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Combined Exposure to Hypercapnia and Hypoxia Provides Its
Maximum Neuroprotective Effect During Focal Ischemic Injury

in the Brain

Pavel Tregub, rhp,* Vladimir Kulikov, Mp,* Yuri Motin, pnD,T

Andrey Bespalov, pnp,* and Ilya Osipov, PhD*

Background: In the present research, we compared the neuroprotective efficiency of
combined and isolated exposure to hypoxia and hypercapnia preceding focal cere-
bral ischemic injury in rats. The study was conducted to verify the hypothesis of a
possible increase in normobaric hypoxia (NbH; 90 mm Hg) efficiency when com-
bined with permissive hypercapnia (PH; 50 mm Hg). Methods: The rats from the
test groups were subjected to a 15-fold exposure to NbH (90 mm Hg) and/or PH
(50 mm Hg). After the 15th exposure, cerebral ischemic injury was induced by
photochemical thrombosis. Seventy-two hours later, neurologic deficit was deter-
mined on the Neurological Severity Score scale and by the rotarod test, and the vol-
ume of cerebral infarction was measured after focal photochemical thrombosis.

Results: The neurologic deficit decreased most efficiently in rats that underwent
PH and hypercapnic hypoxia (HH) exposure, whereas NbH had no impact on the
neurologic status of the animals. On the contrary, motor coordination disturbances
were minimal during exposure to hypoxia and HH. All respiratory interventions
reduced the cerebral ischemic infarction volume in rats. The smallest infarction vol-
umes were registered in the area of photochemical thrombosis in rats from the
hypercapnic-hypoxic impact group, whereas exposure to NbH or PH did not show
any cross difference. Conclusions: The impact of PH has greater neuroprotective
potential compared with NbH. Thus, we can assume that hypercapnia is a predom-
inant factor in providing neuroprotection in combination with hypoxia. Key Words:
Focal stroke—neuroprotecﬁon—hypoxia—-hypercapnia—hypercapnic hypoxia.
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Introduction

Hypoxia is an effective means to increase the tolerance
of organs and tissues to acute oxygen deficiency'? and
ischemic damage.””

There are different variants to apply hypoxic expo-
sure, hypoxic pretreatment with reoxygenation intervals
showing the highest protective effect.”” However, such
impacts possess a common disadvantage, that is, a
continuous exposure and/or a large number of sessions
are necessary; as a rule, it means at least seven sessions
of 1- to 15-hour exposure to hypoxic impact.”

To date, there has been a significant increasing interest
in studies of the therapeutic effect of permissive hypercap-
nia (PH), and carbon dioxide has been shown to have a
protective impact on the brain during ischemic injury.®°
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Earlier, we found that the impact of combined exposure
to hypoxia and hypercapnia, compared with their iso-
lated effects, increases the acute hypoxia resistance of
the organism at most and reduces neurologic disorders
during subtotal cerebral ischemia more effectively.”
However, focal ischemic injury is mostly observed in
the brain in clinical conditions,'® and no research devoted
to the study of neuroprotective efficiency of hypercapnic
hypoxia (HH) with this pathology has been conducted
previously. Moreover, no study exists in which the neuro-
protective efficiency of combined hypercapnia and hyp-
oxia is proved by objective histologic data.

Thus, the objectives of the present study were to
compare the neuroprotective efficiency of the impact of
isolated and combined hypoxia and hypercapnia preced-
ing focal cerebral ischemic injury.

Methods

All experimental procedures carried out were approved
by the local Animal Protection Committee of the Medical
University in Barnaul. The experiments were done on 60
adult male Wistar rats (240-320 g, about 8-9 months old;
Cytology and Genetics Institute SD of RAMS, Novosibirsk,
Russia). The animals were randomized with the use of the
Statistical Package for the Social Sciences (SPSS) 11.5
software (SPSS Inc, Chicago, IL). All rats were preopera-
tively housed in standard cages under controlled indoor
temperature (~23°C) and natural daylight conditions.
The rats had free access to food and water. The animals
were weighed before and after the experiment.

Animal Groups and Experimental Design

The study included four groups of even number of rats.
The groups varied in partial pressure of oxygen (PO,) and
partial pressure of carbon dioxide (PCO,):

1. Normobaric hypoxia (NbH) group (PO, 90 mm Hg,
PCO, 1 mm Hg; the rest N,): rats breathed a gas
mixture for 20 minutes daily to maintain PO,
within 90 mm Hg.

2. PH group (PO, 150 mm Hg, PCO, 50 mm Hg; the
rest N»): rats breathed a gas mixture for 20 minutes
daily, but PO, remained within 150 mm Hg and
PCO, within 50 mm Hg.

3. HH group (PO, 90 mm Hg, PCO; 50 mm Hg; the
rest N,): rats breathed a gas mixture for 20 minutes
daily, but PO, remained within 90 mm Hg and
PCO, within 50 mm Hg.

4. Reference (R) group (PO, 150 mm Hg, PCO,
1 mm Hg; the rest Ny): rats were exposed to all
experimental procedures, excluding exposure to
hypoxia and/or hypercapnia.

The rats in all groups underwent a 15-session course of
respiratory intervention assigned for each group. The day
after completion of the intervention course, focal cerebral

P TREGUB ET AlL.

ischemic injury was modeled on all the rats. Seventy-two
hours after modeling a focal stroke, the rats underwent
estimation of neurologic disorders by means of the
rotarod test'* and the scale of neurologic deficit Neuro-
logical Severity Score (NSS)."” Then, the brain of the rats
was removed for histologic study and morphometric
analysis of the volume of ischemic infarction.

Respiratory Intervention

For respiratory intervention, a flow-type chamber pre-
viously described was used.""'” Experimental groups
of rats breathed a gas mixture with a composition
dependent on the prescription for the group. The R
group was placed in a chamber with similar conditions,
except that instead of a gas mixture atmospheric air was
pumped in by a compressor. The gas composition in the
chamber was controlled with a Mikon gas analyzer
(Laspek Ltd, Novosibirsk, Russia).

Surgical Manipulation and Photochemical Thrombosis

Surgical Procedure

The day before surgery, the animals were deprived of
food but had free access to water. The animals were preop-
eratively weighed. Each rat received anesthesia by intra-
peritoneal injection of a mixture of ketamine/xylazine
(75 mg ketamine® +°10 mg xylazine per 1 kg body weight).
A sterile incision was made in the left inguinal region. A
sterile catheter was placed into the left femoral vein to
infuse a 4% solution of rose bengal (Sigma-Aldrich,
Munich, Germany) in .9% NaCl. Rose bengal was injected
into rats for 1 minute at a dose of 40 mg/kg body weight.
Temperature gauges were positioned in the rectum of
each animal. Rectal temperature was maintained at a con-
stant value of 37.5°%=.2°C with the help of a servo-
controlled heat plate placed on the surgical table and
adjusted by a thermostat. The plate kept the table warm
during the surgical and postsurgical periods.

Focal Ischemic Injury

Ischemic injury of the right sensorimotor cortex was
carried out according to the transcranial photochemical
thrombosis technique.'®" A scalp incision was made,
the periosteum was cleared, and cranial bones were
illuminated by a green laser with 532-nm wavelength
and 15-mW power for 10 minutes. A region of parietal
bone with a diameter of 2 mm was illuminated on the skull
The region was positioned between the bregma and lamb-
doid suture and 2 mm lateral to the sagittal suture.

Histology and Measurement of Infarct Volume

Histologic Study

After neurologic status assessment, all animals were
decapitated. The brains were carefully removed and
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prepared for 24 hours in a solution consisting of 10% buff-
ered paraformaldehyde, 96% ethanol, and ice acetic acid
at a ratio of 2:7:1 (First Laboratory Company Ltd, St.
Petersburg, Russia).

Nissl Staining

The brains were mounted and dehydrated by succes-
sive placement into an ethanol solution of increasing
concentration, after which they were embedded in
paraffin blocks. The blocks were then cut into 10-um-
thick sections with an infarction intersection gap of
300 um. The sections were colored with toluidine blue
(First Laboratory Company Ltd) according to the Nissl
method and sealed in neutral plastic for observation un-
der a MIKMED 6 light microscope (LOMO Ltd, Moscow,
Russia).

Infarct Volume

The sections were photographed, and the area of
ischemic damage in each section was measured by an
investigator blinded to the experimental group. Micro-
graphs were processed with the help of the Image] 1.41
software (National Institutes of Health, Bethesda, MD).
The infarct volume was assessed according to the
following formula: V = x X t X S, where x is the section
rate, t is the serial section thickness, and S is the sum of
the ischemic lesion focus areas.””

Statistical Analysis

The size of the general and group samples was calcu-
lated based on the results of our previous researches on
a similar model according to the quantitative scale
method.?' Statistical analysis was carried out using the
SPSS 11.5 software (SPSS Inc). The hypothesis of
normalcy of distribution was confirmed with the help
of the Shapiro-Wilk test. Some data did not follow the
normal distribution law. Thus, the groups were com-
pared by using a density-free Mann-Whitney test. Differ-
ences with the power of the statistical analysis (P) less
than .05 were considered statistically significant. The
data are presented as median (*[25-75] percentiles).
Only the data on the animals that had undergone all
the experimental procedures in full were subjected to
statistical analysis.

Results

The body weight before the experiment, before surgery,
and after the experiment did not vary among the animals
of all groups (data not given). Some of the animals died
during the surgical procedures for modeling focal ischemic
injury. Postmortem examination revealed that the prin-
cipal cause of mortality was cerebral edema. As a result,

the rats used in the experiments were grouped as follows:
R, n = 11;NbH, n =12; PH, n = 12, and I, n = 15.
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Figure 1. Neurologic deficit on the Neurological Severity Score (NSS)
scale. The data are presented as median (=[25-75] percentiles). *P <.05 dif-
ference from the R group, **P < .01 difference from the R group, #P < .01
difference from the NbH group. Abbreviations: HH, hypercapnic hypoxia;
NbH, normobaric hypoxia; PH, permissive hypercapnia; R, reference.

Neurologic Deficit

Figure 1 presents the neurologic deficit based on the
NSS scale. The HH group showed the least neurologic
deficit compared with the R and NbH groups (P < .01),
but no differences were observed between the HH and
PH groups. Rats of the NbH group did not show any dif-
ference from the R group. The PH group showed a lower
neurologic deficit than the R group (P < .05) but did not
vary from the NbH group.

Motor Coordination Disturbances in Rotarod Test

In all the experimental groups, a decrease in motor
coordination disturbances and an increase in retention
time on the rotarod were observed compared with the
control group (Fig 2). The HH and NbH groups showed
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Figure 2. Retention time on bar in the rotarod test. The data are presented
as median (+[25-75] percentiles). *P < .05 difference from the R group,
P < 01 difference from the R group, P <.01 difference from the PH group.

Abbreviations: HH, hypercapnic hypoxia; NbH, normobaric hypoxia; PH,
permissive hypercapnia; R, reference.
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the longest retention time compared with the R and PH
groups (P < .01), but no differences were observed be-
tween the HH and NbH groups. The PH group showed
a higher retention time on the rotarod compared with
the R group (P <.05).

Morphology of Photochemical Infarcts

Figure 3 presents the morphologic feature of the
cortical necrosis region after focal photochemical throm-

Figure 3. Histopathologic feature. Cerebral cross section of rat 72 hours
after focal photochemical thrombosis. Section thickness is 10 mm. Nissl
staining. (A) Cerebral section of rat from the reference group (magnification,
X40). Infarction is distinct in the cortex, and the callosum has shifted
because of the large infarction area. (B) Cerebral section of rat from the hyper-
capnic hypoxia group (magnification, X40). The morphologic alterations are

similar, but the infarction area is significantly smaller. (C) Micrograph of

transition zone (magnification, X100). Distinct borders are visible between
the necrosis area, transition zone, and normal tissue.
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bosis. Cerebral cross sections show distinct borders be-
tween the necrosis region, transition zone (Fig 3, C), and
normal neural tissue, which allowed assessing the area
of infarction on the sections numerically and calculating
the infarct volume. In the R group (Fig 3, A), the infarction
area could reach the callosum, which shifted position
because of the damage expansion. The transition zone
(penumbra) was formed by hyperchromic neurons. The
NbH, PH, and HH groups showed a similar morphologic
feature (Fig 3, B), but the infarction area was smaller and
the callosum did not shift.

Infarct Volumetry

Figure 4 presents the results of infarct volumetry. The
impact of combined hypoxia and hypercapnia in the
HH group showed a maximum neuroprotective effect
and reduced infarction by 45.7% compared with the R
group (P <.01), by 31.5% compared with the NbH group
(P < .01), and by 27% compared with the PH group
(P < .05). Exposure to PH and NbH reduced cerebral
infarction by 25% (P < .01) and 20.5% (P < .05), respec-
tively, compared with the R group. However, there was
no difference between the NbH and PH groups.

Discussion

In the present research, we compared the neuroprotec-
tive efficiency of combined and isolated exposure to hyp-
oxia and hypercapnia preceding focal cerebral ischemic
injury in rats. The study was conducted to verify the
hypothesis of a possible increase in the NbH protective
effect when combined with PH.

At present, when selecting a model of experimental
cerebral ischemia, preference is given to focal ischemic
injury methods because they present the clinical features
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Figure 4. Cerebral infarction volume in rats. The data are presented as mie-
dian (£[25-75] percentiles). *P <.05 difference from the R group, **P <.01
difference from the R group, #P < .01 difference from the NbH group,
“P < .05 difference from the PH group. Abbreviations: HH, hypercapnic
hypoxia; NbH, normobaric hypoxia; PH, permissive hypercapnia; R,
reference. '
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of ischemic stroke most adequately.'®** The principal
requirement for such models includes producing a
constant location and ischemic focus volume replicable
in a series of experiments, which is essential for
numerical assessment of the degree of cerebral damage
and the protective effect of neuroprotector use. The
noninvasive method of photochemical thrombosis of
cortical vessels meets this requirement because it allows
selecting the necessary localization.'”” To assess the vol-
ume of ischemic damage with the use of the given mo-
del, numerical assessment of infarction volume*** and
estimation of a normal and necrotizing tissue volume
ratio'®* are used equally. '

All the animals in the present research received typical
photochemical infarcts affecting all layers of the sensori-
motor cortex. In the infarction zone, fibrous alterations
“and microvessels with thrombi were distinguished in all
sections from the region of ischemic injury, which is
typical of the photochemical thrombosis method.'®"”
The morphologic feature was similar across all experi-
mental groups, whereas differences were observed in
the size of the cerebral infarction zone.

The neurologic manifestations of the focal cerebral
infarct differed in the experimental groups exposed to
combined and isolated hypercapnia and hypoxia. The
neurologic deficit decreased most efficiently in rats that
underwent PH and HH exposure, whereas NbH had no
impact on the neurologic status of the animals. Different
mortality rates in the experimental groups of animals
generally show different intensity of the protective effect
of combined and isolated exposure to hypoxia and hyper-
capnia. In the HH group, mortality rate was the lowest,
whereas in the R group, the number of animals that
died of cerebral edema was the highest.

It has been reported in the literature that hypoxia re-
duces neurologic damage during ischemic injury in the
brain. However, the studies in which it was earlier
demonstrated™ were conducted with the use of higher
degrees of hypoxia (57-71 mm Hg) and longer exposure
(1-6 hours) than in the present experiment. Besides, we
were totally aware that the reduction in neurologic
damage under less intensive conditions of exposure in
the NbH group could have failed. However, the choice
of lower hypoxia degree was conditional on such para-
meters, having shown high efficiency when combined
with PH to prevent experimental ischemia in rats.'?
Neurologic status assessment data show that positive
effects of PH prevail over hypoxia effects in their combi-
nation. On the contrary, motor coordination disturbances
were minimal during exposure to NbH and HH, whereas
in the group with PH, the disturbances were less reduced
than during other respiratory interventions. This finding
can be related to the lesser impact of carbon dioxide
deficiency compared with oxygen deficiency on the

coordination function of the brain because the hypoxic

impact more quickly activates protection of the regions
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most sensitive to oxygen-starvation areas of the hippo-
campus.’ There are data that show greater hypoxic sensi-
tivity of particular tissues causes higher susceptibility to
the effect of pretreatment and increasing hypoxia/
ischemia resistance.?® As is generally known, in the brain,
the hippocampus is the most susceptible to acute hypox-
ia/ischemia. ® It is also known that the hippocampus is
the most important component for storing and processing
spatial data and coordination®’; hence, we suppose that
the metabolic and structural alterations in this organ
explain the improved coordination of movements of rats
on the rotarod after hypoxic exposure. Moreover, a
different protective effect of exposure to NbH and PH
with improving neurologic status and coordination of
movements shows that the highest protective effect of
those factors combined requires further studies and pre-
sents a complicated natural phenomenon.

All respiratory interventions reduced the infarction
volume in cerebral ischemic damage focus areas in rats.
The smallest infarction volumes were registered in the
area of photochemical thrombosis in rats from the
hypercapnic-hypoxic impact group, whereas exposure
to NbH or PH did not result in any reciprocal alterations.
Thus, a conclusion can be made about the potentiation of
the neuroprotective effects of the combined exposure.

The use of HH as a neuroprotector is not described in
the scientific literature except in our study, which showed
a reduction in neurologic disturbances during cerebral
ischemia under the influence of hypercapnic-hypoxic
exposure.'> Carbon dioxide has been proven to have a
neuroprotective impact on the cerebrum during hypox-
ia/ischemia injury” and ischemia/reperfusion injury.*>*
Existing data show a positive impact of hypercapnia on
mitochondrial Kapp channels,”® the antioxidative SyS-
*® angiogenesis,* and pulmonary circulation.’' Other
data indicate inhibition of apoptosis under the influence
of PH.*'® These support our hypothesis that hyper-
capnic potentiation of hypoxia increases neuroprotective
efficiency during focal cerebral ischemic injury. The
principal mechanisms of these hypoxic effects possibly
include an increase in messenger RNA expression in the
early gene fz-.un:ily,?’2 activation of mitochondrial Katp
channels under the influence of protein kinase C,%° activa-
tion of succinate oxidase oxidation,** and genome reprog- -
ramming by redox-sensitive protein hypoxia-inducible

factor—lalpha,35 modulating of cerebrovascular reactivity,
36

tem,

and increase of perfusion in the brain.

HH has greater neuroprotective potential compared
with exposure to isolated hypercapnia and hypoxia.
This finding supports the hypercapnic potentiation of
the protective effects of hypoxia. In addition, the domi-
nant factor is hypercapnia, given that its protective effect
exceeded that of NbH, as shown in the assessment of
neurologic disturbances. The absence of difference be-
tween HH and NbH on the rotarod, as demonstrated in
our research, does not contradict this statement. To our
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opinion, the results of the rotarod are less significant for
interpretation than the data of neurologic status assess-
ment and measurement of infarct volume in the brain.
Rotarod test shows only motor-coordinating distur-
bances, whereas neurologic status assessment includes
the determination of neural sensitivity, reflexes, motional,
and behavioral activity, and reduction in the size of necro-
sis area visually proves the neuroprotective effect.
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