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EARLY ADMINISTRATION OF XENON-OXYGEN MIXTURE IN NEONATAL HYPOXIC-ISCHEMIC ENCEPHALOPATHY
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Hypoxic-ischemic encephalopathy remains a leading cause of neonatal mortality and disability. Experimental data suggest potential neuroprotective properties of
xenon; however, the mechanisms and extent of its effect are not fully understood. The study aimed to evaluate the neuroprotective properties of a xenon-oxygen
mixture in a neonatal ischemia-hypoxia rat model using MRI and follow-up neurological assessment. The experiment involved Wistar rat pups (n = 16). Neonatal
ischemia-hypoxia was induced by the Rice-Vannucci method. Thirty minutes post-hypoxia, animals received the 60-min inhalation of either nitrogen-oxygen (control,
n = 8), or 50/50 xenon-oxygen mixture (n = 8). Brain MRI was performed on day 7. In the xenon group, brain lesion volume was significantly reduced by 25%
compared to controls on day 7 (p = 0.001). Neurological development was assessed from day 3 to 28 using a combination of behavioral tests. Xenon-treated
animals demonstrated earlier formation of forelimb and hindlimb grasping reflexes (p = 0.025 and p = 0.005), better hindlimb placement and cliff avoidance on
day 7 (p = 0.045 and p = 0.03), and better preserved auditory startle response on day 14 (p = 0.035). Thus, early administration of a xenon-oxygen mixture after
ischemia-hypoxia exerts pronounced neuroprotection in newborn rats, confirmed by reduced brain damage and improved neurological outcomes.
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[nokcryeckas nemmHeckas sHLeManonaTns 0CTaeTcst OAHON 13 BEOYLLMX MPUHNH HEOHATabHOM CMEPTHOCTY U MHBAIMAM3ALMN. SKCNEPUMEHTaTbHbIE AaHHbIe
CBUOETENbCTBYIOT O MOTEHLWASIbHbIX HEMPOMPOTEKTOPHBIX CBOVICTBAX KCEHOHA, OOHAKO MEXaHN3MbI 11 BbIP&XKEHHOCTb €ro adhdexTa 13dyHeHbl HeAoCTaToqHo. Liensto
paboTbl BbII0 OLEHUTE HEMPOMPOTEKTOPHbIE CBONCTBA KCEHOH-KUCNOPOAHOM CMECH Ha MOLENMN HEOHATANbHON ULLEMUN-TUMOKCUN Y KPbIC C MCMONb30BaHNEM
MPT 1 gnHammn4eckoro aHanmnaa HeBPONOrM4ECKOro cTatyca. JKCnepuMeHTanbHas paboTa BbimonHeHa Ha kpbicaTax avHum Wistar (n = 16). HeoHatanbHyto
MLLIEMMIO-TUMOKCUIO MOZenpoBany no metoay Parica-BaHy4dn. HYepesd 30 MUH NMOCHE MMNOKCUM XXMBOTHbIE MONyYanv MHransumio nnbo asoT-KUCnopoaHo
CcMecH (KOHTPOSb, N = 8), B0 KCeHOH-K1cnopoaHon cmecn 50/50 (n = 8) B TeueHne 60 MuH. Ha 7-e cyTkun npoogmnm MPT ronosHoro moara. B rpynne kceHoHa
06BbEM NOBPEXAEHNS MONIOBHOMO MO3ra Ha 7-€ CYTKM Obln CTAaTUCTUYECKW 3HAYNMO HUDKE Ha 25% MO CpaBHEeHMO ¢ KoHTponeM (p = 0,001). HeBponoruieckoe
pa3BuUTUE OLEHMBAIN C TPETBIX MO 28-e CYTKM C 1CMONb30BaHNEM KOMMEKca NoBeaeHHeCKX TeCTOB. XKVBOTHbIe rpynmbl Xe AeMOHCTpupoBam 6onee paHHee
hopmrpoBaHne xBaTaTeflbHbIX PeNeKCoB NepeaHrx 1 3aiHMX KoHedHocTel (p = 0,025 n p = 0,005), Ny4iwyto NOCTaHOBKY 3aflHMX KOHeYHOCTel 1 6onee
BbIPaXKEHHYIO PeakLmio n3beranns obpeisa Ha 7-e cyTku (p = 0,045 n p = 0,03), a Takke 6onee CoXpaHHYHO CITyxXOBYIO CTapTI-peakLmio Ha 14-e cyTkm (p = 0,035).
Takm 06pasoM, paHHee NPUMEHEHVE KCEHOH-KVCNIOPOAHOM CMeCU Nocne MOAENMPOBaHS ULLEMUM-TUNOKCAN OKa3bIBAET BbIPaXKEHHbI HEMPONPOTEKTOPHbIN
3PeKT y HOBOPOXKAEHHBIX KPbIC, HTO MOATBEPXKAAETCH YMEHbLUEHVEM O6bemMa NMOBPEXAEHNS FOIOBHOMO MO3ra W Yy4LLIEHNEM HEBPONOTMYECKIX NMoKasaTtenen.
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The term "hypoxic-ischemic encephalopathy" refers to acute
damage to the brain structures caused by perinatal asphyxia.
The prevalence worldwide varies between 1 and 3 cases per
1000 live births in developed economies, while in resource-
limited States the prevalence can be 10 times higher [1, 2]. In
the Russian Federation the rate is 13.3 per 1000 newborns [3].

The hypoxic-ischemic encephalopathy pathogenesis is
induced by the cerebral perfusion decrease resulting in hypoxia,
ischemia, and energy deficiency, and the neurological outcome
severity is correlated with gestational age and localization of the
lesion [4]. Oxidative stress, neuroinflammation, excitotoxicity,
apoptosis, and cell necrosis represent the key links of the
complex pathophysiological cascades induced in the brain.
However, the exact pathophysiological mechanisms underlying
the development of hypoxic-ischemic encephalopathy are
poorly understood [5, 6].

Today, therapeutic hypothermia remains the only evidence-
based neuroprotection method used in hypoxic-ischemic
encephalopathy [7-10]. However, the method efficacy is limited,
since therapeutic hypothermia only partially reduces the risk of
mortality and disability [11-13]. This encourages active search
for new therapeutic strategies capable of enhancing the effects
of hypothermia or having independent neuroprotective effects.

One promising direction is the use of noble gases, which,
according to experimental data, possess pharmacological
activity [14—16]. Xenonis of particular interest, its neuroprotective
properties have been demonstrated in various brain damage
models [17]. However, the results of clinical trials, such as
the international TOBY-Xe trial, have revealed no significant
improvement of outcomes when adding xenon to hypothermia
in full-term newborns [18, 19]. This does not mean that there
is no xenon potential, but rather points to the need for more
thorough preclinical assessment of the xenon mechanisms of
action, dosing regimens, and delayed effects. In particular, the
xenon ability to influence functional maturation of the brain in the
post-ischemic period, which can be assessed in experimental
models using the long-term neuro-behavioral testing and brain
imaging methods, needs to be clarified.

The study aimed to evaluate the neuroprotective properties
of a xenon-oxygen mixture in a neonatal ischemia-hypoxia
rat model and assess the extent of brain damage and some
neurological status indicators.

METHODS

The experiment involved male and female Wistar rat pups
with the body weight of 25-30 g (n = 16). The animals were
simply randomized into groups using a random number
generator. Animals that showed signs of disease in the initial
phase based on the results of a standard examination and
behavior assessment were excluded from the study, along with
the ones that died due to complications from anesthesia or
surgical intervention. The following data were the criteria for
humane withdrawal from the experiment: postoperative wound
infection, no startle response, weight loss of more than 20% in
one day, manifestations of autoaggressive behavior, inability to
self-feed and drink 24 h after the ischemia-hypoxia induction.
The study design provided for formation of two experimental
series. Control group (group C, n = 8): within 30 min after the
ischemia-hypoxia modeling the animals were subjected to the
nitrogen-oxygen mixture inhalation (nitrogen 50%/oxygen 50%;
InertGasMedical, Russia) for 60 min. Experimental group (group
Xe, n = 8): within 30 min after the ischemia-hypoxia modeling the
animals received the xenon-oxygen mixture (XenOx 50, xenon
50% /oxygen 50%; registration certificate No. LP-006493,

InertGasMedical, Russia) for 60 min. Laboratory animals were
euthanized through the anesthetic agent overdose after the
end of the experiment.

Neonatal ischemia-hypoxia was simulated using the Rice-
Vannucci model [20]. Isoflurane anesthesia (induction 3%,
maintenance 1.5-2% in 100% O,) on the hot bench (36 °C)
was used. The anesthesia depth was regulated by monitoring
the loss of corneal and interdigital reflexes. After microsurgical
isolation and lygation of the left common carotid artery we
perceived no distal pulse, and the wound was sutured. The
rat pups were placed in a thermostat (36 °C, 60 min), then in
a multi-gas incubator with the hypoxic mixture (8% O, / 92%
N,) for 90 min with temperature monitoring and visual control.

Within 30 min after the end of hypoxia induction, during
which the animals had access to the mother, the rat pups were
placed in a chamber for 60 min for inhalation of the control
and experimental gas mixtures. N,/O, 50/50 or XenOx 50 was
supplied continuously with the flow rate of 0.5-1 L/min. The
temperature within the chamber was regulated at 36°C, with
the relative humidity maintained between 40% and 60%. There
were no more than five rat pups in the chamber at once; a layer
of wood litter was introduced at the base to ensure biological
fluid absorption. The contour was fitted with a desiccant (silica
gel) and CO, adsorber (soda lime); recirculation was ensured
by a fan. The animals’ arousal level and motor activity were
assessed after the end of the exposure.

Neurological status

The newborn rat pups’ neurological development was
assessed using 8 behavioral tests starting from day 3 after
birth in accordance with the previously reported protocols
[21-23].

The forelimb grasping reflex was assessed starting from the
third day of life: a blunt rod was gently pressed to the forelimb
palmar surface, which normally induced finger flexion and
grasp. The reflex was considered to be completely developed
with stable grasping with both front paws throughout two
consecutive days. A three-point assessment scale was used,
where score O corresponded to no reflex, score 1 corresponded
to grasping with one front paw (with the side specified), and
score 2 corresponded to grasping with both front paws.
Similarly, the hindlimb grasping reflex was assessed by the
same method starting from the third day: score O — no grasp,
score 1— grasping with one hind limb, score 2 — grasping
with both hind limbs.

The righting reflex was also tested starting from the third
day: the rat pup was placed in a supine position with the limbs
straightened, and then released, recording the time taken to
return to a prone position. The maximum time allowed for the
response to complete was 15 s. No prone position restoration
within this time was scored O, roll over on the side (with the side
specified) or incorrect posture was scored 1, and complete roll
over resulting in a physiologically correct posture (onto all four
paws) was scored 2.

The hindlimb placement reflex was assessed starting from
the fourth day of life: the rat pup was held vertically by the
body and the edge of a hard surface was touched with the
back of the hind paw. Normally, the animal pulled back its
paw and placed it on the surface. No response was scored O,
placement of one limb (with the side specified) was scored 1,
and placement of both limbs was scored 2.

The cliff avoidance response also assessed starting from
the fourth day was tested by placing the rat pup with its front
paws and muzzle over the edge of a horizontal surface; a soft
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Fig. The animals’ brain MRI scans on day 7. Group C — left, group Xe — right

pad was placed under the edge to prevent injury from fall.
Reflexive avoidance manifested itself in turning away from the
edge. No movement or fall was scored 0, an attempt to move
away from the edge with dangling limbs was scored 1, and
complete departure from the edge was scored 2.

The auditory startle response was assessed starting from
the 10" day: a loud tone was presented just above the animal.
Sudden movement or startle was considered as positive
response and scored 1, no response was scored 0.

The nature of posture when moving on a non-slip surface
was assessed starting from the 12th day of life. Not fully
developed posture (dragging of the abdomen, the limbs
perpendicular to the body) was scored 1, the fully developed
posture (elevated abdomen, the limbs parallel) was scored 2;
no movement corresponded to 0 points. At the same age,
since day 12, eye opening was recorded: the eyelids fused shut
corresponded to O, opening of one eye (with the side specified)
corresponded to 1 point, opening of both eyes corresponded
to 2 points.

The limb sensorimotor function was assessed using the
limb placement on support test. After three days of adaptation
to hands the animals were through seven trials aimed at
assessing the limb sensorimotor integration. The trials involved
alternately moving the front and back paws off the edge of the
table in different positions (with visual control, laterally, when
pushing the body towards the edge, and when lowering to the
surface by the tail). A three-point scale was used to assess
performance in each trial: score 2 — normal performance,
score 1 — slow or incomplete performance, score 0 — no response.

Magnetic resonance imaging

On day 7 after the ischemia-hypoxia modeling, the animals
underwent in vivo MRI'in the 7 T MRI scanner with the 105 mT/m
gradient system (BioSpec 70/30; Bruker, Germany). After
being anesthetized with isoflurane at a concentration of 1.5-2%,
the animal was placed in a stereotactic fixation system
with thermal control. A standard brain assessment protocol
involving acquisition of T2-weighted images was used. A linear
transmitter with the internal diameter of 72 mm was used to
transmit the radio frequency signal; a surface receiver coil for
the rat brain was used for signal detection. The RARE spin
echo sequence had the following parameters: TR = 6000 ms,
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TE = 63.9 ms, slice thickness — 0.8 mm with an increment of
0.8 mm, matrix size — 256 x 384, resolution — 0.164 x 0.164
mm/pixel. The overall scan time per animal was about 30 min.

The extent of brain damage was assessed by planimetric
analysis of MR images with subsequent calculation of the
damaged tissue volume. The series of MRI scans was used
to calculate the lesion area (mm?) for each slice in ImageJ
(National Institutes of Health, Bethesda, MD, USA). For that
the areas of the intact tissue in the healthy (S,) and damaged
(S,) hemispheres were isolated, and the lesion area for a slice
was calculated using the following formula: S = S-S, where
TS was the lesion area on a single slice (mm?) [24]. The brain
damage volume was calculated using the following formula:
V =XS xd, where d was the slice thickness (0.8 mm), £S_was
the sum of lesion areas on all slices (mm2).

Statistical analysis

Statistical analysis was performed using SPSS Statistics 28.0.1
and GraphPad Prism 10.4.2. The distribution was tested for
normality using the Shapiro-Wilk test. Since the indicators were
ordinal scales and their distribution was non-normal, the data
are provided as the median and interquartile range Me (Q,; Q).
Groups were compared using the Mann-Whitney U-test. The
differences were considered significant with the two-tailed
p < 0.05. To minimize the systematic error, the researcher, who
conducted MRI and assessed the animals’ neurological status
in behavioral tests, was blinded; he/she was unaware of the rat
pup distribution into groups.

RESULTS

According to the MRl imaging data obtained on day 7, the group
of animals that received the xenon-oxygen mixture showed a
significant brain damage volume reduction. This value was
25% lower, than in the control group (p = 0.001; Fig.).

The neurological status analysis revealed significant reflex
formation acceleration in the rat pups of group Xe. On day
3, the median forelimb grasping reflex estimate of this group
was significantly higher compared to that of the control group
(o = 0.025; Table), which suggests a significant xenon-oxygen
mixture neuroprotective effect in terms of motor functions.
Similarly, even more pronounced dynamic changes were
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Table. Neurological status indicators in rat pups of groups C and Xe

Day Test Group C (n=8) Group Xe (n=8) p-value
Forelimb grasping reflex 1[0; 1] 1.5[1;2] 0.025
3 Hindlimb grasping reflex 1[1;1] 1.5[1; 2] 0.005
Righting reflex 11[0; 1] 1[1; 2] 0.19
Hindlimb placement 0.51[0; 1] 1.5[1;2] 0.045
! Cliff avoidance response 11[0; 1] 1[1;2] 0.03
Startle response to tone 1[0; 1] 1[1;2] 0.035
1 Eye opening 101;2] 1[1;2] 0.1
28 Limb placement on support 12 [8; 13] 13 [12; 13.5] 0.08

reported for the hindlimb reflex (o = 0.005). The righting reflex
test revealed no significant differences between the studied
groups (p = 0.190).

On day 7, animals of group Xe showed significantly better
performance in the hindlimb placement test (p = 0.045), as well
as more pronounced cliff avoidance response compared to
controls (p = 0.030).

By day 14, the significantly better preserved startle response
to tone was reported in the rat pups, which received the xenon-
oxygen mixture (p = 0.035). There were no significant differences
in the terms of eye opening between groups (p = 0.100).

On day 28, sensorimotor integration assessment based
on the limb placement on support test revealed no significant
differences (p = 0.080).

DISCUSSION

The data obtained show that the xenon-oxygen mixture
(60% Xe/50% O,) inhalation in the early recovery period after
ischemia-hypoxia has a pronounced neuroprotective effect in
the Rice-Vannucci model rat model. A significant reduction of
the brain lesion volume by 25% in the Xe group on day 7
based on the MRI data has become the key finding. This
result is in line with the conclusions of the recent large-scale
systematic review and meta-analysis showing that xenon
reduced neurological deficit on average by 39.7% in mouse,
rat, and swine pre-clinical hypoxic-ischemic encephalopathy
models [25]. Our study confirms that even a single 60-minute
application of xenon can significantly limit the development of
brain infarction, as can be seen in T2-weighted images.

The improvement recorded in behavioral tests confirms
morphological data and has a clear temporal logic. Improvement
of grasping reflexes and the limb placement test results on
days 3-7 suggests that xenon contributes to preservation of
the sensorimotor pathways and cortical centers responsible
for these reflexes. This is critically important since it is motor
impairment that underlies such severe hypoxic-ischemic
encephalopathy outcomes, as cerebral palsy. The preserved
startle response to tone on day 14 suggests better functional
state of the auditory systems and brainstem, which resonates
with the data of the abovementioned review, in which the
authors note the xenon capability of apoptosis reduction and
neuroinflammation modulation [25]. The lack of significant
differences in the limb placement on support test results on day
28 is likely to be associated with small sample size and high
variability resulting from the immature brain’s compensatory
capacity.

Our findings fit well into modern concepts of the xenon
mechanisms of action. The xenon neuroprotective effect is
mediated by both NMDA receptor antagonism and pleiotropic
effects: activation of two-pore-domain potassium channels,
modulation of AMPA receptors, and, which is especially
important for the neonate’s brain, anti-apoptotic effect [26].
It has been shown that xenon reduces neuronal death and
suppresses chronic neuroinflammation [27, 28]. Improvement of
neurological outcomes in our experiment is likely to result from
such a combined effect: limitation of primary lesion and creation
of more favorable conditions for postnatal brain maturation.

Our preclinical data gain particular importance in the light
of the results of clinical trials, such as TOBY-Xe. In this trial
adding xenon to hypothermia in neonates did not result in
improvement of outcomes, which the authors attribute, among
other things, to the late start of therapy. In our study xenon was
administered strictly 30 min after hypoxia, which emphasizes
critical importance of the therapeutic window. According to
other data, the maximum xenon efficacy is also achieved when
therapy is initiated in the first hours after stroke [25].

Thus, the use of the xenon-oxygen mixture after modeling
hypoxic-ischemic encephalopathy ensured neuroprotective
effect in newborn rats, which allows us to consider the goal of
the study as achieved. It is necessary to consider a number of
limitations when interpreting the results obtained. The animal
experiments did not involve therapeutic hypothermia being an
essential component of modern clinical practice. Furthermore,
the 28-day follow-up period is not equivalent to the complete
life cycle, which leaves open the question of the long-term
effectiveness of the drug.

CONCLUSIONS

The xenon-oxygen mixture (xenon 50%/oxygen 50%)
administration in early neonatal ischemia-hypoxia ensures a
pronounced neuroprotective effect in newborn Wistar rats, which
is confirmed by significant brain lesion reduction by 25% on day
7 based on MRI data. The xenon-oxygen mixture contributes to
acceleration of the central nervous system postnatal functional
maturation: the earlier formation of grasping reflexes, improvement
of sensorimotor responses, and preservation of auditory startle
response have been reported in group Xe. The data obtained
confirm the crucial role of early therapy initiation within the
therapeutic window and substantiate the need for further
exploration of optimal xenon dosing regimens, as well as xenon
potential synergism with therapeutic hypothermia for optimization
of hypoxic-ischemic encephalopathy treatment in newborns.
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