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Abstract

Background: Previous studies have shown that Heliox, a mixture of 32% oxygen and 68% helium administered at a warm temperature,
is effective in treating ischemic brain injury caused by cerebral arterial air embolism. At the same time, therapeutic hypothermia has been
shown to lead to a favorable neurological outcome in patients in the acute phase of ischemic stroke; however, there are no published data
on the use of Heliox at room temperature after ischemic stroke. All published data indicate only the efficacy of heated Heliox. The most
effective temperature regimen for Heliox inhalation to prevent neurological deficits in stroke remains unknown. Methods: Three Heliox
inhalation temperature regimens were studied at 20–22 °C, 40–50 °C, and 60–70 °C. The mixture was administered immediately after
inducing ischemic stroke in awake rats using a model of cerebral arterial air embolism. Respiratory and cardiovascular function, as well
as body temperature, coordination, muscle strength, and serum calcium binding protein B (S100B) concentrations were studied 24 hours
after embolization. A brain histopathological study was also performed. Results: Inhalation of heated Heliox (40–50 °C and 60–70
°C) immediately after cerebral arterial air embolism was shown to be an effective method for maintaining respiratory and cardiovascular
function and body temperature, for preventing the development of foci of ischemic brain damage on 2,3,5-triphenyltetrazolium chloride
(TTC)-stained sections of the brain, and for partially preserving coordination, muscle strength, locomotor activity, and for a partial
reduction in serum S100B concentration during the acute phase of ischemic stroke in rats compared to the untreated group with cerebral
arterial air embolism (CAE). Unheated Heliox had a negative effect on experimental animals, and decreased a survival rate to 62.5%.
Conclusions: Heated Heliox has an equally positive effect at temperatures of 40–50 °C and 60–70 °C, and significantly alleviated the
symptoms of ischemic stroke during the acute phase. In contrast, unheated Heliox at room temperature (20–22 °C) had a negative effect
on the course of ischemic stroke in rats.
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1. Introduction

Cerebral arterial air embolism (CAE) is a serious con-
dition that can lead to a stroke. Maintaining oxygenation is
an essential part of emergency treatment, directly impact-
ing the reduction of neurological deficits and the success of
rehabilitation. Hyperbaric oxygen therapy (HBOT) is the
gold standard for CAE treatment, but its limited availability
has prompted researchers to seek effective normobaric al-
ternatives [1]. One such alternative is the use of an oxygen-
helium mixture known as Heliox. A previous study has

shown that, when heated, Heliox has a more pronounced
and long-lasting neuroprotective effect in CAE than tradi-
tional HBOT [2]. Clinical observations also confirm the
effectiveness of heated Heliox in the rehabilitation of post-
stroke patients [3]. It is assumed that the neuroprotec-
tive effect of Heliox is not so much associated with hemo-
dynamic changes, but rather with the restoration of mito-
chondrial respiration and decreased mitochondrial mem-
brane permeability under [4]. Due to helium’s high heat
capacity, Heliox is usually administered in a heated form
to prevent hypothermia [5,6]. However, hypothermia it-
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self has been considered as a proven neuroprotective fac-
tor in stroke [7,8,9,10]. The exact mechanism by which
hypothermia exerts its neuroprotective effects remains un-
known, but it is believed to influence brain metabolism in
multiple ways. These include slowing the breakdown of
ATP, reducing glutamate release, and decreasing free radi-
cal formation [11,12]. This creates a dilemma. Heliox heat-
ing is technically necessary and its effectiveness has already
been confirmed [2,3], but the hypothermia caused by the
unheated mixture could theoretically also be beneficial.

There is no published data on the use of Heliox at am-
bient temperature in ischemic conditions. Therefore, the
most effective temperature regimen for using Heliox to pre-
vent neurological deficits in stroke remains unknown. The
aim of this study is to evaluate the efficacy of Heliox at three
different temperatures (20–22 °C, 40–50 °C, and 60–70 °C)
in the emergency treatment of experimental stroke induced
by CAE in awake rats.

2. Materials and Methods
2.1 Animals

The experiment involved 40 male Sprague-Dawley
(SD) rats aged 8–9 weeks, with the mean body weight of
282 grams. Specific pathogen free animals were received
from the laboratory of animal breeding center “Pushchino”
(Scientific production association “Nursery of laboratory
animals” of the M.M. Shemyakin and Yu.A. Ovchinnikov
Institute of Bioorganic Chemistry of the Russian Academy
of Sciences). Animal study was supported by Biore-
source Collection – Collection of SPF-Laboratory Rodents
for Fundamental, Biomedical and Pharmacological Studies
#075-15-2025-486.

Before the experiment, the animals were acclimatized
for 14 days. During the acclimatization period and the ex-
periment, the animals were kept in the two corridors barrier-
type test facility with the automatic change of day and night
time (08:00–20:00 - “Day”, 20:00–08:00 - “Night”) and the
renewal of the room air at least 12 times hourly. Tempera-
ture (20 °C–24 °C) and humidity (45%–65%) were continu-
ouslymonitored in each animal housing room automatically
using a computerized Eksis Visual Lab system (Practik-NC,
Moscow, Russian Federation). Standard Diet for laboratory
mice and rats Mucedola 4RF21 autoclavable (Mucedola s.
r.l., Via G. Galelei, 4–20019 Settimo Milanese MI, Italy)
and filtered tap water (MilliRO, Millipore, Germany) were
given ad libitum. Animals were housed in cages with red
transparent polycarbonate tents (Tecniplast S.P.A., Bugug-
giate, Italy) and nesting material (Lignocel Nesting Ball,
JRS, Rosenberg, Germany).

2.2 Study Design
The groups were randomly assigned based on body

weight using a block design. The Sample Size Calculator
(ClinCalc LLC, Chicago, IL, USA, https://clincalc.com/Sta

ts/SampleSize.aspx) was used to set the group size at 80%
power and 5% alpha values for an unpaired t-test.

CAEmodeling was performed on awake animals from
groups 2–5. Immediately after CAE modeling, the animals
in groups 3–5 were placed in an inhalation apparatus and
exposed to Heliox inhalation at different temperatures: un-
heated Heliox (HU) at 20–22 °C, heated Heliox at 40–50 °C
(HH50), and heated Heliox at 60–70 °C (HH70). The con-
trol group (group 1) was only subjected to catheterization.

The animals underwent clinical examination before
catheterization and daily thereafter. Only animals without
signs of clinical abnormalities were selected for the exper-
iment. Clinical examinations were performed twice daily
during the experiment to detect conditions requiring imme-
diate euthanasia, such as weight loss exceeding 20%, la-
bored breathing, or paralysis after CAE. In the CAE+HU
group, three animals died 24 hours after CAE (see Fig. 1B).
The results obtained from these three animals are presented
at the time points “baseline” and “3 hours after CAE” for the
following parameters: bodyweight, body temperature, neu-
rological deficit score, minute respiratory volume, pulse,
systolic pressure, time on the rod in the Rota-Rod test, fore-
limb grip strength, and vertical and horizontal activity in the
open field. These results were also used in the statistical
analysis at these time points. The calcium binding protein
B (S100B) levels of these three animals are presented only
at the baseline time point. At the time point ‘24 hours after
CAE’, data from the five to eight deceased animals were
used solely to assess neurological deficit score. In the neu-
rological deficit results, these animals received a score of
5, which corresponds to death (Section 2.6). The neuro-
logical deficit scores of these three animals 24 hours after
CAE were included in the statistical analysis to fully reflect
the pathophysiological progression of ischemic stroke. All
animals that survived until the end of the experiment were
included in the histological analysis. Three deceased ani-
mals were excluded from the histological analysis.

The animals were evaluated for physiological and
functional parameters 3 and 24 hours after CAE. Twenty-
four hours later, the animals were euthanized, necropsied,
and examined for brain lesions. Blood samples were col-
lected to measure S100B concentration. The researchers
who recorded the animal parameters and performed the
histopathological analysis were blinded to group assign-
ment. The study director (VP) randomized the animals for
recording of the physiological and functional parameters at
each time point. The other researchers who recorded the
parameters were blinded to the group assignment. All mea-
surements were performed individually for each animal.
The physiological and functional measurements were taken
from 10:00 AM to 1:00 PM. The data obtained from the an-
imals after catheterization and before CAE modeling were
consistent with baseline results.
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Fig. 1. Physiological parameters before CAE, 3 hours and 24 hours after CAE. (A) The neurological deficit score was significantly
increased after CAE modeling compared to the baseline in all groups with CAE (n = 8, Friedman test with post-hoc Dunn’s test) and
the Control group (n = 8, Kruskal-Wallis test with post-hoc Dunn’s test). HH50 and HH70 (n = 8) led to a significant decrease of
deficit score, whereas HU did not (n = 8, Kruskal-Wallis test with post-hoc Dunn’s test). (B) The deaths of three animals were observed
only in the group with HU, 24 hours after CAE, prior to functional parameters registration. (C) The minute respiratory volume was
significantly decreased at 3 hours and 24 hours after CAE modeling in the CAE group (n = 8) and CAE+HU group (n = 8 at 3 hours
and n = 5 at 24 hours) compared to the baseline (mixed-effects ANOVA with post-hoc Dunnett test) and the Control group (one-way
ANOVA with post-hoc Tukey test), while heated HH50 and HH70 reduced respiratory function depression (n = 8, one-way ANOVA
with post-hoc Tukey test). HU has not improved respiratory function upon CAE modeling (n = 8, one-way ANOVA with post-hoc
Tukey test). (D) Body temperature was significantly decreased at 3 and 24 hours after CAE modeling in the CAE group compared to the
baseline (n = 8, mixed-effects ANOVA with post-hoc Dunnett test) and the Control group (n = 8, one-way ANOVA with post-hoc Tukey
test), HH50 and HH70 (n = 8) fully restored body temperature 24 hours after CAE, unlike HU (n = 5, one-way ANOVA with post-hoc
Tukey test). (E) Pulse and (F) Systolic pressure were significantly decreased at 3 and 24 hours after CAE modeling compared to the
baseline (mixed-effects ANOVA with post-hoc Dunnett test) and the Control group (one-way ANOVA with post-hoc Tukey test), HH50
and HH70 had a protective effect on cardiovascular function in all animals 3 hours and 24 hours after CAE modeling (n = 8, one-way
ANOVA with post-hoc Tukey test). Significant differences between groups in one-way ANOVA with post-hoc Tukey test are marked
above the individual values with indication of p-values. Non-significant differences between groups in one-way ANOVA with post-hoc
Tukey test are highlighted with a blue connecting line, p-values are shown in bold. *p < 0.05 compared to the baseline of the group in
mixed-effects ANOVA with post-hoc Dunnett test. Data are shown as individual values, group means, and SEM. The number of animals
in each group is presented on the bars. Abbreviations: CAE, cerebral arterial air embolism; ANOVA, Analysis of Variance; BPM, beats
per minute; HU, unheated Heliox; HH50, heated up to 40–50 °С Heliox; HH70, heated up to 60–70 °С Heliox.
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Table 1. Study groups.
Group Catheterization CAE modeling Heliox inhalation Number of animals at a

baseline (after
catheterization)

(1) Control + - - 8
(2) CAE +

24 h after catheterization

- 8
(3) CAE+HU (Unheated
Heliox)

+ Immediately after CAE modeling, at
a temperature 20–22 °C

8

(4) CAE+HH50 (Heliox
Heated up to 40–50 °C)

+ Immediately after CAE modeling, at
a temperature 40–50 °C

8

(5) CAE+HH70 (Heliox
Heated up to 60–70 °C)

+ Immediately after CAE modeling, at
a temperature 60–70 °C

8

2.3 Catheterization
Before CAE modeling, all animals underwent

catheterization of the internal carotid artery. The animals
were anesthetized with an intramuscular injection of
Telazol® (672913, Zoetis Inc., Parsippany, NJ, USA) at a
dose of 30 mg/kg and Xyla® (0151, Interchemie Werken
“De Adelaar” B.V., Venray, Netherlands) at a dose of 10
mg/kg, and then catheterized. Anesthesia was administered
once per study. The animal was considered anesthetized
when it showed no corneal reflex and did not respond
to tail pinching. Then, a section of the external carotid
artery was isolated and secured with two ligatures. Then,
an incision was made in the vessel between the ligatures
using vascular scissors. The incision formed an opening
in the vessel that was spread apart with vascular forceps.
Then, a catheter pre-filled with 50 U of heparin (30122,
Endopharm. Moscow Endocrine Plant, Moscow, Russian
Federation) diluted in 0.9% NaCl was inserted through the
opening. After releasing the distal ligature, the catheter
was pushed further along the vessel until it entered the
common trunk of the carotid artery. Then, the catheter was
secured with a shock-absorbing ring. The ligatures were
tightened and tied. The catheter was brought out to the
withers. The outer catheter sections were 3.5–4.0 cm long.
The ventral wound and the tightly fitted dorsal skin around
the catheters were sutured. Five groups of eight animals
were formed for the experiment after catheterization (Table
1).

2.4 Cerebral Arterial Embolism Modeling
Twenty-four hours after catheterization, CAE was

modeled in animals of groups 2–5 using the method de-
scribed in [13]. In brief, an awake animal was placed in
a restrainer. An adapter, which was an additional 100-μL
catheter, was connected to the catheter at the rat’s withers.
The systemwas then connected to a syringe filledwith 0.9%
NaCl through the adapter. The syringe was placed in an Al-
addin AL-1000 infusion pump (AL-1000, World Precision
Instruments, Sarasota, FL, USA). Air was supplied through
the catheter at a rate of 10 μL per minute, for a total volume
of 100 μL per animal.

2.5 Heliox Treatment
Immediately after CAE modeling, the animals in all

groups were placed in the Laboratory Inhalation Complex
(LIC) for supplying gas mixtures, which was developed by
the Specialized Design Bureau of Experimental Equipment
at the Institute of Medical and Biological Problems of the
Russian Academy of Sciences. In the groups 3–5, a ready-
to-use inhalation mixture of Heliox (32% O2/68% He) was
supplied from a cylinder at a rate of at least 0.5 L/min per in-
dividual restrainer housewith an animal. The gaswas deliv-
ered uniformly through a diffuser directly into the individ-
ual restrainer houses after passing through a heating circuit.
The circuit heated the gas to 40–50 °C for the CAE+HH50
group and 60–70 °C for the CAE+HH70 group. Internal
sensors in the restrainer houses monitored the temperature.
Animals from the CAE+HH50 and CAE+HH70 groups
were placed in a preheated, completely filled Heliox expo-
sure module. The exposure module was not heated for the
CAE+HU group. Each inhalation therapy session consisted
of three 5-minute inhalation periodswith 5-minute breaks in
between. The animals from the groups 1 and 2 were placed
in individual restrainer house of the LIC for 30minutes with
unrestricted access to air breathing at room temperature.

2.6 Neurological Deficit Evaluation
Neurological deficits were assessed before CAEmod-

eling, immediately after CAE, 1 hour, 3 hours, and 24 hours
after CAE. The animal’s neurological condition was as-
sessed using a 0–5 point scale: 0 = no neurological deficit,
1 = inability to fully straighten the forelimb, 2 = rotation,
3 = loss of limb support, 4 = no spontaneous walking with
depressed level of consciousness and 5 = death, according
to the source [14].

2.7 Locomotor Activity
Locomotor activity of animals was assessed before

CAE, and 3 and 24 hours after CAE using a computer-
ized Multiple Activity Cage 47420 system with CUB 2005
v.3.0.15 software (Ugo Basile, Gemonio, Italy), recording
the vertical and horizontal activity of animals for 3 minutes.

4

https://www.imrpress.com


2.8 Respiratory Function
Respiratory function was assessed before CAE and at

3 and 24 hours after CAE using a PowerLab 8/35 system
(ADInstruments Pty Ltd., Bella Vista, Australia) which in-
cluded a spirometer unit FE141 and breathing head. The
respiratory rate and tidal volume were recorded for 10 sec-
onds. Minute respiratory volume was calculated by multi-
plying the respiratory rate by the tidal volume.

2.9 Cardiovascular Function
Cardiovascular parameters were assessed before CAE

and 3 and 24 hours after CAE using a PowerLab 8/35
computerized NIBP system (ADInstruments Pty Ltd., Bella
Vista, Australia). A pulse sensor with a cuff was placed on
the ventral surface of the base of the tail, directly beneath
the caudal artery. The systolic blood pressure and pulse rate
were recorded.

2.10 Body Temperature
Body temperature was measured before CAE, and 3

and 24 hours after CAE, rectally using a medical digital
thermometer (B.Well, Widnau, Switzerland), with a mea-
suring range of 32 °С–42 °С.

2.11 Rota-Rod Test
Coordination was assessed before CAE, 3 hours and

24 hours after CAE using the Rota-rod test on a Rotamex-
5 (Columbus Instruments, Columbus, OH, USA). The an-
imals were placed on a horizontal rotating rod with a di-
ameter of 7 cm at a minimum speed of one revolution per
minute (RPM). Then, the rod began to rotate at an acceler-
ation of 1 RPM every 10 seconds, up to a maximum speed
of 60 RPM.

2.12 Forelimb Grip Strength
Forelimb grip strength was assessed before CAE, 3

hours and 24 hours after CAE, using the Grip Strength
Meter (BioMed Easy Technologies Co., Ltd., Shenzhen,
China). The animal was allowed to grasp a grate, and the
maximum grip strength was recorded over three attempts.

2.13 Necropsy and Brain Examination
The animals that survived until the end of the experi-

ment were euthanized 24 hours after CAE in a CO2 cham-
ber. During necropsy, brains were removed only from sur-
viving animals and 2-mm-thick coronal sections were pre-
pared. These sections were then placed in a 1% solution
of 2,3,5-triphenyltetrazolium chloride (TTC) (A6246, Ap-
pliChem GmbH, Darmstadt, Germany) at 37 °C for 10–12
minutes. The stained sections were examined for brain le-
sion presence or absence using a photographic record. The
brains of prematurely deceased animals in the CAE+HU
group were excluded from brain examination and histolog-
ical analysis.

2.14 Histopathology
Only the brains of animals that survived to the end of

the experiment were examined histologically. Brain sec-
tions that had been stainedwith TTCwere fixed in formalin,
dehydrated, and embedded in paraffin. Serial paraffin sec-
tions 5 µm thick were deparaffinized in xylene, rehydrated
by sequential incubation with 100%, 95%, 80%, and 60%
ethanol. The sections were then stained with hematoxylin
and eosin. The stained sections were covered with mount-
ing solution and air-dried. The sections were examined us-
ing a KF Bio KF-PRO-005-HI scanner (Helicon Company,
Moscow, Russian Federation) at 40× magnification and an-
alyzed using theKFBioScan program v 9.0 (Bioimager Inc.,
Vaughan, ON, Canada).

2.15 Serum Calcium Binding Protein B Level
Measurement

The blood sampling was performed twice: 24 hours
after catheterization (baseline) and 24 hours after CAE
modeling. For S100B concentration measurement at the
baseline, 24 hours after catheterization, blood samples (200
μL) were obtained from a tail vein using a 24 G intra-
venous catheter (Advamedics, Moscow, Russian Federa-
tion) in all animals to obtain serum. Twenty-four hours
after CAE, blood samples were collected during necropsy
(2 mL) and were used to obtain serum for S100B concen-
tration measurement. The samples were left at room tem-
perature for 40 minutes, after which they were centrifuged
at 4 °C for 15 minutes at 1500 g using a laboratory multi-
functional centrifuge with cooling (Eppendorf 5804 R, Ep-
pendorf Ltd., Stevenage, UK). The serum was analyzed us-
ing an enzyme-linked immunosorbent assay (ELISA) with
an ELISA kit for S100B (SEA567Ra, Cloud-Clone Corp.,
Katy, TX, USA).

2.16 Statistical Analysis
Statistical analysis was performed using Prism v.10

(GraphPad, Boston, MA, USA). The Shapiro-Wilk test was
used to determine normality of all distributions. Significant
differences were determined at p < 0.05. Descriptive statis-
tics (mean and standard error of the mean) are presented for
all quantitative data and are shown in the figures.

A parametric one-way ANOVA was used to compare
samples across groups within each time point of the study
for the following parameters: body weight, body temper-
ature, minute respiratory volume, pulse, systolic pressure,
time on the rod in the Rota-rod test, forelimb grip strength,
vertical and horizontal activity in the open field, S100B
concentration. All groups were compared with each group
at each time point. A post-hoc Tukey test was used in this
analysis.

Mixed-effects ANOVA was used to compare samples
within each group. Data from a single group collected at
successive time points during the studywere comparedwith
baseline results. A post-hoc Dunnett test was applied in
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this analysis. Mixed-effects ANOVA was used for the fol-
lowing parameters: body weight, body temperature, minute
respiratory volume, pulse, systolic pressure, time on the rod
in the Rota-rod test, forelimb grip strength, vertical and hor-
izontal activity in the open field, S100B concentration.

The neurological deficit score was analyzed using a
Kruskal-Wallis test with a post hoc Dunn’s test for compar-
isons between groups at each time point. The Friedman test
with post hoc Dunn’s test was used for within-group com-
parisons across time points. The neurological deficit score
from a single group, collected at successive time points dur-
ing the study, was compared with baseline results.

Fisher’s exact test was used to assess the presence of
ischemic lesions in the brain at necropsy. All groups were
compared with the control group and the CAE group. This
test compared the number of animals exhibiting foci of is-
chemic lesions 24 hours after CAE. No post-hoc tests were
performed in the Fisher’s exact test.

3. Results
3.1 Survival and Neurological Deficit

Neurological deficits in groups 2–5 with CAE mod-
eling was more pronounced immediately after emboliza-
tion, prior to Heliox inhalation (Fig. 1A). One hour after
CAE, animals in the CAE+HH50 and CAE+HH70 groups
began to recover mobility, in contrast to the CAE group
and the CAE+HU group, where all animals exhibited no
locomotor activity. Three hours after CAE, a negative ef-
fect was noticeable in the CAE+HU group, where most an-
imals failed to recover locomotor function, in contrast to
the CAE+HH50 and CAE+HH70 groups, where all animals
were able to move with limb support. Twenty-four hours
after CAE, the neurological deficit score decreased in the
CAE group. In the CAE+HH50 and CAE+HH70 groups,
the neurological deficit score decreased to baseline level 24
hours after CAE. However, in the CAE+HU group, neuro-
logical deficits remained severe. Three animals were as-
signed a deficit score of 5 due to death prior to the 24-hour
testing period. During the 24-hour observation period, three
out of eight animals (37.5%) died in the CAE+HU group
(Fig. 1B). No deaths or conditions requiring immediate eu-
thanasia were observed in the other groups.

3.2 Respiratory Function
Three hours after CAE modeling, a significant de-

crease in respiratory system parameters was observed in
the CAE group and the CAE+HU group compared to base-
line level. However, this decrease was not observed in the
CAE+HH50 and CAE+HH70 groups (see Fig. 1C). Three
hours after CAE modeling, the CAE+HH50 group showed
a 90% increase in minute respiratory volume compared to
the CAE group. A single inhalation of heated Heliox (60–
70 °C) in the CAE+HH70 group also had a positive effect
on respiratory parameters three hours after CAE modeling,
increasing minute respiratory volume by 97% compared to

the CAE group. Twenty-four hours after CAE modeling,
minute respiratory volume returned to baseline in all groups
except the CAE and CAE+HU groups, where it remained
reduced by 15% and 17%, respectively. In the CAE+HH50
and CAE+HH70 groups, minute respiratory volume did not
differ significantly from control values at either three or 24
hours after CAE.

3.3 Body Temperature

A statistically significant reduction in body tempera-
ture after CAE was observed in animals from the CAE and
CAE+HU groups with an average decrease of 4% and 5%,
respectively (Fig. 1D). Three hours after CAE, animals in
the CAE+HH50 and CAE+HH70 groups had body temper-
atures that were 0.9 °C higher than those of the CAE group,
and 1.0 °C higher at 24 hours after CAE. The CAE+HH50
andCAE+HH70 groups had a higher body temperature than
the CAE group at 3 and 24 hours after CAE. Twenty-four
hours after CAE, the body temperatures of animals in the
CAE and CAE+HU groups decreased by 2.6% and 4%, re-
spectively, compared to the baseline. At 3 and 24 hours
after CAE, there was no significant difference in body tem-
perature between the CAE+HH50/CAE+HH70 and control
groups.

3.4 Cardiovascular Function

A significant decrease in heart rate (12%) and blood
pressure (20%) was observed in the CAE group, 3 hours
after CAE (Fig. 1E,F). The HU inhalation did not lead to
improvement in the cardiovascular parameters after CAE
modeling. Blood pressure and heart rate decreased signif-
icantly in the CAE+HU group by 13% and 25%, respec-
tively, compared to the baseline. Three hours after CAE,
an increase in heart rate by 11% and in blood pressure by
19% was observed in the CAE+HH50 group compared to
the CAE group. HH70 inhalation increased heart rate by
12% and blood pressure by 16%, compared to the CAE
group, 3 hours after CAE. The heart rate and blood pres-
sure did not differ significantly from the Control group in
the HH50 and HH70 groups 3 hours after CAE. Twenty-
four hours after CAE, cardiovascular parameters recovered
to the baseline and did not differ among all groups.

3.5 Coordination

Three hours after CAE modeling, coordination in an-
imals was significantly reduced by 94% compared to the
Control group and the baseline (Fig. 2A). On average, 3
hours after CAE animals maintained a latency time on the
rotating rod of 7 seconds. HU inhalation did not improve
coordination. Three hours after CAE modeling, the ani-
mals from the CAE+HU maintained a latency time on the
rotating rod that was 96% lower than the baseline. In the
CAE+HH50 and CAE+HH70 groups, the latency time on
the rotating rod was 551.43% and 642.86%, respectively,
higher than in the CAE group three hours after CAE mod-
eling.
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Fig. 2. Functional parameters of coordination, muscle strength and locomotor activity before CAE, 3 hours and 24 hours after
CAE. (A) Coordination was significantly impaired in all animals at 3 and 24 hours after CAE modeling in the Rota-Rod test (n = 8,
compared to baseline (mixed-effects ANOVA with post-hoc Dunnett test) and the Control group (n = 8, one-way ANOVA with post-hoc
Tukey test), HH50 and HH70 (n = 8) inhalation led to gradual recovery of coordination after CAE (one-way ANOVAwith post-hoc Tukey
test). (B) Forelimb grip strength decreased in the CAE group (n = 8) and CAE+HU group (n = 8 at 3 hours and n = 5 at 24 hours) at 3 and
24 hours after CAE compared to baseline (mixed-effects ANOVA with post-hoc Dunnett test) and the Control group (one-way ANOVA
with post-hoc Tukey test), while heated Heliox inhalation in the CAE+HH50 and HH70 groups (n = 8) fully prevented muscle weakness
after CAE modeling (one-way ANOVA with post-hoc Tukey test). (C) Horizontal activity and (D) vertical activity were decreased in the
open field test at 3 hours in all animals after CAE modeling compared to baseline (n = 8, mixed-effects ANOVA with post-hoc Dunnett
test) and the Control group (one-way ANOVA with post-hoc Tukey test). However, at 24 hours after CAE, animals in the CAE+HH50
and CAE+HH70 groups showed a recovery in vertical and horizontal activity (n = 8, one-way ANOVA with post-hoc Tukey test), while
animals in the CAE group (n = 8) and the CAE+HU group (n = 5) continued to exhibit reduced locomotor activity (one-way ANOVAwith
post-hoc Tukey test). Data are shown as individual values, group means, and SEM. Significant differences between groups in one-way
ANOVAwith post-hoc Tukey test are marked above the individual values with indication of p-values. Unsignificant differences between
groups in one-way ANOVA with post-hoc Tukey test are highlighted by blue connecting lines, p-values are shown in bold. *p < 0.05
compared to baseline of the group in mixed-effects ANOVA with post-hoc Dunnett test. Data are shown as individual values, group
means, and SEM. The number of animals in each group is presented on the bars.

Twenty-four hours after CAE modeling, coordination
began to recover in the CAE group, with an average latency
time on the rotating rod of 49 seconds; however, values re-
mained 65% lower than baseline. Animals in the CAE+HU
group also demonstrated poor performance, maintaining la-
tency time on the rotating rod for an average of 8 seconds,
which was 94% lower than baseline values. Heated Heliox
in the CAE+HH50 and CAE+HH70 groups enabled the an-

imals to maintain a latency time on the rotating rod for an
average of 90 and 92 seconds, respectively, 24 hours after
CAE; however, these values were still significantly lower
than the baseline by 37% and 35%, respectively.

3.6 Grip Strength

In the CAE group, forelimb grip strength decreased
by 57% and 53% in animals at 3 and 24 hours after CAE
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modeling, respectively (Fig. 2B). Twenty-four hours after
CAEmodeling, a trend towards increased grip strength was
observed in the CAE group. In the CAE+HU group, grip
strength decreased by 74% compared to the baseline at 3
and 24 hours after CAEmodeling. HH50 and HH70 inhala-
tion reduced muscle weakness at 3 and 24 hours after CAE.
The CAE+HH50 and CAE+HH70 groups did not show sig-
nificant muscle strength decrease compared to the control
group or baseline.

3.7 Locomotor Activity
In animals with CAE modeling, horizontal (Fig. 2C)

and vertical (Fig. 2D) activity decreased significantly at
3 and 24 hours after CAE compared to the control group
and baseline. In the CAE group, horizontal activity de-
creased by 82% three hours after CAE modeling compared
to baseline. Three hours after CAE modeling, animals in
the CAE+HU group exhibited an even greater reduction
in horizontal activity compared to the CAE group (53%)
and the baseline (91%). Three hours after CAE, horizon-
tal activity was significantly higher in the CAE+HH50 and
CAE+HH70 groups by 132% and 115%, respectively, com-
pared to the CAE group. Additionally, vertical activity was
observed in all animals in the CAE+HH50 and CAE+HH70
groups three hours after CAE modeling. In contrast, ver-
tical activity was absent in all animals in the CAE and
CAE+HUgroups. Twenty-four hours after CAE, horizontal
activity in the CAE+HH50 and CAE+HH70 groups was at
73% and 99% higher than in the CAE group. Vertical activ-
ity in the CAE+HH50 and CAE+HH70 groups was at 258%
and 308% higher than in the CAE group, respectively. This
contrasted with the CAE+HU group, in which both hori-
zontal and vertical activity remained reduced 24 hours after
CAE by 74% and 64%, respectively, compared to baseline.
In the HH50 and HH70 groups, vertical activity did not dif-
fer significantly from the Control group at 24 hours after
CAE. However, horizontal activity had not fully recovered
at 24 hours after CAE in the groups with CAE modeling.

3.8 S100B Serum Concentration
Twenty-four hours after CAE modeling, the serum

S100B concentration increased significantly by 346.26%
in the CAE group and by 385.99% in the CAE+HU group,
compared to the Control group (Fig. 3). Serum S100B con-
centration was also significantly increased by 172.79% and
186.39% in the CAE+HH50 and CAE+HH70 groups, re-
spectively, compared to the Control group. However, the
increase in S100B concentration in the CAE+HH50 and
CAE+HH70 groups was less pronounced compared to the
CAE and CAE+HU groups. Twenty-four hours after CAE,
HH50 and HH70 inhalation resulted in a significant de-
crease in serum S100B concentration by 39% and 36% re-
spectively, compared to the CAE group.

3.9 Histopathological Examination of the Brain
Examination of brain sections stained with TTC re-

vealed clear ischemic brain lesions in all animals from the
CAE group (Fig. 4). After HU inhalation, ischemic le-
sions on TTC-stained sections were observed in three out of
five surviving animals (Table 2). No evidence of ischemic
stroke lesions on TTC-stained sections was observed in
any of the animals from the CAE+HH50 and CAE+HH70
groups (Fig. 4).

Histological examination of the animals’ brains after
CAE revealed an area of irreversible ischemic damage in
the right hemisphere, characterized by neuronal pyknosis
and slight neutrophil infiltration. A similar pattern was ob-
served in the CAE+HU group. These pathological changes
were absent in the CAE+HH50 and CAE+HH70 groups
(Fig. 4).

4. Discussion
Oxygenation plays a significant role in preventing

post-stroke complications. Previously, we demonstrated
that a single inhalation of heated Heliox (40–50 °C) sig-
nificantly reduced the development of neurological abnor-
malities in the physiological parameters of animals with is-
chemic stroke induced by CAE [2]. Since hypothermia has
been shown to be beneficial during stroke rehabilitation, it
was interesting to study the effect of room-temperature He-
liox (20–22 °C) on rehabilitation, and compare it with one
of previously studied Heliox at 40–50 °C and, of warmer
Heliox at 60–70 °C.

Ischemic stroke was modeled in awake rats by CAE
[2,13]. Three hours after CAE, animals without subse-
quent therapy exhibited symptoms including motor, respi-
ratory, and cardiovascular depression, as well as decreased
body temperature, impaired coordination, reduced mus-
cle strength, and decreased locomotor activity. Ischemic
stroke lesions were visualized in the middle cerebral artery
basin of all animals with CAE after staining with TTC and
hematoxylin and eosin. These histopathological changes
on TTC-stained sections of the brain and hematoxylin and
eosin stained sections were accompanied by an increase
in serum S100B concentration, indicating neurodegenera-
tive processes initiated by CAE [15]. Previously, we de-
termined that the average area of ischemic brain lesions
stainedwith TTC in the second frontal section of the brain is
9–11% one day after CAE in rats [2]. However, the present
study did not include a quantitative assessment of the vol-
ume of ischemic lesions in the brain. We only evaluated
the presence or absence of foci of ischemic lesions on TTC-
stained sections of the brain, which could be considered a
limitation of this study. The pathophysiological picture ob-
tained in the experiment corresponded to the acute phase
of ischemic brain injury. This phase was accompanied by
loss of consciousness, decreasedmuscle strength, and an in-
ability to support one’s own weight immediately after mid-
dle cerebral artery embolization [16]. A clinical study has
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Fig. 3. Serum protein S100B concentrations before and 24 hours after CAE modeling. Twenty-four hours after CAE, serum S100B
level was significantly increased after CAE in all groups compared to the Control group (n = 5 in the CAE+HU group, n = 8 in the
Control group, CAE group, CAE+HH50 and CAE+HH70 groups, one-way ANOVA with post-hoc Tukey test). Serum S100B level was
significantly increased after CAE in all groups compared to the baseline (mixed-effects ANOVA with post-hoc Dunnett test). HH50 and
HH70 inhalation (n = 8) decreased S100B level compared to the CAE group (n = 8, one-way ANOVA with post-hoc Tukey test). The
S100B concentration in the CAE+HU group did not differ from the CAE group values (one-way ANOVA with post-hoc Tukey test).
Significant differences between groups in one-way ANOVA with post-hoc Tukey test are denoted by an asterisk (*) above the individual
values with indication of p-values. *p < 0.05 compared to the baseline of the group in mixed-effects ANOVA with post-hoc Dunnett test.
Data are shown as individual values, group means, and SEM. The number of animals in each group is indicated on the bars.

Table 2. Number of animals with ischemic stroke lesions on TTC-stained sections of the brain 24 hours after CAE modeling.

Groups
Control CAE CAE+HU CAE+HH50 CAE+HH70

Number of cases/Number of animals examined

Presence of ischemic stroke lesions 0/8 8/8* 3/5 0/8# 0/8#

Significant differences are marked as: * p < 0.05 compared to the control group (Fisher’s exact
test). # p < 0.05 compared to the CAE group (Fisher’s exact test). Abbreviations: TTC, 2,3,5-
triphenyltetrazolium chloride.

also documented impaired respiratory and cardiovascular
function in patients with acute ischemic stroke [17]. The
CAE group consisted of animals that received unheated air
at room temperature in the LIC following CAE modeling.
We previously conducted a study involving a group of ani-
mals that breathed heated air after CAE [2]. No significant
effect of air heated to 50 °C was observed in preventing
ischemic stroke or improving functional and physiological
parameters in animals. Therefore, in this study, we limited
our analysis to a group of animals that breathed unheated
air immediately after CAE modeling.

The use of HH50 and HH70 allowed the animals to
prevent a significant decrease in respiratory and cardiovas-
cular parameters and body temperature 3 hours after CAE.
Twenty-four hours after CAE, these parameters were sim-
ilar to those of the control group. Additionally, improved
coordination and increased muscle strength were observed
with the inhalation of HH50 and HH70 three hours af-
ter CAE; however, these results did not align with those
of the baseline or control group. Twenty-four hours af-
ter CAE, all animals in both CAE+HH50 and CAE+HH70
group showed no brain lesions on TTC-stained sections of
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Fig. 4. Histopathological analysis of brain sections 24 hours after CAE. Representative photographs of brain sections stained with
TTC are on the left. Scale bar = 5 mm. White areas indicate the infarct zone, and undamaged areas are stained red. Panoramic micropho-
tographs of histological sections (stained with hematoxylin and eosin) show changes in the cortex of the right hemisphere. In the CAE
and CAE+HU groups, extensive brain damage was observed on TTC sections, and characteristic signs of ischemic brain damage were
observed in the histological analysis. In the groups CAE+HH50 and CAE+HH70, pictures on both TTC and histological sections were
comparable to those of the Control group, indicating the absence of morphological signs of infarction. Scale bar = 800 μm and 100 μm.
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the brain and hematoxylin and eosin stained sections of
the brain. Twenty-four hours after CAE, there is a dis-
crepancy between the lack of foci of ischemic brain le-
sions on TTC-stained sections of the brain in all animals
in the CAE+HH50 and CAE+HH70 groups and the incom-
plete recovery of their coordination and horizontal activity,
as well as the incomplete reduction in neurological deficit
scores to baseline levels. This discrepancy may also be re-
lated to the staining method used, TTC, which may not be
an absolute indicator of the presence or absence of ischemic
brain damage.

Twenty-four hours after CAE, serum S100B concen-
tration was significantly lower in the CAE+HH50 and
CAE+HH70 groups than in the untreatedCAEgroup. How-
ever, S100B levels remained significantly higher in the
HH50 and HH70 groups than in the control group 24 hours
after CAE. Therefore, it cannot be concluded that ischemic
brain damage was completely prevented on TTC-stained
sections of the brain. Despite an increase in the neurological
injury marker S100B in the CAE+HH50 and CAE+HH70
groups 24 hours after CAE, the animals exhibited recovery
of muscle strength, vertical activity in an open field, and
respiratory and cardiovascular functions at this time point.
Therefore, based on these results, it is suggested that S100B
be measured three hours after CAE to better understand the
relationship between S100B concentration dynamics and
the animals’ physiological and functional parameters fol-
lowing CAE.

There were no significant differences in physiological
parameters when comparing the two groups (CAE+HH50
and CAE+HH70). Their body temperature, respiratory, and
cardiovascular parameters were closer to those of the con-
trol group. A previous study has confirmed that inhaling
heated Heliox (70 °C) for 20 minutes is safe for human res-
piratory tract cells [18]. However, the therapeutic effect
achieved through such heating does not provide significant
benefits in cases of CAE.

Interestingly, inhalation of unheated Heliox at room
temperature did not improve physiological, histopatholog-
ical, or functional parameters, even 24 hours after CAE
modelling. Unheated Heliox also failed to restore coor-
dination, muscle strength, or locomotor activity 24 hours
after CAE. Meanwhile, functional parameters tended to re-
cover in the CAE group. Furthermore, administering HU
immediately after CAE resulted in death of three animals
within 24 hours, compared to 100% survival in all other
groups. Significant depression of respiratory and cardio-
vascular function and hypothermia were observed in the de-
ceased animals 24 hours after CAE. Twenty-four hours after
CAE, the pulse, blood pressure, and minute respiratory vol-
ume of the surviving animals in the CAE+HU group were
similar to those of the animals in the CAE group that did
not receive therapy (Group 2). Ischemic lesions on TTC-
stained sections of the brain were detected in the brains of
three out of five surviving animals, and the concentration

of the neurodegeneration marker S100B was significantly
elevated in their serum. Similarly, ischemic brain lesions
on TTC-stained sections of the brain and a significant in-
crease in serum S100B levels were observed in all eight
untreated animals from the CAE group, which fully con-
firmed the danger of unheated Heliox inhalation. Presum-
ably, all the negative effects observed with unheated He-
liox are due to its high heat capacity. A clinical study by
Pavlov et al. [19] supports this hypothesis, showing that
inhaling room-temperature Heliox decreases body temper-
ature, while inhaling Heliox heated to 65 °C increases it.
The increase may be caused by the large amount of heat
transferred from the Heliox, as well as by the stimulation of
receptors in the upper respiratory tract [19]. Thus, based on
the results obtained in animals, it is strongly recommended,
to use Heliox in a preheated form, at least several degrees
above body temperature, to avoid the potential negative ef-
fects of it.

A limitation of this study is the short duration of an-
imal observation – 24 hours after CAE. Indeed, it has pre-
viously been demonstrated that neurological deficits persist
for up to 3 days after CAE and gradually resolve by 7 days
after CAE, as published by [13]. The most pronounced im-
pairments in the acute phase of ischemic stroke were ob-
served three hours after CAE. Thus, the present study was
limited to the acute phase of ischemic stroke and the effect
of the Heliox temperature regime on rat pathophysiology.
Only male rats were used in the study, which may affect
how these results can be applied to humans.

Nevertheless, the potential for using warmed Heliox
during the acute phase of ischemic stroke has been demon-
strated, as well as the risk associated with unheated Heliox
inhalation after ischemic stroke. Another limitation of this
study is the administration of gas mixtures immediately af-
ter CAE modeling in rats. While inhalation can be per-
formed immediately after CAE modeling in a laboratory
setting, emergency measures following an ischemic stroke
are often initiated 30 minutes, an hour, or longer after the
event in clinical practice. Future research should investi-
gate the efficacy of heated Heliox at delayed time points
following ischemic stroke induction.

5. Conclusions
Heated Heliox (40–50 °C or 60–70 °C) inhalation im-

mediately after CAE prevented the formation of ischemic
brain lesions on TTC-stained sections of the brain, signifi-
cantly alleviated the suppression of respiratory and cardio-
vascular functions, maintained body temperature 3 hours
after CAE. Heated Heliox (40–50 °C or 60–70 °C) inhala-
tion immediately after CAE promoted the recovery of mus-
cle strength, and reduced serum S100B concentration 24
hours after CAE in rats. Three hours after CAE during the
acute phase of ischemic stroke, heated Heliox (40–50 °C or
60–70 °C) partially restored coordination, locomotor activ-
ity, and neurological deficits. In contrast, inhaling unheated
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Heliox at room temperature (20–22 °C) immediately after
CAE negatively affected physiological and functional pa-
rameters and failed to eliminate ischemic brain lesions on
TTC-stained brain sections.
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