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Summary

Traumatic brain injury (TBI) remains one of the leading causes of disability, and current approaches to
neuroprotection have limited efficacy. The inert gas krypton is considered a promising neuroprotective agent;
however, data on its effects in TBI and on components of the neurovascular unit (NVU) are limited.

Objective. To evaluate the neuroprotective potential of krypton in rats with traumatic brain injury (TBI) in
vivo and in NVU cell cultures subjected to oxygen-glucose deprivation (OGD) in vitro.

Materials and Methods. The study included 48 Wistar rats divided into 3 groups: SO (sham operated), TBI
(N2/05 70/30 %), and TBI +iKr (Kr/O, 70/30%). A model of controlled open brain contusion injury was used.
On day 14, we assessed neurological deficits (limb placing test, LPT), the extent of brain injury (T2-weighted
MRI slices), morphological changes (hematoxylin-eosin staining), and the expression of GFAP and Caspase-3
(fluorescent immunohistochemistry, IHC). IL-1§, IL-6, and TNF-a mRNA levels in the injury zone were deter-
mined by PCR. In vitro studies investigated the effect of krypton preconditioning (Kr/O, 79/21 %, 24 h) on the
survival of neuronal (SH-SY5Y), glial (C6), and vascular endothelial (Ea.Hy926) cells during OGD (4-6 h).

Results. A significant neurological deficit of 2.5 (2; 5.25) scores was determined by the TBI modeling ac-
companied by a large volume of brain damage of 33 (28; 39) mm3. Krypton inhalation led to a reduction in the
lesion volume to 18 (15; 26) mm? and accelerated the recovery of sensorimotor functions: starting on day 7,
the indicators in the TBI+iKr group were statistically significantly better than in the TBI group, and by day 14,
they approached the values of the SO (control) group. In the TBI+iKr group, IL-1p and TNF-« levels in the af-
fected hemisphere were nearly 50% lower than in the TBI group, while remaining higher than in the SO group;
changes in IL-6 levels were insignificant. Histologically, less significant cerebral edema, spongiosis, and neu-
ronal degeneration were observed in the TBI +iKr group. Immunohistochemical analysis revealed a trend to-
ward more pronounced reactive gliosis (GFAP) with no differences in Caspase-3. In vitro, krypton precondi-
tioning under OGD conditions did not improve the survival of neuronal, glial, and endothelial cells.

Conclusion. Krypton exerted significant neuroprotective effect in experimental TBI in rats, reducing neu-
rological deficits, the extent of structural damage, and the severity of the inflammatory response. The absence
of a protective effect in NVU cellular models underscores the essential role of systemic and intercellular inter-
actions in the neuroprotective action of krypton and warrants further research into its mechanisms of action
and dosing optimization.
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Introduction

The brain is one of the most protected yet
most vulnerable organs. Brain injury may commonly
result in catastrophic consequences, both for the
individual and a whole society, placing a significant
burden on the healthcare system, the social sector,
and the economy [1]. In this regard, developing
strategies aimed at preserving brain structure and

functions is one of the priorities of current critical
care practice [2]. In this context, numerous strategies
have been developed to minimize the consequences
of brain injury, including the prevention and treat-
ment of intracranial hypertension, ensuring adequate
oxygen and nutrient delivery, and reducing energy
deficit [3-7]. However, given current data on the
pathogenesis of brain injuries associated with trau-
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matic brain injury (TBI) and their contribution to
the development of delayed neurocognitive disorders
even with a favorable treatment outcome, the meas-
ures currently in use are insufficient [8].

In this regard, it seems timely to seek new
strategies for preventing and mitigating the conse-
quences of TBI that will complement existing ap-
proaches. One such strategy could be the use of so-
called «<neuroprotectants». This term currently refers
to a group of substances capable of influencing key
molecular mechanisms in the pathogenesis of neu-
rotrauma and reducing the extent of damage to the
neurovascular unit (NVU) [9].

Numerous neuroprotective agents have been
synthesized and tested in the past, but none of
them are sufficiently effective, and some turned to
be even harmful during the acute phase of neuro-
trauma [10-12]. Unlike pharmacological agents,
which generally have limited bioavailability and
low ability to cross the blood-brain barrier, inert
gases possess a number of properties that are at-
tractive for neuroprotection [13-19].They have ex-
tremely low chemical reactivity, enter and leave the
body unchanged without forming metabolites, yet
they possess relatively high biological activity.

For example, the inert gas xenon possesses
anesthetic and analgesic properties and is used in
anesthesiology and for the relief of pain [20-22].
Helium has long been used in the treatment of
conditions associated with bronchial obstructive
syndrome [23, 24], while argon has shown promise
in preclinical studies as an organ protector in con-
ditions associated with ischemia-hypoxia and «no-
reflow» syndromes (i.e., failed or insufficient mi-
crocirculation recovery in tissues after removal of
main blood stream occlusion). The primary focus
of research in this area is neuroprotection [25, 26].
As a neuroprotective agent, argon offers a number
of advantages: it targets key mechanisms in brain
injury pathogenesis, does not produce sedative
effect under normobaric conditions, and does not
require specialized inhalation equipment in exper-
imental setting [27, 28].

In reference to TBI, the evidence regarding ar-
gon’s neuroprotective properties remains incon-
clusive. Depending on the injury model, the severity
of the trauma, and the therapeutic window, the
effect of argon ranges from moderate to completely
absent [29, 30]. Krypton, on the other hand, remains
the least studied substance («dark horse») in the
context of organ protection.

In early in vitro studies, krypton did not
demonstrate any cytoprotective effects. However,
a distinct neuroprotective effect was observed in
our recent study using a model of photochemically
induced stroke. The effect of krypton on the acti-
vation of Nrf2 and Akt, the inactivation of GSK-3,
and the suppression of NF-«B expression has been

demonstrated [31, 32]. These proteins are involved
in signaling pathways responsible for universal
neuroprotective mechanisms, which may be suf-
ficient to prevent secondary damage following
TBI.

Objective: To evaluate the neuroprotective
potential of krypton in rats with traumatic brain
injury (TBI) in vivo and in NVU cell cultures sub-
jected to OGD subjected to oxygen-glucose depri-
vation (OGD) in vitro.

Materials and Methods

The study was conducted in accordance with
established national and international bioethical
standards (Directive 2010/63/EU). The study protocol
was approved by the Local Ethics Committee of the
Federal Research and Clinical Center of Intensive
Care Medicine and Rehabilitology No. 3/22/6 on
December 14, 2022.

Study design: a prospective, randomized, con-
trolled, experimental in vivo study with concurrent
in vitro component.

Experimental animals. The study used 48 sex-
ually mature male Wistar rats weighing 250-350 g.
A total of 33 animals were included in the main
protocol for simulating TBI. The animals were ran-
domized into 3 groups: sham-operated (SO, n=6),
TBI group (n=11), and TBI with krypton inhalation
(TBI+iKr, n=16). Analysis of long-term neurological
and morphological outcomes was performed on a
per-protocol basis. It included only animals that
completed the 14-day observation period without
complications: SO group — n=6, TBI group — n=38,
TBI+iKr group — n=10.

In addition, an independent subgroup (n=15)
was formed and used exclusively for Western blotting
without analysis of long-term outcomes. This sub-
group included intact animals (7=>5), animals from
the TBI group (n=>5), and animals from the TBI+iKr
group (n=>5).

Animals were assigned to groups using a ran-
dom number generator (simple randomization).
Sample size was calculated for the primary endpoint.
The uneven distribution of animals among groups
was stipulated by the study protocol. The larger
size of the TBI+iKr group was due to the expected
greater variability of the parameters and the need
to ensure sufficient statistical power (80% at «=0.05)
to detect a potential neuroprotective effect. The
number of animals in the SO group was minimized
in accordance with the 3R principles (Reduction),
since no significant variability in the studied pa-
rameters was expected in this group.

The researchers who conducted the neuro-
logical testing, MRl morphometry, and IHC analysis
were blinded to the animals’ group assignments.

The primary endpoint was the volume of brain
damage as determined by MRI on day 14.
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The secondary endpoints were: neurological
deficits, levels of pro-inflammatory cytokines, the
extent of GFAP and caspase-3 expression, and sur-
vival rates.

Traumatic brain injury modeling. Traumatic
brain injury modeling was performed according to
the method of controlled contusion injury to the ex-
posed brain [33], which had previously been used in
similar experiments. Main steps: after induction of
anesthesia and shaving of the surgical field, a midline
skin incision was made, and a trepanation hole (5 mm
in diameter) was drilled above the sensorimotor cortex
of the left hemisphere (2.5 mm lateral to the sagittal
suture, 1.5 mm caudal to the bregma), and the injury
was inflicted by an impact tip/striker placed over the
dura mater. The wound was sutured, and the animal
was placed under an infrared lamp with a thermore-
gulatory system to maintain a body temperature of
37+0.5°C. In the SO group, a similar trepanation was
performed without applying a blow [33].

Krypton treatment. Inhalations were per-
formed after the animals awoke from anesthesia
(90 minutes after TBI induction), 24 hours after
TBI, and 48 hours after TBI (time points D0, D1,
and D2, respectively); each inhalation session lasted
120 minutes. A semi-closed exposure system was
used to administer the krypton-oxygen gas mixture,
consisting of a transparent sealed chamber (35 L)
with inlet and outlet ports for gas delivery and re-
moval, a recirculation loop with a cooler, a drying
system (silica gel), and a CO, absorption system
(sodium lime), as well as an exhalation valve and
an APL valve for releasing excess pressure. Envi-
ronmental parameters were monitored using tem-
perature, humidity, and gas concentration (O,, Kr)
sensors installed in the circuit. The gas supply was
provided by mixtures from cylinders containing
Kr/0O, (70/30%) («KrypOxA 70/30», Akela-N LLC,
Moscow, Russia) and N»/O, (70/30%) («Nitrogen-
Oxygen 70/30», «Akela-N» LLC, Moscow, Russia)
mixtures via regulators and flow switches. All com-
ponents were connected using standard rubber
tubing and plastic fittings.

Assessment of neurological status. Neurolog-
ical testing was conducted in accordance with the
previously described protocol developed by De Ryck
etal. [34] and subsequently modified by J. Jolkkonen
et al. [35], which has also been used in a number of
previous studies [29, 31, 36].

Prior to testing, the animals were acclimated
to handling daily for seven days to reduce their
stress response to manipulation. The assessment
consisted of a series of seven behavioral tasks de-
signed to analyze the sensorimotor integration of
the forelimbs and hindlimbs in response to visual,
tactile, and proprioceptive stimuli [36].

MRI examination. On the 14" day following
traumatic brain injury, the animals underwent mag-
netic resonance imaging. A high-field MRI scanner

with a magnetic field strength of 7 T and a gradient
system up to 105 mT/m (BioSpec 70/30 model,
Bruker, Germany) was used. Anesthesia was ad-
ministered via inhalation with isoflurane at a con-
centration of 1.5-2%. The animals were secured in
a special apparatus that provided stereotactic posi-
tioning and body temperature control [37].

A standard protocol for imaging brain structures
in rodents, based on the acquisition of T2-weighted
images and described in a previous publication [36],
was applied.

Cytokine mRNA quantification by real-time
PCR.The day after the final inhalation, decapitation
was performed under anesthesia with 6% chloral
hydrate at a dose of 300 mg/kg, followed by cran-
iotomy and removal of the cerebral hemispheres.
Cytokine mRNA levels were assessed by quantifying
mRNA in rat brain for the pro-inflammatory cytokine
genes IL-1p, IL-6, and TNF-a using real-time PCR.

RNA was isolated using the RNeasy MiniKit
(QIAGEN, USA) according to the manufacturer’s
protocol.

Primers for PCR were selected using the Beacon
Designer software. The primer pairs used are shown
in Table 1.

Real-time PCR was performed in a BioRad
iCycler (USA) amplifier according to the protocol
(Table 2) using a mixture with the following com-
position: Mixture B (intercalating dye Eva Green +
recessive dye ROX + Taq Pol + 25 mM dNTP + buffer
(«Sintol»)) — 10 uL, primers (mixture of 10 uM for-
ward and reverse primers — 0.5 uL, MQ — 9.5 puL,
reverse transcription product — 5 pL).

Histological analysis. On the 14™ day after
TBI, the rats’ brains were fixed in 10% formalin,
embedded in paraffin, and sectioned into 4-um-
thick slices. The sections were deparaffinized in xy-
lene and rehydrated in an ethanol gradient. Antigen
retrieval was performed at high temperature in
citrate buffer, pH 6.0 (Target Retrieval Solution,
DAKO). The sections were cooled, washed three
times in PBS (with buffer + Tween; Cell Marque) for
5 minutes each, and incubated in 3% H,O, for
10 minutes to block endogenous peroxidase activity.
To prevent nonspecific binding, Protein Block Serum-
Free (Abcam) was used for 30 minutes. The sections
were incubated at 37°C for 1 hour with primary an-
tibodies against Caspase-3 (1:100; ab13847, Abcam)
and GFAP (1:500; 556329, BD Pharmingen, San Jose,
CA), diluted in Antibody Diluent (ab64211; Abcam).
The sections were then washed twice in PBS, stained
with hematoxylin, washed again, and mounted
under a cover slip. Secondary antibodies from the
Dako REAL EnVision Detection System (DAB) or
the ImmPACT Vector Red Substrate Kit, Alkaline
Phosphatase (AP) (SK-5105) were applied according
to the instructions. The sections were dehydrated
in 70%, 96%, and 100% ethanol and cleared twice
in xylene. Images were acquired using a Nikon
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Table 1. Sequences and key characteristics of the primers used for real-time PCR.

Gene Animal Primer sequences (forward and reverse), 5’ — 3’ Annealing temperature, °C

18S rRNA Rat GACAGGATTGACAGATTGAT 56
TTATCGGAATTAACCAGACAA

TNF-a Rat TTATCTACTCCCAGGTTCT 56
TGGTATGAAATGGCAAATC

IL-1beta Rat AGAACATAAGCCAACAAGT 56
ACACAGGACAGGTATAGAT

IL-6 Rat TGATTGTATGAACAGCGATGATG 56
CCAGAAGACCAGAGCAGATT
TCACATCACAGTAGGAAGTT

Note. Reverse transcription was performed using the SuperScript III kit provided by Thermo Scientific (USA).

Table 2: Real-time PCR protocol.

Period Time Temperature, °C Number of cycles

Initiation 5 min 95 1

Denaturation 1 min 95 45

Annealing 20s 56

Elongation (stage 1) 20s 72

Elongation (stage 2) 1 min 72 1

Obtaining the melting curve 30s Every 30 seconds, the temperature rises by 0.5 °C 45

Note. For statistical analysis, the expression analysis results were normalized to 18S rRNA gene expression.

Eclipse Ni-e microscope and analyzed using NIS-
Elements (Nikon) and ImageJ (NIH) software.

Modeling of the neurovascular unit. Inter-
twined cultures of glial cells (C6), neuronal cells
(SH-SY5Y), and vascular endothelial cells (Ea.Hy926)
were thawed from stock solutions in a water bath
at 37°C, then resuspended in complete culture
medium (CCM). For C6 cells, the medium consisted
of DMEM containing 1 g/L glucose + F12 (1:1) with
5% fetal bovine serum (FBS), 1% L-glutamine, and
1% antibiotics (penicillin, streptomycin). For SH-
SY5Y cells — DMEM containing 1 g/L glucose +
F12 (1:1) with 20% fetal bovine serum (FBS), 1%
L-glutamine, and 1% antibiotics (penicillin, strep-
tomycin). For Ea.Hy926 cells — DMEM containing
1 g/L glucose + F12 (1:1) with 5% fetal bovine
serum (FBS), 1% L-glutamine, 2% hypoxanthine
and thymidine (HT). Culture conditions in a CO,
incubator: 5% CO,, 37°C. Once a monolayer was
formed, the cells were passaged using a 0.05% or
0.25% solution of trypsin with EDTA.

Preliminary experiment. All cell lines under
study were seeded onto two 96-well plates: a control
plate and a plate subjected to OGD for 4 hours. The
percentage of cell death in all three cell lines following
OGD treatment was determined by staining fixed
cells with DAPI dye, according to the protocol de-
scribed below. We assessed the need for shorter or
longer OGD durations for the C6 and SH-SY5Y cul-
tures and confirmed the subsequent experimental
design involving pre-conditioning of the cultures
with krypton.

Investigation of krypton protective properties
in OGD. The experimental design is shown in Fig. 1.
Three cell lines (Ea.Hy926, SH-SY5Y, and C6) were
seeded into a single 96-well plate at a density of
10,000 cells per well. Three such plates were used:

Cell cultures
on each plate:

Ea.Hy926, SH-SY5Y, C6

Plate 1 Plates 2 and 3
Preconditioning 21% Normoxic conditions
0,and 79% Kr, 24 h 21%0,

Visual assessment
of cell numbers
and mm;phology
iKr+OGD OGD Control
group group group
|
oxygen-glucose
[ deprivation 1% 0, 37°C, 4-6 h ’
Y Y
[ DAPI stain ]

Fig. 1. Study design for NVU cells.

1. iKr+OGD group (cell preconditioning with
a krypton-oxygen gas mixture (Kr/O, 79/21%)
(KripOx 79, «InertGas Medical» LLC, Moscow, Russia)
for 24 hours, followed by OGD).

2. OGD group (normoxic incubator conditions
with oxygen concentration maintained at 21% for
24 hours, followed by OGD).

3. Control group (normoxic incubator condi-
tions with oxygen concentration maintained at 21%
throughout the study, without OGD).

Once a monolayer was formed, Plate 1 was
transferred to a desiccator filled with the appropriate
gas mixture for 24 hours and left in a thermostat to
maintain the temperature. Plate 2 was kept in the
same incubator under standard normoxic conditions.
In this case, the standard CCM for each culture was
added to the cells, but only with DMEM and F12
media without sodium bicarbonate. After 24 hours,
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the cells in the iKr+OGD and OGD groups were
subjected to deprivation. Prior to OGD, a visual as-
sessment was performed to determine whether ex-
posure to the krypton gas mixture had affected cell
number and morphology.

Plate 3 was kept in a thermostat under normoxic
conditions; the standard culture medium for these
cells was added to the cells, but using DMEM and
F12 media without sodium bicarbonate.

Modeling of oxygen-glucose deprivation. To
induce OGD, the cells were washed three times with
DPBS. The cells in DPBS were then transferred to a
multi-gas incubator with conditions of 1% O,, 37°C
for 4-6 hours. Subsequently, the cells were supplied
with their standard culture medium, consisting of
DMEM and F12 without sodium bicarbonate.

After the OGD, the cells were fixed with 4%
formaldehyde at room temperature for 15 minutes,
then stained with DAPI (300 nM) for 30 minutes.
Imaging was performed using a Zeiss fluorescence
microscope, followed by analysis in Image].

Statistical analysis of the data was performed
using SPSS Statistics software (version 27.0.1; IBM
Corp., Armonk, NY, USA) and GraphPad Prism (ver-
sion 8.0.1; GraphPad Software, Boston, MA, USA).
The distribution of variables was tested for normality
using the Shapiro-Wilk test. Statistical results were
described as Me (Q1; Q3), where Me is the median,
QI is the 25™ percentile, and Q3is the 75% percentile.
If the distribution differed from the normal in at
least one of the groups, nonparametric methods
were used: the Mann-Whitney U test was applied
to analyze differences between two independent
samples; when comparing three or more groups,
the Mann-Whitney U test was used, followed by
correction for multiple comparisons using the Holm—
Bonferroni method. For the analysis of repeated-
measure data with a single factor, the Friedman
test was used; when statistically significant differ-
ences were detected, a post-hoc analysis was per-
formed using the Wilcoxon test and the Holm-Bon-
ferroni correction for multiple comparisons. Differ-
ences between proportions in independent samples
were assessed using Pearson’s y? test or Fisher’s
exact test if the expected frequencies were less than
10%. Differences were considered statistically sig-
nificant at a p-value of <0.05.

Results

Mortality and complications. During the
14-day observation period, 5 animals were withdrawn
from the study due to reaching the predefined hu-
mane endpoint: 2 animals in the TBI group (18.2%)
and 3 animals in the TBI+iKr group (18.8%). No
statistically significant differences in the frequency
of reaching the humane endpoint were found be-
tween the groups (p=0.677).

Postoperative inflammatory -necrotizing com-
plications (abscesses) were observed in 1 animal in

- 6o p=0.006
E p=0.003
! =0.002 !

g 50 pe P ]
E T
8 40
E 30
e
[=]
g 20
°

) TBI TBI+iKr

Fig. 2. Extent of brain injury as determined by MRI.

Note. For Figs. 2—4: the rectangles represent the interquartile
range (QI-Q3), the center lines represent the median, and the
whiskers extend to 1.5 times the interquartile range. Red brackets
indicate paired comparisons using the Mann-Whitney test with
the Holm-Bonferroni correction; the exact adjusted p-values are
shown above the brackets.

the TBI group (9.1%) and in 3 animals in the TBI+iKr
group (18.8%). No statistically significant differences
were found when comparing the incidence of in-
fectious complications between the groups (p=0.645,
Fisher’s exact test).

Animals that reached the humane endpoint
or developed infectious complications were excluded
from further analysis of long-term outcomes.

MRI scan data. According to MRI findings on
day 14, lesions were detected in all groups. A com-
parison of the three groups revealed statistically
significant differences (Kruskal-Wallis test: H=15.98;
p=0.0003). The volume of damage differed consis-
tently and statistically significantly in all pairwise
comparisons: the median (QI; Q3) was 9 (6; 13)
mm? in the SO group, 33 (28; 39) mm?3 in the TBI
group, and 18 (15; 26) mm?3 in the TBI+iKr group
(Fig. 2).

Neurological examination. On the third day
after simulated TBI, the median total score on the
limb placement test (LPT) was 9 (5.5, 10.5) in the
SO group, 2.5 (1.25, 4.75) in the TBI group, and 3.5
(2.75, 8.5) in the TBI+iKr group. A comparison of
the three groups revealed statistically significant
differences (Kruskal-Wallis test: H=9.62; p=0.008).
Pairwise comparisons using the Mann-Whitney
U test and Holm-Bonferroni correction showed a
statistically significant decrease in indicators in the
TBI group compared to the SO group (p=0.023).
Differences between the TBI and TBI+iKr groups
did not reach statistical significance (p=0.272).

On day 7, the values for LPT test were 12 (9.25;
13.3) in the SO group, 2.5 (2.5; 5.25) in the TBI
group, and 9 (6; 10.3) in the TBI+iKr group. A
general between-group analysis revealed statistically
significant differences (H=10.85; p=0.004). Pairwise
analysis demonstrated a statistically significant im-
provement in the TBI+iKr group compared to the
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Fig. 3. Results of the limb placement test.

Note. Between-group p-values were determined using the
Mann-Whitney U test, followed by Holm-Bonferroni correction
for multiple comparisons (red brackets). Intra-group p-values
were determined using the Friedman test with a post-hoc analysis
by the Wilcoxon test and Holm-Bonferroni correction (black
brackets).

TBI group (p=0.027), as well as statistically significant
differences between the SO and TBI groups
(p=0.012).

On day 14, the median LPT values were 11
(8.75; 13.3) in the SO group, 4.5 (3.25; 5.75) in the
TBI group, and 10 (7.5; 11.3) in the TBI+iKr group.
Intergroup differences remained statistically sig-
nificant (H=12.73; p=0.002). Animals in the TBI+iKr
group demonstrated statistically significantly higher
scores compared to the TBI group (p=0.006), with
values approaching those of the SO group (Fig. 3).

An intragroup analysis of changes in LPT scores
was performed using the Friedman test. In the SO
group, no statistically significant changes in total
scores were observed during the observation period
(x2=3.50; p=0.1738). In the TBI group, the changes
also did not reach statistical significance (y2=3.75;
p=0.1534). Statistically significant changes in the
indicators were found in the TBI +iKr group, (x2=7.93;
p=0.019). A post hoc analysis using the Wilcoxon
test and Holm-Bonferroni correction showed a sta-
tistically significant improvement between days 3
and 7 (p_Holm=0.034), whereas differences between
days 7 and 14 did not reach statistical significance.

Therefore, krypton inhalation was associated
with a statistically significant improvement in sen-
sorimotor function beginning on the 7" day after
injury, as well as significant positive intra-group
trends, which were not observed in the TBI group.

Pro-inflammatory cytokines. Analysis of pro-
inflammatory cytokines was performed on the third
day following the induction of traumatic brain injury.

Analysis of IL-1 revealed statistically significant
differences between the groups (Kruskal-Wallis test:
H=12.28; p=0.002). Simulation of traumatic brain
injury revealed a statistically significant 2.8-fold in-
crease in the concentration of the pro-inflammatory

cytokine IL-1p in the injured cerebral hemisphere —
up to 398 (346; 421) pg/g — compared to the intact
brains of rats (141 (139; 154) pg/g (p=0.024). In the
TBI+iKr group, the IL-1p level was statistically sig-
nificantly reduced by ~51% relative to the TBI
group — to 194 (182; 211) pg/g (p=0.024), but re-
mained higher than the values in the intact control
(p=0.048).

Analysis of IL-6 concentrations did not reveal
any statistically significant differences between
groups (H=2.96; p=0.228). Traumatic brain injury
resulted in a statistically insignificant increase in
the concentration of the pro-inflammatory cytokine
IL-6to 122 (113; 134) pg/gin the TBI group compared
to the intact brain at 101 (92; 121) pg/g (p=0.234).
In the TBI+iKr group, IL-6 decreased to 102 (96;
112) pg/g, which also did not reach statistical sig-
nificance compared to the TBI group (p=0.747).

Analysis of TNF-« levels revealed statistically
significant differences between the groups (H=12.52;
p=0.002). TBI led to a statistically significant 2.5-fold
increase in TNF-a concentration in the rat brain —
up to 205 (188; 243) pg/g versus 83 (77; 91) pg/g in
the intact brain (p=0.024). In the TBI+iKr group,
TNF-a concentration significantly decreased to 112
(112; 123) pg/g compared to the TBI group (p=0.036),
but also remained higher than control values
(p=0.036) (Fig. 4).

Histological examination. In the TBI group,
histological analysis revealed marked structural ab-
normalities in both hemispheres. Thickening and
partial detachment of the meninges, submeningeal
hemorrhages, venous congestion with collapsed ves-
sels, and marked perivascular edema were docu-
mented on the contralateral side. A cortical defect
extending into the white matter was identified in
the ipsilateral hemisphere, complemented by dis-
ruption of the meningeal integrity, plasma-filled vas-
cular walls, glial infiltration in the penumbra zone,
hemorrhages by diapedesis, and extensive spongiosis
extending beyond the penumbra. In the penumbra
and intact tissue, numerous dark neurons, shadow
cells, and hypochromic neurons were detected.

In the TBI+iKr group, pathological changes
were less obvious. The pia mater was thinner and
adhered more tightly to the brain surface; sub-
meningeal hemorrhages were detected only spo-
radically. Perivascular edema and spongiosis were
moderately intense, and damaged neurons (dark
cells, shadow cells) were encountered less frequently,
especially outside the penumbra. Signs of perivas-
cular and periglial edema persisted in the hip-
pocampus, but to a lesser extent than in the TBI
group (Fig. 5, a).

Inhalation of a krypton-oxygen mixture was
associated with reduced edema severity, less ex-
tensive spongiosis, and a lower prevalence of de-
generative neuronal changes outside the penumbra
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Fig. 4. Levels of pro-inflammatory cytokine expression in the
experimental groups.

Note. Red brackets indicate paired comparisons using the
Mann-Whitney U test, followed by correction for multiple com-
parisons using the Holm-Bonferroni method; the exact adjusted
p-values corresponding to the statistical significance thresholds
are shown above the brackets.

compared to the TBI group. These data indicate a
potential neuroprotective effect of krypton, limiting
the spread of structural brain damage following
trauma.

Immunohistochemical examination of the
brain. To assess the effect of krypton inhalation on
cellular responses following traumatic brain injury,
a quantitative comparison of GFAP (an astrocyte
marker) and caspase-3 (an apoptosis marker) ex-
pression was performed in the ipsilateral and con-
tralateral hemispheres of the brain.

Immunohistochemical analysis revealed a
typical increase in GFAP expression in the ipsilateral
hemisphere compared to the contralateral hemi-
sphere, reflecting the development of gliosis in
the injury zone in the TBI group. In the TBI+iKr
group, GFAP expression activity in the ipsilateral
zone was higher than in animals in the TBI group,
with no differences on the contralateral side. Sta-
tistical analysis showed a trend toward increased
GFAP levels in the TBI +iKr group (p=0.086) with
no differences for Caspase-3 or contralateral values
(p=0.629).

To clarify the nature of the changes, we calcu-
lated the differences between the sides (AGFAP
and ACaspase-3), reflecting the degree of asymmetry
in expression. The analysis showed that AGFAP in
the TBI +iKr group was higher than in the TBI group
(p=0.086), which confirmed the effect of krypton
on enhancement of gliosis. ACaspase-3 values did
not differ between the groups (p>0.999), indicating
that krypton had no effect on the severity of apoptosis
by the 14" day of observation. Thus, krypton in-
halation following TBI was accompanied by increased
gliosis, without exerting a significant effect on neu-
ronal apoptotic activity (Fig. 5, b).

Results of the in vitro study. No statistically
significant differences were found between the
groups in the study of the protective effects of pre-
conditioning with a krypton-oxygen breathing mix-
ture on the survival of cell cultures comprising the
NVU. The percentage of surviving neuronal cells
(SH-SY5Y) after OGD relative to normoxia in the
control group was 17.2 (14.6; 18.53)%, and in the
krypton group, 16.2 (9.02; 20.1)% (p=0.813) (Fig. 6, a).
The survival of cells of endothelial and glial origin
also did not significantly improve under the influence
of krypton, and the percentage of surviving cells
was 77.6 (72.6; 89.9)% versus 69.8 (63.7; 84.8)%
(p=0.199) in the Ea.Hy culture (Fig. 6, b) and 66.5
(57.9; 77.1)% versus 60.4 (57.6; 64.2)% (p=0.160) in
the C6 culture (Fig. 6, ¢).

Discussion

The main finding of the study was the signifi-
cant neuroprotective effect of krypton in an in vivo
model of traumatic brain injury, as evidenced by
both morphological data (MRI and histological ex-
amination) and functional tests (LPT). Furthermore,
PCR data confirmed the anti-inflammatory nature
of krypton’s neuroprotective effect.

However, in vitro studies did not reveal any
protective effects of krypton on any of the compo-
nents of the NVU, which underscores the effective-
ness of this inert gas only within the intact organism,
but not in isolated cells.

The THC study confirmed previous findings
that the number of GFAP-positive cells in the injury
zone increases in the delayed phase following in-
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Fig. 5. Histological (a) and immunohistochemical (b) analysis of rat brain tissue following traumatic brain injury.

Note. a — Hematoxylin-eosin staining; b — Fluorescent immunohistochemical staining of the rat cerebral cortex. Blue — total
number of DAPI-positive nuclei; Green — immune-labeled activated caspase-3 (Cas-3); Red color — immune-labeled astrocyte
intermediate filaments (astrocytic glia, marker of reactive gliosis); Merge — overlay of all three channels. 20x magnification.

jury [40]. A higher number of GFAP-positive cells neuroprotective effects of krypton also apply to
was also observed in the TBI +iKr group. traumatic brain injury. Of course, these results

Although there is very little data on the neuro-  require further in-depth analysis to determine op-
protective effects of krypton [38, 40], given our pre- timal concentrations and treatment regimens, as
vious studies [31, 41] using models of photochemi- well as to clarify the molecular mechanisms un-
cally induced stroke, it can be assumed that the derlying the observed effects. Nevertheless, the con-
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sistent neuroprotective effect of krypton in models
of brain injury of various etiologies may inspire re-
searchers to expand the scope of studies on kryp-
ton-oxygen therapy.

It is worth noting that krypton and xenon not
only share similar physicochemical properties but
also exhibit similar biological effects, as demonstrated
in in vivo studies [38, 42]. However, the results of in
vitro studies [40, 43] show that, on isolated cells,
krypton is capable not only of failing to exert a pos-
itive effect in cases of brain injury, but also of
reducing the nerve cells resistance to hypoxia. Thus,
in the absence of OGD, krypton reduced the regen-
erative capacity of intact cells (p<0.01), which was
not observed in studies with xenon or argon [40].
These data do not diminish krypton’s neuroprotective
potential but merely justify a differential approach
to studying the molecular mechanisms of action of
inert gases.

Any pathological process develops over time
and progresses through successive stages, a fact
that must be taken into account when planning
therapeutic interventions. The efficacy of the same
agent can vary significantly depending on the phase
of injury: an intervention that has a pronounced

positive effect within the therapeutic window (e.g.,
thrombolysis in ischemic stroke) may, under other
conditions, become neutral or even detrimental.
This stage-dependent behavior likely explains the
variability in the effects of inert gases when modeling
the same pathology. Therefore, in the therapeutic
application of inert gases, one should take into ac-
count both the characteristics of the agent itself
and the nature and phases of the pathological
process [44].

Conclusion

Krypton suppresses secondary damage in a
rat model of traumatic brain injury, reduces neuro-
logical deficits during the first 14 days of observation,
and reduces the volume of damage as determined
by MRI. Beneficial effects of krypton gas are attrib-
uted to the suppression of the inflammatory process
as demonstrated by a significant reduction in the
mRNA levels of IL-18 and TNF-« pro-inflammatory
cytokines. However, no neuroprotective effect of
krypton was observed in vitro. This duality and
ambiguity of the results necessitate further investi-
gation into the role of the whole organism in the
manifestation of krypton’s neuroprotective effects.
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