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ATP — adenosine triphosphate
SAH — subarachnoid hemorrhage
TBI — traumatic brain injury

tP4 — tissue plasminogen activator

INTRODUCTION

Pathologies associated with acute circulatory disorders of organs and their subsequent dysfunction occupy a leading place in
the structure of mortality throughout the world. Diseases associated with cardiovascular disorders are in the first place. Ischemic
stroke ranks second among the causes of death, and more than 450,000 people suffer from it in the Russian Federation annually.
The early 30-day mortality rate after stroke is more than 25%, and about half of the cases die within a year, which is more than
200,000 people [1].



The consequences of stroke rank first among the causes of primary disability [2, 3]. No more than 15% of stroke survivors
return to work or full-fledged fulfillment of their previous household duties, and the rest, due to disability, need lifelong medical
and social support. The number of people with disabilities who have suffered a stroke is approaching 1,000,000 and 25% of them
have severe dementia. As a result, the quality of life of not only the patient, but also the relatives and friends living with him sharply
deteriorates [4]. It is important to note that in the last decade there has been an increase in the number of strokes by more than 25%

[5].

At the same time, there is an increase in the number of patients with traumatic brain injury (TBI), mortality and disability from
TBI, as in stroke, is extremely high [6]. About 600,000 people get TBI in Russia every year. More than 50,000 of them die, and
about 240,000 become disabled [7, 8].

However, to date, all available neuroprotective drugs tested in multifocal clinical trials are not effective enough [9, 10].
Therefore, the development of new approaches to the treatment of severe brain injuries of various etiologies is one of the most
important tasks of critical care medicine. Understanding the molecular mechanisms underlying neuronal damage will enable the
search for effective therapeutic strategies and technologies that provide their protection.

The latter requirements can be met by the inhalation anesthetic xenon, which, judging by a large amount of recent experimental
data, has pronounced neuroprotective properties. Neuroprotection is the ability of therapy to prevent the death of neuronal cells by
suppressing the pathogenetic cascade that leads to their dysfunction and possible death [11].

Xenon is an inert gas that contains only 89 ppb in the atmosphere. Half a century after the discovery of xenon by Sir William
Ramsay and Dr. Morris Travers in 1838, Lawrence reported on its anesthetic properties obtained in preclinical studies in mice [12].
Shortly thereafter, Cullen and Gross first used xenon as a general anesthetic. They reported successful anesthesia in two patients
using a breathing mixture containing 80% xenon and 20% oxygen. One patient was an 81-year-old man who underwent
orchiectomy, and the other was a 38-year-old woman who underwent tubal ligation surgery [13]. This was followed by a report on
the use of xenon in 5 patients who underwent hernioplasty [14]. It is important to note that when examining 28 patients, the same
group of authors found that the minimum alveolar concentration of xenon is 71% [15]. More recent estimates of the minimum
alveolar xenon concentration range from 63 to 68% [16, 17]. Over the next two decades, little attention was paid to the use of
xenon as a general anesthetic.

It is important to note that only 50 years after the first clinical use of xenon, thanks to the works of Russian researchers under
the guidance of Professor N.E. Burov in 2000, Russia received permission for the clinical use of xenon as a general anesthetic,
while in Western Europe its use was allowed for general anesthesia in patients of groups 1-2 on the ASA scale only in 2005 [18].

The approval for the clinical use of xenon has largely stimulated the experimental work that revealed its neuroprotective
properties [19-21].

When it was discovered that xenon is an inhibitor of NMDA receptors [22], it was shown that xenon can protect neuronal cell
cultures from damage caused by NMDA, glutamate, or oxygen-glucose deprivation [19].

Brain damage from ischemic or hemorrhagic stroke, cardiac arrest, or TBI triggers a number of similar (but not identical) types
of pathophysiological responses.

All such damage is based on a common mechanism of excitotoxicity, through which NMDA receptors contribute to the
pathogenesis of neurodegenerative disorders.

The mechanisms mediating neuronal damage are multifactorial, with NMDA receptor-mediated excitotoxicity being the major
factor.

The NMDA receptor is a type of cation-permeable ionotropic receptor that provides rapid excitatory synaptic transmission via
glutamate, the main excitatory neurotransmitter in the mammalian central nervous system [23, 24]. Physiological activity of the
NMDA receptor is required for many important neurological functions, including synaptic plasticity, memory formation, mood
control, reward motivation, brain development and neuronal survival [23, 25-27]. However, overactivation of the NMDA receptor
under pathological conditions can lead to neuronal death in a process known as excitotoxicity [25, 28, 29].

Excitotoxicity occurs when neurons are exposed to high doses of glutamate, which causes persistent activation of N-methyl-d-
aspartate receptors (NMDA receptors) and a-amino-3-hydroxy-5-methylisoxazole propionic acid receptors (AMPA receptors),
resulting in to excess calcium intake through calcium channels and creates conditions for the “lethal” influx of extracellular calcium
[30-32].

The mechanisms when excessive calcium influx leads to apoptosis are complex and not well understood. Accumulating
evidence suggests several intracellular molecular and signaling pathways, including mitochondrial dysfunction, production of
reactive oxygen species, and activation of catabolic enzymes that degrade proteins, nucleic acids, and other cellular components.
While similar mechanisms by which NMDA receptor overactivation occurs leading to excitotoxicity, a large body of evidence
suggests that NMDA receptor-mediated excitotoxicity is a common mechanism mediating the pathogenesis of many
neurodegenerative disorders, from acute events such as stroke and brain trauma, to chronic neurodegenerative disorders such as
Alzheimer's disease, Parkinson's disease and Huntington's disease [33].



It should be noted that to date, a role has been discovered in the implementation of molecular mechanisms of neuroprotection
by xenon of double-pore potassium channels (TREK-1), which provide a basic ionic current that weakens neuronal excitability, in
turn, thereby ensuring the protection of neurons from damage (a similar mechanism has been described for implementation the
phenomenon of preconditioning caused by sevoflurane) [34]. The scientific literature also discusses the role of adenosine
triphosphate (ATP)-sensitive potassium channels of the plasma membrane in the implementation of the protective properties of
xenon. It was shown that in vitro xenon protected them from damage caused by deprivation of glucose and oxygen by activating
ATP-sensitive potassium channels in the plasmalemma in cultured neurons [35].

In our review, we propose to consider the points of application for the implementation of the neuroprotective properties of
xenon in different mechanisms of neuronal damage.

TRAUMATIC BRAIN INJURY

Macroscopically, several types of brain damage can be noted. These include diffuse axonal injury, brain contusion, intracerebral
hematoma, and cerebral edema. After a few hours or days, a second wave of damage develops, which is characterized by
excitotoxicity, free radical formation, mitochondrial dysfunction, mass effect, ischemia, and an inflammatory response. Thus, we
can assume that TBI is a progressive disease in which internal pathophysiological and systemic secondary processes (for example,
hypoxia and hypotension) aggravate the primary injury [36]. In addition, it has been demonstrated that axonal damage may be
secondary to metabolic changes [37]. This finding is extremely important because it opens a window for potential therapeutic
interventions.

In vivo animal studies show that the use of xenon directly or even 1-3 hours after injury reduces the amount of damage and
improves neurological parameters in mice [38]. An increase in the duration of inhalation up to 3 hours, in addition to reducing the
area of secondary damage, improves vestibulomotor function and prevents the development of memory deficit in the late period of
TBI. In addition, there was a decrease in white matter loss in the contralateral corpus callosum and in neuronal death in the CA1
contralateral hippocampus and dentate gyrus after 20 months. The long-term neuroprotective effects of xenon have been shown to
be associated with a significant reduction in neuroinflammation in multiple brain regions involved in associative memory, including
a decrease in reactive astrogliosis and microglial cell proliferation [39]. Thus, we can talk about persistent neuroprotection, the
effects of which persisted even 20 months after TBI.

Modeling TBI in vitro using damage to organotypic cultures of mouse hippocampus slices by explosive exposure to air showed
that treatment of drugs with 50% xenon 1 hour after injury shows a decrease in the severity of damage to 31-47%, and the most
significant neuroprotective effects are manifested up to 72 hours after injury. In addition, caspase-dependent cell death was
established in a model of explosive injury [40].

In the model of mechanical damage in vitro, we see that in the preparations of organotypic cultures of sections of the mice
hippocampus treated with 50% xenon, much more significant cell survival is observed, and a decrease in the development of
secondary damage is also noted. In addition, glycine was shown to weaken the action of xenon on the NMDA receptor, which
suggests that the neuroprotective effect of xenon is mediated by inhibition of the NMDA receptor at the glycine site [41].

Table 1 shows experimental studies proving the neuroprotective properties of xenon in in vitro and in vivo models of TBI.
Table 1.

Experimental works demonstrating neuroprotective properties of xenon in models with TBI in vitro and in vivo.

Study Model Procedure Results
In vitro
Campos-Pires R., Koziakova M., | Organotypic cultures of hippocampal slices | In1hour, culture sectionswere | 31-47% reductionin damage
Yonis A,, et al. (2018) [40]. of 5-7-day-old mice were blown by air froma | placed in a chamber with 50%
tube (simulating an explosive injury) —shock | Xe and 50% air Xenon prevents explosive damage that develops up
wave 55 kPa (duration 0.4 msec; pulse 10.3 to 72 hours after injury
kPa ¢ msec)

Explosion exposure triggers caspase- dependent
cell death

Lavaur J., Le Nogue D., Lemaire | Midbrain cells containing dopamine neurons, | Thetabletsaregas-treated: Xe | Xenon protects dopamine receptors from

M., et al. (2017) [72]. and astroglial cells of 15.5-day-old mouse | 75%/O,20%/CO,5% degeneration through antagonism of NMDA
embryos, were exposed to a synthetic receptors, preventing oxidative stress
analogue of glutamate — L-trans-pyrrolidine-
2.4-dicarboxylic acid (I-trans-pyrrolidine-2.4- Neuroprotection of dopamine neurons by xenon is
dicarboxylic acid (PDC)) and from day 12 the result of repression of the glial-dependent

mechanism

to 16 days they were cultivated in a growth
medium to create a slow and steady process Xenon reduces damage to dopamine neurons
of excitotoxicity caused by oxidative stress due to excess glutamate

Mid-brain cell culture containing dopamine | Thetabletsaregas-treated: Xe | Xenon provides protection for the spontaneous
neurons of 15.5-day-old embryos in the | 75%/O,20%/CO,5% death of dopamine neurons

culture  medium that spontaneously
degenerated over time, from the 7% to the
14 day of cultivation in a growth medium




Harris K, Armstrong S.P., | Organotypic cultures of hippocampal slices | In 1 hour, the culture sections | Damage in sections treated with xenon is less than

kampos-Pires R’J[EEl]u et al. | of 6-day-old mice were mechanically | wereplacedinachamberwith | inuntreated ones:
(2013) [41] damaged by stylus drop, impact energy 3.5 | 50% xenon and 50% air
' W, impact caused focal injury with a In 24 hours — by 57 £ 3% ( P <0.001),

diameter of 340 + 12 pm,
In 48 hours — by 56 + 3%; P <0.001),
damage was quantified by the fluorescence
of propidium iodide In 72 hours — 43 + 3% (P <0.001)

Xenon reduces the development of secondary
damage to neurons

Glycine weakens the effect of xenon on the NMDA
receptor

The neuroprotective effect of xenon is mediated by
inhibition of the NMDA receptor in the glycine site

Coburn M., Maze M., Franks N.P. | Organotypic cultures of hippocampal | Slice cultures treated with gas | Processing of 75% xenon immediately after trauma:

(2008) [42]. sections of 7-day-old C57 / BL6 mice were | composition: Xe  75%/O, | primary damage is twice smaller, secondary
mechanically damaged by stylus drop, | 20%/CO,5% damage is more than four times smaller in
impact energy 3.5 pJ, impact caused focal comparison with the control group
injury with a diameter of 750 = 17 pm,
damage to neurons was quantified using Xenon shown neuroprotective properties in the
propidium iodide processing sections 2 and 3 hours after the injury in

respect of primary and secondary damage, but with
less efficiency

In vivo
Campos-Piries R., Himet T., Valeo | Male mice, controlled cortical exposure Inhalation of 75% Xe, 25% O, | Significantly reduced
F., etal. (2019) [39]. for 3 hours
secondary damage (P <0.05),
Improving short-term  vestibulomotor function
(P<o0.01) and
Prevention of memory deficiency in the late TBI
Reducing the loss of white matter in the
contralateral corpus callosum and the loss of
neurons in the contralateral hippocampus CA1 and
dentate gyrus 20 months later.
Decreased neuroinflammation in areas of the brain
involved in associative memory
Decreased reactive astrogliosis and microglia cell
proliferation
Significant survival improvement (P <o0.05) 12
months after injury
Campos-Pires R., Armstrong S.P., | Male mice, controlled cortical exposure 75% Xe, 50% Xe or 30% Xe The use of xenon after head injury improves
Sebastiani A., et al. (2015) [38]. neurological outcome and reduces the amount of

damage in mice

STROKE

There are 2 main types of stroke - ischemic and hemorrhagic stroke. Ischemic strokes account for about 87% of all strokes
[42].

Ischemic stroke occurs as a result of thrombotic or embolic block of cerebral arteries, which leads to restriction of blood flow
in the affected brain tissue, followed by depletion of energy. This causes a number of complex pathophysiological events, including
impairment of ion homeostasis, accumulation of synaptic and extrasynaptic glutamate, impaired function of ion channels, damage
to membranes and DNA, inflammation, and so on, ultimately leading to ischemic brain damage and neuronal death [28, 43— 45].

Intracerebral hemorrhage is any bleeding within the skull, including the brain parenchyma and surrounding meningeal spaces.
During intracerebral hemorrhage, blood accumulates in the brain parenchyma, which leads to damage to anatomical structures and
an increase in local pressure. Primary damage to the brain tissue occurs within minutes or hours and is mainly the result of
mechanical stress on the tissue associated with the mass effect [46]. Secondary damage can be realized through many pathological
mechanisms. These include blood cytotoxicity [47, 48], hypermetabolism [49], excitotoxicity [50], oxidative stress and
inflammation [48, 51-57]. At the site of hemorrhage, inflammatory mediators are produced, causing secondary damage, involving
microglial cells and macrophages in the process, which are necessary to remove cellular debris from the hematoma area, as well as
a source of ongoing inflammation [58].

Xenon neuroprotection in these conditions may have good prospects, since according to modern concepts, in all types of
ischemic or hemorrhagic stroke or subarachnoid hemorrhage (SAH), common pathogenetic mechanisms of neuronal death are
ultimately observed.



In a model of ischemic stroke in vivo by intraluminal injection of an autologous blood clot followed by inhalation of xenon
during ischemia and in the postischemic period, distinct neuroprotective properties of xenon are shown.

In addition, it has been shown in vitro that xenon can alter the catalytic efficiency of tissue plasminogen activator (tPA). This
study found xenon to be a tPA inhibitor; xenon, which was used during ischemia, dose-dependently inhibits tPA-induced
thrombolysis and subsequent reduction of ischemic brain damage; inhalation of xenon after ischemia actually suppresses ischemic
brain damage and tPA-induced cerebral hemorrhages, as well as disruption of the blood-brain barrier. Taken together, these data
indicate that xenon should not be administered prior to or during tPA therapy; Xenon can possibly be used to treat acute ischemic
stroke if it is used after tPA-induced reperfusion [59].

Exposure to xenon after transient ischemia in rats leads to a decrease in the infarction volume depending on the concentration,
exposure time and improvement of neurological function 7 days after the ischemic event. Although xenon did not improve the
neurological assessment 28 days after ischemia, its combination with mild hypothermia improves neurological outcome, and the
combination of its inhalation with hypothermia improves the outcome in cerebral hemorrhage [60].

Subarachnoid hemorrhage after ruptured aneurysm accounts for about 5% of all strokes, affects a relatively young age and has
a poor prognosis [63].

Although occlusion of the aneurysm using endovascular surgery effectively prevents repeated bleeding, cerebral vasospasm
and subsequent cerebral ischemia are the cause of high mortality in this pathology. A significant number of experimental and
clinical studies have been carried out to find ways to prevent these complications, but so far no significant results have been
achieved [64].

Therefore, the solution to the problem of neuroprotection in this pathology is also beyond doubt.

Recently, interesting experimental work has appeared on the study of the protective properties of xenon in subarachnoid
hemorrhage.

The study of subarachnoid hemorrhage in rats by M. Veldeman et al. (2017) is of particular interest. In animals that received
50 vol.% Xenon for 1 hour after SAH, less significant damage to neurons in the ipsilateral regions of the hippocampus (CA3 region)
and dentate gyrus was noted compared to the control group. In animals treated with xenon, fewer microglial cells were observed,
which indicates the immunomodulatory effect produced by xenon [65].

In the work of Y.F. Miao et al. (2018) carried out an interesting study on the delivery of xenon to the lesion focus by xenon-
containing echogenic liposomes (Xe-ELIP) using a SAH model in rodents by means of ultrasound-controlled release. The drug
was administered intravenously in combination with ultrasound stimulation of the common carotid artery to induce the release of
xenon from circulating Xe-ELIPs. The study showed a decrease in apoptotic neuronal death and bleeding volume. The authors note
an improvement in neurological assessment, a decrease in the severity of motor dysfunction, and a decrease in mortality in the Xe-
ELIP treated group compared with the control group [66].

Table 2 shows experimental studies proving the neuroprotective properties of xenon in in vitro and in vivo models for stroke
and SAH

Table 2.

Experimental works demonstrating neuroprotective properties of xenon in models with stroke and SAH in vitro and in
Vivo.

Model Procedure Results
Study
In vitro
Shu Y., Patel S.M., Pac-Soo C,, et al. | Preparations of cortex and | Preconditioning of 70% Xe or70% N,O | Xe - significantly reduces the number of
(2010) [66]. hyppocampus of 7-day-old rats after | or8% O, within 2 hours, after 24 hours | caspase-3 cells
anesthetic  treatment in  vivo | inhalation of 70% N,O +0,75%
(neuronal apoptosis induced with | isoflurane for 6 hours N,O - no significant effect

anesthetics in vivo )
Hypoxic preconditioning — a significant
increase in caspase-3 positive cells

Organotypic cultures of hippocampal | Preconditioning of 70% Xe or70% N,O | Xenon —significantly reduces the number of
slices (neuronal apoptosis induced by | or 8% O, for 2 hours, after 24 hours | caspase-3 cells

anesthetics in vitro) were stained with | treatment with 70% N,O+o, 75%
cleaved caspase-3 isoflurane for 6 hours N,O — no significant effect

Hypoxic preconditioning — a significant
increase in the number of caspase-3 positive
cells

Xenon is effective in suppressing induced
apoptosis.




Banks P., Franks N.P., Dickinson R.
(2010) [21].

Organotypic cultures of hippocampal
sections were subjected to oxygen-
glucose deprivation

50% xenon immediately after damage
50% xenon 3 hours after damage

50% xenon 6 hours after damage

70% reduction in neuronal damage
40% reduction in neuronal damage

Abscence of neuroprotection

David H.N., Haelewyn B., Risso J.J., et
al. (2010) [60].

A recombinant form of tissue
plasminogen activator ( tPA ) in
human and mice in vitro

The substrate was diluted in distilled
water and saturated with xenon from
25 to 75 vol.%

Xenon is a tissue plasminogen inhibitor

Bantel C., Maze M., Trapp S. (2009)
[35]-

Cultures of neuroclonal- glial cells of
1-2-day-old mice were subjected to
oxygen-glucose deprivation for 75
min

Preconditioning with gas composition
for 2 hours:

Xe75%/0,20%/CO, 5%
or

Sevoflurane
20%/CO, 5%

33%IN,  72.7%/0,

Preconditioning with xenon or sevoflurane
opening potassium channels 24 hours
before oxygen-glucose deprivation
effectively prevents neuron death (survival
rate: 80-100%)

Adding the inhibitor of Karp-channel
tolbutamide to the group xenon during
preconditioning completely eliminated
protective effect of xenon

For preconditioning neurons with xenon, it
is important to open the KATP-channels of
the plasmalemma, and not the
mitochondrial Karp-channels

Recombinant Karechannels are activated by
xenon but are inhibited by halogenated
volatile anesthetics

Xenon can very closely mimic the internal
mechanism of ischemic preconditioning

Wilhelm S., Ma D., Maze M., Franks
N.P. (2002) [19].

The culture of neurons and glial cells
of the cortex of newborn mice was
exposed to NMDA, glutamate, or
oxygen deprivation

The culture was put in a gas chamber
with xenon (Xe 75%/0O, 20%/ CO,5%)
for 24 hours

Xenon is not neurotoxic.

Xenon has a concentration- dependent
neuroprotective effect in vitro

Protective effect:
100% in the oxygen deprivation group
80% inthe NMDA group

80% in the glutamate group

Miao Y.F., Peng T., Moody M.R,, et al.
(2018) [65].

Rats, SAH model
endovascular

caused by
perforation of the
middle cerebral artery

nvivo

Xenon-containing echogenic
liposomes  (Xe-ELIP), intravenous
administration combined with

ultrasound of the common carotid
artery to induce the release of Xe from
circulating Xe-ELIP.

Bleeding reduction

Improving overall neurological assessment
Reduced motor function damage
Decrease in apoptotic death of neurons

Mortality reduction.

Yang Y.W., Wang Y.L, Lu J.K, et al.
(2018) [73]-

Rabbits, ischemic/reperfusion injury
to the spinal cord (balloon occlusion of
the infrarenal aorta) for 22 minutes

Immediately after reperfusion -
inhalation of Xe 50% / O, 50% 1 hour,
then N ,50% / O,50% 2 hours

Delayed inhalation after reperfusion —
inhalation N, 50% / O, 50% 2 hours,
then Xe 50% / O, 50% 1 hour

Xenon increases IL-6 and IL-10 levels with
immediate post-conditioning and decreases
these levels in delayed post-conditioning

Xenon  postconditioning  with  delay
improves  neurological  function  and
attenuates mediated microglial

inflammatory response

Immediate
enhances

xenon  post-conditioning
microglia- mediated
inflammatory response

Sheng S.P., Lei B., James M.L,, et. al.
(2012) [61].

Rats, subarachnoid

(SAH)

hemorrhage

Inhalation of Xe 50% / O, 50% after
SAH for 1 hour with an assessment of
histological damage after 24 hours

Less pronounced neuronal damage was
noted in the CA3 hippocampus and dentate
gyrus compared with the control group.

A smaller number of microglia cells was
observed, which indicates the
immunomodulating  effect created by
xenon.

Sheng S.P., Lei B., James M.L,, et. al.
(2012) [61].

Rats, temporary focal ischemia for 70
minutes

In 9o min, o, 15, 30, or 45% Xe for 20
hours or o or 30% Xe for 8, 20, or 44
hours was administered to rats .

The size of the heart attack decreased
depending on the duration of treatment,
neurological functions improved on longer
exposure to xenon (8, 20 and 44 hours).




Temporary focal ischemia and | Inhalation 20 hours 30% Xe andfor | Postischemic treatment using 30% Xe or
subtherapeutic hypothermia (36° C) subtherapeutic hypothermia (36° C) subtherapeutic hypothermia (36° C) did not
affect the 28-day outcome; a combination
of these methods improves outcome

Intracerebral hemorrhage  and | 20hinhalation 30% Xe The combination of inhalation of 30% Xe
subtherapeutic hypothermia (36° C) and Subtitle therapeutically hypothermia
(36° C) improved the indicators of the
outcome of intracerebral hemorrhage.

David H.N., Haelewyn B., Risso J.J,, et | Male rats, occlusion of the middle | Xenoninhalationfrom37.5t075v0l.% | And the x-ray dose of xenon dependently

al. (2010) [60]. cerebral artery by introducing an | During ischemia and in the | inhibits tPA-induced thrombolysis with a
autologous blood clot by in vivo | postischemic period subsequent decrease in ischemic brain
intraluminal method damage;

Inhalation of xenon after ischemia actually
suppresses ischemic damage to the brain
and tPA-induced hemorrhages in the brain,
as well as damage to the blood-brain barrier

Homi H.M., Yokoo N., Ma D., et al. | Male mice, occlusion of the middle | 70% Xe +30 % O, The neurological result is better in animals
(2003) [20]. cerebral artery, 60 min of the 70% Xe group compared to the 70%
or N,O group. The 35% Xe + 35% N,O group

had anintermediate result
70% N,O +30% O,
Histological analysis: 70% Xe and 35% Xe +
or 35% N,O - lower infarct volume compared
to the 70% N,O group

35% Xe +35% N,O +30% O,
Neuroprotective efficacy of Xe has a dose-
followed by  assessment  of dependent result

neurological and histological damage
after 24 hours Neuroprotective effect is most pronounced
in the cortex, with little effect in the
subcortex

Wilhelm S., Ma D., Maze M., Franks | Female rats in vivo received an | Inhalationof 20, 40, 60 and 75% xenon | Xenon has a concentration- dependent in
N.P. (2002) [19]. injection of NMDA + xenon, followed vivo neuroprotective effect
by histological examination

CARDIAC ARREST

Severe cognitive deficit remains an important and far from being resolved problem in patients undergoing cardiac arrest. As a
consequence, the development of strategies aimed at reducing neurological functional deficits is a major challenge.

Cardiac arrest and subsequent pulmonary cardiac resuscitation are a classic example of ischemia-reperfusion brain injury
followed by a cascade of excitotoxicity, apoptosis, and neuroinflammation reactions.

Previous research has shown that N-methyl-D-aspartate receptors are expressed in myelin of white matter oligodendrocytes
and are activated during ischemia [67], and xenon is an antagonist of the N-methyl-D-aspartate receptor and a competitive inhibitor
at the glycine coactivation site of this receptor [21, 22]. The volume of white matter is 50% of the total brain volume in humans
and is very vulnerable even to short-term ischemia [68].

The use of xenon in combination with hypothermia has been shown to be effective in a pig model of cardiac arrest. In the study,
after 10 minutes of cardiac arrest and 6 minutes of cardiopulmonary resuscitation, the animals underwent hypothermia up to 33 °©
C and inhalation of 70% xenon for one hour. Animals in the main and control groups showed significantly fewer necrotic lesions
in the cerebral cortex, caudate nucleus, putamen, and hippocampal sectors CA1 and CA3/ 4. However, only a combination of mild
therapeutic hypothermia and xenon inhalation led to a decrease in astrogliosis in the CA1 sector, microgliosis, and perivascular
inflammation in putamen. In addition, only animals with mild therapeutic hypothermia treated with xenon showed significantly
improved indicators of neurological deficit over time [69].

In a study by R. Laitio et al. (2016), the use of xenon in combination with hypothermia in a clinical setting was first studied.

In patients who experienced cardiac arrest outside the hospital, inhalation of xenon at a concentration of 40 vol% for 24 hours,
which was combined with hypothermia compared with the group in which only hypothermia was used, resulted in less damage to
the white matter, as measured by fractional anisotropy diffusely weighted magnetic resonance imaging [70].

This study was not powerful enough (110 patients) to detect differences in functional endpoints; 6-month mortality was 27%
in the xenon-hypothermia group and 35% in the hypothermia group (aHR, 0.49 [95% CI, 0.23-1.01]) - but this difference in
mortality did not reach statistical significance (p = 0.053). The authors note that the degree of damage to the white matter of the
brain was the strongest predictor of 6-month mortality. The obtained results allowed initiating a large multicenter international
study, which will include 1,436 patients after out-of-hospital cardiac arrest (XePOHCAS - NCTO03176186 -
clinicaltrials.gov/ct2/show/NCT03176186]) to evaluate the efficacy and safety of 24-hour xenon inhalation in order to reduce
mortality and improve functional outcome in patients after successful resuscitation, but in a coma [71].

OTHER CONDITIONS FOR NEUROPROTECTION



In addition to situations of acute damage to neurons, the protective effect of xenon has been shown in vitro under conditions
of low-level excitotoxic stress.

J. Lavaur et al. (2017) showed the importance of neuroprotective properties for the protection of dopamine receptors. under in
vitro conditions simulating low-level excitotoxic stress. A culture of midbrain cells containing dopamine neurons and astroglial
cells of 15.5-day-old mouse embryos was treated with a synthetic analogue of glutamate, L-trans-pyrrolidine-2,4-dicarboxylic acid
(L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC)). It was found that xenon protects dopamine receptors from degeneration through
antagonism to NMDA receptors, preventing oxidative stress, and neuroprotection of dopamine neurons with xenon is the result of
repression of the glial-dependent mechanism, and also provides protection for spontaneous death of dopamine neurons [61].

It should be noted that the neuroprotective ability of xenon was also shown in the case of spinal cord injury in the work of
Y.W. Yang et al. (2018) on a model of ischemia-reperfusion injury of the spinal cord in rabbits. Delayed xenon postconditioning
has been shown to improve neurological function and attenuate microglia-mediated inflammatory response, while immediate xenon
postconditioning enhances microglia-mediated inflammatory response [73].

CONCLUSION

As we can see, interest in the properties of xenon as a neuroprotector remains in the focus of attention of researchers. The
search for new mechanisms of action can significantly expand the range of clinical applications of xenon as an effective means of
protecting the brain - both in a situation of acute injury and in the long-term period. It seems important to note that the convincing
data accumulated to date, obtained in experimental studies, which revealed the neuroprotective properties of xenon, make it possible
to initiate its clinical trials in severe traumatic brain injury, ischemic stroke, and subarachnoid hemorrhage.
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