function [114].

PTS was shown to induce an early and transient over-
expression of brain-derived neurotrophic factor (BDNF) not
only in the injured cortical region but generally in both hemi-
spheres at 4 h after the impact, and later, from 8 to 30 days, in
hippocampus. This suggests the involvement of BDNF in
post-stroke plasticity [115]. Post-PTS administration of
BDNF did not reduce; however, the infarct volume, but im-
proved functional motor recovery, reduced pathological
astrogliosis, and induced widespread neuronal remodeling
[116]. Cystamine, an inhibitor of transglutaminases, has been
demonstrated to exert the neuroprotection effect in neurode-
generative diseases. Its application at 24 h after PTS resulted
in improvement of impaired functional activity, axon remod-
eling, enhanced neuronal survival and plasticity, and prolifer-
ation of neuronal progenitor cells in mice. These effects might
be associated with up-regulation of BDNF and phosphoryla-
tion of its receptor TrkB [117].

Other signaling pathways also regulate the brain responses
to PTS. For example, soluble Nogo66 receptor sNgR-FC
prevented PTS-induced increase in the levels of RhoA, p-
INK, p-c-JUN and p-ATF-2 in ipsilateral hemisphere via in-
hibition of RhoA/JNK pathway. This suggests that sSNgR-Fc
can mitigate axonal injury after photothrombotic cortical in-
farction through suppression of RhoA/JNK signaling path-
ways [118]. Inhibitors of serotonin reuptake fluoxetine or ser-
traline reduced the PTS-induced infarct volume and normal-
ized blood pressure through over-expression of HO-1, HIF-1
in the ischemic core [119]. Intraperitoneal injection of eryth-
ropoietin or its carbamylated derivatives (EPO-Fc and EPO-
TR fusion proteins) at 1 h after bilateral PTS reduced infarc-
tion size and exerted nootropic and neuroprotective effects
[120].

The most of these drugs have been also tested on other
stroke models and after showing promising results are under
clinical trials [8, 9, 122].

Not only pharmacological but also physical factors can
exert a neuroprotective effect on the animal brain after PTS.
For example, extra-low frequency pulsed electromagnetic
field (60 Hz; 10 mT) activated the prosurvival BDNF/TrkB/
Akt signaling pathway in the mouse brain during the recovery
period after PTS. The authors observed up-regulation of
BDNF, TrkB, pAkt, Bcl-xL, and pBad at 3 and 14 days after
PTS, whereas the levels of proapoptotic proteins Bad, Bax and
caspase 3, proinflammatory mediator IL1[3, and matrix
metalloprotease MMP9 decreased. Such non-chemical
methods of modulating neurological and psychological func-
tions are of growing interest because they are non-invasive,
inexpensive, and safe [121].
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Conclusion

Photothrombotic stroke is the unique model of occlusion of
small cerebral vessels. In comparison with other stroke
models, its advantages include well-defined location of an
ischemic lesion that is determined by the aiming of the laser
beam at the predetermined brain region, the degree of ische-
mic lesion is determined by light intensity and duration, the
lesion is well reproducible due to the stereotaxic accuracy of
irradiation and continuous monitoring of light intensity, and
low invasiveness and minimal surgical intervention. PTS does
not require craniotomy and mechanical manipulations with
blood vessel such as ligation or filament insertion, which carry
the risk of local brain trauma; low animal mortality (< 10%);
prolonged sensorimotor impairment that provides long-term
study of stroke consequences and behavior impairment and
recovery; and independence on genetic variations of blood
pressure and vascular architecture. However, disadvantages
of this stroke model include some differences from the ische-
mic stroke pathology in humans such as strong edema and
very narrow penumbra. Nevertheless these drawbacks can
be reduced in some PTS variations. PTS is currently used
for examination of the neuroprotective effects of different po-
tential neuroprotectors. Thus, PTS is the useful and promising
experimental model for study of cellular and molecular stroke
mechanisms underlying neurodegeneration, neuroprotection,
neuroregeneration, and brain plasticity and for search of po-
tential agents capable to treat the stroke consequences.
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