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Elevated altitudes accompanied by low barometric pressure and acute oxygen
deficiency, pose a significant risk for the development of High-Altitude Cerebral
Edema in the brain. The resultant HACE is a potentially fatal neurological disorder
that triggers a neuroinflammatory response and leads to significant changes in the
redox homeostasis of the brain, ultimately resulting in neurodegeneration. In the
current study, the level of apoptotic cells and mast cells, as well as the expression
of TNF-a as an essential modulator of neuroinflammation was investigated
following acute hypobaric hypoxic exposure. The animals were exposed to acute
hypobaric hypoxia for approximately 24 h at an altitude of 7620 m. The study
findings indicate an increased level of mast cells in the brain parenchyma
(p < 0.0001), accompanied by elevated TNF-o expression and TUNEL-positive
cells (p < 0.0001), suggestive of neuronal degeneration following acute hypobaric
hypoxia. The current study reveals the critical role of mast cells in edema formation
during the neuroinflammatory response of the brain under hypoxic conditions.
Additionally, it underscores the involvement of pro-inflammatory cytokines, such
as TNF-a, in the process of blood brain barrier disruption, and the subsequent
development of cerebral edema. This study provides a more in-depth understanding
of the pathogenesis of HACE, where the studied biomolecules contribute as
essential neuroinflammatory modulators.
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Introduction. Numerous central nervous system (CNS) disorders are
postulated to encompass a neuroinflammatory component, coupled with oxidative
stress consequential to hypoxia-ischemia [1]. Hypoxia-induced brain injury exhibits
morphological changes, mitochondrial dysfunction, and upregulation of proteins and
genes associated with apoptosis [2].

High altitude cerebral edema (HACE) is an infrequent and enigmatic ailment
caused by exposure to the rarefied air of high altitude. The primary pathogenic
mechanisms of this malady encompass not only oxidative stress, but also
neuroinflammation as a promoter of brain injury [3]. Although the fundamental
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cause of HACE is low blood oxygen saturation caused by high altitude hypobaric
hypoxia (HH), the pathophysiological mechanism of HACE is exceedingly complex
and not comprehensively understood [4]. HACE usually denotes cerebral anomalies
of high-altitude (above 3000-5000 m) sickness [5] that is mediated by oxidative
stress damage caused by an imbalance of redox homeostasis, and inflammation
mediating the onset of HACE [6]. Furthermore, heightened pro-inflammatory
cytokines may exacerbate neuron injury [7].

Mast cells (MCs) that are innate immune cells can secrete factors that serve as
inflammatory mediators triggering neuroinflammation, and immune cell infiltration
into the CNS. The number of MCs rises after hypoxic-ischemic events, increasing
blood-brain barrier (BBB) permeability to facilitate an inflammatory state in the
brain. These findings suggest that MCs accumulate in the CNS as one of the initial
responders to neuroinflammatory disorders [8]. In this study, the potential role of
mast cells and TNF-a as neuroinflammatory mediators during HACE formation is
considered along with the apoptosis that usually co-exists with the inflammatory
response of the brain following hypoxic exposure.

Materials and Methods.

Experimental Design. All experiments with animals (24 albino male rats,
weighing 200-250 g) have been carried out by the rules of the National Center for
Bioethics of Armenia. In order to mimic the cerebral edema, the HH model was used.
The control group animals (n = 10) were kept in normobaric conditions, while the rats
from the experimental group (n = 14) underwent HH in the decompression chamber.
The experimental animals were kept under acute hypoxic conditions for 24 h. The
desired altitude to induce edema was selected according to the literature (7620 m
altitude, equal to 25 000 feet, 8.1% O, 300 m/min velocity) with some modifications
[9-11]. The animals were kept in an air-conditioned room with a controlled
temperature of 22+1°C, under relative humidity in the controlled 12-hour light-dark
cycled cages with free access to water and food. After the hypoxic exposure, animals
from the experimental and the control group underwent histological examination.

TUNEL Assay. To detect apoptotic cells, DNA fragmentation in apoptotic cell
nuclei was determined using terminal deoxynucleotidyl transferase-mediated dUTP
nick endlabelling (TUNEL) reaction special kit (TUNEL Assay Kit-HRP-DAB,
ab206386, Cambridge, UK). First, tissue sections were deparaffinized with xylene,
rehydrated through descending concentrations of ethanol, rinsed for 10 minin 0.1 M
PBS, and then treated with 20 ug/mL proteinase K for 20 min at room temperature.
The specimens were treated with 3% H»O, in methanol for 10 min to inactivate
endogenous peroxidase. After washing with PBS, specimens were incubated in the
labeling reaction mixture containing terminal deoxynucleotidyl transferase and the
deoxynucleotide at 4°C overnight. After incubation, all the sections were rinsed in
PBS for 30 min at room temperature. Then, the sections were washed extensively
with PBS for 3 min and treated with DAB solution (30 mg DAB and 200 uL
H>0,/100 mL PBS) for 15 min at room temperature in the dark. Finally, the sections
were dehydrated in increasingly graded ethanol, cleared in xylene, and mounted with
a cover slip. In this method, apoptotic nuclei were identified by dark brown staining.
The staining was performed according to the manufacturers; instructions and
literature [1]. For the positive control, the incubated sections were processed with
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DNAse | (3000 U/mL in 50 mM Tris-HCI, pH 7.5, 1 mg/mL BSA) for 10 min at
15-25°C to induce DNA strand breaks, and then applied the TUNEL reaction. For
the negative control, sections were incubated with only the label solution (without
terminal transferase) instead of the TUNEL reaction mixture. All the sections were
stained with methylene blue (MB) and observed under a light microscope (B-293,
OptikamB5 Digital Camera M-114, Italy), and the images were recorded with Optika
Liteview software with magnification x400.

Mast Cell Staining. To determine the distribution and amount of MCs,
Toluidine blue and May-Griinwald Giemsa staining methods were applied as
described in the literature [12—-14]. The total amount of MCs including granulated
(metachromatically intact cells) and degranulated cells (n = 10/group), and counted
in 10 observed fields under a light microscope (B-293, Italy).

Immunohistochemical Study. In order to evaluate the expression of TNF-a
following HH exposure, an immunohistochemical study was conducted utilizing an
anti-TNF-a antibody (“Abcam”, 220210, Cambridge, UK). Brain slices were
subjected to dewaxing and dehydration through a series of alcohol solutions of
descending concentrations (95%, 70%, and 50%) for 3 min each. To inhibit
endogenous peroxidase activity, the sections were treated with a 3% H,O, solution
in methanol at room temperature for 10 min, followed by two washes with TBS
containing 10% BSA for 1 h. Upon removal of the blocking buffer, the primary
antibody was applied, and the slides were incubated at 4°C overnight. A secondary
HRP-conjugated antibody was subsequently used, and the slides were incubated for
30 min at 37°C. Visualization was achieved through the application of the
diaminobenzidine chromogen (DAB, “Abcam”, UK). The specimens were mounted
with DPX and viewed under a light microscope.

Statistical Analysis. The data were presented as mean + SD for all methods
used. Student t-test, using GraphPad software, was used to compare the studied
groups. A significance level of p < 0.05 was considered.

Results and Discussion. Following hypobaric hypoxic exposure, the number
of apoptotic cells was increased in CA3 (Figs. 1, A-C) and CA2 (Figs. 1, D-F)
regions of the hippocampus, and in the cerebral cortex (Figs. 1, G-I). The results
indicated a significant increase in the number of apoptotic cells in the aforementioned
regions of the brain, alongside cell shrinkage and hyperchromatization. Furthermore,
the number of TUNEL-positive cells was significantly higher (p < 0.0001) in the
HACE group than in the control group, indicating the occurrence of apoptosis in
response to oxidative stress caused by acute oxygen deficiency. The findings suggest
that exposure to HH has detrimental effects on the brain, particularly in terms of
inducing apoptosis and cellular damage.

These changes are due to an activation of apoptotic pathways that cause DNA
damage among neurons. According to the literature, HH exposure causes
neurodegeneration in the CA3 region of the hippocampus, glutamate excitotoxicity,
and high influx of calcium-mediated apoptosis cascade [5].

In the brain, MCs are typically perivascular, have substantial granule content,
and are frequently observed siding cortical penetrating arterioles. After ischemia,
MCs were found more abundantly in the cerebral tissue, where they release their
granules, thus leading to permeability change and perivascular edema. More recently,
the rapid recruitment and activation of TNF-o positive cells within 1 h after a
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generalized hypoxic-ischemic (HI) challenge has been shown in the neonate rat
brain, although such a rapid MCs accumulation has not been documented in other
ischemia models [8].
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Fig. 1. Histological photomicrographs of the CA2, and CA3 subfields of the hippocampus and cerebral
cortex of negative control (A, D, G), positive control (B, E, H), and TUNEL-positive (C, F, I) of
the HACE group (arrows), MB and TUNEL staining, magnification x400, scale bar = 50 um. Changes
of TUNEL-positive cells in control and HACE groups (J). Data presented as mean + SD, ™" p < 0.0001
compared with control according to Student t-test.

The average number of MCs in the brain parenchyma in control and HACE groups
(*** p < 0.0001 significance control vs HACE group based on Student t-test)

Control mean + SD HACE mean + SD
42+1.74 40.5+5.92"

Number of mast cells

In the current study, a significant increase in MCs after HH was detected.
The average number of MCs is presented in Table.
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MCs are found adjacent to blood vessels and nerve endings; in the brain, they
are located in the thalamus, hypothalamus, and median eminence. MC secretory
granules store many preformed proinflammatory and neuro-sensitizing mediators
including bradykinin, histamine, TNF-a, and tryptase [15]. The observed MCs were
mainly distributed in the hippocampus and cerebral cortex (Fig. 2, A-C).
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Fig. 2. Histological photomicrographs showing MCs (arrows) in the hippocampus (A) (Toluidine blue

staining), and cerebral cortex (B, C, arrows) of the HACE group (Giemsa staining, magnification x400,

scale bar = 50 um). Changes of MCs number in control and HACE groups (D). Data presented as
mean + SD, " p < 0.0001 compared with control according to Student t-test.

In addition to the changes in MCs number, the HH resulted in increased
activity of TNF-a. This is linked to the brain’s inflammatory response under hypoxic
conditions. The TNF-a-positive cells were identified in the brain parenchyma,
specifically in the hippocampus and cerebral cortex (Figs. 3, A-D).

The up-regulation of TNF-oo in MCs and other resident cells such as
macrophages is a notable phenomenon in the brain. The activation of MCs leads to
the generation of NF-xB and AP-1 and the production of many cytokines, including
TNF-a, and various chemokines. The effects of TNF-a include the stimulation of
histamine from MCs, which contributes to immediate inflammatory reactions.
Furthermore, TNF-a. may sensitize CNS functioning through the stimulation of
either neurons or MCs [16].

Mast cells play a significant role in the CNS, contributing a large percentage
of histamine to the central pool and regulating the blood-brain barrier permeability
[15, 17]. Their ability to instantly degranulate and release soluble mediators from
intracellular stores is crucial for optimal immune response [18].
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Fig. 3. Histological microphotographs of the TNF-a positive cells (arrows) in the hippocampus
(A, B, C) and cerebral cortex of (D) of the HACE group (magnification x400, scale bar = 50 um).

Studies have shown that TNF-a,, which is detectable as early as one hour after
the onset of hypoxia, induces neuronal injury. In contrast to its negative effects,
TNF-a can potentially exert beneficial or detrimental effects, depending on the
pathologic context [19].

The major pathogenetic mechanisms of HACE include neuroinflammation
and oxidative stress as promoters of brain injury. Several studies have found elevated
levels of inflammation markers that activate immune cells, amplifying both inflame-
mation and reactive oxygen specie generation. Hence, the neuroinflammatory
response fuels oxidative stress, perpetuating inflammation. A notable consequence of
neuroinflammation is the effect on the BBB, enabling the infiltration of leukocytes,
which can then participate in perpetuating the inflammatory response [20].

Conclusion. The current study findings suggest that the increased level of
MCs, along with TNF-o. expression, may be associated with BBB permeability
disruption and the formation of deteriorative changes in the brain. Evaluating the
role of these inflammatory mediators in the pathological mechanisms underlying
cerebral edema induced by hypoxic exposure is a significant challenge due to the
complexity of the underlying processes of inflammation. However, this study could
shed light on the particular biomolecule and cells, mainly the MCs and TNF-a that
play a considerable role in HACE pathogenesis and contribute to cell apoptosis and
disruption of BBB integrity.
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P. A IIYITAHSH

OLIEHKA TYYHBIX KJIETOK, SKCIIPECCUU TNF-a U
TUNEL-TIO3UTUBHBIX HEMPOHOB I'OJIOBHOI'O MO3TA
BO BPEMS BOCIIAJIMTEJIbHOM PEAKIIMU, BBI3BAHHOI

OCTPOU TUIIOBAPUYECKOW TUIIOKCUEU

[ToBbIIEHHBIE BBICOTHI, COMPOBOMKAAIOIIMECS HHU3KHM OapOMETPHUYECKUM
JABJICHHEM U OCTPBHIM JAe(PUIIMTOM KHCIOPOAa, IPEACTABISIOT 3HAYUTEIBHBIA PUCK
pa3BUTHUS BBICOTHOTO OTeKka rosoBHoro wmo3sra (BOI'M). Bosnukaromuit BOI'M
IpeACTaBiIsieT COO0H NOTEeHIHATBHO CMEPTEIbHOE HEBPOIOIHYECKOE PACCTPOICTBO,
KOTOpOE 3aIlycKaeT HeMpOBOCHAIUTENbHYIO PEaKIUIO U MPUBOAUT K 3HAUUTEIBHBIM
WU3MEHEHUSIM B OKHCIIUTEIHFHO-BOCCTAHOBUTEILHOM IFOMEOCTa3e FOJOBHOTO MO3ra,
YTO B KOHEYHOM HWTOTe TMPHUBOJUT K HeWpojereHepannu. B HacTosmeir pabore
WCCIIEIOBAaH YPOBEHb alONTOTHYECKMX M TYYHBIX KJIETOK, a TaKXKe JKCIpPEeCcCHs
TNF-0. kxak BaKHOTO MOIYJATOpa HEHPOBOCHAJCHUS MOCIE OCTPOrO THUIO-
0apuUYecKOro THUIOKCHYECKOTO BO3AEHWCTBUA. JKWBOTHBIE MOIBEPralCh OCTPOI
runo6apudeckoit runokcun (I'T) B Teuenue mpumepHo 24 u Ha BbicoTe 7620 M.
Pe3ynbTaThl Mcciea0BaHUs YKa3bIBAIOT HA MOBBIIIEHHBI YPOBEHb TYUHBIX KJIETOK
B maperxume rosoBHoro mosra (p < 0,0001), compoBOXIAIOIIMIACS TTOBBIIICHHOMN
skcrpeccueit TNF-o 1 TUNEL-no3utuBabIME KieTkamu (p < 0,0001), uto yka3sl-
BaeT Ha JereHepanuto HeHpoHoB nocie octpoi I'T. Hacrosiuee uccienoBanue
PacKphIBaeT PEIIAIOIIYI0 POJb TYYHBIX KJIETOK B (POPMHUPOBAHMM OTEKa IIPH
HEHPOBOCMATUTENBHON peaklK roJoBHOro Mo3ra B ycnoBusix ['T. Kpome Toro, 3To
MIOAYEPKUBACT Y4YacTHE NPOBOCHAIUTEIBHBIX LIUTOKUHOB, Takux kak TNF-o, B
npolecce paspylleHHss remMarodHIedarnueckoro Oapbepa H  MOCIEAYIOIIETO
pasBUTHS OTeKa Mo3ra. JlaHHOe uccienoBaHue 1aeT 0oJiee MOJIHOE MPEACTABICHUE
o matoreneze BOI'M, B KOTOpOM M3y4eHHbIE OMOMOJIEKYIIbI HTPAIOT BAKHYIO POJIb
B KayeCcTBE HEHPOBOCTIAIUTEIHHBIX MOYJIATOPOB.



