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Introduction. Approximately 80-85% of total number of strokes is due to ischemic cerebral
infarctions (ischemic strokes). Stroke is considered as one of the leading causes of mortality and
disability prevalence in the population. In the United States, ischemic brain injury was the third leading
cause of mortality and the first cause of adult disability, respectively (Ahmed et al., 2000).

One of the main objectives to study of the pathogenetic mechanisms for ischemic brain
injuries is determination of the so-called "Therapeutic Window" and development of adequate
treatment methods for maximum possible reduction of the potential for brain injury.

In a focal cerebral stroke, the ischemic region consists of a central region (ischemic focus), with a
sharply reduced cerebral blood flow, and a more distal portion of the so-called penumbra zones that are
partially supplied with blood by collaterals of adjacent intact vessels (Bhardwaj et al., 2003, Ramos-Cabrer
et al., 2011). In ischemic focus, depending on the severity of the cerebral blood flow and its duration,
irreversible damage may develop, up to and including a local cerebral infarction. Therefore, timely
intervention and the use of so called "Therapeutic Window" to prevent development of infarction, and in
case of its formation, taking measures to rescue cellular elements of the penumbra zone from development
of irreversible injuries and to restore their structural-functional organization are of great importance.

It should be emphasized that despite the urgency of the local cerebral infarction problem, the
issues related to morphological and functional changes in the Penumbra zone have been insufficiently
studied. The issues of structural and functional rearrangements in the Penumbra zone were studied in
more detail with the use of models of short-term occlusion of the middle cerebral artery and
subsequent reperfusion. Although in this case, the basic data on morphological rearrangements are
based on light-optical studies, and data on ultrastructural shifts in neurons and glial cells of the
Penumbra zone are very scarce. Herewith, these data are often contradictory. For example, some
researchers, studying the issues related to the neuron injury and death in the Penumbra zone, believe
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that the selective neuron death in the Penumbra zone occurs via apoptosis (Wang et al., 2001), other
authors believe that neurons die via both apoptosis and necrosis (Zhao et al., 2001, 2002), as to the
third opinion, selective neuronal necrosis occurs in the Penumbra zone (Lehrmann et al., 1997). As for
the processes of development of structural changes in the penumbra zone of local infarction, induced
by photochemical method, there is practically no data /evidence in this regard.

Most of the methods for the study of biochemical, morphological and metabolic disorders in
the development of cerebral stroke, due to their invasiveness, often endangering the patient's life, are
not applicable in the clinical setting.

Therefore, animal models of global and focal ischemia are widely used to characterize the
mechanisms laid the foundation to the ischemic brain injuries, to test the therapeutic effect of new
anti-ischemic preparations, and approbation of theoretical and clinical hypotheses. One of them is the
method of photochemically induced focal cerebral infarction (Watson et al., 1985). At this stage, main
objective of the current study was the investigation of circulatory changes in the Penumbra zone,
induced by photochemical method of local cortex infarction of cerebral hemispheres in rats.

Materials and methods. The experiments were carried out on male Wistar Rats, 150-200g of
weights. All experimental procedures were conducted on the animals anesthetized with i/p
administration of a 4% solution of chloral hydrate (1 mi/100 g body weight).

All experiments were conducted strictly according to international standards adopted by the
Committee on Bioethics of I. Beritashvili Center for Experimental Biomedicine.

The Model of Induced Local Cerebral Infarction.

An experimental model of local cortical infarction of cerebral hemispheres, based on the method of
photochemically-induced vascular thrombosis, has been used (Watson et al., 1985). As is known, injection of
photosensitive dye (Rose Bengal) administered to the animals, followed by transcranial intense illumination
of cerebral cortex specific area by halogen lamp leads to the formation of ischemic focus in this area.

Under the influence of the light beam, a photochemical reaction occurs in photosensitive dye,
resulting in appearance of free oxygen radicals, causing vascular endothelial injury, damage of platelet
membrane, their aggregation, vessel wall adhesion and, ultimately, vascular system occlusion.

Due to vascular endothelial injury, the permeability of the capillary walls increases; occurs brain
swelling, thus exacerbating brain ischemic injury. The thrombus formation is visually manifested at the
30th minute of illumination and lasts approximately 4 hours (Dietrich et al., 1987; Van Reempts et al.,
1987). A partial modification of this method, tested in a laboratory for studying cerebral metabolism
regulatory mechanisms at the I. Beritashvili Institute of Physiology of the Georgian Academy of Sciences
has been applied (Mitagvaria, Nebieridze et al., 2001; Mitagvaria, Bakhutashvili et al., 2001).
Implementing this method, the following procedures have been carried out: solution of photosensitive dye
Rose Bengal (0.13ml of 0.75% solution, per 100g of weight) heated up to 37°C was administered into
femoral vein of anesthetized animals for 2-3 minutes. Then the animals were placed in a stereotactic
apparatus, skulls were exposed and transcranial illumination of frontal-parietal cerebral cortex was carried
out with a halogen lamp 250W using optical fiber light guide (diameter - 2mm) for 60 minutes.

The final power emitted by a light source (at the skull surface) was equal to 64W/cm?. Herewith,
ischemic brain damage was clearly expressed in the illuminated region of cerebral cortex (Fig. 1) and
extended to the adjacent areas with reduced-intensity. The volumetric shape of damaged tissue is similar to

a truncated cone.
Mf”' 0 T——
- - "7
\4,?,- 3 « 1 .}

T ) 'y {r

' LN 5 3 3
» ' 2 ‘. y
. y {

4

Fig. 1. The frontal-parietal area of cerebral cortex injured by infarction in rats. A large number of
thrombosed vessels are well-differentiable (vol. x3, approx. x15)
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Experimental Paradigm.

Experiments were carried out in 5 animal groups consisting of white rats. There were 6
animals in each group. In all animals, cerebral cortex infarction was induced by the method described
above. After completion of the transcranial illumination of frontal-parietal cerebral cortex in 4 hours
for the first group of animals, and, in 12, 24, 48 and 96 hours for the Il - V groups, respectively, the
measurements of systemic arterial pressure (SAP) and local blood flow (LBF) have been performed in
the Penumbra zone. For providing the monitoring, the measurements of local blood flow on the
contralateral side of cerebral cortex in the symmetrical to the Penumbra zone were also carried out.

Prior to the measurements, all animals (except the first group animals) were anesthetized with
chloral hydrate again and, after placing them in a stereotactic apparatus, the skull bilateral trepanation
(hole diameter — 2-3 mm) was carried out in the penumbra zone as well as symmetric zone on
the contralateral side. In animals of the first group, those, measurements on which were carried out in
4 hours after completing the illumination process, there was no need for repeated anesthesia.

After cranial trepanation, active electrodes (for measurement of local blood flow) were
implanted in the cerebral cortex required areas without any extra fixations, and reference electrode
was fixed under the skin in the immediate vicinity to the trepanation hole. After that, micro-cuff was
put on the animal tail to measure systemic arterial pressure. Measurements of both local blood flow
and systemic arterial pressure were performed three times at 15-minute intervals. The average value of
the three dimensions was considered as the result obtained after experiment.

Measurement of local blood flow (LBF) in the cerebral cortex.

Hydrogen clearance technique was used to measure the LBF. The simplest scheme of method
implementation consists of measuring (platinum wire, 100pum in diameter) and reference (Ag-AgCl, a
plate, 2-3mm of diameter) electrodes dropped in the Polarographic circuit.

The principle of measurement consists in registering the clearance curve (leaching) of
molecular hydrogen administered into brain tissue either via the inhalation route or injection into
arterial system. The velocity of hydrogen clearance depends on the tissue blood flow intensity and its
calculation is carried out according to the well-known method of “initial inclination”. As a
polarograph, OH-105 universal polarography (OH- 105, Radelkis, Hungary) has been used. Usually,
polarization voltage for Hydrogen is +0.20-0.25 V. This method can be applied at both chronic and
acute experiments. The calculation results obtained are characterized by high accuracy.

Measurement of systemic arterial pressure.

Systemic arterial pressure was measured discretely using the device “Artery” (developed by
prof. G. Abuladze). Small-size cuff was placed snugly around the tail of the animal, which was
continuously heating up to 37°C. After measuring systolic and diastolic blood pressure by
oscilloscope, the average arterial pressure was calculated.

Statistical analysis of the data obtained.

The results of all physiological measurements were processed statistically by the ANOVA
Analysis Tool Package, available in EXCEL for WINDOWS. Reliability of the differences was
evaluated by the Student's t-criterion for both pair and group data.

The obtained results and their analysis.

The absolute values of all the measurements performed are given in Table Nel, and the alterations in
the local blood flow in the Penumbra zone, expressed as a percentage of initial value, are shown in Fig. 2.

According to the obtained data, in 4 hours after completion of transcranial illumination, the level of
blood flow in the Penumbra zone was 30.5+1.6ml /100g/min in average but in the symmetric zone of the
contralateral hemisphere — 58.5+1.82 ml/100g /min, respectively. Statistically, the difference between these
values is of great significance (P <0.01). In other words, within four hours the blood supply in the
Penumbra zone decreased by 48%. In 12 hours, the changes/alterations mentioned above resulted in the
following values: local blood flow in the Penumbra zone - 17.8+1.0 ml/100g/min, and in the contralateral
(control) side — 55.3£2.7; in this case the difference is statistically reliable (P <0.01) and decrease is equal
to 78%. In another 12 hours, i.e. 24 hours after the completion of cerebral cortex transcranial illumination,
the average level of blood flow in the Penumbra zone was approximately 16.4% of the initial level
(10.1£0.74 ml /100g/min in the Penumbra zone versus 61.5+3.2 ml/100g/min in the intact contralateral
side). The level of local blood flow in the Penumbra zone registered within 24 hours following the
illumination process was minimal. The measurements carried out after 48 hours revealed a partial
restoration of blood supply that, in comparison with the previous (24 hours), showed about 7% increase
(blood flow level in the Penumbra zone was 13+£0.64 ml /100g/min, and on the contralateral side - 55+2.9
ml / 100g/ min, respectively).
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Table 1. The levels of local blood flow in the Penumbra zone as well as the intact, symmetric
zone of contralateral hemisphere, and systemic arterial pressure in 4, 12, 24 hours, 2 and 4 days after
the illumination of the zone of potential cerebral cortical stroke using a Halogen Lamp.

© The level of local blood flow in the cerebral
558 cortex _ _
E8Z Animal (ml /100g /min) Systerrgg Srréerlal
= E 8 Ne Ne In the symmetric zone | In the Penumbra zone of (I?nm Hg)
== g— of contralateral photochemically
8 hemisphere induced stroke
1 58 32 90
2 55 26 100
4 3 62 34 105
4 60 36 100
5 64 28 92
6 52 27 96
M+m 58.5+1.8 30.5+1.6 97.1+2.3
P<0.01
1 49 19 88
2 66 22 91
12 3 50 15 110
4 52 17 79
5 54 16 95
6 61 18 90
M+m 55.3+2.7 17.8+1.0 92.2+4.1
P<0.01
1 72 13 100
2 63 11 117
3 57 9 96
24 4 68 11 83
5 59 9 88
6 50 8 92
M=+m 61.5+3.2 10.1+0.7 96.0+4.8
P<0.01
1 55 13 94
2 58 15 115
3 54 12 102
48 4 67 11 98
5 46 13 89
6 50 14 90
M=m 55+2.9 13+0.6 98.0+3.9
P<0.01
1 66 16 99
2 68 19 95
9% 3 75 21 86
4 59 18 102
5 63 16 103
6 51 15 88
M=m 63.6+3.3 17.5+0.9 95.5+2.9
| P<0.01
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Fig. 2. Alterations in local blood flow in the Penumbra zone for 4 days

The mentioned increase in blood supply compared with the data obtained in 24 hours after
illumination appeared to be statistically reliable (P <0.05). After two more days, i.e. 4 days after the
illumination in the Penumbra zone, the level of blood flow increased by a few more percent, up to
27.5% of the control value (17.5+£0.92 ml /100g/min in the Penumbra zone and 63.6+3.3 ml/100g /min
on the contralateral side). In this case, improving the blood supply to the Penumbra zone is statistically
reliable as well, in comparison with the previous (48 hours) data (P <0.05).

Consequently, according to the data above, the maximum reduction in blood supply to the
Penumbra zone was achieved in 24 hours after the completion of the process inducing blood vessel
thrombosis, and later a partial restoration of its level has been observed. The measurements of blood
flow level in the intact, contralateral to the cerebral cortex infarction side, showed that in all animal
groups it varied between 46 (minimum level) and 75 ml / 100g/min (maximum level) and no
statistically reliable difference has been observed in the groups of experimental animals. A similar
picture was revealed regarding to systemic blood pressure. In all animal groups this indicator varied
within 79 (minimum value) and 117 mm Hg. (maximum level). In this case, no statistically reliable
difference between the average values according to the animal groups has been observed.

Ischemic penumbra was first defined by Astrup et al. as a zone with moderate ischemia,
reduced electrical activity, but supported membrane functions, therefore, nerve tissue was still viable
(Astrup et al., 1977). In case of normal blood flow restoration in the penumbra zone within 6-8 hours
after ischemic stroke, the developed neurologic deficit can be compensated.

According to some studies the results of measurements of blood flow level, conducted within
6 hours did not reveal any extension of penumbra zone (i.e., a moderate ischemia zone), occurring
around a well-defined central infarction zone (Kaufmann et al., 1999).

Despite this, according to a large number of studies providing the measurements of local blood
flow in the brain, no more than 1-2 hours from the moment of stroke occurrence should be considered
as time for real therapeutic window. Only in this case, as a result of intensive measures, can be
expected a reduction in infarction volume. As usual, such measures include the use of preparations
promoting reperfusion or enhancing tolerance to ischemia. As it is believed the character of cerebral
infarction development primarily depends on the duration and severity of ischemia. Experimental data
showed that at severe ischemia, even one hour is sufficient for formation of the infarction (Saver,
(2006). It has been revealed that a decrease in blood flow in the area of cerebral ischemia to 8 ml /100
g/min within one hour guarantees leading to the infarction (Yonas et al., 1990). The conclusions drawn
from the results of computed tomography (CT) appeared to be close to the above-mentioned — blood
flow intensity 9 ml/100g/min should be considered as the threshold of cerebral vitality. Below this
threshold, cerebral infarction will be formed within two hours (Touho, Karasawa, 1996).
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The changes/alterations in cerebral blood flow developed within the first hour are of predictive
value — since, as it turned out, according to these changes, the potential possibilities for development of
infarction can be predicted with some certainty (Powers et al., 1985). Thanks to the above mentioned and
many other data, the assessment of brain tissue functional abilities in the center of infarction, as well as
Penumbra zone and surrounding area according to the indications of local blood flow level has become a
regular practice (Furie et al., 2011). The level of local blood flow is considered as the most simple and
physiologically most reliable indicator objectively and unambiguously allowing to determine the state of
the nervous tissue in the zone of ischemic injury and adjacent areas. Not only the depth of ischemia, but
also its duration is of fundamentally importance for infarct formation. At permanent stroke or a long-term
interruption of blood supply to the nervous tissues, the infarction develops in the focus of stroke as well as
in the Penumbra zone (Zhao et al., 1997). In addition, it should be noted that in the area surrounding the
Penumbra, only the single neurons, with the density inadequate to formation of the infarction focus, can
die. Focal ischemia is not a unique phenomenon and may be of a different nature. At its early stage, due to
the activation of sodium transport across the blood-brain barrier (BBB) into the ischemic zone, significant
intercellular edema might be developed (Shalvi Mahajan, Hemant Bhagat, 2016). Reperfusion, as well as
prolonged or permanent ischemia, in its side, can lead to very dramatic outcomes.

Rather thorough experimental studies have shown absence of direct correlation between
reduced post-ischemic blood flow and further extension and aggravation of the infarction, at both
global and in focal ischemia. In the doomed to infarction penumbra zone, an hour after ischemia
glucose consumption was reduced by 50% or more while at the post-ischemic period a close
correlation between low glucose metabolism and local blood flow has been observed (van Golen et al.,
2013). At the post-ischemic period of temporal focal ischemia (during the first 12 hours after its
cessation), the focal area itself has a normal blood flow level, but penumbra — usually about 40-50% of
the norm, respectively (Nagasawa et al., 1989). However, like a global ischemia, no evidences of
impaired correlation between blood flow and metabolism were seen. In some cases, the conducted
measurements showed that the ATP level at this time is within 70 and 100% of pre-ischemic level and
is not considered as a very significant decrease. According to Chen et al. a very clear correlation
between increased post-ischemic blood flow and decreased infarction size has been shown, in terms of
inhibition of prostaglandin synthesis (Chen et al., 1995).

There are lots of other potentially positive effects of blocking the prostaglandin metabolism
(with the exception of vasodilation), for example, prevention of free radical production.

The conducted experimental studies do not indicate to the principal importance of the increase
of post-ischemic blood flow to prevent the penumbra zone from development of possible ischemic
injuries, which is well in line with the concept based on functioning of the conjugation: "function-
metabolism-blood flow".

In other words, at this stage, concerning the ideas about the significance of blood supply in
formation of ischemic brain injuries, it could not be approved with certainty that neither at global nor
focal ischemia that the main cause for development and extension of the injury is the reduction in blood
supply at the post-ischemic period, since it is “dictated” by a decrease in the intensity of metabolism.

Therefore, an increase in local post-ischemic cerebral blood flow can hardly be of protective
nature (KUNZ and IADECOLA, 2009). This, at first glance paradoxical conclusion, should not reduce
potentially critical sensitivity of ischemic injury to the level of blood supply at stroke, especially at
focal, temporary ischemia when the penumbra blood flow level is within the range of "too damaging"
and "simply damaging".

In our experiments, a permanent (or prolonged up to the completion of experience) ischemia,
when it’s useless to discuss the role of not-existed reperfusion (if not induced by any pharmacological
route) was considered. It might be possible that, the absence of reperfusion at permanent ischemia
with all the relevant dramatic changes (damage to endothelial cell layer, with protein release at the
30th minute of reperfusion) leads to a partial improvement (shown in our experiments) of the both
tissue blood supply and its morphological picture.

There is no doubt that the use of various experimental models of cerebral stroke and the study
of morphological, biochemical and functional disorders developing in the damaged area of the brain in
experimental animals are of great importance to detect the mechanisms and course of stroke as well as
providing early treatment. It is also clear that each experimental model only partially reflects the
ischemic changes occurring in the human brain.

Therefore, using the different models of cerebral ischemia is complementary that makes it
possible to get closer to identifying the intimate mechanisms of human stroke.
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In the literature, there are a number of data indicating that along with the so-called “Occlusal”
models (for example, a model based on SCA occlusion), a photochemical model of local cerebral
infarction most precisely reflects human brain ischemic injury (Van Gelderan et al., 1994).

Despite the fact that photochemically induced injuries are the result of the fast progressing
disorders, destruction of the blood-brain barrier and vasogenic edema, cell changes in the ischemic focus
occur for quite a long time and have the same tendencies as at using “occlusal” models (Lee et al., 1996).

It should also be noted that in comparison with the “occlusal” models, the model of
photochemically induced local ischemia is characterized by very good ergonomics:
easily implementable, reproducible, relatively non-invasive and, although it is assumed that this model
does not reflect the clinically observed ischemic changes, Apparent Diffusion Coeficient -ADC and
cellular changes are very similar to those occurring at stroke (Purushotham et al., 2015). In addition,
this method can be successfully applied not only to detect the fundamental mechanisms for
progression of ischemic brain injury at developed local infarction of hemispheres of cerebral cortex
and to search for new effective approaches and methods of therapy, but to conduct research aimed at
detecting the roles of individual regions and zones of cerebral cortex in implementation of such
fundamental functions as learning, memory, behavior, etc. (for example, Kelly et al., 2001; Diehm et
al., 2003; Reinecke et al., 2003, and others).

Conclusions. It has been revealed that the maximum reduction in blood supply in the penumbra
zone during permanent ischemia is achieved 24 hours after the completion of the process of inducing
thrombosis of vessels. Therapeutic intervention to save the cells of the Penumbra zone, which are in the
initial stages of apoptosis, it is advisable to carry out in the first 12 hours after the onset of stroke.
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