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Abstract

Introduction: We studied the comparative efficacy of independent and combined effects of normobaric hypoxia (90 mmHg) and permissive
hypercapnia (50 mmHg) in increasing the tolerance of rats to acute hypobaric hypoxia. Methods: We determined the time to loss of pose
and life duration as a measure to assess the degree of tolerance of animals to hypobaric hypoxia by exposing them to an altitude of 11,500 m
(barometric = 180 mmHg). Results: Exposure to hypercapnic hypoxia increased the tolerance to acute hypobaric hypoxia compared to
exposure to normobaric hypoxia or permissive hypercapnia alone. Discussion: The positive effects of hypercapnia and hypercapnic hypoxia
occurred after one exposure, and increasing the number of exposures proportionally increased the tolerance to acute hypobaric hypoxia.
The effect of permissive hypercapnia on increasing the tolerance to acute hypobaric hypoxia was found to be significantly greater than
that of exposure to normobaric hypoxia. Therefore, we propose that hypercapnia is the dominant factor in increasing tolerance to acute
hypobaric hypoxia. Conclusion: Tolerance to acute hypoxia maximally increases in case of joint effect of normobaric hypoxia and permissive

hypercapnia.
© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Hypoxia is an effective means to increase the tolerance of
organs and tissues to acute oxygen deficiency [1,14]. Many
researches in this field have dealt with intermittent hypoxic
effects [9,18,21]. In addition, the comparative effectiveness
of intermittent hypoxia with different numbers of exposures
has also been described [13]. However, a disadvantage of
hypoxia is the necessity of long-term exposure and a great
number of sessions (at least seven) [4,13,18,26]. Therefore,
the search for and optimization of alternative variants of
hypoxia application to increase human tolerance to stressors
are topical.

We presume that the joint effect of normobaric hypoxia
(NbH) with permissive hypercapnia (PH) may be the most
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efficient way to increase the tolerance to acute hypoxia.
There are some data confirming the protective potential of
the hypercapnic effect. Carbon dioxide has been proven to be
effective in providing neuroprotection in case of hypoxic-
ischemic cerebral damage [23]. In 2010, the therapeutic
effect of permissive hypercapnia after transient global cere-
bral ischemia—reperfusion injury was reported [30]. However,
studies showing the effectiveness of hypercapnia as a factor
in increasing the tolerance to acute hypoxia have not been
conducted.

Previously, we observed a significant protective effect
of hypercapnic hypoxia (HcH) in cerebral ischemia [25].
However, we did not find any research concerning the com-
parative efficacy of isolated and joint effects of hypercapnia
and hypoxia in increasing the tolerance of an organism to
acute hypoxia.

Thus, the aims of the present study were to compare
the efficacy of isolated and joint effects of hypercapnia and
hypoxia in increasing the tolerance of an organism to acute
hypoxia, and to study the dynamics of tolerance formation
with different numbers of exposures.
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2. Materials, methods and techniques

All experimental procedures used in this study were
approved by the local Animal Care Committee of the Altai
State Medical University in Barnaul. The experiments were
carried out on 240 adult male Wistar rats (240-320 g, about
8-9 months old; the Institute of Cytology and Genetics of
the Russian Academy of Sciences, Novosibirsk, Russia). The
animals in each series were randomized by SPSS 11.5 (SPSS
Inc., Chicago, IL). The rats were kept in cages under con-
trolled room temperature (~22 °C) and natural lighting. They
had ad libitum access to food and water. The animals were
weighed before and after the experiments.

2.1. Animal groups

The research included four series of experiments with
equal numbers of groups and animals. In the first series, the
rats were placed in the chamber for respiratory exposure once
for 20 min. In the second series, the rats were placed in the
chamber for respiratory exposure three times for 20 min, with
a 24-h interval between exposures. In the third series, the rats
were placed in the chamber for respiratory exposure seven
times for 20 min, with a 24-h interval between exposures.
In the fourth series, the rats were placed in the chamber for
respiratory exposure 15 times for 20 min, with a 24-h inter-
val between exposures. The initial level of tolerance to acute
hypoxia was evaluated in all animals 14 days before the exper-
iments. A reevaluation of the tolerance level in rats was made
24 h after the last respiratory exposure.

There were four groups of 15 rats each in every experi-
mental series. The groups differed in oxygen partial pressure
(POy) and carbon dioxide partial pressure (PCO;). The vol-
ume of general sampling and the volume of sampling for each
group were estimated on the basis of our previous researches
using a similar model and method of quantitative scale [8].

NbH group (normobaric hypoxia: PO, 90 mmHg;
PCO; ~ 1 mmHg): In this group, the rats were allowed to
breathe the gas mixture for 20 min such that PO, remained
within 90 mmHg.

PH group (permissive hypercapnia: PO, 150 mmHg;
PCO;, ~ 50 mmHg): In this group, the rats were allowed to
breathe the gas mixture for 20 min, but PO, remained within
150 mmHg and PCO; within 50 mmHg.

HcH group (hypercapnic hypoxia: PO, 90 mmHg; PCO,
50 mmHg): In this group, the rats were allowed to breathe the
gas mixture for 20 min, but PO, remained within 90 mmHg
and PCO, within 50 mmHg.

C group (control group: PO, 150 mmHg; PCO; 2 mmHg):
In this group, the rats underwent all experimental procedures
except the respiratory exposure.

2.2. Realization of respiratory exposures

For the respiratory exposures, a flowing chamber with a
total volume of 601 was used. The gas mixture was infused

into the chamber by a compressor; the gas flow was 15 I/min.
To maintain uniform pressure inside, the chamber had a dis-
charge outlet connected to a reservoir that was filled with
water through a tube coil, which prevented reverse gas dif-
fusion into the chamber. The experimental groups of rats
breathed the gas mixture, the composition of which depended
on the purpose of the group. The control group was placed in
the chamber under the same conditions, but atmospheric air
was pumped in instead of the gas mixture. The gas compo-
sition was monitored with a MIKON gas analyzer (Laspek
Inc., Novosibirsk, Russia).

2.3. Evaluation of tolerance to acute hypoxia

Resistance was determined by the tolerance to acute hypo-
baric hypoxia [22]. Acute hypobaric hypoxia was simulated
in a pressure chamber with a volume of 71. The air from
the pressure chamber was evacuated with a vacuaum pump
for 1 min. The level of atmospheric pressure was checked by
an altimeter during the whole experiment. The atmospheric
pressure in the pressure chamber was equal to the pressure
at the altitude 11,500 m (180 mmHg). To restore the initial
level of atmospheric pressure, the pressure chamber had an
intake valve. Pressure recovery occurred within 1 min after
the vacuum pump was switched off. After the experiment,
all rats were found to be alive and to have resumed normal
activity without any evident sign of pathology. The experi-
ment was carried out at an outdoor temperature of 20-22 °C
and humidity of 40-50%. The pressure in the chamber was
set to 180 mmHg, and parameters such as time to loss of pose
(TtLoP, in s) and life duration (LD, in s) were registered.

The registration of the parameters was performed by three
experimenters, two of whom were blinded to the group
purpose. The time was fixed with the use of an electronic
stopwatch. TtLoP is the period from the moment the pres-
sure of 180 mmHg was set until the rat took the recumbent
position with pathological types of respiration. This param-
eter characterizes the tolerance of the organism to extreme
conditions (the condition of motor activity and respiration).
LD is the period from the time the pressure of 180 mmHg
was set until the agony (the pathological type of respiration
up to the second agonal inhalation), which defines the utmost
protective functions of the body (the viability of the organism
under acute oxygen-limited conditions).

2.4. Statistical analysis

Statistical analysis was carried out using the SPSS 11.5
software. The hypothesis of normalcy of distribution was con-
firmed with the help of the Shapiro—Wilk test. Some data did
not follow the normal distribution law; thus, the groups were
compared by a density-free Mann—Whitney U test. The data
are presented as median +25th/75th percentiles. Values of
p <0.05 were considered statistically significant.
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Fig. 1. Tolerance to acute hypobaric hypoxia in rats after 1-time
respiratory exposure. The data are presented as median £25th/75th per-
centiles. *p<0.05=Differences with Group R. **p<0.01 =Differences
with Group R. p <0.01 = Differences with Group R. #p <0.05 = Differences
with Group NbH. TtLoP=time to loss of pose, LD=life duration,
R =control group, NbH =normobaric hypoxia, PH = permissive hypercap-
nia, and HcH = hypercapnic hypoxia.

3. Results

The body mass and initial parameters of TtLoP and LD did
not differ in all the rat groups (data not shown). Initial values
of TtLoP and LD made up 41.2+5.7s and 61.9+12.7s,
respectively (the data are given as mean value + standard
deviation). In the control groups of all series, the tolerance to
acute hypoxia did not increase.

In the first series (one-time breathing of the gas mixture
for 20 min), the TtLoP in the HcH and PH groups was higher
than in the control group at 26% (p < 0.05) and 31% (p <0.01),
respectively; the LD was 25% (p <0.05) and 28% (p <0.01),
respectively (Fig. 1). In the NbH group, the TtLoP and the
LD were similar to those in the control group. It should be
noted that the LD was significantly higher in the PH group
compared to the NbH group (p <0.05). Therefore, one-time
exposure to permissive hypercapnia and hypercapnic hypoxia
increases the animal tolerance to acute hypoxia.

In the second series (three-time breathing of the gas mix-
ture for 20 min at 24-h intervals), the TtLoP in the HcH
and PH groups was higher than in control group at 49%
(p<0.05) and 42.5% (p<0.01), respectively; the LD was
51% (p<0.05) and 80% (p<0.01), respectively (Fig. 2).
In the NbH group, TtLoP and LD were the same as in the
control group but were significantly lower than those in the
PH and HcH groups (p < 0.05). Therefore, three-time 20-min
respiratory exposure to permissive hypercapnia and hyper-
capnic hypoxia increases the animal tolerance to acute
hypoxia.

In the third series (seven-time breathing of the gas mixture
for 20 min at 24-h intervals), the TtLoP in the HcH, PH, and
NbH groups was higher than in the control group at 104%
(p<0.01), 96% (p<0.01), and 61% (p <0.01), respectively;
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Fig. 2. Tolerance to acute hypobaric hypoxia in rats after 3-time respira-
tory exposure. The data are presented as median £25th/75th percentiles.
#p <0.01 = Differences with Group R. #p <0.05 = Differences with Group
NbH. #p<0.01 =Differences with Group NbH. TtLoP=time to loss of
pose, LD =life duration, R=control group, NbH =normobaric hypoxia,
PH = permissive hypercapnia, and HcH = hypercapnic hypoxia.
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Fig. 3. Tolerance to acute hypobaric hypoxia in rats after 7-time respira-
tory exposure. The data are presented as median £25th/75th percentiles.
#p <0.01 = Differences with Group R. #p <0.05 = Differences with Group
NbH. #*p<0.01=Differences with Group NbH. p <0.05 = Differences
with Group PH. TtLoP =time to loss of pose, LD =life duration, R = control
group, NbH=normobaric hypoxia, PH=permissive hypercapnia, and
HcH =hypercapnic hypoxia.

the LD was 278% (p<0.01), 166% (p<0.01), and 103%
(p<0.01), respectively (Fig. 3). It should be noted that the
tolerance was significantly higher in the PH and HcH groups
than in the NbH group, and differed by 21% (p<0.01) and
26% (p<0.01) for TtLoP and by 31% (p<0.05) and 91%
(p<0.01) for LD, respectively. The highest tolerance increase
was observed after exposure of hypercapnic hypoxia, when
compared with the PH group (p <0.05).

In the fourth series, TtLoP and LD were significantly
increased (Fig. 4). The lowest increase in TtLoP and LD,
when compared with the control group, was observed in the
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Fig. 4. Tolerance to acute hypobaric hypoxia in rats after 15-time respira-
tory exposure. The data are presented as median +25th/75th percentiles.
#p <0.01 = Differences with Group R. #p <0.01 = Differences with Group
NbH. %p<0.01 =Differences with Group PH. TtLoP=time to loss of
pose, LD =life duration, R=control group, NbH =normobaric hypoxia,
PH = permissive hypercapnia, and HcH = hypercapnic hypoxia.

NbH group; there was a 30% increase in TtLoP, and LD
was half as high (p<0.01) in the NbH group. In the PH
group, TtLoP was two-and-a-half times higher and LD was
three-and-a-half times higher (p <0.01) than those observed
in the control group. The respiratory exposure to hypercap-
nic hypoxia showed the highest increase in tolerance among
the experimental groups. The TtLoP in this group was three-
and-a-half times higher and LD was five-and-a-half times
higher (p <0.01) than those observed in the control group. All
the results of the experimental groups significantly differed
among themselves (p <0.01).

The dynamics of the formation of tolerance to acute
hypoxia differed among the experimental groups, as was
shown more obviously by LD. In the HcH and PH groups,
even one-time exposure for 20 min was found to signifi-
cantly increase the rats’ tolerance to acute hypobaric hypoxia
when compared with the control group (p <0.01). In the NbH
group, the tolerance was significantly increased only within
3-7 days of exposure (p<0.01). Furthermore, during the
period from 7 to 15 days of exposure, there was a decrease in
tolerance in the NbH group, which was not noticed in the HcH
and PH groups. A significant increase in tolerance occurred
in the HcH and PH groups when compared with the NbH
group (p <0.01), and in the HcH group when compared with
the PH group (p <0.01).

4. Discussion

The present research showed the comparative effective-
ness of hypoxic, hypercapnic, and hypercapnic hypoxic
exposure on rat tolerance to acute hypoxia with different
numbers of exposures. The study was carried out to test a
hypothesis about the possible increase in the effectiveness of

interval hypoxia when combined with permissive hypercap-
nia.

Many experimental studies have examined the tolerance to
acute hypoxia. Different authors have used subjective evalu-
ation criteria, which are rather informative. Shrivastava et al.
[22] developed a model of acute hypobaric hypoxia in rats
with a simulated altitude of 10,668 m. During the experi-
ment, the agonal breathing time and LD in hypoxia were
recorded. The same method was also applied to mice, which
were exposed to an altitude of 10,000 m and hypoxia simu-
lation at a rate of 50 m/s for 15 min; the absolute apnea and
death time were registered [28]. Lukyanova et al. [13] and
Mironova et al. [16] modeled acute hypobaric hypoxia at a
simulated altitude of 11,500 m and registered the onset of
agonal breathing time.

In the current study, acute hypobaric hypoxia at an alti-
tude of 11,500 m was simulated to assess the tolerance. This
altitude was used because it is the threshold of survival for
most animals [22].

During hypoxia, first, the function of the CA1 region neu-
rons of the hippocampus is impaired, and the ability to sustain
normal motor activity is lost [29]. Therefore, TtLoP allows
determining the threshold of sensitivity to severe hypoxia.
The appearance of pathological breathing in acute hypoxia
exposure is known to indicate serious damage to the functions
of the respiratory system and exhaustion of compensatory
resources of the organism [19,20]. Furthermore, LD shows
the maximal tolerance of the body to severe hypoxia.

According to the published data, different numbers of
hypoxic exposures have been used in research. Numerous
studies have been done on one-time use of hypoxic pre-
conditioning [2,3,15,24], and it has been reported that the
preconditioning effect develops after hypoxic exposure when
breathing air with PO, of 57-71 mmHg for 1-6 h.

In our present study, the absence of a similar effect after
one-time exposure to normobaric hypoxia can be explained
by the short duration of exposure (20 min) and higher oxy-
gen concentration (PO, of 90 mmHg). Such parameters
of hypoxic exposure were chosen because of their high
effectiveness in combination with permissive hypercapnia
(PCO, of 50mmHg) in preventing experimental stroke in
rats [25].

In a study carried out by Lukyanova et al. [13], 3-, 7-
, 15-, and 21-fold exposures of normobaric hypoxia were
used. Furthermore, there are reports about the use of 30-fold
[18,26], 45-fold [14], and 56-fold courses of hypoxic expo-
sures [4]. In our present study, the results concerning 3-, 7-,
and 15-fold hypoxic exposures are practically similar to the
data on course exposure of hypoxia described by Lukianova
et al. [13]. As in the above-mentioned study, the tolerance
maximally increased after the 7th exposure with a further
decreasing.

The use of permissive hypercapnia and hypercapnic
hypoxia as a method of increasing tolerance to acute hypoxia
has not been presented in any other studies except our pre-
vious research, which revealed an increase in the collateral
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cerebral circulation reserve over the course of hypercap-
nic hypoxic exposure [10]. However, carbon dioxide was
found to produce a cerebral protective effect in case of
hypoxic/ischemic damage [23]. Some studies have examined
the positive effect of hypercapnia on the potassium chan-
nel [11], antioxidant system [27], and blood circulation in
the lungs [5]. In addition, there are also data indicating that
apoptosis inhibition is affected by permissive hypercapnia
[30]. Such data may support our hypothesis about the poten-
tiating hypoxic effects caused by hypercapnia on increasing
the tolerance to acute hypoxic exposure. The main mecha-
nisms of these hypoxia effects are probably the increase in
mRNA expression in early gene families [6], the activation
of the K* channel by proteinkinase C [17], the activation
of succinatoxidase oxidation [7], and genome reprogramm-
ing by HIF-1 redox-sensitive protein [12]. However, toxic
effects of hypercapnia should be kept in mind; it consists
of an acid-base balance shift toward acidosis development,
metabolism depression, intracellular homeostasis, and min-
eral metabolism disorder, as well as in respiratory center
work depression [1,5,10,23]. The negative effects of carbon
dioxide described above manifest themselves at PCO, above
100 mmHg (30). In this research, safe permissive hypercapnia
was applied and PCO, was kept below 50 mmHg.

In our study, the earliest effect on increasing the tolerance
to acute hypoxia was achieved after one-time exposure to per-
missive hypercapnia. Furthermore, the tolerance was found
to increase proportionally to the increase in the number of
exposures. The most obvious increase was observed after the
seventh and 15th exposures, which significantly increased the
effectiveness of normobaric hypoxia.

The use of 1- and 3-fold exposures to hypercapnic
hypoxia to increase the tolerance showed dynamics similar
to permissive hypercapnia. However, by the seventh expo-
sure to hypercapnic hypoxia, the tolerance had significantly
exceeded the results observed in other experimental groups.
This phenomenon can prove the potentiation of the protec-
tive effects of hypoxia by hypercapnia. The dominant factor
is hypercapnia because its effectiveness was higher than that
of normobaric hypoxia at any number of exposures.
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