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At
Morphological Classification of Neuronal Damage
Arkady M. Golubev*

V. A. Negovsky Research Institute of General Reanimatology,
Federal Research and Clinical Center of Intensive Care Medicine and Rehabilitology,
25 Petrovka Str., Bldg. 2, 107031 Moscow, Russia

For citation: Arkady M. Golubev. Morphological Classification of Neuronal Damage. Obshchaya Reanimatologiya = Gen-
eral Reanimatology. 2025; 21 (5): 4-14. https://doi.org/10.15360/1813-9779-2025-5-2580 [In Russ. and Engl.]

*Correspondence to: Arkady M. Golubev, arkadygolubev@mail.ru

Summary

Objectives. To develop a morphological classification of neuronal damage for use in practical activities by
researchers, pathologists, and forensic experts.

Material and methods. The neurons of the cerebral cortex of 30 experimental animals (Wistar rats) were
studied. Of these: with circulatory arrest N=10, with clozapine poisoning in combination with alcohol N=20
(clozapine dose 150 mg/kg, alcohol dose 5 ml/kg); morphological material of the human cerebral cortex was
studied in subarachnoid hemorrhages (SAH) N=23, sudden cardiac death N=10, coronavirus infection N=18.
Histological preparations were stained with hematoxylin and eosin, according to Nissl, according to Feulgen
(for DNA), according to Brachet (for RNA and RNP), caspase-3 was detected by immunohistochemistry.

Results. A morphological classification of neuronal damage was proposed, including: decentralization of
the nucleus within a neuron, morphological changes in the nucleolus, dark neurons, chromatin remodeling,
lipofuscinosis, neuronal edema, Nissl substance lysis, neuronal calcification, neuronophagia, necrosis, and
neuronal apoptosis. Functional disorders that occur in the studied variants of neuronal alteration were con-
sidered. As a result of developing neuronal damage, the function of the neuronal cytoskeleton, synthesis of ri-
bosome subunits, synthesis of ribonucleoproteins, and DNA reparation are impaired, apoptosis is activated,
lysosomes are damaged, the formation of reactive oxygen species is activated, and irreversible forms of neu-

ronal damage (neuronophagia, necrosis, apoptosis) are recorded.
Conclusion. The proposed morphological classification complements existing classifications based on the
study of molecular markers of neuronal damage and can be used in experimental studies and in the practical

work of pathologists and forensic experts.

Keywords: neurons, neuronal damage, morphological classification
Conflict of interest. The author declares that he has no conflict of interest.
Funding. The work was carried out within the framework of the target assignment of the Ministry of Science

and Higher Education (FGWS-2025-0016).

Information about the authors/Hugopmaimus 06 aBrope:
Arkady M. Golubev/Apkanuit MuxaiisioBud Losry6eB: https://orcid.org/0000-0002-3165-0378

Introduction

Morphological studies are of great importance
in understanding the processes occurring in the
central nervous system, allowing for the verification
of general pathological processes under the influence
of damaging factors and the assessment of the
nature of structural damage to neurons. In their
everyday practical activities, pathologists and forensic
experts solve the problems of identifying damage
to neurons, their varieties, topographic localization
with subsequent substantiation of their significance
in the occurrence of functional disorders in various
diseases of the central nervous system (CNS). Mor-
phological classification of non-specific damage to
neurons, developed at the Institute of Human Mor-
phology [1] includes: acute swelling of nerve cells,
primary irritation of neurons, hydropic changes in
nerve cells, fatty degeneration, pigment dystrophies,
calcification of neurons, shrinkage of nerve cells,
severe changes in neurons, ischemic injury to neu-

rons, karyocytolysis, satellitosis, neuronophagia.
This classification includes not only morphological
signs of neuronal damage, but also etiological factors
(primary irritation, ischemic injury), as well as the
intensity of damage (severe changes in neurons).
Over the course of the existence of this classification,
new data has been found characterizing new variants
of neuronal damage, clarifying the mechanisms of
alteration, and variants for assessing neuronal dam-
age based on the identification of molecular markers
have been proposed. In 1990 [2], a classification of
irreversible cell damage was proposed: I — apoptosis,
II — autophagy, Il — necrosis. In 2005 (Nomencla-
ture Committee on Cell the National Cancer Institute
(NCCD) [3] recommended a classification that char-
acterizes other types of cell alteration. A cell can be
considered nonviable if one of three morphological
criteria is detected: loss of cytoplasmic membrane
integrity, complete cell fragmentation (including
its nucleus) with formation of apoptotic bodies,
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and absorption of the dead cell (or its fragments)
by another cell. Researchers came to the under-
standing that morphological types of cell alteration
(including neurons) indicate functional, biochemical,
and immunological heterogeneity of the mechanisms
of their damage. Visualization of morphological
changes and determination of biochemical changes
in the cell are recommended to determine the type
of cell death. The NCCD proposed criteria for de-
termining morphological types of cell death and
gave recommendations on the use of terminology
associated with cell death [4]. At the same time,
this classification does not take into account a num-
ber of morphological changes that are reversible at
a certain stage, but with prolonged and intense ex-
posure to damaging factors lead to irreversible
structural changes.

In addition to existing classifications, a classi-
fication of variants of alteration of CNS neurons
was proposed taking into account morphological
signs of damage, including the identification of
molecular markers by histochemical and immuno-
histochemical research methods.

The aim of the study is to develop a morpho-
logical classification of neuronal damage for use in
practical activities by researchers, pathologists, and
forensic experts.

Material and Methods

The neurons of the cerebral cortex of 30 ex-
perimental animals (Wistar rats) were studied. Of
these, 10 of which had circulatory arrest, and 20
had poisoning by clozapine in combination with
alcohol (clozapine dose 150 mg/kg, alcohol —
5 ml/kg). In addition, the morphological material
of the human cerebral cortex was examined in sub-
arachnoid hemorrhages (SAH) (N=23), sudden car-
diac death (IN=10), COVID-19 (/N=18). Histological
preparations were stained with hematoxylin and
eosin, according to Nissl, according to Feulgen, ac-
cording to Brachet, luxol blue and cresyl violet, cas-
pase-3 was detected by the immunohistochemical
method.

Research Results

Decentralization of the neuron nucleus. One
of the most common variants of neuron damage
was the displacement of the nucleus to the periphery
of the cell. This was most clearly recorded in large
neurons, in which a significant volume belonged
to the cytoplasm, due to which the nucleus could
change its position in the cell (Fig. 1, a). The process
of migration of the neuron nucleus is regulated by
complex molecular mechanisms, considered in the
discussion of the results of the study.

Morphological changes in the nucleolus of
the neuron nucleus. Histological examination often

revealed a shift (decentralization) of the nucleolus
of neuronal nuclei, recorded in some neurons, while
in other neurons the nucleolus retained a central
position in the cell nucleus. In addition, neuron
damage was accompanied by the disappearance of
nucleoli and a decrease in the intensity of their
staining. The diameter of nucleoli in cells synthesizing
ribosome subunits varied from 0.5 to 7 um. In cells
where ribosome formation decreased or ceased,
the size of nucleoli decreased to 0.1-0.3 pm. The
shape, size, and number of nucleoli depended on
the functional state of the nucleus: the larger the
nucleolus, the higher its activity (Fig. 1, b, ¢).

Morphological changes in Nissl substance.
Basophilic Nissl substance, revealed by staining
with methylene blue (Nissl method), was located
in the perinuclear zone. Electron microscopic ex-
amination showed that the basophilic substance
was formed by flattened cisterns of the granular
endoplasmic reticulum, where ribosomes were lo-
cated, providing protein synthesis in the cell. Gran-
ules of Nissl substance contained ribonucleoproteins
and protein-polysaccharide complexes. Basophilia,
revealed by staining histological sections using the
Nissl method, was due to RNA in the ribosomes.

Acute cerebrovascular events were accompa-
nied by a significant decrease in the intensity of
Nissl staining or a complete absence of staining.
Spraying of Nissl substance in the cytoplasm of
neurons was noted, as well as a shift to the peripheral
zones of the neuron cytoplasm (Fig. 1, d).

Lipofuscinosis (acquired). Lipofuscin, which
is formed in the cytoplasm of neurons and has aut-
ofluorescence, is one of the main markers of damage
to neurons in the brain in cerebrovascular diseases.
Lipofuscin exhibits variability in its properties: protein,
lipid and/or carotenoid composition (Fig. 1, e).

Neuronal edema. Cellular (cytotoxic) edema
was characterized by intracellular accumulation of
fluid as a result of redistribution, rather than an in-
crease in the fluid volume of brain tissue. Neuronal
edema developed as a result of the entry of Na* and
CI7, water from the interstitial spaces into the cell
after damage to the central nervous system. At the
light-optical level, swelling of cells and vacuolization
of the cytoplasm of neurons were noted. Intracellular
edema was observed in oncosis, which is one of the
variants of neuronal damage. (Fig. 2, a).

Dark neurons. One of the histological variants
of neuronal damage were the so-called dark neurons,
which appeared as a result of damaging factors
acting upon the central nervous system. Dark neu-
rons are hyperchromic basophilic neurons with cy-
toplasm intensely stained with hematoxylin and
eosin, according to Nissl and Brashe. Dark neurons
are often subject to shrinkage and irreversible mor-
phological changes (Fig. 2, b).
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Calcification of neurons. One of the causes of
damage to neurons is an increase of intracellular
calcium. When staining histological sections with
hematoxylin, calcification is characterized by the
appearance of dark blue granules in the cytoplasm
of neurons. Irreversible damage to neurons during
their calcification develops through apoptosis or
Necrosis.

Remodeling (morphological changes) of chro-
matin. Chromatin in the nucleus of neurons during
histological examination was represented by very
small granules (euchromatin) or large aggregates
(heterochromatin). The localization of chromatin
in the nucleus varied. In some nuclei it was located
throughout the entire area of the nucleus, while in
others it was concentrated in the region of the
inner nuclear membrane. When a neuron was dam-
aged, chromatin changed intensity of staining,
chromatin clumps became hypochromic, and during
cell necrosis, chromatin was not stained with
nuclear dyes. (Fig. 2, ¢). The chromatin of the nuclei
contained despiralized forms of chromosomes re-
sponsible for the implement genetic information.
Its chemical basis is deoxyribonucleoproteins — a
complex of DNA with histone and non-histone
proteins. Proteins make up a significant part of the
chromosome substance, as well as performing a
structural function, providing spatial organization
of DNA in chromosomes.

Fig. 1. Damage to neurons of the human cerebral cortex in
subarachnoid hemorrhages (a, b, d, ¢) and COVID-19 (¢), mag-
nification 400.

Note. a— Neurons of the 5" layer of the human cerebral cortex.
Arrows show the displacement (decentralization) of neuronal
nuclei. Hematoxylin and eosin staining. b — Arrows show that
in some neurons the nucleoli are not stained. Nissl staining.

¢ — Nucleoli are stained blue, indicating an acidic reaction.
Staining with luxol blue and cresyl violet. d — Tigrolysis (black
arrow), dark neurons (green arrow). Staining with Nissl. e —
Lipofuscinosis of neurons. Staining with hematoxylin and eosin.
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Fig. 2. Neuronal damage of the cerebral cortex of rats in cases of poisoning with clozapine in combination with alcohol (a-e)

and in cases of circulatory arrest (fj.

Note. a—e: hematoxylin and eosin staining. a— 5™ layer of the cerebral cortex. Edema (swelling) of neurons. Magnification 400. b—
2-3]ayers of the cerebral cortex. Dark deformed neurons. Magnification 200. c— Chromatin of nuclei is not stained. Magnification
200. d — Necrosis of neurons, shadow cells. Chromatin is not stained. Magnification 200. e — Neuronophagia. Magn. 400. f—
Circulatory arrest. Neurons with positive IHC reaction to Cas-3. Magn. 200

Necrosis. Necrosis is one of the irreversible
types of neuronal damage. During necrosis, the in-
tegrity of the cells is preserved (unlike apoptosis, in
which the cell is fragmented with the formation of
apoptotic bodies). The neuron nucleus was not
stained with nuclear dyes as a result of damage to
nucleic acids. The cells turned into shadow cells,

which were difficult to distinguish during microscopic
examination. Karyolysis characterized the transition
from necrobiosis to necrosis proper and was verified
by hematoxylin and eosin staining (Fig. 2, d).
Phagocytosis of neurons (neuronophagy).
Neuronophagy, as a variant of lethal cell damage,
was caused by contact of a neuron with microglial
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cells (satellitosis). Subsequently, microglia penetrate
into the cytoplasm of the neuron, completing the
process of phagocytosis. During histological exam-
ination, successive stages of this process were
recorded (Fig. 2, e).

Apoptosis. During apoptosis, the neuron dis-
integrated into separate apoptotic bodies limited
by the plasmalemma. Morphological changes in
the early stages of apoptosis were not expressed
and were associated with the activity of molecular
factors — caspase-3, etc. Chromatin condensation,
nuclear fragmentation, cell compaction and bleb-
bing (the appearance of protrusions on the cell
surface) were manifested in later stages of apoptosis
(Fig. 2, f).

Discussion

Mechanisms of development of the consid-
ered morphological changes and their functional
significance.

Decentralization of the core. Migration of nu-
clei in postmitotic neurons, remodeling of cell struc-
ture are caused by the interaction of the cytoskeleton
and associated proteins present on the plasma
membrane, which not only determine the shape of
the cell, but also regulate intracellular transport [5].

Cell migration and nuclear movement within
the cell are complex molecular events. In many
cases, the microtubule motor proteins dynein and
kinesin directly interact with the neuronal nucleus
via the LINC (linker of the nucleoskeleton and cy-
toskeleton) complex, a protein complex associated
with both the inner and outer membranes of the
nucleus, and drive directional nuclear movement.
Microtubule motors act on small points on the
nuclear envelope through assembly with the LINC
complex, directing the nucleus in a specific direc-
tion. Notably, dynein and kinesin are not simply
segregated into exclusive microtubule «lanes» but
can synergistically drive unidirectional nuclear
movement along uniformly oriented microtubules.
Such coordinated activity of opposing motors is
particularly important for nuclear migration in
narrow spaces. In addition, actomyosin contractility
influences nuclear deformation and movement.
Unlike the control forces of microtubule motors,
actomyosin acts on a large area of the cell and nu-
cleus, leading to nuclear deformation and its
translocation. Actomyosin affects intracellular
transport and cell shape [6].

Thus, the movement of the nucleus in the cell
indicates changes in the cytoskeleton and nucle-
oskeleton, which underlie functional disorders of
the neuron. The most important functions of cells,
such as phagocytosis, pinocytosis, chemotaxis are
entirely associated with damage to the cytoskeleton.
Changes in the cytoskeleton of neurons disrupt the

functioning of synapses, energy metabolism and
RNA transport, and also contribute to protein ag-
gregation and irreversible alteration of nerve cells [7].

Morphological changes in the nucleolus of
the neuron nucleus. In addition to the «traditional»
role of rRNA synthesis and ribosome assembly, the
nucleolus controls physiological processes in the
cell and homeostasis. The function of the nucleolus
is essential for the vital activity of neurons and its
features differ between cell types. The function of
the nucleolus is also critical in the presence of dam-
aging factors, since it controls mitochondrial activity
and stress signaling pathways [8].

The nucleolus is the major site of ribosomal
subunit biogenesis in eukaryotic cells. Specific chro-
mosomal structures known as nucleolar organizing
zones are formed in association with ribosomal DNA
genes. The presence of proteins unrelated to ribosomal
subunit production suggests additional functions
for the nucleolus, such as regulation of mitosis, cell
cycle progression, stress response, and biogenesis
of various ribonucleoprotein complexes [9].

In interphase cells, ribosomal DNA (rDNA) is
localized inside and near the nucleoli, and its
location indicates the transcriptional activity of ri-
bosomal genes — inactive rDNA outside, and active
inside. Moreover, the nucleolus itself acts as a spatial
organizer of chromatin. Microscopic studies make
it possible to study the spatially different localization
of various DNA populations in relation to the nu-
cleolar structure [10].

Inhibition of neuronal RNA polymerase-1,
which transcribes rRNA (transfer of genetic infor-
mation from DNA to RNA) [11], leads to structural
disruption of the nucleolus and apoptosis.

Measurements of nucleolar diameter and nu-
cleolar PARP-1 (nuclear protein (ADP-ribose) poly-
merase-1, which regulates gene expression) content
in the hippocampus of people with cognitive im-
pairment showed a decrease in the diameter of
neuronal nucleoli and a decrease in the number of
nucleoli containing PARP-1. These studies indicate
that disruption of nucleolar shape and function is
an early and important feature in the progression
of cognitive impairment [12].

Nissl substance: morphological changes. One
of the variants of neuronal damage is tigrolysis —
dust-like decay of Nissl substance, detected in
cortical neurons 20 minutes after a 4-minute ces-
sation of blood flow. Disturbances in protein syn-
thesis are of exceptional importance in the process
of development of neuronal alteration in cere-
brovascular diseases. At the same time, ribosome
biogenesis affects the stimulation of neuronal re-
covery after a stroke [13].

Under stress, the basis of protein synthesis
disruption is a change in rRNA processing. Stress
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promotes the breakdown of tRNA (transport RNA
that delivers amino acids to ribosomes that syn-
thesize proteins, which leads to the cessation of
ribosome formation). These events, developing at
the molecular level, contribute to the suppression
of protein translation (implementation of the
amino acid sequence in the synthesized protein
molecule) [14].

Neuronal edema. A decrease in plasma os-
molarity causes rapid water uptake by astrocytes
but not neurons. Astrocytes osmotically swell be-
cause they express functional water channels (aqua-
porins), whereas neurons lack functional aquaporins.
However, neuronal edema develops when blood
flow to the brain is disrupted (cytotoxic edema),
such as in strokes, sudden cardiac arrest, or trau-
matic brain injury. Ischemic neuronal edema is
not osmotic but results from depolarization due to
dysfunction of the ATP-dependent sodium/potas-
sium ATPase (Na*/K* pump). In addition, ion/water
cotransporters and the amino acid water pump
are involved in ischemia [15].

The resistance of pyramidal neurons to osmotic
swelling is explained by the absence of functional
AQP4 water channels. Neurons are not osmoresistant,
and their swelling is controlled by an AQP4-inde-
pendent mechanism [16].

Cerebral edema impairs cerebral perfusion and
may lead to transtentorial herniation. The blood-
brain barrier plays an important role in maintaining
a stable microenvironment of the central nervous
system. In ischemic stroke, disruption of the blood-
brain barrier structures leads to increased paracellular
permeability, which promotes extravasation of blood
components and causes vasogenic cerebral edema.
The glymphatic system and meningeal lymphatic
vessels provide a channel for the penetration of
cerebrospinal fluid into the brain [17].

Following acute CNS injury, cells of the neu-
rovascular unit undergo pre- and posttranscrip-
tional changes in the activity of ion channels and
transporters. These changes result in inadequate
ion transport and the generation of abnormal os-
motic forces, which ultimately manifest as cerebral
edema [18].

Dark neurons. The hyperchromic dark neuron
is a cell with active protein synthesis, in which irre-
versible alteration processes develop under prolonged
and intense exposure to unfavorable factors [19].

Dark neurons resulting from alteration must
be differentiated from artificial (artifactual) dark
neurons damaged during fixation, wiring and stain-
ing, in which there were no damage processes
during life. It has been shown that the number of
artificial neurons increases with non-compliance
with the methods of fixation of preparations: namely,
replacing 4% buffered paraformaldehyde solution

with immersion. An important feature of artifactual
neurons is isomorphism [20].

Most of the altered neurons are at the stage of
reversible changes. The structure of some dark neu-
rons in the cerebral cortex of rats was restored within
2 days as a result of hypoglycemic seizures. Non-
restoring dark neurons were removed from the cortex
in two different ways. If neurons were present in an
undamaged environment, they were removed by
apoptosis, and neurons present in a damaged envi-
ronment were removed by necrosis [21].

One hypothesis explains the formation of dark
neurons by the sol-gel transition of the cytoplasm
of compacted neurons. Changes in the molecular
composition of the glycocalyx lead to a decrease in
the volume of the neuron as a result of the effect on
the cytoskeleton, the nucleus, the membrane of
which is associated with the cytoskeleton, and actin.
As a result, contraction of the cytoskeleton and in-
crease in intracellular pressure leads to loss of water
and shrinkage of neurons. Another hypothesis ex-
plains the phenomenon of spreading dark neurons
through dendritic connections. Research provides
evidence indicating the presence of physical contact
at the synaptic zone. The presynaptic and postsy-
naptic membranes of dendrites are linked by
B neurexin and neuroligin. The intercellular regions
of these adhesive proteins provide a connection
between the presynaptic zone and the postsynaptic
densification. This type of connection provides for
rapid intercellular interaction as a result of actin
polymerization of two closely located neurons. It is
suggested that the role of f neurexin-neuroligin is
to polymerize actin and transmit information from
one neuron to neighboring neurons, which forms
new populations of dark neurons [22].

Calcification of neurons. In a cohort of 1130
patients with acute ischemic stroke, hippocampal
calcification was detected on CT scans. Hippocampal
calcification was detected in 381 (34%) patients.
The prevalence increased with age from 8% at age
<40 years to 45% at age >80 years [23].

Photodynamic effects on neurons and glial
cells, causing oxidative stress and ischemic damage,
are accompanied by a violation of calcium home-
ostasis. Oxidative stress and ischemia-induced pro-
cesses in nervous tissue lead to an apoptotic or
necrotic scenario of cell death [24].

Reperfusion carries a risk of acute calcium-
dependent damage to the blood-brain barrier, how-
ever, its mechanism is unknown. Measurement of
the activity of NADPH-oxidase type 5 (NOX5), a
calcium-activated enzyme that generates ROS,
showed that reoxygenation or calcium overload in-
creases ROS levels in the brain in a NOX5-dependent
manner in vivo, post-ischemic ROS generation, in-
farct volume, and functional outcomes were wors-
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ened in mice by NOX5-KI activation. Pharmacological
inhibition of NOX5 prevented acute reoxygenation-
induced injury [25].

Remodeling (morphological changes) of chro-
matin. Chromatin is formed by despiralized forms of
chromosomes in a non-dividing nucleus, implement-
ing genetic information. The chemical basis of chro-
matin is deoxyribonucleoprotein — a complex of
DNA with histone and non-histone proteins. Chro-
mosome proteins account for about 65% of the mass
of these structures. The content of non-histone
proteins in chromosomes is significantly less than
histones, but they are extremely diverse (more than
100 fractions). Morphologically, heterochromatin and
euchromatin (open chromatin) are distinguished,
differing in functional properties. Based on the mor-
phological features of chromatin (its shape and loca-
tion), various types of neurons can be catogorized [26].

Regulation of chromatin by epigenetic mech-
anisms plays a central role in gene expression. Aber-
rant chromatin regulation observed in many diseases
is due to defects in epigenetic gene regulation,
which leads to abnormal gene expression programs.
These defects are caused by mutations in genes
encoding enzymes that modify DNA, histones, and
shape chromatin architecture [27].

Chromatin is an active participant in the DNA
repair process. Changing the patterns of histone
modifications formed by numerous histone-modi-
fying enzymes and chromatin remodeling are key
to high-quality DNA repair [28].

Regulation of open chromatin formation is an
important mechanism for controlling gene expres-
sion patterns. Genome-wide studies of various cell
tissues, including cells of the nervous system, have
revealed tissue- and cell-type-specific landscapes
of chromatin accessibility [29].

Hypoxia, inadequate nutrient supply cause
chromatin compaction associated with ATP deple-
tion. The mobility of the linker histone H1 is sig-
nificantly reduced. Studies illustrate the ability of
chromatin architecture to physically respond to en-
vironmental conditions, directly link cellular energy
status to chromatin compaction, and provide insight
into the effects of ischemia on cellular nuclear ar-
chitecture [30].

Chromatin structure varies across cell types,
with neuronal chromatin showing greater regional
variability than other cells [31].

Enzymes and metabolites can modulate chro-
matin by regulating the activity of chromatin proteins,
including histone-modifying enzymes. Dysregulation
of this metabolic activity has been implicated in
cerebrovascular diseases, among others [32].

In the mammalian cell nucleus, a clear spatial
separation of active euchromatic and inactive het-
erochromatic genomic regions is observed. In normal

nuclei, as shown by microscopy, euchromatin is lo-
calized inside the nucleus, and heterochromatin is
located at the periphery of the nucleus. Interactions
with the nuclear lamina are necessary for con-
structing an architecture from separated chromatin
phases [33].

Euchromatin spatially organized into tran-
scriptionally inactive domains interspersed with
foci of transcriptional activity. RNA induces the for-
mation of transcriptional pockets that displace tran-
scriptionally inactive chromatin [34].

Lipofuscinosis (acquired). Lipofuscin formation
is promoted by oxidative stress, aging and other
factors. Accumulation of oxidized protein aggregates
and highly cross-linked materials such as lipofuscin
affects cell viability. Postmitotic neurons cannot re-
move lipofuscin via phagocytosis and autophagy,
which accumulates as endocytoplasmic granules
in the cell cytoplasm, impairing neuronal function.
In addition to being a potent source of oxidants,
lipofuscin induces apoptosis. The cytotoxicity of
lipofuscin is closely related to the presence of iron
in the material. As with the formation of other large
protein aggregates, the process responsible for their
engulfment and degradation is macroautophagy.
Autophagosomes and lysosomes are the storage
sites for this type of biomolecular aggregate, con-
tributing to the mitigation of their cytotoxicity [35].

The presence of lipofuscin in neurons coexists
with its localization in microglia. Glial cells deposit
lipofuscin clusters in pericapillary areas, which has
a negative impact on the homeostasis of neurons
and glia [36].

An increase in the lipofuscin content in neurons
is associated with the aging process. At the same
time, pigment formation has been demonstrated
not only in old but also in young animals, as well as
in individuals subjected to stress, dietary and envi-
ronmental interventions. Electron microscopic stud-
ies on animals have shown significant variability in
the structure of individual lipofuscin granules, but
the presence of «transparent vacuoles» surrounded
by a single membrane is one of the characteristic
features of neuronal lipofuscin in older people [37].

Lipofuscin, being a photosensitizer, potentiates
intracellular dyshomeostasis, playing a decisive role
in inhibiting the function of the proteasome (a mul-
tiprotein complex that carries out proteolysis of
defective proteins), activating mitophagy, autophagy,
disrupting lysosomal stability and producing reactive
oxygen species [38].

Isolated lipofuscin aggregates containing ele-
vated concentrations of proline, calcium, and iron
cause cellular damage via a pyroptosis-like mecha-
nism. Lipofuscin activates mitochondrial ROS pro-
duction and induces lysosomal dysfunction via al-
terations in the lysosomal membrane, resulting in
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decreased lysosome numbers and impaired cathep-
sin D activity. CTSD gene deficiency is considered
to be the main cause of neuronal lipofuscinosis [39].

Necrosis. It was believed that necrosis in stroke,
traumatic brain injury, has no genetic regulation.
Modeling of neuronal injury by calcium overload
revealed that JIL-1/mitogen — and stress-activated
proteinkinase-1, 2 are regulators of neuronal necrosis
through phosphorylation of serine 28 of histone H3
(H3S28ph). In addition, activation of Trithorax (Trx)
was identified. To test the role of the JIL-1/PRC1/Trx
cascade in mammals, glutamate-induced necrosis
was studied in rat cortical neuron cultures and in
models of cerebral ischemia. It was found that the
cascade is activated under these conditions, and
inhibition of the cascade suppresses necrosis both
in vitro and in vivo [40].

It has been established that responses to dam-
age, including DNA repair, DNA methylation and
autonomous mechanisms of neuronal necrosis, are
different in humans and experimental animals [41].

RNA plays an important role in the mechanisms
of neuronal damage. RNA-binding proteins are cru-
cial for the regulation of RNA processing and trans-
port. RNA processing defects are increasingly rec-
ognized as critical determinants of neurological
diseases. These mechanisms underlie changes in
neuronal function, increased susceptibility of neu-
rons to the influence of damaging factors, changes
in RNA expression, where RNA-binding proteins
play a central role in maintaining neuronal function
and morphology [42].

One of the variants of necrotic damage to neu-
rons is ferroptosis, which develops when the balance
of free iron and lipid peroxidation is disrupted. This
process leads to the disruption of the structure and
functions of plasma membranes. Morphological
manifestations of ferroptosis in nervous tissue are a
decrease in the number of mitochondria, compaction,
and (or) disorganization of the cristae mitochondria,
rupture of their outer membrane, and an increase
in the density of internal membranes. The etiological
factor of ferroptosis is a deficiency of GPx4 (Glu-
tathione peroxidase 4, glutathione peroxidase 4),
which is necessary for the reduction of toxic lipid
peroxides. In ischemic stroke, when blood flow to
the brain is limited, there is increased iron absorption,
oxidative stress, and disruption of the integrity of
the blood-brain barrier. An imbalance of proteins
involved in the transport and storage of iron increases
lipid oxidation and contributes to neuronal damage,
indicating the possibility of brain cell death, especially
neurons, as a result of ferroptosis [43].

Phagocytosis of neurons (neuronophagy).
Following stroke, neurons undergo damage due to
ongoing ischemia and excitotoxicity. They release
«find me» (ATP), «eat me» (phosphatidylserine) sig-

nals that bind to the opsonins complement com-
ponents C1q and C3b, inducing microglia to phago-
cytose damaged neurons. Blocking these neuronal
factors or microglial phagocytic receptors prevents
delayed neuronal loss and behavioral impairment
in rodent models of ischemic stroke [44].

Microglia engulf and remove opsonized and
non-opsonized targets such as pathogens, apoptotic
cells, and cellular debris. Phagocytosis is also critical
in neural development, homeostasis, and repair mech-
anisms [45]. In addition to the microglia, astrocytes
have been shown to respond to neuronal injury [46].

Apoptosis. There are two types of apoptosis:
extrinsic (caspase-dependent) and intrinsic (non-
caspase-related). The intrinsic pathway is triggered
by intracellular factors that detect DNA damage,
the presence of viral pathogens, or respond to the
absence of external signals from other cells. In
contrast, the extrinsic pathway of apoptosis is trig-
gered by an external signal, most often from natural
killer (NK) cells or CD8-positive cytotoxic T lym-
phocytes (CTLs). The extrinsic pathway of apoptosis
induction begins with the binding of specific ligands
(TNFe«, FASL, etc.) to plasma membrane receptors
whose cytoplasmic regions contain death domains.
The resulting complex of molecules is called the
Death Inducing Signaling Complex (DISC). Subse-
quent activation of caspase-8 leads to activation
of effector caspases 3 and 7 and subsequent irre-
versible cell damage [47].

The internal triggering of apoptosis is associated
with mitochondria, changes in their membrane po-
tential and the release of pro-apoptotic proteins of
the Bcl-2 family. It depends on the activation and
release of cytochrome C, flavoprotein AIF (apopto-
sis-inducing factor), and procaspase-2 into the cy-
toplasm. The causes of the release of intracellular
apoptotic signals by a damaged cell are varied: hy-
poxia, radiation, viral infection, increased intracellular
calcium concentration, etc. Mitochondria also play
an important role in other forms of cell damage:
pyroptosis, ferroptosis and necroptosis [48].

Conclusion

The proposed morphological classification of
neuronal damage is based on the structural changes
in nerve cells detected by histological, histochemical
and immunohistochemical methods.

Taking into account the unity of structure and
function, we examined functional disorders that
arise during neuron alteration. In particular, the
displacement of the nucleus is caused by damage
to the cytoskeleton of neurons. Morphological
changes in the nucleoli are associated with a violation
of the synthesis of ribosome subunits. A decrease
or absence of staining of the Nissl substance indicates
a violation of the synthesis of ribonucleoproteins.
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Dark neurons indicate the accumulation of protein
products in the cytoplasm of cells and a violation
of their utilization. Chromatin remodeling leads to
violations of DNA repair, synthesis processes, etc.
Lipofuscin is a marker of neuronal damage, activates
apoptosis, damages lysosomes. Calcinosis promotes
the formation of active oxygen species. Neuronopha-

gia, necrosis, and apoptosis are irreversible forms
of neuronal damage.

The proposed morphological classification of
neuronal damage complements existing classifica-
tions that primarily take into account molecular
mechanisms of damage.
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Summary

The aim of the study was to identify potential predictors of functional outcome (FO) in patients with sub-
types of ischemic stroke (IS) who did not receive reperfusion therapy.

Materials and methods. A prospective study included 229 patients with ischemic stroke divided . into three
groups based on the IS subtype: Group 1 — 84 patients with cardioembolic IS; Group 2 — 65 patients with
atherothrombotic IS; Group 3 — 80 patients with lacunar IS. Changes in the modified Rankin Scale (mRS)
scores were considered as FO criteria calculated as the difference between the scores on admission and on the
21%tday after IS onset — AmRS. In order to optimize the performance of the machine learning (ML) model, a
binary FO approach was chosen for assessment on the 21t day after IS onset: mRS > 3 scores corresponded to
an unfavorable non-lethal outcome, and mRS = 0-2 scores corresponded to a favorable FO. We analyzed the
interrelation with FO (correlation coefficient, r) and the predictive ability (ML (decision tree), information
gain, i. g.) of 29 parameters, including demographic features; comorbidities; instrumental examination find-
ings; NIHSS, BI, CDR scores; serum concentrations of cytokines on the 2" day of hospital stay.

Results. The following significant (P<0.0001) predictors of unfavorable non-lethal FO were identified: fe-
male sex (i. g. = 0.346), recurrent IS (i. g = 0.248), diabetes mellitus (i. g. = 0.442), and CXCL2 concentration
(i.g. = 0.306) in Group 1; WMHs severity (i. g. = 0.206), diabetes mellitus (i. g. = 0.340), content of CCL2
(i.g.=0.116), CCL3 (i. g. = 0.202) and CCL23 (i. g. = 0.101) in Group 2; age (i. g. = 0.106), 23 degree obesity
(i. g. = 0.150), WMHs severity (i. g. = 0.300), CXCL5 content (i. g. = 0.143) and MIF (i. g. = 0.145) in Group 3.
Concentrations of CCL25 (i. g. = 0.108) and IL-6 (i. g. = 0.401) were found as predictors of favorable FO
(P<0.0001) in Group 1; 1t degree obesity (i. g. = 0.118) and TNF-« concentration (i. g. = 0.211) in Group 2;
arterial hypertension (AH) (i. g. = 0.113) and 1t degree obesity in Group 3.

Conclusion. Study results made evident the variances in combination of factors affecting FO, depending
on IS pathogenetic subtype. Despite undoubtful value of the data obtained, further research is needed to ex-
pand the potentiality in predicting acute IS outcome and confirm the relevance of identified markers.

Keywords: ischemic stroke, acute phase, functional outcome, mRS, subtypes of ischemic stroke, prognostic
markers
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Introduction

Development of early prediction methods and
identification of predictors of unfavorable functional
outcome (FO) in patients with acute ischemic stroke
(IS) is a crucial task in era of personalized medicine [1,
2]. There’s a sound body of published data on
national and international research in the field of
development, evaluation, and implementation of
prognostic models for ischemic stroke. However,
the majority of these studies focus on longitudinal
evaluation of patients’ disability in the recovery pe-
riod and later stages of ischemic stroke [3, 4]. Very
few studies have demonstrated the potential for
assessing the persistence or progression of neuro-

logical and cognitive deficits occurring in the acute
phase of IS [5, 6]. The insufficient validity of risk
prediction models for predicting unfavorable FO
in some of them originates from the limited set of
traditionally considered predictor variables, such
as demographic characteristics, clinical and func-
tional indicators, and laboratory and instrumental
data. Search for potential biomarkers of functional
recovery in patient’s immunological status sounds
promising and increases the value of stratified risk
prediction models for unfavorable FO. This domain
is currently in the focus of intensive research, and
particularly, the role of «inducible» cytokines, such
as CXC and CC chemokines in the pathogenesis of
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IS, and regulation of immune response during the
acute phase of ischemia in addition to well-estab-
lished interleukin (IL), interferon gamma (IFN-y),
and tumor necrosis factor (TNF-&) mechanisms of
action.

There’s a building up amount of data evidencing
involvement of various chemokines into patho-
genetic mechanisms underlying the development
of cerebrovascular disorders, cell apoptosis, and
neuro- and angiogenesis during the acute period
of stroke. In this context, the most promising
chemokines are the ligands of the CXCR1 and
CCR1/2 receptors, strongly associated with the
acute period of stroke and post-stroke FO [7, 8]. Of
particular interest is the verification of factors affect-
ing the dynamics of patients* functional status, de-
pending on pathogenetic mechanisms underlying
IS and patient’s comorbidities [9]. Therefore, focusing
research on comprehensive patient assessment in
the acute period of stroke, followed by modeling of
FO prognosis based on advanced mathematical al-
gorithms, is a promising trajectory in the context
of personalized medicine.

The aim of the study is to identify potential
predictors of functional outcome in patients with
ischemic stroke subtypes who did not receive reper-
fusion therapy.

Material and Methods

The prospective study was approved by the
Independent Ethics Committee of the Clinical Re-
search Center at Immanuel Kant Baltic Federal Uni-
versity (Minutes of Meeting No. 2 dated April 27,
2021, and No. 34 dated September 29, 2022). The
study included 229 patients with a diagnosis of is-
chemic stroke undergoing treat-
ment from January 2023 to Feb-

therapy; transient ischemic attack; vertebrobasilar
stroke, patient’s death, and development of severe
complications within 21 days. Patients were selected
according to the inclusion/exclusion criteria from
the initial sample (N=508, Fig. 1).

Patients’ examinations were performed within
the stroke care standards to verify IS subtype ac-
cording to the TOAST criteria (Trial of Org 10172 in
Acute Stroke Treatment). Standardized procedures
on admission included clinical neurological evalu-
ation, brain CT/MRI, transcranial Doppler ultra-
sonography of extracranial and intracranial vessels,
electrocardiography, and laboratory tests.

Stroke severity and activities of daily living
were quantified on admission using the NIH Stroke
Scale (NIHSS) and the Barthel Index (BI). The degree
of cognitive decline was assessed using the Clinical
Dementia Rating (CDR) scale on the 14" day of
hospital stay.

The laboratory tests included assessment of
serum concentrations of biologically active molecules
(cytokines) in samples collected on the 2" day of
hospital stay, including chemokines (Gro-a/CXCL1,
Gro-b/CXCL-2, GCP-2/CXCL6, ENA-78/CXCLS5,
MIP-1a/CCL3, MIP-1d/CCL15, MPIF-1/CCL23,
MCP-1/CCL2, TECK/CCL25), interleukins (IL-1b,
IL-6, IL-16), interferon gamma (IFN-y), macrophage
migration inhibitory factor (MIF), and tumor necrosis
factor (TNFa). Concentrations were measured by
flow cytometry on a two-beam laser automatic an-
alyzer (Bio-Plex® 200 Systems, Bio-Rad, USA) using
a commercial test system (Bio-Plex Human Panel,
40-Plex Assay, Bio-Rad, USA). The results were ex-
pressed in pg/ml.

The neuroimaging parameters were assessed
based on magnetic resonance imaging (MRI) data

ruary 2025 at the Neurology De-
partment of the Emergency

Patients with IS due to carotid artery area occlusion,

Day 1 of hospital stay, N=508

Medical Care Hospital and the
Department of Medical Reha-
bilitation for Patients with Cen-
tral Nervous System Disorders
at the Central City Clinical Hos-
pital of Kaliningrad. The sample
size of the study was not pre-
calculated. The diagnosis of IS
was made based on abrupt onset
(minutes, hours) of focal neu-
rologic deficits attributable to
one of the vascular territories,
and lasting at least 24 hours.
Clinical signs and symp-

Excluded, N=279:

1. Manifestation of extracerebral complications
within 21 da, N=67:
— acute pneumonia, N=12
— acute coronary syndrome, N=15
— pulmonary embolism, N=20
— multiple organ failure syndrome, N=5
— other complications, N=15 i,

2. Development of cerebral complications within 21 days, N=74:

— cerebral edema, N=58 7
— hemorrhagic transformation of stroke, N=8
— other complications, N=8 _J

3. Patient / relative refusal to participate
participate in the study
(absence of informed consent), N=138

mortality
N=28

mortality
N=12

toms attributable to diagnosis

of «ischemic stroke in the carotid

Included, N=229

artery territory» were set as in-
clusion criteria. The exclusion
criteria included: reperfusion

Fig. 1. Scheme of patient recruitment procedure.
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(Optima MR450w 1.5T magnetic resonance scanner)
using a DWI, T2* (hemo), and T2/Flair scanning
protocol. White matter hyperintensity (WMH) grade
was assessed using the Fazekas visual scale. The IS
topography was related to the ischemic lesions in
vascular territories of the anterior cerebral (ACA),
middle cerebral (MCA), and anterior choroidal
(AChA) arteries based on neuroimaging data.

Changes in the patient’s disability index meas-
ured by the modified Rankin scale (mRS) as the
difference between the mRS scores on admission
and on day 21 from IS onset — AmRS were used
as criteria of IS functional outcome (FO). In order
to optimize the performance of the machine learning
(ML) model, a binary FO approach was chosen for
assessment on the 215t day after IS onset: mRS >3
scores corresponded to an unfavorable non-lethal
outcome, and mRS = 0-2 scores corresponded to a
favorable FO.

Standard SPSS Statistics V23.0 software for
Windows, the Python programming language, and
the Pandas and SciPy libraries were used for statistical
data processing. The distribution of quantitative
variables was assessed using the Shapiro-Wilk test.
Quantitative variables with a normal distribution
were described using arithmetic means and standard
deviations (M+o0). Data with a normal distribution
was compared using the ANOVA test for dependent
and independent samples. In case of abnormal dis-
tribution, quantitative variables were described
using the median (Me), lower and upper
quartiles [QI-Q3]. The nonparametric Wilcoxon
test was used when the dependent variable was
not normally distributed. Quantitative variables in
groups with non-normal distributions were com-
pared using the Mann-Whitney U test. The Bon-
ferroni correction was used for multiple comparisons
to avoid false positives. Analysis of frequency differ-
ences in two independent groups was performed
using the Fisher’s exact test with two-sided confi-
dence intervals and the y? test with Yates’s correction.
The critical level of statistical significance was set
at P<0.05. The Z-score was not used for rating cog-
nitive measures by CDR scale in the absence of ref-
erence values from the control group.

For mathematical analysis, 29 parameters were
selected as the initial data, and grouped into the
following main categories: demographic data (age
and gender); comorbidities (presence or absence
of arterial hypertension, recurrent stroke, and dia-
betes mellitus; grade of obesity based on body mass
index (BMI)); instrumental examinations data (lat-
erality of stroke and localization of lesion, lesion
size, presence of multiple lesions and WMH grade);
NIHSS, BI, and CDR scores; immunological indica-
tors, such as serum concentrations of cytokines.

To optimize dataset statistical processing, all
data were classified based on their nature: continuous
(cytokine concentrations, age, IS lesion size, CDR,

NIHSS, and BI scores), categorical (lesion localization,
WMH grade, obesity grade), and binary variables
(comorbid conditions, multifocal lesions, IS lesion
laterality, and gender).

The correlation coefficient (R) was calculated
to assess the relationship of the functional outcome
variables on the mRS scale with the studied indica-
tors. The r value ranged from -1 to 1, where -1 rep-
resents a complete inverse relationship, 0 represents
no relationship, and 1 represents a complete direct
relationship. Biserial method was used to assess
AmRS correlation with binary variables, and Spear-
man test — to assess the correlation with categorical
and continuous variables. The conventional value
of 0.05 was chosen as the threshold. When a P-value
was less than 0.05, the significance of the correlation
coefficient was considered statistically confirmed.
Correlation coefficients with a P-value above 0.05
were excluded from consideration. Correlation
analysis was performed separately for each group.
In order to detect confounders — confusing variables,
correlation coefficients between variables were cal-
culated with subsequent exclusion from statistical
analysis. Following the correlation analysis, variables
with a correlation coefficient R>0.300 were selected
to train mathematical analysis models based on
ML algorithms. For machine learning, an algorithm
for predicting the target variable value — a decision
tree with a maximum depth and additional selection
of features using the SelectFromModel in Python
Scikit-learn library was chosen. Feature importance
was determined by higher values in information
gain (i. g.) following the selection of the feature.

Results

The patients were distributed into three groups
based on IS subtype: Group 1 — 84 patients with
cardioembolic IS; Group 2 — 65 patients with
atherothrombotic IS; Group 3 — 80 patients with
lacunar IS. All patients were managed according to
specialized medical care standards for cerebral
stroke. No thrombolytic therapy was used in view
of contraindications or missed therapeutic window
due to late hospital admission. Based on compre-
hensive examination findings, the following clinical
and neuroimaging signs of ischemic stroke were
verified (Table 1).

Arterial hypertension was more common in
group 1 patients, compared to groups 2 and 3,
(P=0.0041, P=0.0007), while risk of recurrent stroke
was higher in patients from group 3 (P=0.0017,
P=0.0025) compared to patients from groups 1 and
2. Patients from groups 2 and 3 had higher BMI
values vs patients from group 1 (P<0.0001, P=0.009).
Neuroimaging findings showed higher prevalence
of multifocal brain lesions in group 3, compared to
group 2 (P<0.0001), and MRI signs of grade 3 WMH
according to the Fazekas scale were common in
patients from groups 2 and 3, compared to group 1
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Table 1. Demographic characteristics and characteristics of cerebral ischemic stroke in patients, groups 1, 2, and 3.
Parameters Values in the groups P
1, N=84 2, N=65 3, N=80
Demographic variables, N (%)
Males, N (%) 46 (54.8) 32(49.2) 46 (57.5) P;=0.497; P,=0.727; P;=0.318
Females, N (%) 38 (45.2) 33(50.8) 34 (42.5) P;=0.497; P,=0.727; P;=0.318
Mean age, y., M+o 66.65+3.2 66.48+2.9 67.03£3.9 P;=0.738; P»=0.495; P3=0.305
Comorbid conditions
Diabetes mellitus, type 2, N (%) 29 (34.5) 16 (24.6) 26 (32.5) P;=0.192; P»=0.786; P5=0.297
Arterial hypertension, N (%) 75 (89.3) 46 (70.8) 54 (67.5) P;=0.0041%; P,=0.0007%; P;=0.669
Recurrent IS, N (%) 15(17.8) 11(16.9) 32 (40.0) P,=0.887; P,=0.0017*; P;=0.0025*
BM], kg/m2, M+o 25.15+3.8 28.14+2.5 27.04+3.3  P;<0.0001%; P,=0.009*; P;=0.0169
Excess weight (BMI 25-30 kg/m?) 30 (25.2) 29 (44.6) 24 (30.0) P;=0.0130; P»=0.491; P;=0.0694
Grade 1 obesity (BMI = 30-35 kg/m?2) 4 (4.8) 7(10.8) 10(12.5) P;=0.165; P,=0.070; Ps=0.715
Grades 2-3 obesity (BMI > 35 kg/m?) 11 (13.1) 10 (15.4) 18 (22.5) P;=0.694; P»=0.165; P;=0.281
Neuroimaging parameters
Multiple lesions, N (%) 8(9.5) 0 (0) 18 (22.5) P,=0.106; P,=0.023; P3<0.0001*
Lesion size, Me [Q1; Q3], mm 251[23;48] 23[20;36] 5[3-10] P;=0.567; P,=0.0111%; P3<0.0001*
WMH (Fazekas 2), N (%) 46 (54.8) 28 (43.1) 48 (60.0) P;=0.156; P,=0.846; P;=0.110
WMH (Fazekas 3), N (%) 2(2.4) 12 (18.5) 14 (17.5) P;=0.0009%; P.=0.0039%; P;=0.572
IS lesion in the right hemisphere 38 (45.2) 32(49.2) 54(67.5) P;=0.627; P,=0.004*; P3=0.026
IS lesion in the left hemisphere 46 (54.8) 33(50.8) 26(32.5) P;=0.627; P,=0.004; P;=0.026
MCA stroke 56 (66.7) 48(73.8) 78(97.5)  P;=0.349; P,<0.0001%; P3<0.0001*
ACA stroke 21 (25.0) 10 (15.4) 2 (2.5) P;=0.152; P»,<0.0001*; P;=0.0051
AChA stroke 7(8.3) 7 (10.8) 0 (0) P;=0.603; P,=0.0085% P5;=0.0026*
Clinical scales (scores), M+o
NIHSS (on admission) 9.6+1.6 7.5+£0.9 5.82.4 P;<0.0001%; P,<0.0001%; P3<0.0001*
BI (on admission) 76.18+5.8 82.76+8.3 86.511+5.4 P;=0.048; P,<0.0001%; P3=0.0131
CDR (day 14) 0.64+0.1  0.65+0.1 0.86+0.4  P;=0.991; P.<0.0001*; P;<0.0001*
Functional outcome parameters
mRS (1% day), (scores), M+o 3.6+1.9 3.4+1.8 2.8+0.8 P,;=0.515; P,=0.0018*; P;=0.0083*
mRS (21 day), (scores), M+o 2.40+1.3  2.17+1.9  1.35%0.9 P,=0.382; P»,<0.0001%; P;=0.0006*
Favorable outcome (mRS = 0-2 scores), N (%) 40 (47.6) 32(49.2) 63(78.8) P;=0.846; P,<0.0001*; P;=0.0002*
Unfavorable outcome (mRS > 3 scores), N (%) 44 (52.3) 33(50.8) 17(21.2) P,=0.846; P,<0.0001*; P3=0.0002*

Notes. P; — the indicator of statistical significance of the difference between the parameters of the 15t and 2"d groups; P, — the
indicator of statistical significance of the difference between the parameters of the first and third groups; P; — the indicator of
statistical significance of the difference between the parameters 2" and 3¢ groups; * — the differences in indicators are statisti-
cally significant (P<0.0125 with the Bonferroni correction). ICA — internal carotid artery; IS — ischemic stroke; BMI — body
mass index; WMH — white matter hyper-intensity; ACA — anterior cerebral artery; MCA — middle cerebral artery; AChA — an-
terior choroidal artery; CDR — Clinical Dementia Rating scale; mRS — the modified Rankin scale; NIHSS — National Institutes

of Health Stroke Scale.

(P=0.0009, P=0.0039). Evaluation by clinical assess-
ment scales showed higher baseline NIHSS scores
in patients from group 1 (P<0.0001), and higher
CDR scores in patients from group 3 on the 14" day
of hospital stay (P<0.0001). Assessment of the mRS
score dynamics showed a significant (P<0.0001)
decrease in the mRS score by the 215 day of hospital
stay in all study groups. Evaluation of cytokines re-
vealed higher concentrations of MIP-1d/CCL15 in
patients from group 2 compared to group 1
(P=0.0002), and higher MCP-1/ CCL2 concentrations
in patients from group 3 compared to group 1
(P=0.0004, Fig. 1). Concentrations of other evaluated
cytokines did not show statistically significant differ-
ences (P<0.0125, Fig. 2).

Assessment of relationships between the stud-
ied parameters and AmRS in the groups revealed
correlations of varying strength. In all groups, sig-
nificant correlations (P<0.0001) were found between
AmRS and presence of diabetes mellitus (R=0.884,
R=0.749, R=0.475). In groups 1 and 3 there was a
significant correlation between AmRS and presence

of recurrent IS (R=0.701, P=0.0021; R=0.413, P=0.0001)
and IS laterality (R=0.359, P=0.0071; R=0.454,
P=0.001). In groups 2 and 3, a positive correlation
of AmRS was found with WMH grade (R=0.625,
P<0.0001; R=0.601, P=0.004) and grades 2-3 obesity
(R=0.343, P=0.011; R=0, 624, P<0.0001), and a neg-
ative correlation with grade 1 obesity (R=0.427,
P=0.0021; R=-0.518, P<0.0001). A correlation between
AmRS and the baseline NIHSS scores was estab-
lished in patients from groups 1 and 2 (R=0.338,
P=0.01; R=0.547, P=0.012). The most significant
AmRS correlation with gender was found in patients
from group 1 (R=0.508, P<0.0001), while in group 3
— with presence of arterial hypertension (R=-0.329,
P<0.0001) and with age (R=0.488, P=0.0001). As-
sessment of correlations between immunological
indicators and FO parameters in patients from
group 1 revealed significant positive associations
of AmRS with concentrations of CXCL6 (R=0.413,
P=0.001), CXCL1 (R=0.782, P=0.0017), CXCL-2
(R=0.635, P=0.0024), CCL23 (R=0.358, P<0.0001)
and CCL3 (R=0.343, P=0.001). A negative correlation
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Fig. 2. Cytokine concentrations (pg/ml) in groups of patients with different subtypes of ischemic stroke (P<0.0125 with Bonferroni
correction).

was found between AmRS and IL-6 (R=-0.474,
P=0.0004), CCL25 (R=-0.508, P=0.002), and TNF-a
(R=-0.401, P=0.001). In group 2, significant positive
correlations of AmRS were found with concentra-

tions of CCL2 (R=0.632, P=0.001), CCL3 (R=0.423,
P=0.011), CCL23 (R=0.351, P<0.0001), IL-1b (R=0.365,
P=0.0213), CXCL5 (R=0.341, P<0.0001), CXCL6
(R=0.334, P<0.0001) and IL-16 (R=0.328, P=0.0031).
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groups 1 and 2, CXCL1 concentration
was identified as a predictor of un-
favorable FO in patients with AH
(i.g.=0.206, P<0.0001; i.g.=0.105,
P<0.0001), in patients with diabetes

Fig. 3. Correlation of clinical parameters and cytokine concentrations (pg/ml)
with AmRS scores in patients with different subtypes of IS.
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mellitus from groups 1 and 3 it was the concentration
of CXCL5 (i.g.=0.206, P<0.0001; i.g.=0.105, P<0.0001).

Discussion

An unfavorable non-lethal functional outcome
in acute IS was documented in 50% of patients due
to underlying atherosclerosis of large or medium-
sized cerebral arteries and cerebral embolism orig-
inating from the heart. A tendency to an unfavorable
outcome was established in 21.2% of patients with
the lacunar IS, despite high average survival rate
and a relatively good prognosis for functional re-
covery in this cohort. The results obtained are con-
sistent with published evidence from other studies,
which have demonstrated that early disabling func-
tional impairments develop in 50-60% of patients
with cardioembolic and atherothrombotic stroke,
and in 20-30% of patients with lacunar IS [10-12].
Type 2 diabetes was identified as a predictor of un-
favorable outcome, regardless of IS subtype, which
is consistent with the findings of studies that con-
template the impact of carbohydrate metabolism
disorders on mortality, patient recovery, frequency
and timing of recurrent IS after the first-time
stroke [13, 14].

Although the relationship between excessive
weight and all IS subtypes has been demonstrated
in cohort studies and meta-analyses [15-17], in this
study, grades 2-3 obesity were significant predictors
of unfavorable outcome only in patients with the
lacunar IS. A favorable outcome in patients with
atherothrombotic and lacunar IS who have a BMI
of 30-35 kg/m? (grade 1 obesity) in this study is of
interest. It can be interpreted on the context of the
so-called «obesity paradox», linking extra weight
and grade 1 obesity with better outcomes and re-
duced mortality in patients with IS [18]. However,
definition of metabolic obesity as a marker of un-
favorable outcome based only on BMI is insufficient,
which necessitates verification of obesity significance
(with thorough evaluation of central obesity, lipid
profile, disorders of carbohydrate metabolism, and
insulin resistance) as an important predictive factor
for IS outcome in metabolic syndrome [19, 20].

Demographic characteristics were significant
for prediction of IS outcome in the acute period in
patients with cardioembolic (female gender) and
lacunar (age) subtypes. These results are consistent
with some recent studies that have demonstrated
differences in non-fatal functional outcomes related
to gender and age, as well as worse outcomes of
cardioembolic IS in the acute period in women
compared to men [21]. According to few references,
these differences can be associated with higher con-
tent of molecular-genetic markers of atrial fibrillation,
in particular, brain natriuretic peptide (NT-proBNP)
and fibroblast growth factor-23 (FGF-23) in women
compared to men [22, 23]. Age, identified as an im-

portant predictor of unfavorable outcome in lacunar
IS, along with WMH and grade of cognitive decline,
is most likely associated with age-dependent cerebral
microangiopathy, established as the leading risk
factor for lacunar stroke [24].

Severe damage to the microcirculatory vascular
bed and progressive microangiopathy can lead to
IS recurrence, which was a relevant indicator and
marker of unfavorable outcome in patients with la-
cunar stroke in this study. Potential association of
AH with favorable outcome in patients with lacunar
IS remains controversial. Quite possible, that the
obtained results prove more favorable functional
outcomes of lacunar stroke in patients with hyper-
tensive microangiopathy as compared to cases of
atherosclerotic and embolic origin.

However, as there was no assessment of he-
terogeneity and verification of causes leading to de-
velopment of this subtype of IS, the results require
further confirmation in studies aimed at FO evalua-
tion in patients with different pathogenetic subtypes
of lacunar stroke. An increase in CXCL2 concentration
was verified as the main immunological marker of
unfavorable FO in patients with cardioembolic IS.
Even though the role of CXC-chemokines in patho-
genesis of cardiovascular diseases was competently
investigated, nevertheless, the mechanisms of action
of this family of cytokines in cerebral ischemia and
hypoxia in the acute period of IS are not yet suffi-
ciently studied.

Recent experimental studies have demonstrated
the key role of the CXCR2 receptor in pathogenesis
of atrial fibrillation, which is the main risk factor
for development of cardioembolic stroke. In addition
to its main effect of chemoattracting monocytes to
the vascular endothelium and cardiac tissue, CXCL-2
expression also contributes to secretion of platelet-
derived growth factor A (PDGF-A) and increase in
pro-inflammatory cytokines, thereby promoting
development of atrial fibrosis and heart remodeling,
which are the key factors in pathogenesis of ar-
rhythmias characterized by irregular electrical ac-
tivity [25] Clinical studies have also revealed higher
concentrations of circulating CXCL-2 in patients
with atrial fibrillation compared to control group
patients with sinus rhythm [26]. CXCL-1 is another
member from the CXC family that had been shown
to be predictive, as its increased concentration was
associated with unfavorable prognosis in patients
with AH developing atherothrombotic and car-
dioembolic IS. The obtained results are consistent
with the data from studies revealing higher CXCL1
levels in patients with AH compared to healthy
subjects, and demonstrating that CXCL1 promotes
AH by potentiating the expression of angiotensin
type 1 and 2 receptors, toll-like receptor 4 (TLR4),
and production of transforming growth factor
(TGF-B) [27, 28].
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Ligands CCL3 and CCL2 of chemokine receptors
CCRI1 and CCR2, respectively, have been identified
as biomarkers of unfavorable FO in patients with
atherothrombotic IS. The pro-atherogenic role of
these chemokines has been well-studied and demon-
strated in a number of experimental and clinical
studies. Increased concentrations of both CCL2 and
CCL3 induce migration of leukocytes into the arterial
wall, formation of foam cells, destabilization, and
rupture of the atherosclerotic plaque. Studies on an-
imal models with induced hypercholesterolemia have
shown a direct correlation between CCL2/CCL3 and
LDL concentrations, as well as decrease in these cy-
tokines following intake of statins, which further sup-
ports the association between increased CCL2 and
CCL3 levels and the progression of early atheroscle-
rotic processes [29]. The CCL23 pro-atherogenic effect
is enacted when it is expressed into milieu with in-
creased LDL via stimulation of monocytes and
macrophages chemotaxis into the vascular wall, in-
creased expression of adhesion molecules and release
of matrix metalloproteinase 2 (MMP-2) from mono-
cytes [30, 31]. A favorable outcome in patients with
atherothrombotic and cardioembolic IS was associated
with increased concentrations of CCL25 chemokine,
TNF-¢ and IL-6. Despite sound body of accumulated
knowledge of pro-inflammatory properties of these
cytokines, a number of researchers have demonstrated
their opposite effect in acute IS due to mitigation of
hypoxic-ischemic damage, arteriodilatation, and anti-
apoptotic effects. CCL25 protection of neurons, en-
dothelium, and microglia cells was explained by ac-
tivation of NLR (NOD-like receptors) family, involved
in regulation of inflammatory cascades by inhibiting
the transcriptional nuclear factor-kappa B (NF-«B)
processing and mitogen-activated protein kinases
(MAPK), and also by activation of apoptosis regulator
Bcl-2. [32]. IL-6 and TNF-« protection after excitotoxic
damage, provided via modulation of neurogenesis,
angiogenesis, and revascularization processes by ac-
tivating the JAK/STAT (Janus kinase/signal transducers
and activators of transcription) and PI3K (phospho-
inositide 3-kinase) signaling pathways, was elucidated
in a number of studies [33, 34].

Concentrations of CXCL5 and MIF were iden-
tified as immunological markers of unfavorable
prognosis in patients with lacunar IS. Currently,
scientific experience regarding the role of CXCL5
in the pathogenesis of lacunar stroke is limited to
experimental studies, demonstrating expression of
astrocytic and endothelial CXCL5 in progression of
chronic cerebral ischemia and WMH via modulation
of microglia activity and induction of interleukin-
17 expression [35, 36]. In addition, CXCL5 concen-
tration was established as a marker of unfavorable
FO in patients with diabetes mellitus. These results
are consistent with CXCL5 mechanism of action,
which promotes insulin resistance via potentiation

of TNF« effects and activation of JAK/STAT (Janus
kinases/signal transducer and activator of tran-
scription) [37, 38]. Unlike CXCL5, the MIF role in
development of cerebral ischemia has been exten-
sively studied, but remains controversial. Recent
studies showed that increased MIF activity in hypoxic
environment, driven by expression of hypoxia-in-
ducible factor la (HIF-1-a), positively correlated
with disease severity, ischemic lesion size, and neu-
rological outcomes [39, 40]. The results of some
studies show a direct correlation between the Fazekas
scale score and concentration of MIE suggesting
that increase in MIF concentration may be a predictor
of cerebral microangiopathy progression [41]. Given
significant prevalence of patients with high BMI in
the lacunar IS group, MIF expression can be asso-
ciated with obesity. This is supported by studies
demonstrating MIF involvement in the inhibition
of hormone-sensitive lipase, which contributes to
increase in triglyceride levels and exacerbation of
obesity [42, 43]. MIF expression also contributes to
endothelial dysfunction by regulating leukocyte
trafficking into the endothelial wall, expression of
adhesion molecules and TNF-¢ via stimulation of
endothelial granular protein P-selectin [44].
Limitations. The main limitations of the study
were exclusion of patients with fatal outcomes from
the core data sheet, no monitoring of relevant
cellular immunological parameters, and missed
registration of the prospective study protocol.

Conclusion

The results of the study demonstrated differences
in sets of factors affecting the functional outcome of
patients with IS, depending on the pathogenetic
subtype. Female gender, recurrent IS, an increase in
CXCL-2F were the predictors of unfavorable outcome
in patients with cardioembolic IS. For patients with
the atherothrombotic subtype, WMH grade and con-
tents of CCL2, CCL3 and CCL23 were the significant
factors of unfavorable prognosis. Age, recurrent IS,
BMI>35 kg/m?, and WMH grade, along with increased
levels of CXCL5 and MIE were identified as indicators
of unfavorable FO in patients with lacunar IS. Type 2
diabetes mellitus was verified as an independent
predictor of eventual disabling disorders, regardless
of the stroke pathogenetic mechanisms.

The parameters associated with a favorable
FO in patients with the cardioembolic IS were CCL25
and IL-6 expression, with the atherothrombotic
subtype — grade 1 obesity along with TNF-a ex-
pression, with lacunar IS — underlying AH and
grade 1 obesity. Despite the potential value of these
results for improving prediction of acute stroke out-
comes, further research is needed to confirm the
significance of these markers by monitoring key
clinical indicators, expanding the sample size, and
using diverse statistical analysis methods.
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Summary

The aim of the study was to identify the most specific and sensitive criteria for diagnosing nosocomial
meningitis and ventriculitis.

Materials and methods. A retrospective case-control cohort study conducted at the department of anes-
thesiology and intensive care of the A. L. Polenov Russian Research Neurosurgical Institute (RRNI), a branch
of the V. A. Almazov National Medical Research Center (NMRC) of the Ministry of Health of Russia included
120 patients who underwent intracranial neurosurgery: the main group (N=60) — patients with nosocomial
meningitis (NM), and the comparison group (N=60) — patients without NM. Inclusion criteria: age over
18 years. Exclusion criteria: severe immunosuppressive condition (HIV infection), signs of central nervous sys-
tem (CNS) infection (meningitis, ventriculitis, brain abscess) on admission, extracranial surgical interventions,
pre-operative cerebrospinal fluid leakage, CNS trauma, and extracranial causes of CNS infection. The US Cen-
ters for Disease Control and Prevention (CDC) and the Burdenko National Medical Research Center for Neu-
rosurgery criteria for NM diagnosis were used in the study.

Results. External validation of the NM diagnostic criteria in the analyzed patient cohort resulted in 81.67%
sensitivity and 83.33% specificity of the CDC criteria. Sensitivity and specificity of the Burdenko National Med-
ical Research Center for Neurosurgery criteria were 81.67% and 88.33%, respectively, for probable NM, and
51.67% and 100%, for confirmed NM. The CDC criteria demonstrated the highest sensitivity for protein con-
centration in cerebrospinal fluid (CSF) > 0.33 g/L (83.6%), with simultaneous extremely low specificity of 21%,
and the highest specificity for the CSF positive culture (100%). As for the Burdenko National Research Medical
Center for Neurosurgery criteria, in probable NM the highest sensitivity was established for CSF cell count >
65 cells/1L (64.4%), and the highest specificity — for CSF glucose < 2.6 mmol/1 (93.9%) and CSF/serum glucose
ratio (CSF/SGLU) < 0.45 (96.8%). In confirmed NM, CSF cell count > 65 cells/uL was also the most sensitive pa-
rameter (95.2%), although with 51% specificity. The highest specificity was found for the CSF lactate >
4.2 mmol/L (92.3%). The optimal threshold values were calculated for four parameters: body temperature
> 37.7°C, CSF cell count > 245 cells/pL, CSF glucose < 2.0 mmol/L, and CSF lactate > 3.7 mmol/L. Using a com-
bination of threshold values for all four parameters, we achieved a sensitivity of 90.00% and a specificity of
91.67%. CSF cell count (AUC=0.90; 95% CI 0.84-0.95), increased CSF lactate (AUC=0.85; 95% CI 0.75-0.93), total
CSF protein (AUC=0.83; 95% CI 0.75-0.90) and body temperature (AUC=0.82; 95% CI 0.74-0.89) had the greatest
diagnostic value. Positive CSF culture and the occipital muscle rigidity correlated with the diagnosis of NM
(rbp=0.522 and rbp=0.415, respectively, P=0.0001), but did not show good predictive diagnostic capacity.

Conclusion. Fever, increase in CSF cell count and CSF lactate were identified as the most clinically signifi-
cant signs of NM. A positive CSF culture traditionally used as the gold standard for diagnosis of NM showed
low sensitivity of 69.2%. When taken together, the identified in the study threshold values of body temperature,
CSF cell count, CSF glucose and lactate have a higher sensitivity and specificity than those used earlier.

Keywords: nosocomial meningitis; CNS infection; criteria for diagnosing nosocomial meningitis
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Introduction

Nosocomial meningitis (NM) remains a life-
threatening complication that increases the duration
of hospital stay, causes disability, and leads to adverse
outcomes. The incidence of NM among neurosurgical
patients is 1.49%, and it increases to 8.4% in selective
surgical interventions. The mortality rate for NM
reaches 28.9% (up to 78.12% in ventriculitis, according
to Corona-Nakamura A. L.), and the incidence of
drainage-associated meningoventriculitis is 19.8%,
or 18.3 cases per 1.000 days of drainage [1-8]. Timely
diagnosis and initiation of antibiotic therapy improve
the NM prognosis [9, 10].

NM probability is considered based on devia-
tions in cerebrospinal fluid (CSF) analysis. In global
clinical practice, management of ventriculitis and
meningitis is based on the criteria of the Centers for
Disease Control and Prevention (CDC) [11] and
guidelines developed by the Infectious Diseases So-
ciety of America (IDSA) as proposed in 2017 [12].

According to the CDC criteria, the diagnosis of
nosocomial meningitis is made if at least one of the
following criteria is met:

1. CSF pathogen is isolated, either from CSF
culture, or using other available microbiological
tests.

2. The patient has at least two of the following
clinical manifestations:

— fever >38.0°C;

— headache;

— meningeal signs;

— signs of cranial nerve involvement;

And at least one of the following laboratory
criteria:

— changes in CSF: increased leukocyte count
with predominant neutrophils; increased protein
concentration; decreased glucose concentration;

— serological confirmation of infection: diag-
nostic titer of specific IgM or a 4-fold increase in the
titer of IgG antibody in paired sera.

N. N. Burdenko National Medical Research
Center for Neurosurgery (NMRCN) NM diagnostic
criteria (probable and confirmed) include assessment
of patient’s clinical status (cerebral, meningeal
symptoms, fever), routine and biochemical CSF
analyses, CSF cultures, hyponatremia. The N. N. Bur-
denko NMRCN criteria for probable NM include: a
single episode of CSF cell count >65 cells/pL, in-
creased CSF lactate >4.2 mmol/l, decreased CSF
glucose <2.6 mmol/l, CSF/serum glucose ratio
(CSF/SGLU) <0.45, or, in the absence of all above
mentioned criteria, only a positive CSF culture. Ad-
ditional criteria include fever >38°C and plasma

sodium < 135 mmol/l. NM is considered confirmed
when CSF positive culture comes along with all
pathological CSF tests [4].

However, as noted by N.V. Kurdyumova, clinical
symptoms may not appear immediately that impedes
early diagnosis [4].

Although CSF culture is considered the «gold
standard», the results can be both false-positive and
false-negative [13, 14]. Moreover, in 50% of cases
bacteria are not detected in patients treated with
antibiotics [15-17].

According to various sources, CSF leukocytosis
in bacterial meningitis varies widely, from 11 cells/mm?3
(according to the CDC) to 1.000 cells/mma? [12].

The aim of the study was to determine the
most specific and sensitive criteria for diagnosing
nosocomial meningitis and ventriculitis.

Material and Methods

A retrospective case-control cohort study con-
ducted at the department of anesthesiology and in-
tensive care of A. L. Polenov Russian Research Neu-
rosurgical Institute (RRNI), a branch of V. A. Almazov
National Medical Research Center (NMRC) of the
Russian Ministry of Health included 120 patients
who underwent intracranial neurosurgery: the main
group (N=60) — patients with nosocomial menin-
gitis (NM), and the comparison group (N=60) —
patients without NM.

Craniotomy or implantation of intracranial
devices (shunts) was performed from January 2020
to January 2025.

Inclusion criteria: age over 18 years. Exclusion
criteria: severe immunosuppressive condition (HIV
infection), signs of central nervous system (CNS)
infection (meningitis, ventriculitis, brain abscess)
on admission, extracranial surgical interventions,
pre-operative cerebrospinal fluid leakage, CNS trau-
ma, and extracranial causes of CNS infection.

The following clinical features and laboratory
findings were evaluated: patients’ body temperature
and meningeal symptoms; laboratory blood param-
eters, including RBC count, WBC count, concentra-
tions of albumin and total protein; CSF parameters
included cell countin 1 pl (lymphocytes, neutrophils,
macrophages, plasma cells, monocytes, degenerated
cells, granulocytes); RBC count, CSF glucose, protein,
and lactate, CSF to serum glucose ratio (CSF/SGLU),
CSF culture and microbiological examination. Pre-
sented CSF data were obtained from samples that
were collected in the comparison group on the next
day after surgery, and in the main group — on the
day when meningitis was confirmed.
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Patients after intracranial
neurosurgery
and lumbar puncture,
N=120

Patients
with CNS infection
in ICU, N=77

Excluded, N=17,

in particular:

— with extracranial
infection, N=7

— with baseline CNS
infection, N=4

— with baseline CSF
leakage, N=3

— with CNS trauma, N=3

y y

Comparison Main group,
group, patients patients
without NM, with NM,
N=60 N=60

Fig. 1. Patient selection algorithm.
Notes. ICU — intensive care unit; NM — nosocomial meningitis.

The US Centers for Disease Control and Pre-
vention (CDC) and N. N. Burdenko National Medical
Research Center for Neurosurgery criteria for NM
diagnosis were used in the study.

The diagnosis was based on the opinions of a
neurosurgeon, an anesthesiologist-reanimatologist,
and a clinical pharmacologist, following conclusions
based primarily on CDC criteria. Surgical procedure
in the comparison group was protected by peri-
operative antimicrobial prophylaxis (lasting less
than 24 hours), while in the main group, antibacterial
therapy was administered in subjects with compli-
cations of extracranial infectious.

For statistical data processing, descriptive and
analytical statistics were employed: the Shapiro-Wilk
test was used to check the data distribution for
normality and select the method for comparison of
the studied groups. The t-test was used to estimate
intergroup comparability for age, and the Pearson’s
chi-square test was employed for processing cate-
gorical variables. The standard two-sided test of
significance was used with a critical threshold of
=0.05. All comparisons, including sensitivity and
specificity assessment of the features, AUROC and
paired comparisons, were carried out with the as-
sumption of a two-sided alternative hypothesis.

When calculating p-values, we used the built-
in methods of Python statistical libraries, which
are focused on classical two-sided testing. Collected
data was used for determining sensitivity and speci-

ficity of a number of criteria. Statistical processing
included correlation analysis with calculation of
Spearman coefficients, point-biserial correlation,
plotting of ROC curves with ROC AUC analysis, and
estimation of optimal thresholds for a number of
key parameters (body temperature, CSF cell count,
glucose and lactate, CSF/SGLU). For determining
the optimal cut-off points of a diagnostic feature,
the Youden index was calculated as a summary
measure of ROC analysis, using the formula:

J = Sensitivity + Specificity — 1.

The optimal threshold was determined as the
point corresponding to the maximum value of the
Youden index, which allowed for a balanced ac-
counting of both sensitivity and specificity. When
plottig ROC curves, we additionally calculated 95%
confidence intervals (ClIs) for the AUC using the
DeLong algorithm; when the covariance matrix was
unstable, we used bootstrapping (2000 iterations).

The following software and libraries were used
for data processing: VS Code, Python programming
language, and the following libraries: Pandas, NumPy,
SciPy (Scipy.stats), Sklearn.metrics, and Matplotlib.py-
plot.

Results

Assessment of samples representativeness
showed no significant statistical differences in age
(P=0.947) and gender (P=1.000) in the groups
(Table 1).

The following calculated sensitivity and speci-
ficity values were obtained in the course of external
validation of the CDC and N. N. Burdenko NMRCN
criteria in the analyzed cohort of patients:

e CDC criteria: sensitivity — 81.67%, speci-
ficity — 83.33%;

* N.N. Burdenko NMRCN criteria:

— probable NM: sensitivity — 81.67%, speci-

ficity — 88.33%;

— confirmed NM: sensitivity — 51.67%, speci-

ficity — 100%.

Obtained results show that the highest diag-
nostic accuracy is achieved when using the N. N. Bur-
denko NMRCN criteria for probable NM. Meanwhile,
the criteria for confirmed NM feature high specificity
but low sensitivity.

Individual criteria sensitivity and specificity
analysis. Sensitivity and specificity were calculated
for criteria from the CDC and N.N. Burdenko NM-
RCN systems (Table 2).

In CDC criteria, the highest sensitivity was
found for CSF protein concentration of >0.33 g/L
(83.6%), although with extremely low specificity of
21%, and the highest specificity was found for CSF
culture (100%).

In N.N. Burdenko NMRCN criteria for probable
NM, the highest sensitivity was found for CSF cytosis
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Fig. 2. ROC analysis of NM diagnostic criteria.
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Table 2. Sensitivity and specificity of some diagnostic criteria.
Diagnostic criteria Criteria Sensitivity (%) Specificity (%) Accuracy (%)
CDC criteria Positive CSF culture 69.2 100.0 79.6
Body temperature >38°C 20.5 96.8 46.3
Rigidity of the occipital muscles 53.6 92.6 66.8
CSF cell count > 4 c/pl + 27,5 58.2 37.9
> 50% of neutrophils
CSEF protein > 0.33 v/ 83.6 21.5 62.6
CSF glucose < 2.8 mmol/l 34.4 91.0 53.5
N. N. Burdenko Body temperature >38°C 20,5 96.8 46.3
NMRCN criteria Rigidity of the occipital muscles 53.6 92.6 66.8
for probable NM CSF cell count > 65 64.4 65.6 64.8
CSF glucose < 2.6 mmol/l 29,5 93.9 51.2
CSE/SGLu < 0.45 29.2 96.8 52.0
CSF lactate > 4.2 mmol/l 35.7 95.2 55.8
N. N. Burdenko Positive CSF culture 69.2 100.0 79.6
NMRCN criteria Body temperature >38°C 20.5 96.8 46.3
for confirmed NM Rigidity of the occipital muscles 53.6 92.6 66.8
CSF cell count > 65 95.2 51.1 80.3
CSEF glucose < 2.6 mmol/] 60.3 81.7 67.5
CSF/SGLu < 0.45 61.3 90.4 71.1
CSF lactate > 4.2 mmol/l 67.7 92.3 76.0

> 65 cells/uL (64.4%), and the highest specificity —
for CSF glucose < 2.6 mmol/L (93.9%) and CSF/SGLU
< 0.45 (96.8%). For confirmed NM, the maximum
sensitivity was established for CSF cytosis > 65
cells/uL — 95.2%, although with 51% specificity.
The highest specificity (92.3%) was found for CSF
lactate > 4.2 mmol/L.

ROC-analysis. The selected cut-off points
were used to compare different NM diagnostic
criteria, and were not used for clinical stratification
of patients.

The plotted ROC curves are presented in Fig. 2.

To assess the accuracy of the diagnostic criteria,
the AUC 95% CI was calculated. The increases in
CSF cytosis (AUC=0.9; 95% CI 0.84-0.95), CSF lactate
(AUC=0.85; 95% CI 0.75-0.93), CSF total protein
(AUC=0.83; 95% CI 0.75-0.9), and body temperature
(AUC=0.82; 95% CI 0.74-0.89) showed good diag-
nostic value, while diagnostic value of CSF culture
(AUC=0.85; 95% CI 0.75-0.93) was satisfactory. The
presence of occipital muscle rigidity (AUC=0.69;
95% CI 0.66-0.79) showed a low diagnostic value.
The predictive diagnostic ability of CSF glucose
concentration and CSF/SGLU ratio (AUC=0.35-0.37;
95% CI included values < 0.50) was low.

The AUC values are presented in Table 3.

Correlation analysis. The correlation matrix
revealed statistically significant relationships between
particular laboratory and clinical parameters (Fig. 3).

The following parameters demonstrated the
highest positive point-biserial correlation with the
presence of NM:

* Positive CSF culture (rpb=0.522);

Occipital muscles rigidity (rpb=0.415);
Increased body temperature (rpb=0.415);
Elevated CSF lactate (rpb=0.329);
Increased CSF neutrophils count (rpb=0.249).

A reverse point-biserial correlation was found,
in particular, for the CSF/SGLU ratio (rpb=-0.132)
and CSF lymphocyte count (rpb=-0.242) (Table 4).

Therefore, the most clinically significant signs
of NM were: increased CSF cytosis, increased con-
centrations of CSF lactate and CSF total protein,
and fever.

Selection of NM predictor values. In the course
of correction analysis, the thresholds of key laboratory
and clinical signs included in the N.N. Burdenko
NMRCN diagnostic criteria were optimized. Due to
insufficient sensitivity and specificity of some initial
criteria, the optimal threshold values for body tem-
perature, CSF cytosis, CSF glucose and lactate were
calculated using selection on a grid of values (Grid-
search) method. The following optimal criteria were
obtained:

e temperature > 37.7°C;

* CSF cell count > 245 cells/uL;

* CSF glucose < 2.0 mmol/L;

¢ CSF lactate > 3, mmol/L.

Using a combination of thresholds of all four
parameters within the criteria allowed us to achieve:
sensitivity: 90.00% (54 out of 60 patients with NM
met the established optimal criteria), specificity:
91.67% (5 out of 60 patients without NM did not
meet these criteria).

Discussion

The difficulties in diagnosing NM are due to
many factors, including emergence of reactive CSF
changes after intracranial surgery, the so-called
«aseptic meningitis», presence of ICU specific mi-
crobial flora, recognized as the most common cause
of NM, and interference of pre-analytical factors [17].
Relying on positive CSF culture — the gold standard
for diagnosis — for verification of NM is not always
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Table 3. Roc AUC analysis of some NM predictors.

Criteria AUC AUC 95% CI AUC evaluation Optimal value
Increased CSF cell count 0.90 0.84-0.95 Good 256

CSF lactate 0.85 0.75-0.93 Good 4.39
Total CSF protein 0.83 0.75-0.9 Good 0.97
Body temperature >38°C 0.82 0.74-0.89 Good 38

CSF culture 0.71 0.62-0.79 Satisfactory Positive
Occipital muscle rigidity 0.69 0.62-0.77 Weak Positive
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Fig. 3. Correlation matrix of clinical and laboratory parameters.

Note. Spearman's coefficients; * — P<0.05.

possible, as the condition necessitates initiation of
antibiotic therapy within a limited timeframe, and
because the culture growth can be suppressed by
preceding antibiotic therapy or antibiotic prophy-
laxis [19]. These factors have led researchers to ex-
plore new ways to improve the diagnosis of NM.
Currently, the main indicators that should be
considered in NM diagnosis have been identified,
but their significance and diagnostic thresholds
have not yet been definitively established [20]. Ac-
cording to our study, CSF cytosis and lactate showed
the highest sensitivity among the laboratory data.
In the absence of infection in the postoperative pe-
riod, the interpretation of these parameters was
complicated by a wide range of values. Different

«cut-off points» for the diagnosis of NM have been
described in available publications, ranging from
3.45 to 6 mmol/L for lactate concentration and
from 4 to 1000 cells/pL for cytosis [21-25].

Good diagnostic significance was established
for fever among clinical symptoms, and among la-
boratory findings — for increased CSF neutrophil
count, CSF lactate and CSF total protein concen-
trations. Isolated decrease in CSF glucose and of
CSF/SGlu ratio, traditionally used as markers of
bacterial inflammation in the CNS, did not show
statistical significance. It is possible that these de-
viations occurred because of glucose consumption
by erythrocytes extravasated into cerebrospinal
fluid. According to our observations, changes in

GENERAL REANIMATOLOGY, 2025, 21; 5
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Table 4. Point-biserial correlation of clinical and laboratory parameters with the diagnosis of NM
Parameters Point-biserial correlation coefficient rpb P
CSF culture 0.522 0.0001
Occipital muscles rigidity 0.415 0.0001
Body temperature >38°C 0.415 0.0001
CSF lactate 0.329 0.0001
CSF neutrophil count 0.249 0.0001
Degenerated cell count 0.192 0.0001
WBCs 0.167 0.00030
CSF total protein 0.155 0.0001
CSF erythrocyte count 0.086 0.00982
Increased CSF cell count 0.079 0.01783
Re—-operation 0.061 0.06503
CSF macrophage count 0.023 0.51205
Granulocyte count -0.030 0.40659
CSF plasmatic cell count —-0.032 0.36858
Diabetes mellitus -0.035 0.28835
CSF glucose -0.055 0.17817
CSF/SGlu —0.132 0.01007
CSF monocyte count -0.143 0.00003
CSF lymphocyte count -0.242 0.0001
Serum total protein —-0.250 0.00009
Serum albumin -0.332 0.0001
RBCs —0.347 0.0001

the glucose content of CSF in bacterial meningitis
occur later than changes in other parameters.

High specificity of particular criteria (CSF cul-
ture, CSF/SGLU, and CSF lactate) allows to use
them not only for confirmation, but also for ruling
out the NM.

Study limitations. The study focused primarily
on comparing diagnostic criteria rather than creating
a definitive diagnostic model. Sensitivity, specificity,
and AUROC were used for comparative analysis of
existing clinical diagnostic thresholds rather than
for determining new thresholds. Due to the limited
number of patients, there was no objective method
for selecting a comparison group. The sample size

is planned to be expanded. This study was a pilot
project.

Conclusion

The most clinically significant signs of NM
are: elevated CSF lactate and CSF total protein, in-
crease in CSF cell count, and fever. The «gold stan-
dard» for NM diagnosis, a positive CSF culture,
showed a low sensitivity of 69.2%. When used in
combination, the identified in the study threshold
values of body temperature, cerebrospinal fluid
(CSF) pleocytosis, CSF glucose, and CSF lactate
have higher sensitivity and specificity versus previ-
ously used individual criteria.
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Summary

The aim of this study was to investigate the effects of three 60-minute inhalations of an argon-oxygen gas
mixture (Ar 70%/0, 30%) on the severity of neurological deficits, brain lesion volume, inflammatory and cel-
lular responses, and cytokine levels in rats after photochemically induced ischemic stroke.

Materials and Methods. The experiment was performed in 21 male Wistar rats (250-300 g) randomly as-
signed to three groups: (1) ischemia + N, 70%/0, 30% inhalation (ischemia group, N=10); (2) ischemia +
Ar 70%/0, 30% inhalation (ischemia + iAr group, N=8); and (3) sham-operated animals (sham group, N=3).
Neurological status was assessed over 14 days using the limb placement test. On day 14 post-ischemia, animals
underwent magnetic resonance imaging (MRI), histological and immunohistochemical analyses, and RT-PCR
using RNA extracted from the liquid homogenate of the entire brain to evaluate the relative levels of IL-1p,
IL-6, and TNF mRNAs.

Results. Significant differences in limb placement test scores were observed between ischemia and is-
chemia + iAr groups on day 3 (7.3 [5.3; 10.4] vs. 9.9 [10.2; 13.2], P=0.045) and day 7 (8.0 [7.3; 9.2] vs. 10.0 [9.0;
11.5], P=0.027). MRI showed a significantly smaller ischemia volume in the ischemia + iAr group compared to
the ischemia group (12.5 [8.5; 17.4] mm3 vs. 21.0 [17.5; 22.68] mm3, P=0.01). Pro-inflammatory cytokine levels
were significantly lower following argon-oxygen inhalation: IL-13 — 205 [175.5; 247.5] in the Ischemia + iAr
group vs. 328.5 [299; 347.5] in the Ischemia group (P=0.001); TNF — 110.5 [93.5; 113] vs. 149.5 [126.5; 176.5],
respectively (P=0.001).

Conclusion. Repeated 60 min inhalation of argon-oxygen mixture (Ar 70%/0, 30%) after photochemically
induced ischemic stroke significantly reduces neurological impairment, modulates pro-inflammatory cytokine
levels, and affects inflammatory and cellular responses.

Keywords: argon; ischemia; neuroprotection; photochemically induced stroke
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Introduction deficits [5-10]. Therefore, ensuring the protection

Stroke is a significant cause of morbidity and
mortality. Multitudinous studies of stroke have been
conducted, however, therapeutic options for patients
remain limited [1]. Extensive research of ischemic
stroke pathogenesis has shown that neuronal damage
is caused by neuronal death, oxidative stress, and
diverse immune responses [2-4]. The repair of neu-
ronal damage caused by ischemic stroke involves
various molecular pathways. Neuronal survival pro-
vides the stability and completeness of brain func-
tions, and neuronal loss directly leads to neurological

and regeneration of neurons is a crucial step in
effective recovering from neurological deficits. In
addition, cellular responses involving expression of
pro-inflammatory mediators provide the base for
ischemic tissue damage (7, 8, 10]. It is widely recog-
nized that targeted activation of microglia and resi-
dent immune cells of the central nervous system
can inhibit damage and promote recovery after
stroke. Excessive activation of the phagocytic phe-
notype of microglia leads to exacerbation of brain
damage due to phagocytosis of still viable cells. Mi-
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croglia with a phagocytic phenotype releases pro-
inflammatory cytokines, which also exacerbates the
damage. At the same time, microglia of the restorative
phenotype release trophic and anti-inflammatory
factors. This indicates that microglia are characterized
by great heterogeneity [7, 8, 10]. Cellular reactions
involving expression of pro-inflammatory mediators
at the blood-endothelium interface, such as adhesion
molecules, cytokines, chemokines, and leukocytes,
significantly contribute to the pathogenesis of tissue
damage in ischemic stroke [11, 13, 14]. Interleukins
also play an important role in the development of
ischemic stroke [11]. Interleukins are the cytokines.
to regulate and mediate inflammatory and immune
responses, and hematopoiesis [12].They play a crucial
role in the processes of information transfer, activation
and regulation of immune cells, mediating the acti-
vation, proliferation, and differentiation of T and B
cells, as well as the cellular responses involving ex-
pression of pro-inflammatory mediators [11-13]. In
particular, IL-1f stimulates activation of microglia,
the main effector cells in cellular response, leading
to secondary brain damage through stimulation of
secretion and release of potentially neurotoxic mol-
ecules, such as TNF-a and iNOS [11-15].

The development of neuroprotective com-
pounds is an urgent task for modern science. Argon
represents one of promising candidate molecules
as a potential neuroprotector [16-18].

The results of studies of various neuroprotective
agents are contradictory. The potency of neuro-
protective effect depends on the model used, the
exposure time, and the anesthetic agent itself [16-18].
In this regard, the aim of this study was to establish
whether an argon-oxygen mixture has a neuropro-
tective effect after three 60-minute inhalations fol-
lowing a photo-induced ischemic stroke, as well as
to find out how the proposed inhalation technique
affects the cellular response of the brain.

Material and Methods

The experiments were conducted on male
Wistar rats weighing 250-300 g (N=21). Eight hours
before the experiment, the animals were deprived
of food, but they still had access to water. The study
protocol was approved by the Local Ethics Committee
of the Federal Scientific and Clinical Center for In-
tensive Care Medicine and Rehabilitology (No. 3/22/3
dated December 14, 2022). All experiments were
conducted in accordance with Directive 2010/63/EU
of the European Parliament and of the Council of
the European Union on the protection of animals
used in scientific research.

The rats were randomly assigned to three
groups depending on the interventions:

— the control group included animals with
ischemia receiving inhalation with a gas mixture of
N> 70%/02 30% (ischemia group, N=10);

— the experimental group included animals
with ischemia and inhalation of Ar 70%/0, 30%
gas mixture (ischemia + iAr group, N=8);

— the sham-operated group included animals
without ischemia and no anesthesia and gas in-
halation (SO group, N=3).

Modeling of photo-induced ischemic stroke.
The stroke model was reproduced using the standard
method [19], and 6% chloral hydrate (300 mg/kg,
intraperitoneal) was used as the anesthetic agent.
Approximately 42+16 minutes after the onset of the
stroke, when the animal regained consciousness
and restored its thermoregulation, it was anesthetized
(paracetamol 50 mg/kg, subcutaneously) and placed
in the chamber. A fresh gas mixture was constantly
supplied to the chamber at a flow rate of 3 L/min
(at least 0.5 L/min per animal): for the Ischemia
group, oxygen-air (02 30%), and for the Ischemia +
iAr group, Ar 70%/0, 30%. Standard wood shavings
on chamber bottom were used for drainage of
liquids. The animal remained in the chamber for
60 minutes. After this period, the animal’s overall
condition (alertness and mobility) was assessed,
the animal was re-anesthetized with paracetamol
(50 mg/kg, subcutaneously) and placed in a cage
with access to water and food. O, and CO, levels in
the chamber were continuously monitored through-
out the experiment, using a multi-gas sensor from
InertGas Medical LLC. After 24 hours, the rats were
again exposed to inhalation for 60 minutes, the
next procedure was performed 72 hours after the
start of the experiment. The study used a gas mixture
produced by AKELA-N LLC, Khimki, Russia.

Assessment of neurological status. In this study
the Limb Placement Test (LPT) was used, following
a protocol based on M. De Rieck et al. methodolo-
gy [20], modified by Y. Yolkkonen et al. [21].

Assessment of brain damage. Brain MRI using
a 7 T magnetic field and a 105 mT/m gradient
system (BioSpec 70/30, Bruker, Germany) was per-
formed in animals 14 days after induction of stroke.
Anesthesia was provided with isoflurane (1.5-2 vol %).
A standard rat brain imaging protocol was used,
including T2-weighted images. Spin echo-based
(RARE) pulse sequences (PS) were used with the
following parameters: TR=6000 ms, TE=63.9 ms,
slice thickness 0.8 mm, slice spacing step 0.8 mm,
256x384 matrix, resolution 0.164x0.164 mm/pixel.
The scanning time for one animal was approximately
25 min. To analyze the extent of brain damage, we
used graphical image analysis in the Image] program
(National Institutes of Health image software, Bethes-
da, MD, USA). For this purpose, the area of intact
tissue in the healthy (S1) and damaged (S2) hemi-
spheres was determined separately, and the area of
damage was calculated using the formula XS=S1 - S2,
where XS is the area of damage on one section (mm?).
The volume of brain damage was calculated using
the formula V=XSn x d, where d is the slice thickness

www.reanimatology.com

GENERAL REANIMATOLOGY, 2025, 21; 5



Experimental Studies

(0.8 mm), and XSn is the sum of brain damage
areas on all sections (mm?2).

Histological and immunohistochemical ex-
amination. For histological analysis on the 14 day
after stroke brain samples were extracted from rats
immediately after euthanasia (decapitation under
chloral hydrate anesthesia) and fixed in 10% buffered
formalin for 24 hours and then processed using
standard paraffin techniques. Frontal sections 4 pym
thick were stained with hematoxylin and eosin and
Nissl’s stain. Morphometric analysis was performed
after creating digital images using a Nikon Eclipse
Ni-U microscope (Japan) with x4, x10, x20, x40
lenses and a DS-RI2 camera. Measurements were
performed using the NIS-Elements BR software
from Nikon (Japan), analyzing morphological
changes and determining the area of damage in
the infarct zone and penumbra.

The sections were then deparaffinized in
xylene and rehydrated through a series of ethanol
solutions. High-temperature antigen retrieval was
performed in a citrate buffer with a pH of 6 (Target
Retrieval Solution, DAKO, Denmark). The cooled
sections were washed three times in a phosphate
buffer (PBS IHC Wash Buffer + Tween, Cell Marque,
USA) for 5 minutes. Endogenous peroxidase was
blocked with 3% hydrogen peroxide for 10 min,
and Protein Block Serum-free (Abcam, UK) was
used for 30 min to prevent non-specific antibody
binding. The sections were then incubated at 37°C
for one hour with one of following primary anti-
bodies: rabbit Iba-1 (ab153696, 1:500) for microglia,
Rabbit NeuN (ab177487, 1:200) for neurons, Anti-
Caspase-3 (ab13847, 1:100) for apoptosis, and
rabbit anti-Von Willebrand factor (ab 9378, 1:200)
for angiogenesis, all diluted in Antibody Diluent
(ab64211 Abcam, Great Britain). Secondary goat
anti-rabbit/mouse antibodies Dako REAL EnVision
Detection System (DAB Dako Antibody Diluent)
or ImmPACT® Vector® Red Substrate Kit, Alkaline
Phosphatase (AP) (SK-5105) were then employed
as recommended by the manufacturer. The sections
were stained with hematoxylin for 1-2 min, then
sequentially dehydrated in 70, 96, and 100% alcohol,
and cleared twice in xylene.

Extraction of RNA from animal brain tissue.
RNA was extracted using the RNeasy MiniKit (QIAGEN,
USA) according to the manufacturer’s instructions.
The entire brain of an animal weighing 25 mg was
ground in liquid nitrogen using a pestle and mortar.
600 uL of RLT buffer (QIAGEN, USA) was added to
the resulting homogenate, and was homogenized
using a syringe with a 0.8 mm needle. The resulting
lysate was centrifuged for 3 min at 16100 g, then,
the supernatant was transferred to a new tube.
450 pl of 96% ethanol was added to it, and the solu-
tion was applied to the RNeasy column. To purify
the RNA, the column was washed with 700 pl of
RW1 buffer and 500 pl of RPE buffer twice. Elution

was performed using 50 ul of RNase-free water.
The eluted RNA was precipitated with the addition
of sodium acetate (1/10 volume of 3M solution)
and 96% ethanol (2.5 volumes), and then dissolved
in 30 pul of deionized water without RNAs.

Reverse transcription and real-time PCR. Re-
verse transcription was performed using the Su-
perScript III kit from ThermoScientific (USA). A
mixture of oligo (dT)18 (500 pg/ml) and 50 ng of
random primers was prepared in a 1:1 ratio (1 pl),
and 2 pg of total RNA, 1 ul of deoxyribonucleotide
mixture (10 uM), and MQ were added to a volume
of 12 pl. The mixture was heated at 65°C for 6 min
and cooled on ice. Then, 4 pl of 5x-buffer, 2 ul of
0.1M DTT, 1 pl of reverse transcriptase (20 units),
and 1 pl of MQ were added. The mixture was incu-
bated at room temperature for 10 minutes to anneal
the random primers, then at 43°C for 50 minutes,
after which the reaction was terminated by heating
to 70°C for 15 minutes for enzyme inactivation.

The Beacon Designer program was used to
select primers for PCR, and the appropriate primer
pairs were selected for analysis (Table 1). According
to the conditions specified in Table 2, real-time
PCR was performed in a BioRad iCycler amplifier
(USA) with a mixture of the following composition:
Mixture B (intercalating dye Eva Green + recessive
dye ROX + Taq Pol + 25mM dNTP + buffer (provided
by Sintol) — 10 ul, primers (mixture of 10 uM
forward and reverse primers — 0.5 ul, MQ — 9.5 ul,
reverse transcription product — 5 pl). During sta-
tistical processing the expression analysis results
were normalized to the expression of the 18S rRNA
gene. Statistical analysis was performed using Graph-
Pad Prizm 8.0 software. The normality of variable
distribution in the samples was assessed using the
Shapiro-Wilk test. In the case of normal distribution,
the data were presented as the mean value and
standard deviation; in the case of non-normal dis-
tribution, the data were presented as the median
and interquartile range Me [QI; Q3]. The nonpara-
metric Mann-Whitney U test was used to assess
the difference between two groups in the presence
of atleast one sample with a non-normal distribution.
To compare more than two groups, the Kruskal-Wallis
test was used with a post hoc analysis using Dunn’s
criterion. In this case, the adjustment for multiple
comparisons (Dunn’s multiple comparisons test)
was taken into account. A two-tailed significance
level was used in all tests. Differences were considered
statistically significant at P<0.05.

Results and Discussion

The limb placement test (LPT). No animals
were withdrawn from the study for 14 days and no
humane endpoint was reached. There were no
lethal outcomes. When comparing the experimental
groups with the SO group, the total LPT scores at
each stage of the study were lower in the experimental
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groups. Statistically significant differences were ob-
tained between the Ischemia group and the Is-
chemia + iAr group on day 3 (7.2 [5.2; 10.5] vs
10.0 [9.7; 13.2], P=0.045) and day 7 (8.0 [7.3; 9.2] vs
10.0 [9.0; 11.5], P=0.027) (Fig. 1).

MRI examination of the brain. Based on MRI
findings, the average volume of damage in the Is-
chemia + iAr group and the Ischemia group was
12.5[8.5; 17.4] mm3 and 21.0 [17.5; 22.68] mm3, re-
spectively. Statistically significant differences were
found between the groups (P=0.01) (Fig. 2).

Histochemical assessment of ischemic brain
damage. Nissl staining showed that the lesions
were distinct and clearly demarcated from the sur-
rounding area of the ischemic focus. The underlying
white matter was partially affected. The newly
formed barrier in the form of a glial scar was more
definite in the Ischemia + iAr group. Also in the Is-
chemia + iAr group, full-blooded capillaries with
endotheliocytes were identified, as well as abundant
fibroblasts in the cellular infiltration zone. In the
Ischemia group, there were practically no capillaries,
and heterogeneous neurons (dark, with a hyper-
chromic nucleus, displaced nucleus and/or nu-
cleolus) were identified in the penumbra zone
(Fig. 3, @). A significantly smaller average width of
the penumbra was found in the Ischemia + iAr
group (P=0.039).

Immunohistochemical analysis of histological
sections of the brain. According to the literature,
NeuN can be located both in the nuclei of neurons
and in the cytoplasm [22, 23]. NeuN-positive cells
were found in the area of ischemic damage in both
groups. However, in the penumbra zone, the number
of NeuN-positive cells was significantly higher in the
Ischemia + iAr group (Ischemia group 43 [35; 46], vs.
Ischemia + iAr group 60 [51; 73], P=0.042) (Fig. 3, d).
Outside the ischemic lesion, the number of NeuN-
positive cells was also significantly higher in the Is-
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Fig. 1.LPT test. LPT test results on days 3,7, and 14 after ischemia
modeling.

Note. * — statistically significant differences between the
Ischemia and Ischemia + iAr groups. Data are presented as me-
dians and quartiles [25%; 75%]. The ANOVA test was used to
compare three or more groups.
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Fig. 2. Volume of brain damage on the 14" day of observation.
Note. Data are presented as medians and quartiles [25%; 75%].
* — statistically significant differences between groups.

Table 1. Sequences and main characteristics of primers used for real-time PCR.

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

18SrRNA Rat GACAGGATTGACAGATTGAT 56
TTATCGGAATTAACCAGACAA

TNF Rat TTATCTACTCCCAGGTTCT 56
TGGTATGAAATGGCAAATC

IL-1beta Rat AGAACATAAGCCAACAAGT 56
ACACAGGACAGGTATAGAT

IL-6 Rat TGATTGTATGAACAGCGATGATG 58
CCAGAAGACCAGAGCAGATT

Table 2. Real time PCR protocol.

Period Time Temperature, °C Number of cycles

Initiation 5 min 95 1

Denaturation 1 min 95 45

Denaturation 20s See Table 1

Elongation 20s 72

1 min 72 1
Obtaining the melting curve 30s Every 30 s the temperature increases by 0.5°C 45
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chemia + iAr group, i. g. 250 [215; 353] cells in the Is-
chemia + iAr group vs 150 [45; 200] cells in the
Ischemia group (P=0.043). Ibal is a marker of mi-
croglia/macrophages [24-26]. A larger area occupied
by Iba-1-positive cells was found in the Ischemia
group compared to the Ischemia + iAr group (P=0.037).
We could not differentiate these cells from systemic
macrophages (Fig. 3, b). The area of vWF-positive
staining in the Ischemia + iAr group was statistically
significantly greater than in the control group,
0.23 [0.20; 0.29] vs. 0.15 [0.14; 0.18] (P=0.034). Quan-
titative analysis of Cas-3-positive cells showed a de-
crease in Cas-3-positive cells count in the Ischemia +
iAr group compared to the Ischemia group, but the
differences were not significant (Fig. 3, o).

Assessment of IL-1p, IL-6, and TNF mRNA
content in the brain. Table 2 shows (real-time PCR
data for IL-1 mRNA, IL-6 mRNA, and TNF mRNA
in the rat brain homogenates after photo-induced
brain ischemia modeling and treatment with Argox.
The study revealed that the relative amount of IL-13
mRNA and TNF mRNA was significantly lower after
exposure to an argon-oxygen mixture. Analysis of
relative IL-6 mRNA amounts showed no significant
difference between the groups. For the first time, it
was shown that three 60-minute inhalations of an
argon-oxygen mixture (Ar 70%/0, 30%) after is-
chemic stroke exhibit neuroprotective properties
due to their effect on cellular response. The model
of ischemic stroke induced via occlusion of the
middle cerebral artery is the most commonly used
in experimental studies, but this method has limi-
tations [1]. The photochemical thrombosis method
is arelatively simple, reproducible model with mini-
mal limitations and complications [27].

The only potential target for neuroprotective
agents is the penumbra zone, involving cell response
within and around it [28-30]. Our study showed
that three 60-minute inhalations of argon-oxygen
mixture in a photo-induced ischemic stroke model
leads to a significant reduction in neurological
deficit, a decrease in the volume of damage according
to MRI findings, and a decrease in the average
width of the penumbra according to histological
findings. There are few studies that investigated
the effect of argon-oxygen mixture on the models
of photo-induced ischemic stroke using the im-
munohistochemical method. In this study, the effect
of argon-oxygen mixture on microglia, neurons,
apoptotic processes and angiogenesis processes
was evaluated.

During a stroke or traumatic brain injury, mas-
sive neurons death occurs, partly caused by apoptotic
processes. In oxygen and glucose deficiency, apoptosis
pathways are activated, leading to widespread dis-
ruption of the nervous tissue structure and function.
The extent of neuronal damage during ischemia is
a crucial factor in determining the outcome. Oxidative

stress, excitotoxicity, and cellular responses con-
tribute to neuronal damage [28]. It was shown that
the activity of apoptosis processes significantly de-
creases after exposure to an argon-oxygen mixture,
as indicated by the dynamics of neuronal caspase-3
(Cas-3) content. Microglia plays a crucial role in
cell proliferation and formation of glial scars after
ischemic damage. It is also a source of pro- and
anti-inflammatory agents in the brain [31]. Iba-1
staining was used to study microglia, as iba-1 is a
marker for microglia/macrophages [9, 10].

Published studies [9, 10] report that the number
of Iba-1+ cells peaked 4 days after ischemia and re-
mained high after 8 days. A statistically significant
decrease in the density of Iba-1-positive cells in
the Ischemia + iAr group was shown, which suggests
that microglia activity is reduced by the end of the
second week after exposure to the argon-oxygen
mixture. This is also supported by the statistically
significant low level of Cas-3-positive cells. Identi-
fication of the type of macrophages seems to be
very challenging. Microglia activation and increased
capacity for phagocytosis occur in the first 24 hours
after a stroke [9, 10].

Subsequently, it remains difficult to discern
the identified macrophages as systemic, as the is-
chemic process leads to breakdown of the blood-
brain barrier and release of macrophages from the
vascular system [9, 10]. Specific neuronal markers,
such as neuron-specific enolase, neurofilament
proteins, and calbindin are used to differentiate
neurons from glial cells in brain sections. NeulN
protein is a splicing regulator. In this study, the
number of NeuN-positive cells was significantly
higher in the group receiving argon-oxygen inhala-
tion. These data may indicate a greater number of
preserved neurons in the damaged and the penum-
bra area, however, we cannot appreciate the func-
tionality of these neurons.

Fahlenkamp et al. demonstrated that argon
affects microglia activation in an in vitro model of
LPS-induced inflammation in microglia cell cul-
tures [31-33]. The results of these studies showed
that argon suppresses the expression of the pro-in-
flammatory IL-1p gene. Another group of authors
using a model of oxygen-glucose deprivation in
cortical neuronal cell cultures showed that argon
exposure reduces neuronal cell death by decreasing
the expression of pro-inflammatory cytokines TNF-«
and IL-6 [33]. Interleukins play a reversing role in
ischemic damage by transmitting information, ac-
tivating, and regulating immune cells. They also
affect the activation, proliferation, and differentiation
of T and B cells, as well as the activity of cellular re-
sponses that involve the expression of pro-inflam-
matory mediators [11]. In this study, the use of
argon resulted in a statistically significant reduction
in the expression of IL-1p and TNF-a genes. IL-1
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Ischemia group Ischemia + iAr group

Fig. 3. Representative images of histological micro-preparations of rat brain.

Note. I — lesion; 2— penumbra; 3— undamaged tissue. a — stained with hematoxylin and
eosin, x20 magnification; b — Iba-1 staining, x20 magnification; c— combined staining for
von Willebrand factor (vWf): cells are stained red and caspase-3 (Cas-3) is stained brown;
d — NeuN-positive cells.
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can cause neurotoxicity indirectly through its action
on vascular endothelium, promoting the recruitment
of leukocytes, particularly neutrophils, which damage
the neurovascular unit by releasing MMPs and re-
active oxygen species (ROS) [11]. However, in the
subacute and chronic phases after stroke, some ef-
fects of IL-1 may be beneficial. For example, IL-1
promotes glial scar formation and enhances an-
giogenesis, thereby contributing to recovery after
ischemic stroke [11]. IL-1p is a member of the IL-1
family. Given that the expression level of the IL-13
gene was found to be above the normal values, its
positive effect on the formation of scar tissue and
new capillaries can be assumed, as evidenced by
the large area of vWF-positive staining in the Is-
chemia + iAr group.

However, on the other hand, some studies
have shown that IL-1 can influence the activation
of the PI3K/AKT pathway, resulting in the production
of IL-6 and other cytokines that affect ischemic
areas and exacerbate the damage, activating apop-
tosis processes [11]. Nonetheless, when compared
with the Ischemia group, the expression of the IL-13
gene was statistically significantly lower after ex-
posure to the argon-oxygen mixture, indicating that
its apoptotic effect was weaker than that of the
oxygen-nitrogen mixture, as evidenced by the low
number of Cas-3 positive cells in the Ischemia + iAr
group. The results of this study showed that the
IL-6 gene expression levels in the Ischemia + iAr
group did not differ significantly from that in the
Ischemia group. Some studies have shown that IL-6
favors neuronal survival in the central nervous

system by reducing excitotoxic and NMDA-mediated
damage to neurons, and by protecting neurons
from apoptosis [12]. IL-6 demonstrates a dual effect
in ischemic stroke, acting as a factor in the acute
stage and as a neurotrophic mediator in the subacute
and chronic phase [11, 12, 34, 35]. Thus, the argon-
oxygen mixture in the model of photo-induced is-
chemic stroke reduces the severity of neurological
deficit, decreases the lesion size according to MRI
findings, reduces the expression level of pro-in-
flammatory cytokine genes, and also affects the
cellular response according to histological and im-
munohistochemical findings.

Limitations of the study. One of the main lim-
itations of the study was the use of chloral hydrate
as an anesthetic during the ischemic stroke modeling
stage because of limited choice of anesthetics as
allowed by a local law. Other limitations include
the relatively small number of animals in the groups,
especially in the sham-operated group, which re-
duced the statistical power in several comparisons.
Additionally, the study did not include a functional
analysis of neuronal circuit preservation or an as-
sessment of behavioral cognitive functions to further
confirm the effectiveness of argon-oxygen therapy
in a pre-clinical setting.

Conclusion

Three 60-minute inhalations of an argon-
oxygen mixture (Ar 70%/0, 30%) reduced the severity
of neurological deficits in animals after ischemic
stroke by influencing the cellular responses in the
lesion and penumbra.
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Summary

Aim: to investigate the neuroprotective properties of lithium chloride in a rat model of open traumatic
brain injury (OTBD).

Materials and Methods. An open traumatic brain injury (OTBI) model was induced using the D. M. Feeney
method. The study included 40 male Wistar rats divided into four groups: sham-operated animals (sham,
N=10); an OTBI control group (control, N=10); a group receiving lithium chloride at a dose of 1.5 mmol/kg
after OTBI (OTBI + lithium 63 mg/kg, N=10); and a group receiving lithium chloride at a dose of 0.5 mmol/kg
after OTBI (OTBI + lithium 21 mg/kg, N=10). Cognitive and neurological functions were assessed using the
Morris water maze and the forelimb placing test. Brain lesion volume was assessed by magnetic resonance
imaging (MRI) on day 14 post-injury.

Results. Lithium chloride at 63 mg/kg administered 60 minutes after OTBI reduced brain lesion volume
by 41.5% compared to the control group (P=0.001), while the 21 mg/kg dose reduced lesion volume by
27.5% (P=0.001). Lithium chloride at 63 mg/kg improved cognitive performance by 71% compared to the

control group (P=0.009); the 21 mg/kg dose resulted in a 65% improvement (P=0.010).
Conclusion. Lithium chloride at doses of 21 mg/kg and 63 mg/kg has neuroprotective properties, signifi-
cantly reduces brain lesion volume (as confirmed by MRI), alleviates neurological deficits, and thereby im-

proves cognitive function in animals after OTBI.
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Introduction

Trauma stays as unconquered challenge that
affects overall morbidity. According to statistics,
traumatic brain injury (TBI) ranks among the leading
causes of death among the working-age population,
which underscores the relevance of this issue for
public health [1-6]. It is important to note that TBI
results from various incidents, including traffic ac-
cidents, domestic injuries, and extreme sports in-
juries. Today, this remains relevant for both adults
and children [7-9]. TBI is not just a disruption of
brain functional integrity resulting from an external
mechanical force. It is a complex and multifaceted
pathophysiological processes involving many bio-
chemical and cellular changes. Excitotoxicity is a
pathophysiological term that explains the cause of
neuronal damage and death due to action of neu-
rotransmitters capable of hyperactivating NMDA
and AMPA receptors. Today, several excitotoxins
are known, such as glutamate, N-methyl-D-aspartate

(NMDA), a-amino-methyl-isoxazole propionate
(AMPA), kainate, and quisqualate. The resulting
mitochondrial dysfunction is an important aspect
of limiting the energy resources of cells, which ex-
acerbates existing damage. In addition, oxidative
stress, DNA damage, apoptosis, and neuronal death
are part of a complex chain of secondary pathological
processes that occur in TBI [10-18]. 76 billion is the
current estimate of the average number of neurons
in the human brain [19]. According to the latest
published data, the number of glial cells is actually
less than the number of neurons, resulting in the
glial cell/neuron ratio of less than 1:1, rather than
10:1, as was incorrectly assumed for about
150 years [20]. The main goal of neuroprotection is
to intervene in the pathological cascade, prevent
cell death, and expand the boundaries of the «thera-
peutic window» for intensive care. As V. A. Negovsky,
who considered it necessary to study such situations,
wrote «when an organism protects itself from de-
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struction», ... «forcing nature to respond, to find
material evidence of this self-defense of the organism,
the self-defense that developed in the process of
animal evolution represents a big, but apparently
worthwhile undertaking for the cause of revivall» [21].

Recent studies have shown the positive effect
of lithium in preventing cell death from oxidative
stress, its neuroprotective effects in a model of is-
chemic stroke, and its cardioprotective properties
in vivo [22-24]. According to latest research, lithium
is known to influence many pathological cascades
and neuronal responses of the central nervous sys-
tem, such as the Wnt signaling pathway, glycogen
synthase kinase 3 (GSK-3), brain-derived neu-
rotrophic factor (BDNF), mammalian target of ra-
pamycin (mTOR), and glutamate receptors
(GluR) [25-28]. Numerous studies demonstrated
neuroprotective properties of lithium. This has been
confirmed in experimental studies on rodents, in
vitro cell cultures, and in vivo earthworms [29-31].
Lithium chloride has a protective effect in traumatic
brain injuries and contributes to increased lifespan
in animals under experimental conditions [32-36].
Lithium was initially used in gastroenterology but
later found widespread acceptance in psychiatry.
Today, interest in this drug continues to grow due
to its antiviral effect and potential usefulness in
treatment of conditions such as diabetes, obesity,
osteoporosis, and sarcopenia [37, 38].

Lithium chloride is an inhibitor of GSK-3b,
causing anti-apoptotic effects. Lithium prevents
cell death from oxidative stress, its cardioprotective
properties have been proven in an experimental
model of myocardial infarction in vivo, and its neu-
roprotective effects in a model of ischemic stroke
in rats. Thus, it can be assumed that lithium affects
biological processes such as excitotoxicity, oxidative
stress, and on-site neuronal cell death. A recent
study found that the use of lithium chloride in safe
doses (21 mg/kg and 63 mg/kg) immediately after
modeling focal ischemia in rats contributed to a
significant reduction in both the stroke focus and
perifocal edema [39]. In addition, the content of p-
GSK-3b in the ischemia zone significantly exceeded
that in the control group when LiCl was used at the
specified doses. The few existing studies analyzing
the neuroprotective properties of lithium in TBI
show promising results. It is important to note that
in most experimental studies lithium salts were ad-
ministered over a long period of time before TBI
was simulated. This observation raises the question
of the potential effectiveness of lithium when ad-
ministered later, which could apparently lead to
progress in the treatment of post-traumatic condi-
tions. The aim of the study was to investigate the
neuroprotective properties of lithium chloride in a
model of open TBI (OTBI) in rats.

Material and Methods

Laboratory animals were kept in a vivarium at
a temperature of 18-22°C, with humidity in indi-
vidually ventilated cages ranging from 30 to 70%.
The standard daily rhythm was 09.00-21.00, in ac-
cordance with GOST 33215-2014. The diet for labo-
ratory rats included granulated complete feed and
purified tap water, which was supplied ad libitum
through nipple drinkers. Experimental studies were
conducted in accordance with the guidelines for
working with laboratory animals in preclinical
studies (Recommendations of the European Eco-
nomic Commission No. 33 of November 14,2023);
European Union Directive on the Protection of An-
imals Used for Scientific Purposes 2010/63/EU, Ar-
ticle 14, paragraph 3; Federal Law No. 61-FZ of April
12, 2010 «On the Circulation of medicinal Products».
The research protocol was approved by the Local
Ethics Committee of the Federal Research and Clin-
ical Center of Intensive Care Medicine and Reha-
bilitology No. 3/21/7 dated May 27, 2021. OTBI was
simulated using D. M. Feeney weight drop injury
model [40]. Intraperitoneal anesthesia with chloral
hydrate at a dose of 300 mg/kg was used in all
animals engaged in the experiment. The study in-
cluded sexually mature male Wistar rats weighing
250-350 g (N=40), divided into 4 groups:

1. Sham — operated animals, that underwent
anesthesia and preparatory measures with the ap-
plication of a burr hole (SO, N=10).

2. A control group of animals that received a
single intravenous injection of 0.9% sodium chloride
solution at a dose of 1.5 ml/kg into a tail vein
60 minutes after OTBI modelling (Control, N=10).

3. Animals that received a single intravenous
injection of 4.2% lithium chloride solution at a dose
of 63 mg/kg into the tail vein 60 minutes after OTBI
modelling (OTBI + Lithium 63 mg/kg, N=10).

4. Animals that received a single intravenous
injection of 4.2% lithium chloride solution at a dose
of 21 mg/kg into the tail vein 60 minutes after OTBI
modelling (OTBI + Lithium 21 mg/kg, N=10).

Modeling of OTBI under general anesthesia.
Preparation of the surgical field: the skin on the
rat’s head was carefully shaved and treated with an
antiseptic (0.05% chlorhexidine solution); to ensure
surgical access, the animal was fixed in a stereotactic
frame, the head was secured and an incision was
made in the skin. Cranial trepanation: using a 5 mm
diameter drill cutter, an opening was created in the
parietal and frontal areas of the skull above the left
hemisphere (in the sensorimotor cortex area). The
coordinates for trepanation were determined stereo-
taxically: 2.5 mm lateral to the sagittal suture and
1.5 mm caudal to the bregma. Induction of OTBI:
the impact device for injury was placed strictly
above the dura mater. The drop height of the impact
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was 10 cm, and its weight was 50 g. Postoperative
procedures: in the immediate postoperative period,
the skin of the rat’s head was sutured with Vicril
4-0 thread, and the intervention area was treated
with a 5% solution of brilliant green. Waking period:
the body temperature of laboratory animals was
maintained at 37+ 0.5°C using an electric heating
pad. For postoperative pain relief, paracetamol was
administered subcutaneously at a dose of 50 mg/kg.

Assessment of the neurological and cognitive
status of laboratory animals in the post-traumatic
period. Neurological deficits in laboratory animals
were studied on the 7% day after modelling OTBI
using the forelimb placing test. During the experi-
mental study, scores were calculated and recorded
in the logbook: 2 scores — the animal performed
the test normally; 1 score — the animal performed
the task with a delay of more than 2 seconds or in-
correctly; 0 scores — the rat completely failed the
test. The scores were summed for the analysis of
the functional study [41]. The Morris water maze
test was developed by Richard Morris in 1984 as a
method for assessing cognitive functions such as
spatial reasoning and navigation [42]. During the
experimental work, the training of animals began
on the 10" day after OTBI, and was continued over
4 days, during which the rats performed four attempts
per day, each lasting at least 120 seconds. Testing
of laboratory animals was carried out on the 14% day
after OTBI modelling. The control parameters in-
cluded several ratings, such as learning ability (the
duration of the hidden platform search during each
experiment), time entering the platform area, total
time in the maze, and number of visits to the studied
sector.

Assessment of the extent of brain damage in
rats after OTBI. MRI of the rat brain (magnetic
field 7 Tesla, gradient power 105 mT/m, Germany,
BioSpec) was performed on the 14% day after OTBI.
Pulse sequences are RARE (English: rapid acquisition
with refocused echoes): repetition time 6000 ms,
echo time 63.9 ms, slice thickness 0.8 mm, interval
0.8 mm, resolution 0.164x0.164 mm/pixel. The
degree of brain damage was assessed using Image]J
software (National Institutes of Health image soft-
ware, Bethesda, MD, USA). To calculate the brain
lesion volume, the formula was used: V=XSnxd,
where d is the thickness of the section, XSn is the
total area of damage on 5 sections. Inhalation anes-
thesia with 1.5-2 vol.% isoflurane was used for rat
brain MRI. Statistical analysis of experimental data
was performed using GraphPad Software Prism

(version 9.0.2; website www.graphpad.com, USA).
The normality of data distribution was checked
using the Shapiro-Wilk test. If the sample distribution
differed from the normal, nonparametric criteria
were used, the Mann-Whitney U-test for comparing
continuous variables between two independent
samples, when comparing more than two groups
(for example, when assessing neurological deficit
based on the forelimb placing test) — the
Kruskal-Wallis test with Dunn’s multiple compar-
isons. The results were presented in the form of
medians and differences between the third and
first quartiles, i. e. the interquartile range: Me —
Median, Q1 — first quartile, Q3 — third quartile.
Critical two-tailed P-value of less than 0.05 was
considered statistically significant.

Results

MRI data revealed that the brain lesion volume
in rats in the control group and the OTBI + Lithium
63 mg/kg group was 35.0 mm?3 and 20.5 mm?3, re-
spectively (Table 1, Fig. 1). The statistical significance
of the differences between the groups was P=0.001.
Morphometric analysis of magnetic resonance im-
aging data revealed that the brain lesion volume in
rats in the control group and the OTBI + Lithium
21 mg/kg group was 35.0 mm?3 and 25.5 mm?3, re-
spectively (Fig. 2, Table 1). Assessment of neurological
deficit based on the forelimb placing test yielded
7 scores in the control group, which was statistically
significantly lower than in the sham-operated group
(Table 2). Assessment of OTBI + Lithium 63 mg/kg
group data totaled 11 scores, which is statistically
significantly higher than in the control group
(Table 2). In the OTBI + Lithium 21 mg/kg the score
equaled 10, which was also statistically significantly
higher than in the control group (Table 2). Cognitive
functions in rats were studied on the 14" day after
OTBI in the group of sham- operated animals (n=10),
the control group (N=10), the group of OTBI + Lithi-
um 63 mg/kg (N=10) and OTBI + Lithium 21 mg/kg
(IN=10). Morris water maze functional testing showed,
that the latent period for finding the platform in
sham-operated animals was 8 s [7-10], while in the
control group it was more than twice as long —
17 s [15-19] (P=0.001), which indicated a significant
deterioration in learning and spatial navigation
ability in animals after traumatic brain injury. In
the OTBI + Lithium 63 mg/kg group the latent
period for finding the platform was 12 s [10-15]
(P=0.009), which was statistically significantly lower
than in the control group. In the OTBI + Lithium

Table 1. The brain lesion volume in rats in the study groups according to MRI findings on the 14" day of follow-up

Group Brain lesion volume, mm3 P, significance relative to the

SO Control
SO, N=10 12.0 [8.0-14.5] — <0.001
Control, N=10 35.0 [30-36] <0.001 —
OTBI + Lithium 63 mg/kg, N=10 20.5 [17-22.5] 0.010 0.001
OTBI + Lithium 21 mg/kg, N=10 25.5 [21-29.5] 0.011 0.032

www.reanimatology.com

GENERAL REANIMATOLOGY, 2025, 21; 5



Experimental Studies

BRUKER BIOSPEC 70/30
Dato: 15 Mar 2023
Time: 21:42

S10.80/0.80 mm
FOV 2.60 cm
MTX 200

P09 6.60 mm H

12:9
RARE_T2_ax_rt_2022_HR, 3: 1

BRUKER BIOSPEC 70/30

Duto: 15 Mar 2023
Time: 20:30

25
RARE_T2_ax_rot_2022_HR, 8: 1

0 dog
TA: OhBrm2050mo NEX 4

Fig. 1. MRI of the brain contusion area in rats on the 14t
day after OTBI in the Control group (a) and OTBI + Lithium
63 mg/kg (b).

21 mg/kg group, the latent period equaled
11 s [10-15] (P=0.011), which was also statistically
significantly lower than in the control group. There
were no removals from the study, no complications,
no cases of reaching a humane endpoint and no
deaths during all 14 days of the experiment. Animals
were euthanized per study protocol by overdose of
anesthetic (6% chloral hydrate solution).

Discussion

To study the potential neuroprotective prop-
erties of lithium chloride, a high reproducibility
model was chosen. The basis for this study was the
hypothesis that lithium has neuroprotective prop-
erties in a rat model of OTBI. The use of lithium

Echo: 1/1
RARE (pum)

TR 8000.0 ms

$10.60/0.80 mm|

Fig. 2. MRI of the brain contusion area in rats on the 14t day
after OTBI in the Control group (a) and OTBI + Lithium
21 mg/kg (b).

chloride at a dose of 63 mg/kg 60 minutes after
modelling OTBI reduced the brain lesion volume
by 41.5% compared to the control group (P=0.001),
while lithium chloride at a dose of 21 mg/kg, ad-
ministered at the same time interval, reduced the
brain lesion volume by 27.5% compared to the con-
trol group (P=0.001). Modeling of OTBI predictably
caused neurological deficits in laboratory animals,
and the use of lithium chloride at a dose of 63 mg/kg
after 60 minutes statistically significantly reduced
neurological deficits by 60% (P=0.010). Lithium
chloride at a dose of 21 mg/kg also significantly
changed the neurological status of rats by 43%
(P=0.022). In a study by Yu Fengshan et al. on a
model of traumatic brain injury in mice, lithium

Table 2. Assessment of neurological deficit using the forelimb placing test on the 7* day after OTBI.

Group Neurological deficit, scores P, significance relative to the

SO Control
SO, N=10 14 — <0.001
Control, N=10 7 [6-9] <0.001 —
OTBI + Lithium 63 mg/kg, n=10 11 [9-12] 0.004 0.010
OTBI + Lithium 21 mg/kg, n=10 10 [9-11] 0.021 0.022

GENERAL REANIMATOLOGY, 2025, 21; 5

www.reanimatology.com

47



48

Experimental Studies

chloride was administered 15 minutes after injury.
Comparable data were obtained [43], but the dose
of the drug was twice as high. Thus, lithium at
doses of 2.0 and 3.0 mmol/kg statistically significantly
reduced the extent of brain damage 3 days after
simulating traumatic brain injury. Treatment of lab-
oratory animals with lithium chloride at a dose of
63 mg/kg statistically significantly improved the
cognitive functions of rats by 71% compared to
control animals (P=0.009), and in the group treated
with lithium chloride at a dose of 21 mg/kg neuro-
logical parameters improved significantly by 65%
(P=0.010). The results confirm our hypothesis about
the neuroprotective properties of lithium chloride
when administered late in conditions simulating
OTBI. In a study by Zu-Fu Zhu et al., comparable
data were obtained: lithium administration reduced
edema and neurodegeneration in the hippocampus,
improved memory and spatial learning after OTBI.
However, unlike our study, lithium was administered
daily for 2 weeks prior to TBI modelling [44]. In dis-

cussing the scientific and experimental work carried
out, we would like to emphasize that the neuro-
protective potential of lithium chloride in doses
0.5 mmol/kg and 1.5 mmol/kg 60 minutes after
modelling OTBI was actioned, which was confirmed
by the results of functional assessment of neurological
deficits and cognitive functions of rats on the 7%
and 14™ day of the post-traumatic period.

Conclusion

Lithium chloride at doses of 21 mg/kg and
63 mg/kg has neuroprotective properties, reducing
the brain lesion volume as shown by MRI, reducing
neurological deficit and improving cognitive func-
tions in rats. We believe that the results of our
study indicate the need for further experimental
research of the neuroprotective properties of lithi-
um chloride in modeling traumatic brain injuries
in laboratory animals, with an emphasis on iden-
tifying signaling pathways and molecular mecha-
nisms of its action.
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Summary

Ischemic stroke is currently considered as one of the most pressing public health issues. Despite the differ-
ences in underlying mechanisms of ischemic and ischemic-reperfusion damage to the nervous tissue, the ul-
timate percentage of disability depends on intervention effects on the penumbra zone. Dicholine succinate
(DCS), a neuronal insulin-sensitizer, is a promising pharmacological agent for management and prevention
of stroke consequences.

The aim of the study was to investigate the effect of pharmacological preconditioning with DCS on brain
cell death in experimental ischemic stroke in rats.

Materials and methods. Ischemic stroke in rats (IN=16) was modeled by injecting the vasoconstrictor en-
dothelin-1 (ET-1) into the striatum. The effect of pharmacological preconditioning with DCS as the active sub-
stance was evaluated by measuring the area of brain infarction in brain sections stained with cresyl violet. The
effect of DCS on glycolysis and oxidative phosphorylation in primary cultures of rat cerebellum cells was as-
sessed by measuring the rate of extracellular acidification and the rate of oxygen uptake, respectively.

Results. DCS administration in the preconditioning mode for 7 days, once a day orally, at a dose of 50 mg/kg,
reduces the maximum area of the brain infarction zone by 34% (P<0.05) compared to the control in the subse-
quent experimental ischemic stroke induced by ET-1 administration. Three-day incubation of rat cerebellum
primary culture with 50 uM DCS does not affect the basal levels of glycolysis (P=0.916) and cellular respiration
(P=0.8346), but increases cellular glycolytic reserve by 70.0% (P<0.0001) compared to the control.

Conclusion. For the first time, the neuroprotective effect of pharmacological preconditioning with the neu-
ronal insulin-sensitizer DCS in ischemic stroke has been shown. Mechanism of DCS action associates with an
increase in the glycolytic reserve of brain cells, i.e., with increased ability of preconditioned cells to produce
ATP and lactate via glycolysis in case of acutely compromised oxidative phosphorylation.

Keywords: ischemic stroke; pharmacological preconditioning; dicholine succinate; neuroprotection; en-
dothelin-1; rats; glycolysis; oxidative phosphorylation
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Introduction

Ischemic stroke is the main cause of disability
in Russia and remains the third leading cause of
death and disability worldwide [1]. Compromised
blood supply due to embolism, thrombosis, or con-
striction of cerebral arteries leads to hypoxia, decrease
of ATP and phosphocreatine levels, anoxic depo-
larization of neuronal membranes, release of glu-
tamate, and development of glutamate excitotoxicity.
Increased production of reactive oxygen species
and inflammatory response of microglia after clot
dissolution causes brain cells death and expansion
of necrotic zone [2]. Even though the primacy of
protecting neurons in the acute phase of stroke is
evident, there is still no pharmacological solution
to this problem, and successful preclinical trials of
more than 1,000 candidate substances failed to
prove reliable neuroprotection in clinical practice [3,
4]. Some success in this area was achieved after
discovery of ischemic preconditioning, demonstrat-
ing reduced cell death in ischemic incident after a
brief episode of non-lethal ischemia [5, 6].

The protective effect of ischemic precondi-
tioning includes adaptation of cell metabolism to
hypoxia, in particular, switching to increased anaer-
obic glycolysis as a source of ATP and partial shut-
down of energy-consuming processes [7]. Activation
of hypoxia-inducible factor 1 (HIF-1), which regulates
the transcription of more than 700 genes, including
genes for erythropoietin (EPO), vascular endothelial
growth factor (VEGEF), glycolytic enzymes, and the
glucose transporter GLUT1, plays a central role in
adaptation to ischemia [8, 9]. Insulin is a known al-
ternative activator of HIF-1 under normoxic condi-
tions [10]. Both insulin and hypoxia induce the
transcription of common target genes that collec-
tively promote adaptation to hypoxia/ischemia, in-
cluding EPO, VEGE GLUT1 genes, and glycolytic
enzymes [11-16]. Additionally, there is limited evi-
dence of insulin preconditioning effect. For example,
intracerebroventricular insulin administration re-
duced hippocampal CA3 neuronal death in Mon-
golian gerbils in a subsequent episode of transient
cerebral ischemia compared to placebo [17].

Based on these findings, preconditioning with
agents that improve insulin signaling in the brain
may represent a new approach to protecting neurons
in ischemic stroke.

Dicholin succinate (DCS) is a salt of choline
and succinic acid (Fig. 1, a) displaying features of
neuronal insulin-sensitizer with the ability to increase
phosphorylation of the insulin receptor in neurons
in response to low suboptimal concentrations of
insulin [18]. DCS prevents cognitive decline in rats
under experimental chronic cerebral hypo-perfu-
sion [18, 19].

Pretreatment with DCS significantly reduces
the depletion rate of ATP macroergic bonds and
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Fig.1. Scheme for assessing the effect of DCS (a); on glycolysis
indicators in the glycolytic stress test (b); and on oxidative
metabolism indicators in the mitochondrial stress test (c).

phosphocreatine in the brain during subsequent
episodes of global ischemia, as demonstrated using
3IP NMR in vivo [20]. However, the question of
whether neuronal preconditioning with DCS can
reduce brain cell death in ischemic stroke remains
open.

The aim of this study was to investigate the ef-
fect of pharmacological preconditioning with DCS
on brain cell death in experimental ischemic stroke
in rats.

Material and Methods

Sigma-Aldrich (Merck, USA) materials were
used in the study.

Modeling of ischemic stroke. Experiments
were performed on male Wistar rats, weighing
200-250 g, obtained from the «Stolbovaya» branch
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of the Federal State Budgetary Scientific Institution
National Center for Biomedical Technologies (FSBSI
NCBT) of the Federal Medical and Biological Agency
(FMBA) of Russia, Moscow region. The animals
were fed with standard granulated laboratory animal
complete feed (extruded) PC-120 in accordance
with GOST R 51849-2001 R.5. Tap water was provided
ad libitum to all animals. The animals were kept in
a controlled environment with air temperature of
18-22°C, arelative humidity of 60-70%, and indoor
lighting with a 12/12 cycle.

The experiments were conducted in accordance
with the «Principles of Good Laboratory Practice
(GLP)», decree No. 202 of the Board of the Eurasian
Economic Commission dated November 26, 2019,
«On Approval of the Guidelines for Preclinical Safety
Studies for Clinical Research and Drug Registration».
All experiments were approved by the Bioethics
Commission of the FSBSI NCBT, FMBA of Russia
(Protocol No. 8 dated February 6, 2024).

16 animals were divided into two groups.
Group 1 received normal saline (control), and
Group 2 — DCS orally at a dose of 50 mg/kgin 1 ml
of water through a gastric tube for 7 days before
stroke induction. One day after the last adminis-
tration of saline or DCS, rats were anesthetized
with 2.0% isoflurane in a 70/30 volume ratio of ni-
trous oxide/oxygen, placed on a stereotactic frame,
and maintained under 1-1.5% isoflurane anesthesia
for the remainder of the procedure. The body tem-
perature was monitored by a rectal probe, and nor-
mothermia was maintained with a heated blanket.
A small hole was drilled in the skull. To induce is-
chemic brain damage, 1 puL of saline containing
25 pmol of endothelin-1 (ET-1) was injected into
the left striatum for 2 minutes using a glass capillary
needle (tip <50 um). The following coordinates
were used for stereotactic injections: anteriorly
from the Bregma +1.0 mm, laterally +3.0 mm and
+4.5 mm deep from the brain surface. 24 hours
after ET-1 administration, rats were subjected to
deep anesthesia and transcardial perfusion with
heparinized saline followed by fixation with formalin
solution. The brain was quickly extracted and frozen
in isopentane cooled on dry ice. The striatum was
divided into sections on a cryostat (20 pum thick
sections) at 80 um intervals. All sections were stained
with cresyl violet. The area of the largest infarction
zone was recorded.

Cerebellum cell culture. The cerebellum of
5-7 day-old Wistar rats was placed in a cold HBSS
solution v/vwith Ca?*/Mg? and 1 mM sodium pyru-
vate, 10 mM Hepes, and was minced and incubated
in a 0.5% trypsin-HBSS solution v/v Ca?/Mg?" at
37°C for 15 minutes. The resulting cell suspension
was washed twice with a cold HBSS solution and
centrifuged at 1700 rpm for 3 minutes at +4°C. The
precipitate was resuspended in standard Neurobasal
Medium supplemented with B-27 Supplement (50X),

2 mM GlutaMax, 20 mM KCI, 100 units/mL of peni-
cillin, and 100 p/mL of streptomycin. Cells were
seeded at a concentration of 1x10° cells per well in
a standard 24-well Seahorse XF 24 plate pre-coated
with polyethyleneimine, and cultivated at 37°C in
the presence of 5% CO.. Starting from the 7t day of
incubation, 50 uM DCS or buffer (control) was
added to the samples of the study group once a day
for three consecutive days. 24 hours after the last
DCS or buffer supplementation, cell metabolic ac-
tivity was analyzed using the Seahorse XF 24 analyzer
(Agilent Technologies) according to the manufac-
turer’s instructions.

Assessment of metabolic activity. A standard
protocol for the Seahorse glycolytic stress test
(Aglient technologies) was used to assess the gly-
colytic activity of cells. The cells were previously
washed twice with 500 pl Ng buffer (pH 7.4, 0.4 mM
NaH,POy4, 3.5 mM KCl, 120 mM NaCl, 5 mM HEPES,
GlutaMAX, 1.3 mM CaCl,, 1 mM MgCl,, 2 mM
sodium pyruvate), then incubated with 500 pl Ng
buffer for 40 minutes in a thermostat at 37°C with-
out CO., after which the extracellular acidification
rate (ECAR) was measured in accordance with the
manufacturer’s instructions. The basal level of
glycolysis (G), glycolytic capacity (GC), glycolytic
reserve (GR), and non-glycolytic acidification (NA)
were measured by the sequential addition of glu-
cose, oligomycin, and 2-deoxyglucose (2-DG), as
shown in Fig. 1, b.

To assess oxidative phosphorylation, we used
the standard mitochondrial stress test protocol
(Seahorse Mito-stress test, Agilent technologies).
The cells were previously washed twice with 500 pul
Nm buffer (pH 7.4, 0.4 mM NaH,PO,, 3.5 mM KCl,
120 mM NaCl, 5 mM HEPES, GlutaMAX, 1.3 mM
CaCl,, 1 mM MgCl,, 10 mM glucose), then incubated
with 500 ul Nm buffer for 40 minutes in a thermostat
at 37°C without CO,, after which the oxygen con-
sumption rate (OCR) was measured in accordance
with the manufacturer’s instructions. The basal res-
piratory rate (BR, basal respiration), maximal res-
piratory rate (MR, maximal respiration), ATP pro-
duction (ATP), and spare capacity (SC) were meas-
ured by the sequential addition of oligomycin,
protonophore FCCP, and antimycin A with rotenone,
as shown in Fig. 1, c.

OCR and ECAR data were normalized by DNA.
To do this, DNA was isolated from cells using the
standard protocol the ReliaPrep™ gDNA Tissue
(Promega) and quantified using the QuantiFluor®
dsDNA fluorescent staining kit (Promega).

Statistical analysis was performed using the
Student’s unpaired two-way f-test, two-way analysis
of variance (two-way ANOVA) with a posteriori
Sidak’s test for multiple comparisons between groups
using GraphPad Prism v.8.3.0 software (San Diego,
USA). The Shapiro-Wilk test was used to select
parametric or nonparametric methods of statistical
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analysis. The following symbols were used: M —
mean, m — standard error, n — sample size, and
P — achieved significance level. Differences were
considered statistically significant at P<0.05.

Results

In order to find out whether pharmacological
preconditioning using DCS as an active substance
could affect the size of ischemic lesion in the brain
after a subsequent episode of ischemia, male Wistar
rats were administered DCS or saline orally once a
day for 7 days. Ischemic stroke was induced by in-
jection of a vasoconstrictor ET-1 into the striatum
in 24 hours after the last administration of solutions.
The infarct/ischemic lesion size was measured in
brain sections obtained 24 hours after stroke in-
duction (Fig. 2). Comparison of average values of
greatest infarct sizes showed its’ significant reduction
by 34% after preconditioning with DCS (P<0.05)
compared to the control.

Taken together, these results suggest that pre-
conditioning with DCS may reduce brain cell death
during subsequent episodes of ischemia.

In order to clarify whether the DCS neuropro-
tective effect is related to its effect on metabolism
and, in particular, to glycolysis in brain cells, the
primary culture of rat cerebellum cells was incubated
for 3 days with added DCS or without it (control),
after which extracellular acidification rate (ECAR)
was measured in the presence of different additives
(Fig. 3, a).

Glycolysis indicators expressed in ECAR units,
such as the basic level of glycolysis (G), glycolytic
capacity (GC), glycolytic reserve (GR) and non-gly-
colytic acidification of the medium (NA) are shown
in Fig. 3, b. Two-way ANOVA revealed the presence
of statistically significant differences between the
groups by «glycolysis index» factor (F;,5,=157.0;
P<0.0001), and the «DCS/control» factor (F, ,5,=52.28;
P<0.0001). A posteriori Sidak’s test showed that
DCS significantly increased glycolytic cell capacity
by 50.5% (P<0.0001) and glycolytic reserve by 70.0%
(P<0.0001) compared to the control, but did not
affect basal glycolysis levels (P=0.916) or non-gly-
colytic acidification (P=0.699).

In order to find out whether DCS affects oxidative
phosphorylation in brain cells, a primary culture of
rat cerebellum cells was incubated for 3 days in the
presence of DCS or without it (control), and then
the oxygen consumption rate (OCR) was measured
in the presence of the additives (Fig. 3, b). The
oxidative metabolism parameters, such as the basal
respiratory rate (BR), maximum respiratory rate (MR),
ATP production (ATP), and spare respiratory capacity
(SC), expressed in terms of OCR, are presented in
Fig. 3, c. Two-way ANOVA revealed statistically sig-
nificant differences between the groups in terms of
the «oxidative metabolism index» (F;,,3=249.0;
P<0.0001) and the «DCS/control» (F,,0=17.28;
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Fig. 2. The effects of pharmacological preconditioning using
DCS as an active substance on the area and volume of the
brain infarction zone in rats with stroke induced by ET-1
vasoconstrictor.

Note: a — experiment schedule; b — average areas of the
maximum infarct zone, mm?; ¢ — representative images of his-
tological samples, stained with cresyl violet. The results were
presented as M+m (N=8). * — P<0.05.

P<0.0001). A posteriori Sidak’s test showed that DCS
significantly reduced the maximum respiratory rate
by 19.4% (P=0.0006) and the spare respiratory capacity
by 18.7% (P=0.014) compared to the control, but did
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Fig. 3. DCS effect on glycolysis and oxidative metabolism in primary cultures of rat cerebellum cells, as analyzed by Seahorse.
Note. a— extracellular acidification rate (ECAR) in the presence of glucose, oligomycin, and 2-deoxyglucose (2-DG) additives; b—
indicators of glycolysis: basal glycolysis level (G), glycolytic capacity (GC), glycolytic reserve (GR), and non-glycolytic acidification
of the medium (NA); ¢ — oxygen consumption rate (OCR) of cells in the presence of oligomycin, FCCP protonophore, and also
rotenone and antimycin A, inhibitors of mitochondrial complexes I and III, respectively; d — indicators of oxidative metabolism —
basal respiratory rate (BR), maximal respiratory rate (MR), ATP production (ATP) and spare capacity (SC). The results were
presented as M+m (N=15-30). ** — P<0.01; **** — P<0.0001; ns — not significant.

not affect the basal respiratory rate (P=0.8346) or
ATP production (P=0.9596).

Taken together, these results show that phar-
macological preconditioning using DCS builds up
brain cells capacity to increase the rate of anaerobic
conversion of glucose to lactate in milieu of acute
oxidative phosphorylation deficiency, without affect-
ing the baseline levels of glycolysis and oxidative
metabolism.

Discussion

Pharmacological preconditioning is considered
as an alternative to hypoxic preconditioning ap-
proach to protect brain cells under conditions of
ischemia. As candidates for the role of pharmaco-
logical agents with a similar effect, compounds of
different classes were investigated, including ery-
thropoietin growth factor, volatile anesthetics (isoflu-
rane), mitochondrial ATP-sensitive selective potas-

sium channel opener diazoxide, iron chelator de-
feroxamine, opioids [21] and insulin [17]. In this
study, it was shown that agents that improve insulin
sensitivity (insulin sensitizers) can also be considered
as potential neuroprotectors when used for pre-
conditioning.

Dicholine succinate, a neuronal insulin sensi-
tizer, is used as an active ingredient in a drug for
treatment of ischemic stroke in the early recovery
period [22, 23]. In this study, we demonstrated for
the first time, that DCS administration to healthy
animals for preconditioning was an effective way
to reduce the size of brain infarct after subsequent
episode of acute cerebrovascular accident.

The mechanism of DCS’s preconditioning out-
comes may be related to its metabolic effects. Al-
though DCS did not affect the baseline levels of
glycolysis and oxidative phosphorylation in the pri-
mary cell culture, it significantly increased the gly-
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colytic reserve by 70%, which is the ability of cells
to produce ATP after abrupt decrease in oxidative
metabolism.

This effect appears to underlie the neuropro-
tective action of DCS and explains the results of
one early study, in which administration of DCS to
Wistar rats in the same preconditioning regimen
significantly slowed down the decline rate of ATP
and phosphocreatine levels in the brain during a
subsequent episode of global ischemia induced by
cardiac arrest [19]. In addition, DCS protective effect
may be related to increased ability of cells to produce
lactate, as lactate has neuroprotective properties
in cerebral ischemia [24-27].

The decrease in maximum respiratory rates in
preconditioned brain cells by an average of 19.4%
can also be attributed to the protective effects of
DCS, as the emergence of active oxygen metabolites,

recognized as damaging factors in stroke [28], is di-
rectly related to increased oxygen consumption
during the reperfusion phase.

Conclusion

For the first time, the results demonstrated
neuroprotective effect of pharmacological precon-
ditioning with the neural insulin-sensitizer dicholine
succinate in ischemic stroke. Data show that DCS,
when administered preventively, reduces the size
of brain infarct in rats in a subsequent episode of
ischemia, provoked by injection of vasoconstrictor
endothelin-1 into the striatum. Mechanism of DCS
action associates with an increase in the glycolytic
reserve of brain cells, i. e., an increase in the ability
of DCS-preconditioned cells to enhance production
of ATP and lactate via glycolysis after abrupt reduction
of oxidative phosphorylation.

www.reanimatology.com

GENERAL REANIMATOLOGY, 2025, 21; 5



Experimental Studies

References

1.

10.

11.

12.

13.

Feigin V. L., Brainin M., Norrving B., Martins S.,
Sacco R. L., Hacke W., Fisher M., et al. World Stroke
Organization (WSO): global stroke fact sheet 2022.
Int J Stroke. 2022; 17 (1): 18-29.
DOI:10.1177/17474930211065917. PMID: 34986727.
I'yces E. H., Ckeopuyoea B. H. VllieMus1 rOJIOBHOT'O
Mmoara. MockBa: Meauninua; 2001. 328 c. Gusev E. I,
Skvortsova V. I. Cerebral ischemia. Moscow: Medicine;
2001. 328 p (in Russ.).

O’Collins V. E., Macleod M. R., Donnan G. A.,
Horky L. L., van der Worp B. H., Howells D. W. 1,026
experimental treatments in acute stroke. Ann Neurol.
2006; 59 (3): 467-477.

DOI: 10.1002/ana.20741. PMID: 16453316.
Lourbopoulos A., Mourouzis 1., Xinaris C., Zerva N.,
Filippakis K., Pavlopoulos A., Pantos C. Translational
block in stroke: a constructive and «out-of-the-box»
reappraisal. Front Neurosci. 2021; 15: 652403. DOI:
10.3389/fnins.2021.652403. PMID: 34054413.
Murry C. E., Jennings R. B., Reimer K. A. Precondi-
tioning with ischemia: a delay of lethal cell injury in
ischemic myocardium. Circulation. 1986; 74 (5):
1124-1136.

DOI:10.1161/01.CIR.74.5.1124. PMID: 3769170.

Liu Y., Kato H., Nakata N., Kogure K. Protection of
rat hippocampus against ischemic neuronal damage
by pretreatment with sublethal ischemia. Brain Res.
1992; 586 (1): 121-124.

DOI:10.1016/0006-8993 (92)91380-W. PMID: 1380876.
Li S., Hafeez A., Noorulla E, Geng X.,Shao G., Ren C.,
Lu G., et al. Preconditioning in neuroprotection:
from hypoxia to ischemia. Prog Neurobiol. 2017;
157: 79-91.

DOI: 10.1016/j.pneurobio.2017.01.001.

PMID: 28110083.

Dengler V. L., Galbraith M., Espinosa J. M. Transcrip-
tional regulation by hypoxia inducible factors. Crit
Rev Biochem Mol Biol. 2014; 49 (1): 1-15.
DOI:10.3109/10409238.2013.838205. PMID: 24099156.
Dong P, Li Q., Han H. HIF-1« in cerebral ischemia
(Review). Mol Med Rep. 2022; 25 (2): 41.

DOI: 10.3892/mmr.2021.12557. PMID: 34878158.
Zelzer E., Levy Y., Kahana C., Shilo B. Z., Rubinstein M.,
Cohen B. Insulin induces transcription of target
genes through the hypoxia-inducible factor HIF-1al-
pha/ARNT. EMBO J. 1998; 17 (17): 5085-5094.

DOI: 10.1093/emboj/17.17.5085. PMID: 9724644.
Pilkis S. J., Granner D. K. Molecular physiology of
the regulation of hepatic gluconeogenesis and gly-
colysis. Annu Rev Physiol. 1992; 54: 885-909.

DOI: 10.1146/annurev.ph.54.030192.004321.

PMID: 1562196.

Taha C., Mitsumoto Y., Liu Z., Skolnik E. Y., Klip A.
The insulin-dependent biosynthesis of GLUT1 and
GLUTS3 glucose transporters in L6 muscle cells is
mediated by distinct pathways. Roles of p21ras and
pp70 S6 kinase. J Biol Chem. 1995; 270 (42):
24678-24681.

DOI: 10.1074/jbc.270.42.24678. PMID: 7559581.
Masuda S., Chikuma M., Sasaki R. Insulin-like growth
factors and insulin stimulate erythropoietin pro-
duction in primary cultured astrocytes. Brain Res.
1997; 746 (1-2): 63-70.

14.

15.

16.

17.

18.

19.

20.

21.

22.

DOI: 10.1016/S0006-8993 (96)01186-9.

PMID: 9037485.

Miele C., Rochford ]. ., Filippa N., Giorgetti-Peradi
S., Van Obberghen E.Insulin and insulin-like growth
factor-I induce vascular endothelial growth factor
mRNA expression via different signaling pathways.
J Biol Chem. 2000; 275 (28): 21695-21702.

DOI: 10.1074/jbc.M000805200. PMID: 10777488.
Treins C., Giorgetti-Peraldi S., Murdaca J., Semenza G. L.,
Van Obberghen E.Insulin stimulates hypoxia-inducible
factor 1 through a phosphatidylinositol 3-kinase/target
of rapamycin-dependent signaling pathway. J Biol
Chem. 2002; 277 (31): 27975-27981.

DOI: 10.1074/jbc.M204152200. PMID: 12032158.
Stiehl D. P, Jelkmann W., Wenger R. H., Hellwig-
Biirgel T. Normoxic induction of the hypoxia-inducible
factor lalpha by insulin and interleukin-1beta involves
the phosphatidylinositol 3-kinase pathway. FEBS
Lett. 2002; 512 (1-3): 157-162.
DOI:10.1016/S0014-5793 (02)02247-0.

PMID: 11852072.

Russo V., Candeloro P, Malara N., Perozziello G., Ian-
none M., Scicchitano M., Mollace R., et al. Key role of
cytochrome C for apoptosis detection using Raman
microimaging in an animal model of brain ischemia
with insulin treatment. Appl Spectrosc. 2019; 73 (10):
1208-1217.

DOI: 10.1177/0003702819858671. PMID: 31219322.
Storozheva Z. 1., Proshin A. T., Sherstnev V. V,
Storozhevykh T., Senilova Y. E., Persyantseva N. A.,
Pinelis V. G., et al. Dicholine salt of succinic acid, a
neuronal insulin sensitizer, ameliorates cognitive
deficits in rodent models of normal aging, chronic
cerebral hypoperfusion, and beta-amyloid peptide-
(25-35)-induced amnesia. BMC Pharmacol. 2008; 8: 1.
DOI: 10.1186/1471-2210-8-1. PMID: 18215309.
Pomytkin I. A., Semenova N. A. Study of the effect of
preconditioning with succinic acid salt of choline
(1:2) on the disturbances of energy metabolism in
the brain during ischemia by *'P NMR in vivo. Dokl
Biochem Biophys. 2005; 403: 289-292.

DOI: 10.1007/510628-005-0094-7. PMID: 16229144.
Pomytkin 1. A., Storozheva Z. 1., Semenova N. A.,
Proshin A. T,, Sherstnev V. V,, Varfolomeev S. D. Neu-
roprotective effect of choline succinate in rats with
experimental chronic cerebral ischemia evaluated by
cognitive ability tests. Biol Bull. 2007; 34 (2): 144-147.
Esposito E., Desai R., Ji X., Lo E. H. Pharmacologic
pre- and postconditioning for stroke: Basic mecha-
nisms and translational opportunity. Brain Circ.
2015; 1: 104-113.

DOI: 10.4103/2394-8108.166380.

IHomvimkun H. A., Ilucapes B. B., Mepkynos M. E.,
Kysneyosa E. b., Canuna E. A., Manvieun A. IO., Kap-
kuujeHro H. H. Results KJIMHIYECKOTO UCCJIETOBAHMS
1T haswl TekapcTBEHHOTO penapara J[upekop/1: paH-
JIOMH3UPOBAHHOE, IBOMHOE CJIETIOE, TIaeb0-KOHT-
poJsipyeMoe, ¢ IapajiiebHbIMUA IPYIIIaMHU, IPO-
CIIEKTUBHOE MCCJIEJI0BAHYE I10 ITO00PY O TIMAaJIb-
HO¥ T03VPOBKY U NU3Y4EeHUIO 3(P(HEKTUBHOCTH, Oe3-
OTIaCHOCTH ¥ ITEPEHOCHMOCTH Y TTAI[MEeHTOB C HIIIe-
MIYECKUM MHCYJIETOM B paHHEM BOCCTAaHOBUTE/IEHOM
nepuone. buomeduyuwna. 2023; 19 (3): 87-96.
Pomytkin 1. A., Pisarev V. V., Merkulov M. E., Kuznetso-

GENERAL REANIMATOLOGY, 2025, 21; 5

www.reanimatology.com



58

Experimental Studies

23.

24.

va E. B., Salina E. A., Malygin A.Yu., Karkishchenko N. N.
Phase II of clinical trial of Direkord: randomized, dou-
ble-blind, placebo-controlled, parallel group, and
prospective study to select optimal dosage and to study
the efficacy, safety, and tolerability in ischemic stroke
patients in the early recovery period. Biomedicine =
Biomeditsina. 2023; 19 (3): 87-96. (in Russ.).

DOI: 10.33647/2074-5982-19-3-87-96.

Ilomvimrun H. A., Ilucapes B. B., Mepkynos M. E.,
Jlykunwix JI. B., Mopoicyxuna M. B., Kapruwenro H. H.
Pegyssrarsl KJIMHUYeCKOro uccienoBanus 111 ¢paser:
MHOTOLIEHTPOBOE PaHJAOMHU3MPOBAHHOE JBOMHOE
cJernoe naned0-KOHTPOINPYeEMOe B ITapasieshb-
HBIX TPyNIax ucciaenoBaHue 3(pPeKTUBHOCTU U
6e30macHOCTH JJeKapCTBEHHOTo mpemnapara [upe-
KOP/JI y MaI[MeHTOB C UIIeMUYeCKUM UHCYJIBTOM B
paHHeM BOCCTAaHOBUTEJbHOM Iepuoje. buomedu-
yuHa. 2023; 19 (4): 81-93. Pomytkin I. A., Pisarev V. V.,
Merkulov M. E., Lukinykh L. V., Morzhukhina M. V.,
Karkischenko N. N. Results of phase III clinical trial:
a multicenter randomized, double-blind, placebo-
controlled, parallel group study of the efficacy and
safety of Direkord in ischemic stroke patients in
early recovery period. Biomedicine = Biomeditsina.
2023; 19 (3): 87-96. (in Russ.).

DOI: 10.33647/2074-5982-19-4-81-93.

Berthet C., Castillo X., Magistretti P ., Hirt L. New
evidence of neuroprotection by lactate after transient
focal cerebral ischaemia: extended benefit after in-

25.

26.

27.

28.

tracerebroventricular injection and efficacy of in-
travenous administration. Cerebrovasc Dis. 2012;
34 (5-6): 329-335.

DOI:10.1159/000343657. PMID: 23154656.
Jourdain R, Rothenfusser K., Ben-Adiba C., Allaman I.,
Marquet P, Magistretti P J. Dual action of L-Lactate
on the activity of NR2B-containing NMDA receptors:
from potentiation to neuroprotection. Sci Rep. 2018;
8 (1):13472.

DOI: 10.1038/s41598-018-31534-y. PMID: 30194439.
Jourdain P, Allaman I., Rothenfusser K., Fiumelli H.,
Marquet P, Magistretti P J. L-Lactate protects neurons
against excitotoxicity: implication of an ATP-mediated
signaling cascade. Sci Rep. 2016; 6: 21250.

DOI: 10.1038/srep21250. PMID: 26893204.

Cerina M., Levers M., Keller ]J. M., Frega M. Neuro-
protective role of lactate in a human in vitro model
of the ischemic penumbra. Sci Rep. 2024; 14: 7973.
DOI: 10.1038/s41598-024-58669-5. PMID: 38575687.
Sanderson T. H., Reynolds C. A., Kumar R., Przyk-
lenk K. M. Molecular mechanisms of ischemia-reper-
fusion injury in brain: pivotal role of the mitochondrial
membrane potential in reactive oxygen species gen-
eration. Mol Neurobiol. 2013; 47 (1): 9-23.

DOI: 10.1007/s12035-012-8344-z. PMID: 23011809.

Received 16.04.2025
Accepted 09.09.2025
Online first 30.09.2025

www.reanimatology.com

GENERAL REANIMATOLOGY, 2025, 21; 5



Reviews & Short Communications

]
At
The Role of Infectious Diseases of the Lower Respiratory Tract

in the Pathogenesis of Ischemic Stroke (Review)

https://doi.org/10.15360/1813-9779-2025-5-2598

Anastasiya S. Babkina

V. A. Negovsky Research Institute of General Reanimatology,
Federal Research and Clinical Center of Intensive Care Medicine and Rehabilitology,
25 Petrovka Str., Bldg. 2, 107031 Moscow, Russia

For citation: Anastasiya S. Babkina. The Role of Infectious Diseases of the Lower Respiratory Tract in the Pathogenesis of
Ischemic Stroke (Review). Obshchaya Reanimatologiya = General Reanimatology.2025; 21 (5): 59-72. https://doi.org/10.15360/
1813-9779-2025-5-2598 [In Russ. and Engl.]

*Correspondence to: Anastasiya S. Babkina, ababkina@fnkcrr.ru

Summary

Obijective: to clarify the pathogenesis of ischemic stroke in infectious diseases of the lower respiratory tract.

Material and methods. We searched the PubMed database for original research articles, clinical reports,
review articles, editorials, commentaries, and short communications published before June 25, 2025. Addi-
tional studies that were not captured through the primary database search were analyzed after manually ex-
amining the reference lists of the selected articles. Articles were selected based on the relevance of the title
and abstract to the purpose of this review. Data from 160 sources were included in the analysis.

Results. We have identified and analyzed in detail the mechanisms of ischemic stroke development in res-
piratory infections: activation of the coagulation system and disruption of natural anticoagulant and fibri-
nolytic mechanisms (1); interaction of the hemostasis system with innate immunity (2); the effect of infectious
agents on the progression of atherosclerosis and the stability of the atherosclerotic plaque (3); the formation
of thromboemboli in the pulmonary veins (4).

Conclusion. Both bacterial and viral infections can initiate a procoagulant state mediated by tissue factor,
von Willebrand factor, platelet activation, neutrophil extracellular traps and decreased activity of endogenous
anticoagulants. The infectious process localized in the lungs, characterized by damage to the pulmonary vas-
cular endothelium, alveolocytes, intraalveolar fibrin deposition, edema, cellular infiltration, in concert with
hemostasis alterations create conditions for the formation of thrombi in the pulmonary vessels. Thus, the pul-
monary veins and venules can be a source of cerebral thromboembolism. This mechanism of thromboembolic
stroke development largely explains causes of acute cerebrovascular events in patients with lower respiratory
tract infection without cardiovascular risk factors. Another mechanism of ischemic stroke is associated with
direct or indirect effects of pathogens on the stability of atherosclerotic plaques in cerebral vessels, which, to-
gether with systemic procoagulant imbalance, leads to the formation of atherothrombosis. Given the signifi-
cant pathogenetic relationship between acute infectious lung diseases and thromboembolic and atherothrom-
botic strokes, clinical alertness regarding acute cerebrovascular events should be included in monitoring and
management of such patients.

Key words: ischemic stroke; pneumonia; respiratory infection; atherosclerosis; thromboembolism; hemo-
stasis; inflammation
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Introduction ¢ modern publications on ischemic stroke in chil-

Understanding the relationship between acute
cerebrovascular accidents (CVA), one of the leading
causes of death worldwide, and lower respiratory
tract infections, the leading cause of death among
infectious diseases, is of global public health sig-
nificance. The hypothesis linking acute infectious
diseases and stroke emerged in the late 19 century,
based on the first works of P. Marie and S. Freud [1],
devoted to the problem of stroke in children. In
1930, S. Collins et al. first noted a link between sea-
sonal influenza activity and mortality from cardio-
vascular diseases [2]. Data on the increased risk of
ischemic stroke and myocardial infarction in respi-
ratory infections, obtained on the basis of an analysis
of large patient databases [3-5], as well as a number

dren associated with a preceding bacterial or viral
infection, confirm the previously formulated hy-
potheses [6-10]. Infection, particularly respiratory
infection, has been considered as a trigger for is-
chemic stroke in both elderly and young patients
and children [11-13].

The significance of this problem has become
especially evident during the COVID-19 pandemic,
which is confirmed by a large number of published
clinical reports of acute cerebrovascular accidents
in patients hospitalized with the diagnosis of
COVID-19. According to A. E. Merkler et al., ap-
proximately 1.6% of patients admitted to the emer-
gency department or hospitalized with COVID-19
experienced ischemic stroke, which was incidence
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was significantly higher than in patients with in-
fluenza [14]. In contrast, a study by Ward et al.
demonstrated a similar risk of ischemic stroke in
COVID-19 and influenza [15]. According to W. Luo
et al., the prevalence of ischemic stroke in COVID-19
was 2% [16]. Similar results were obtained by us
when analyzing fatal COVID-19 cases based on au-
topsy reports [17-18]. However, it is necessary to
take into account the high heterogeneity of studies
published during the pandemic [19].

Various pathogenetic types of strokes have
been described in patients with respiratory infections.
Wang et al. showed a high risk of predominantly is-
chemic stroke (atherothrombotic and cardioembolic)
in patients with a recent respiratory tract infec-
tion [20]. M. C. Zurru et al. found that recent respi-
ratory tract infections were significantly associated
with atherothrombotic stroke [21]. According to
A. Paganini-Hill et al., respiratory tract infection
increases the risk of cardioembolic ischemic stroke,
even in patients without cardiovascular risk fac-
tors [22]. It should be noted that cardioembolic
stroke was not associated with infective endocarditis
in the mentioned studies.

Despite a large number of studies, data on a
direct causal relationship between stroke and res-
piratory infectious diseases remain contradictory
to this day [23]. For example, in a study by T. G. Beach
etal., aimed at comparing the frequencies of ischemic
and hemorrhagic strokes in patients with pneumonia
confirmed at autopsy and without pneumonia, sim-
ilar risks of stroke were demonstrated for patients
in both groups [24].

The mechanisms linking acute respiratory in-
fections and stroke have not been fully addressed
in many studies published on this topic. The lack
of a clear understanding of the pathogenesis of this
association was particularly noticeable in studies
conducted during the COVID-19 period. Increased
interest in the properties of the Sars-CoV-2 virus
and the molecular mechanisms of COVID-19 com-
plications, without regard to morphological and
pathological studies, has led to a focus on the «cy-
tokine storm» and the «unique» neuroinvasive and
epitheliotropic properties of the virus, interpreting
most findings as specific to COVID-19. However,
most hypotheses regarding the pathogenesis of
stroke in COVID-19 have already been described in
the context of other respiratory infections and are
not unique to this infection. The uncertainty and
inconsistency of data regarding the causal relation-
ship between ischemic stroke and respiratory in-
fections are largely due to an insufficient under-
standing of the pathogenesis of thrombi or throm-
boemboli that cause cerebral vascular occlusion.

The aim of the review was to clarify the patho-
genesis of ischemic stroke in infectious diseases of
the lower respiratory tract.

Material and Methods

To identify studies relevant to the aim of the
review, a literature search was conducted in PubMed
using the combinations listed in Table 1. Additional
sources not identified through the primary database
search were analyzed after examining the reference
lists of the selected articles.

Results

Based on data from 160 sources, the mecha-
nisms of ischemic stroke development in respiratory
infections were identified, requiring detailed con-
sideration and systematization: 1) activation of the
blood coagulation system and disruption of natural
anticoagulant and fibrinolytic mechanisms; 2) in-
teraction of the hemostasis system with innate im-
munity; 3) the impact of infectious agents on the
progression of atherosclerosis and the stability of
atherosclerotic plaque; 4) formation of thromboem-
boli in the pulmonary veins.

Activation of the blood coagulation system.
The lungs are involved in the regulation of the he-
mostatic system in both physiological and patho-
logical conditions [25]. In pneumonia, inflammation
and hemostasis are components of the host’s anti-
bacterial defense. Disruption of natural anticoagulant
and fibrinolytic mechanisms has been described in
detail in acute respiratory distress syndrome (ARDS),
severe pneumonia, and sepsis [26, 27]. Some studies
indicate hemostatic disorders in patients with mod-
erate and even mild lower respiratory tract dis-
eases [28, 29]. In a study by Milbrandt et al. aimed
at studying blood coagulation markers in patients
with community-acquired pneumonia over time, it
was shown that hemostatic disorders (changes in
D-dimer and thrombin-antithrombin complex [ TAT]
levels) were observed and progressed both in patients
with severe disease and in patients with mild,
disease without complications [30].

Based on the clot waveform analysis data
(CWA — clot waveform using a modified activated
partial thromboplastin time (APTT) analysis based
on continuous recording of changes in the optical
density of the test sample, Tan et al. showed that
bacterial infections lead to a general prothrombotic
state, while common respiratory viral infections do
not have a significant effect on CWA parameters [31].
Studies assessing the effect of lipopolysaccharide (LPS)
on hemostasis have noted activation of the Hageman
factor, an increase in the content of von Willebrand
factor, an increase in the activity of plasminogen ac-
tivator inhibitor, and a decrease in the activity of
tissue plasminogen activator [32, 33]. Procoagulant
imbalance in patients with community-acquired
pneumonia was noted not only during the disease
but also during convalescence [34].

Activation of the tissue factor-thrombin path-
way. The role of tissue factor (TF) in the pathogenesis
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of respiratory infectious diseases and ARDS is given
special attention, since TF is one of the main
initiators of procoagulant activity during tissue al-
teration and inflammation [35-37]. TF is a trans-
membrane glycoprotein expressed by fibroblasts,
vascular smooth muscle cells, mononuclear cells,
and endothelial cells [38-40]. Under physiological
conditions, TF comes into contact with blood and
circulating coagulation factors only after vascular
damage [41, 42]. TF activates the blood coagulation
factor F VII to F VIla. The TF-FVIIa complex promotes
the additional formation of FVIIa from FVII and ac-
tivates coagulation factors X and IX [43]. TF-de-
pendent coagulation generates thrombin and in-
duces pleiotropic cellular effects of thrombin on
platelets via protease-activated receptors (PARs) [44].

Morphological immunohistochemistry (IHC)
studies showed intense TF staining in alveolar ep-
ithelial cells, alveolar macrophages, and hyaline
membranes of the lungs of patients with ARDS. In
contrast, weak TF expression was observed in the
lungs of control patients [45]. Exposure of alveolar
cell cultures to edema fluid from patients with
ARDS was accompanied by a dose-dependent and
time-dependent TF expression. TF production
during pulmonary infection is suggested to be me-
diated by tumor necrosis factor ¢ (TNF-¢) and in-
terleukin-1f (IL-1) [46].

TF was detected in the bronchoalveolar lavage
(BAL) of patients with bacterial pneumonia [47].
Experimental studies indicate that bacterial antigens,
both gram-positive and gram-negative, can directly
activate the coagulation system [48, 49]. Broncho-
scopic instillation of lipoteichoic acid (LTC), the
main component of the membrane of gram-positive
bacteria, and instillation of lipopolysaccharide (LPS)
in healthy volunteers were shown to induce proco-
agulant changes in the human bronchoalveolar
space. The authors explained the identified features
of LTC- and LPS-induced lung inflammation by the
action of LTC and LPS on various toll-like receptors,
TLR2 and TLR4, respectively. The release of soluble
TF in BAL was noted upon exposure to both LTC
and LPS. However, increased TF mRNA expression
in alveolar macrophages was associated with LTC
but not LPS exposure [50-52].

The role of TF in viral infections is supported
by studies that have revealed TF expression during
infection of various cell types, including pulmonary
epithelial and endothelial cells and monocytes [53,
54]. Furthermore, TF expression in endothelial cells
is induced by activation of TLR3 (toll-like receptor
3), a pattern recognition receptor that detects sin-
gle-stranded RNA [55]. Angiotensin II can also
induce TF expression in vascular smooth muscle
cells and endothelial cells [56]. RNA viruses penetrate
cellular endosomes, stimulate endosomal formation
and activation of NADPH oxidase complexes through
RNA-sensitive toll-like receptors, inducing TF ex-
pression [57]. On the one hand, initiation of the
procoagulant cascade may promote thrombosis,
and on the other hand, TF-dependent activation of
coagulation is part of the host’s innate immune re-
sponse to viral infection, which helps prevent in-
trapulmonary hemorrhage, as evidenced by an in-
crease in alveolar hemorrhage with a genetic decrease
in TF in epithelial cells [56].

Increased TF expression in ARDS, pneumonia,
and ventilator-induced lung injury is associated
with hypercoagulation and thrombus formation in
the pulmonary vascular bed, as well as interalveolar
fibrin deposition [47, 58-60]. Given the data indi-
cating an elevated level of circulating TF as a
potential risk factor for the development of ischemic
stroke [61], and also taking into account the role of
circulating TF on monocytes and cellular TF-positive
microvesicles in thrombus formation after rupture
of atherosclerotic plaques [62], TF should be con-
sidered as a component of the pathogenesis of is-
chemic stroke in respiratory infections.

Violation of natural anticoagulant and fibri-
nolytic mechanisms. Endothelial cells play a key
role in maintaining intravascular patency due to
their anticoagulant properties. They provide a fa-
vorable environment for plasma anticoagulant pro-
teins, including antithrombin, tissue factor inhibitor,
and protein C. Infectious diseases impair the anti-
coagulant properties of endothelial cells. Endothelial
cells synthesize heparan sulfate, a component of the
glycocalyx, which binds and potentiates anticoagulant
plasma proteins, including tissue factor pathway in-
hibitor (TFPI) and antithrombin [63]. Endothelial

Table. Word combinations used for the PubMed database search strategy .

Keyword combinations
((pneumonia) OR (respiratory infection)) AND (stroke)

((acute respiratory distress syndrome) OR (ARDS)) AND (stroke)
((pneumonia) OR (respiratory infection)) AND (embolic stroke)
(((infection respiratory) OR (pneumonia))) AND (coagulation)
(((infection respiratory) OR (pneumonia))) AND (hemostasis)
((platelets) AND (stroke)) AND (infection)

((pneumonia) OR (respiratory infection)) AND (atherosclerosis)
((pneumonia) OR (respiratory infection)) AND (biomarkers)
((pneumonia) OR (respiratory infection)) AND (pathogenesis) AND (thrombosis)
(thrombosis) OR (immunothrombosis) OR (immunothrombosis) OR ((thromboinflammation) AND (pneumonia))
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cells also produce thrombomodulin, which, by binding
to thrombin, converts it from a procoagulant to an
anticoagulant, activating anticoagulant protein C [64].
Activated protein C (APC), together with cofactor
protein S, inactivates factors FVa and FVIlla. In ad-
dition, endothelial cells synthesize and release tissue
plasminogen activator (tPA), potentiating plasmin-
mediated fibrinolysis in the vascular bed [63, 65].

Tissue factor pathway inhibitor (TFPI) is a
central endogenous regulator of TF-thrombin path-
way activity. This glycoprotein is produced primarily
by endothelial cells and platelets. TFPI directly in-
hibits factor Xa forming the Xa-TFPI complex, which
subsequently inhibits the TFVIIa complex [43]. The
highest amount of TFPI mRNA is reported to be ex-
pressed in the human lung, while the lowest is ex-
pressed in the brain [66]. In the lung, TFPI is localized
along the alveolar septa and in the alveolar epithe-
lium, suggesting that decreased TFPI activity may
play a significant role in coagulation disorders in
the context of lung injury [67, 68]. The exact physi-
ological mechanisms responsible for the decreased
TFPI activity observed during infections are unclear.
One common hypothesis is that TFPI is cleaved by
endogenous or pathogen-derived proteases. Cleavage
of TFPI by leukocyte elastase has been described [69].
A study by T. H. Yun et al. presented a mechanism
for proteolytic inactivation of TFPI by omptins, the
outer membrane aspartyl proteases of gram-negative
bacteria, which, according to the authors, contributes
to increased pathogen virulence [70]. However,
S. Massberg et al. consider local proteolysis of TFPI
by serine proteases and extracellular nucleosomes
as part of the host’s antimicrobial defense, promoting
compartmentalization of bacteria in blood vessels
with a resulting decrease in tissue invasion [71-72].

Elevated TFPI levels have been found in the
lavage fluid of patients with ARDS or pneumonia [73].
However, the relationship of increased TFPI levels
and decreased TFPI activity with coagulation remains
unclear. To examine the effects of endogenous TFPI
levels on coagulation, inflammation, and bacterial
growth during S. pneumoniae pneumonia, E E. Van
Den Boogaard et al. conducted studies in genetically
modified TFPI-deficient mice and in wild-type mice
administered with a neutralizing anti-TFPI antibody.
The results of the study refuted a significant role
for endogenous TFPI in the antibacterial, inflam-
matory, and procoagulant responses in pneumo-
coccal pneumonia, as none of the low TFPI groups
showed altered procoagulant responses in the lungs
or plasma during pneumonia [68].

J. A. Bastarache et al. suggested that although
alveolar epithelial cells produce TFPI, the amount
of this endogenous protein is insufficient to block
the increased procoagulant activity of TF during
inflammation [67]. Data from other studies also in-
dicate that the increased procoagulant activity ob-

served in various lung diseases is not counterbal-
anced by TFPI [73, 74]. Of clinical significance is
that the recombinant TFPI (rh-TFPI) showed no
beneficial effect in patients with severe communi-
ty-acquired pneumonia [75].

The role of plasma TFPI in the development
of cardiovascular diseases has not been determined,
despite the fact that in atherosclerotic plaques TFPI
is localized together with TE where it is believed to
suppress TF activity [76].

Thrombomodulin (TM) is a transmembrane
glycoprotein found primarily on endothelial cells,
but also found in immune cells, vascular smooth
muscle cells, keratinocytes, and alveolar epithelial
cells of the lung. TM is a potent anticoagulant that
binds to thrombin and then deactivates it, triggering
the anticoagulant cascade [77]. Thrombin interacts
with thrombomodulin (TM), thereby mediating the
activation of protein C, which binds to the endothelial
cell protein C receptor (EPCR) [78, 79]. Transcriptional
expression of TM occurs in high amounts in the
vessels of the heart, pancreas, and lungs, and to a
lesser extent in the brain [66].

It has been shown that TM (sTM) increases in
blood plasma in community-acquired pneumonia,
COVID-19, and mycoplasma pneumonia, and that
TM level examination has prognostic value [80-82].
The informative value of sTM in relation to thrombotic
risk in patients with COVID-19 has been noted [83].

A study by A. W. Rijneveld et al. on mice with a
mutation in the TM gene (TM pro/pro) was aimed
at elucidating the pathogenetic role of TM in bacterial
pneumonia. Bacterial pneumonia was associated
with fibrin deposits in the lungs, inflammatory in-
filtrates, and an increase in thrombin-antithrombin
complexes in bronchoalveolar lavage fluid in both
TM pro/pro mice and mice without the mutation.
This data, according to the authors, indicates that
the ability of TM to generate APS does not play an
important role in the pulmonary response to respi-
ratory pathogens or LPS [84].

Based on studies showing high levels of soluble
thrombomodulin in pulmonary inflammation, it
can be assumed that the release of thrombomodulin
from the cell surface contributes to protein C de-
ficiency [60, 85].

Impaired production and/or activation of pro-
tein C is another potential mechanism leading to
thrombosis in pneumonia [86]. Relative deficiency
of APS may be due to increased consumption and
enhanced degradation of protein C by neutrophil
elastase [87]. It should be taken into account that,
although some APS is detected in bronchoalveolar
fluid, the lungs are capable of producing only a
small amount [88]. Since the main synthesis of APS
occurs in liver cells, a decrease in its content in
blood plasma may be due to liver cell damage due
to tissue hypoxia caused by respiratory failure [89].
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Ware et al. showed that in patients with ARDS,
plasma APC concentrations were reduced, while
plasminogen activator inhibitor type 1 (PAI-1) levels
were increased, compared to a control group of pa-
tients with cardiogenic pulmonary edema [90]. Low
APC and high PAI-1 concentrations associated with
increased mortality in patients with ARDS [91]. Rel-
atively low protein C activity was noted in
COVID-19 [92]. Increased APC expression was shown
to enhance host defense during experimental pneu-
mococcal pneumonia [93].

T. Won et al. studied the expression of TM and
endothelial protein C receptor (EPCR) in the lungs,
kidneys, and hearts of patients who died from
COVID-19. A significant difference between the
control group and the group of patients who died
from COVID-19 was a decrease in the expression of
TM and EPCR in the lungs [77].

In scientific literature, there is data on impaired
fibrinolysis and decreased protein C activation as
hemostatic risk factors for cerebral infarction. The
findings of the case-control study by R. E Macko et
al. indicate that protein C dysfunction and endoge-
nous fibrinolysis may contribute to an increased
risk of cerebral infarction after a recent (<1 week)
infection [94].

When analyzing hemostasis mechanisms in
infectious diseases, genetic predisposition to throm-
bosis should be taken into account. Single nucleotide
polymorphisms of protein C, factor V (e. g., the
Leiden mutation), and plasminogen activator in-
hibitor-1 have been found to be associated with an
increased risk of deep vein thrombosis, pulmonary
embolism, acute myocardial infarction, and
stroke [95]. Therefore, a personalized approach to
assessing the risk of thrombotic complications of
infectious respiratory diseases is necessary.

Interaction of the hemostasis system and in-
nate immunity. Since the onset of the COVID-19
pandemic, the previously existing terms «throm-
boinflammation» and «immunothrombosis» have
gained widespread popularity and prevalence. The
first mentions of «thromboinflammation» date back
to the 1990s in experimental studies on cerebral air
embolism models. It has been suggested that damage
to the cerebral vascular endothelium results from
secondary reactions involving the interaction of air
emboli with blood elements (platelets, leukocytes),
fibrinogen, and the endothelium, leading to local
fibrin accumulation, as well as platelet and leukocyte
adhesion to the endothelium. Thus, to describe the
process of thrombus formation with a pronounced
cellular reaction, the authors used the term «throm-
boinflammation» [96].

Later, with the emergence of a large amount of
evidence of the involvement of the immune system,
in particular proteins of the complement system, in
the process of thrombus formation, the preconditions

arose for the introduction of a term encompassing
the interaction of the immune system and hemo-
stasis [97]. Thus, in 2013, the term «immunothrom-
bosis» appeared [98]. These terms are most often
used in studies devoted to the pathogenesis of pul-
monary artery thrombosis in ARDS. However, the
interaction of the hemostatic system and innate
immunity is an integral component of thrombus
formation, which was studied even before the ap-
pearance of the term «immunothrombosis» [99-102].

Neutrophil extracellular traps, von Willebrand
factor, ADAMTS-13. The association of acute infec-
tions with an increased risk of thrombotic compli-
cations, including ischemic stroke, has recently been
increasingly explained by mechanisms of innate
immunity, in particular, special attention is paid to
neutrophil extracellular traps (NETs) [103]. Neu-
trophils are known to kill invading microorganisms
using two strategies: phagocytosis and degranula-
tion [104]. In a study by O. Porembskaya et al., in
rats with normal neutrophil counts and neutropenia,
showed that no thrombi were detected in the pul-
monary artery in animals with neutropenia. Neu-
tropenia caused a significant decrease in the size of
the thrombus in the inferior vena cava and slowed
the transition from fresh fibrin to mature fibrin and
connective tissue within the thrombus [105].

NETosis is one of the mechanisms of neutrophil
involvement in thrombosis. Brinkmann et al. first
reported NETosis as an antimicrobial strategy of
neutrophils, through which a mesh-like structure
of chromatin with histones and granular proteins
is released from neutrophils into the extracellular
space to capture and destroy bacteria and protect
the host from infection [106].

S. Massberg et al. showed that serine proteases,
neutrophil elastase and cathepsin G, promote co-
agulation and thrombus formation by inducing
TF-factor XII-dependent coagulation and suppress-
ing endogenous anticoagulants [71]. Extracellular
DNA derived from NETs mediates thrombin gener-
ation in an FXII- or FXI-dependent pathway. Histones
induce thrombin generation in platelet-rich plasma
(PRP) by activating platelets through TLR2 and
TLR4 [107]. Furthermore, histones, especially H4,
directly interact with platelets and activate integrin a
IIb B3 on the platelet surface, inducing subsequent
fibrinogen-mediated platelet aggregation [108].

Uncontrolled NET formation can lead to en-
dothelial cell damage indirectly through NET-asso-
ciated proteases, defensins, and histones. Endothelial
damage and the release of von Willebrand factor
(VWF) from Weibel-Palade bodies contribute to
thrombus formation.

VWEF is produced and secreted by endothelial
cells, megakaryocytes, and platelets. The majority
of VWF (80-90%) in plasma is produced by en-
dothelial cells. VWF recruits circulating platelets at
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sites of vascular injury and mediates subsequent
platelet activation and aggregation [109]. VWF
activity is size-dependent. Ultra-large VWF multimers
(UL— VWE), released by endothelial cells in response
to endothelial-damaging factors, can spontaneously
recruit excess circulating platelets and other blood
cells, promoting thrombosis [110].

ADAMTS metalloprotease 13 (a disintegrin
and metalloproteinase with thrombospondin type
1 motif, member 13) specifically cleaves the Tyr
1605- Met 1606 bond in the VWF domain A2 regu-
lating the size and activity of VWF multimers, pre-
venting thrombus formation [111]. VWF directly
binds and immobilizes extracellular DNA released
from leukocytes [112]. Since NETs and VWF are in-
volved in the inflammatory process, the interaction
between NETs and VWF may contribute to the de-
velopment of thrombosis in infectious diseases. An
increase in NETs reduces ADAMTS13 activity, pro-
moting the formation of UL-VWE which leads to
the formation of a vicious circle [113].

NETs are very large structures and may con-
tribute to thrombus stability similar to von Wille-
brand factor (VWF) and fibrin. In vitro studies have
shown that NETs provide a thrombolytic-resistant
scaffold for blood clots [114]. Individual DNA and
histones have been shown to have a more pro-
nounced procoagulant effect than intact NETs [115].

An increase in the VWF factor content in com-
bination with a decrease in the ADAMTS-13 content
in blood plasma has been observed in respiratory
infectious diseases of both viral and bacterial eti-
ology [34]. The imbalance between VWF and
ADAMTS-13 is explained by a relative deficiency
of ADAMTS-13 due to a significant increase in the
VWEF level [116]. Thus, in patients with COVID-19,
such an imbalance led to the appearance of large
VWEF multimers, which was associated with a high
thrombotic risk [117, 118]. The important role of
VWEF in the development of thrombosis in COVID-19
is confirmed by significantly more intense im-
munohistochemical (IHC) staining of VWF in the
pulmonary vascular endothelium in patients with
thrombotic complications than in patients without
thrombotic complications [119].

Patients with hospital-acquired pneumonia
also exhibit a procoagulant imbalance, in particular
the VWF/ADAMTS13 ratio was higher in patients
with pneumonia than in healthy study partici-
pants [34]. The ability of Streptococcus pneumoniae,
the most common causative agent of pneumonia,
to induce Weibel-Palade body exocytosis and the
release of VWF and interleukin 8 (IL-8) from pul-
monary endothelial cells has been reported [120].
Staphylococcus aureus infection has been shown to
be associated with an increase in NETs and VWF
content, as well as a decrease in ADAMTS13 activi-
ty [121]. Considering that patients with severe acute

respiratory infections may require artificial ventilation
(AV), which in itself is associated with many com-
plications, including thrombotic ones [122, 123], it
is necessary to take into account studies that have
shown an increase in VWF expression in the en-
dothelium of patients on mechanical ventilation [124].

The role of NETs was noted in the pathogenesis
of cardiovascular diseases, in particular in the for-
mation of atherosclerotic plaques, arterial and
venous thrombosis, as well as in the development
and progression of aneurysms [125]. A significant
increase in NETs markers was found in plasma of
patients with ischemic stroke [126].

Excess neutrophils and NETs are observed in
almost all thrombi obtained from patients with is-
chemic stroke [127]. Experimental targeting of NETs
with DNase I or Cl-amidine significantly inhibited
arterial thrombosis and improved stroke out-
come [128]. Experiments in In vitro studies have
shown that the addition of extracellular DNA and
histones to fibrin increases the thickness, rigidity
and stability of the fibrin network, making throm-
bolysis more difficult [129].

A study by R. B. Patel et al. confirmed the role
of VWF-ADAMTS13 imbalance in stroke severity in
respiratory infections in an experimental setting.
Thus, Vwf -/- deficient mice infected with S. aureus
or SARS-CoV-2 showed a reduced number of infarcts
and improved functional outcomes, while infected
Adamts13 -/- deficient mice showed greater stroke
severity [130]. A study in patients also confirmed
the effect of SARS — CoV -2 infection preceding is-
chemic stroke on coagulation and NETosis bio-
markers, leading to an imbalance in the VWF —
ADAMTS 13 axis [131].

Platelet activation. The complex interaction
between NETs and platelets, characterized by the
ability of NET components to enhance platelet ag-
gregation and activation, which, in turn, under certain
conditions, can activate neutrophils to form NETs [132].
A wide range of functional Pattern Recognition Re-
ceptors (PRR) receptors are present on the platelet
surface, including TLR and Fc receptors. In response
to pathogen invasion, activated platelets release their
granules containing various immunomodulatory and
antimicrobial molecules that either promote the
differentiation and activation of immune cells or can
directly kill pathogens [133]. Platelets have been
shown to interact with Gram-negative and Gram-
positive bacteria. LPS enhances the platelet response
through interaction with TLR4 [134].

M. Mirsaeidi et al. showed an independent as-
sociation of thrombocytosis with increased length of
hospital stay and mortality in patients with commu-
nity-acquired pneumonia [135]. Increased platelet
reactivity and activation compared to controls was
noted in patients with viral respiratory infections, in-
cluding COVID-19 [136, 137]. P D. McMullen et al.
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performed an immunohistochemical study of autopsy
material from the lungs of patients who died from
COVID-19, influenza, bacterial and fungal infections
using antibodies to CD 61. Almost all samples showed
anincrease in the area of CD 61 IHC staining compared
to control lung tissue. The area of CD 61 staining in
COVID-19 infection was higher than in influenza,
but still comparable to many other infectious diseases.
The highest area of CD 61 staining was observed in
cases of aspiration pneumonia, Staphylococcus aureus
infection, and blastomycosis [138].

The role of infections in the development of
atherothrombosis and atherosclerotic plaque in-
stability. The hypothesis suggesting a pathogenetic
link between infection and atherosclerosis has
existed for quite some time. It is believed that both
viral and bacterial pathogens may be associated
with the development and progression of athero-
sclerosis, as well as with disruption of atherosclerotic
plaque stability [139]. Given the high prevalence of
atherosclerosis, understanding the mechanisms by
which infection influences existing atherosclerotic
vascular changes in patients is important. We pre-
viously showed that COVID-19 patients who died
from ischemic stroke had severe cardiovascular co-
morbidity, in particular atherosclerosis and stenosis
of the arteries of the base of the brain [17, 140].

The most compelling evidence for a link be-
tween atherosclerosis and infections is presented
in relation to Chlamydia pneumoniae. R. Ezzahiri
etal. described increased T-cell infiltration and ath-
erosclerotic plaque progression in Chlamydia pneu-
moniae infected hypercholesterolemic mice [141].
Currently, plaque progression is not considered to
be a continuous process. Therefore, it is proposed
that repeated infections throughout life are associated
with multiple episodes of increased T cell infiltration,
which contributes to plaque composition remod-
eling. Chlamydia pneumoniae bacterial antigens
persist in tissues and remain accessible to immuno-
competent cells, which is accompanied by a cellular
response for at least 4 weeks. T cell lines derived
from carotid artery plaques showed antigen speci-
ficity for chlamydial antigens in approximately 50%
of plaques [142]. A comparative study of the walls
of the aorta, coronary, and basilar arteries revealed
intra- and extracellular deposition of Chlamydia
pneumoniae in unstable atherosclerotic plaques,
which were characterized by infiltration of the cap
and intima adjacent to the atheromatous core, and
infiltration by mononuclear cells, primarily T cells.
Chlamydia pneumoniae was not detected in the
intima of unchanged areas of the vascular wall,
and insignificant amounts were detected in stable
atherosclerotic plaques [143].

Pneumonia caused by Streptococcus pneumo-
niaehas been shown to alter plaque characteristics
and promote aortic wall remodeling in hypercho-

lesterolemic mice [144].

M. Boumegouas et al. demonstrated for the
first time the binding of Staphylococcus aureus
and Pseudomonas aeruginosa with cholesterol
crystals, which partially reveals the mechanism of
bacterial adhesion to atherosclerotic plaques and
their destabilization [145]. It has been shown that
the flagellar protein FIgE Pseudomonas aeruginosa
induces lipid uptake by macrophages and proin-
flammatory responses mediated by ATP 5 B/NF —
kB/AP-1 signaling [146].

B. B. Lanter et al. showed that bacteria form
biofilm deposits in carotid artery plaques, which,
when exposed to physiologically relevant levels of
norepinephrine in the presence of transferrin, could
disperse, releasing bacterial enzymes. The authors
suggested that these enzymes may damage sur-
rounding tissue and promote plaque rupture. Thus,
this study demonstrates a potential link between
infections, atherothrombosis, and conditions as-
sociated with elevated adrenaline [147].

The role of a local cross-reactive immune re-
sponse in human atherosclerotic plaques cannot be
ruled out. Cross-reaction with bacterial outer mem-
brane proteins Proteus mirabilis and Klebsiella pneu-
moniae, awell as with transgelin, cytoskeletal protein
involved in atherogenesis, has been described [148].

For some viruses, data have also been obtained
substantiating their involvement in the pathogenesis
of atherosclerosis and plaque destabilization. Neu-
raminidase, a group of enzymes that cleave sialic
acid during virus release from the host cell, can in-
duce desialylation of lipoproteins, increase the
uptake of low-density lipoproteins, and thus con-
tribute to the progression of atherosclerosis [149-151].
A mechanism for the destabilization of vulnerable
atherosclerotic plaques in arteries has been de-
scribed, mediated by increased expression of matrix
metalloproteinase-13 (MMP-13) in influenza A [152].

Some studies attribute a significant role in
vascular damage to infection of perivascular adipose
tissue (PAT). Under physiological conditions, PAT
has potent antiatherogenic properties mediated by
its ability to secrete various biologically active factors
involved in thermogenesis and fatty acid metabolism.
In pathological conditions, steatocytes lose their
thermogenic capacity and release adipokines, which
induce endothelial dysfunction and inflammatory
cell infiltration, contributing to the development
of atherosclerosis [153, 154].

Influenza A mRNA levels in the aortic AF in
mice were shown to be ~4-8 times higher than in
the vessel wall. Infection also increased the number
of Ly6Clow and Ly6Chigh monocytes in the vessel
wall, followed by more intense monocyte infiltration
into the AF [155].

Ischemic stroke due to pulmonary venous
thromboembolism. The pathogenesis of thrombus
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formation in the pulmonary arteries and veins
during respiratory infections has been described
in detail. Local pulmonary factors associated with
damage to endothelial cells, alveolar cells, fibrin
deposition, and pulmonary edema, coupled with
systemic hemostatic disorders characteristic of
lower respiratory tract infections, especially severe
ones, contribute to thrombus formation in the pul-
monary vascular bed. Pulmonary vein thrombosis
can cause thromboembolic stroke. However, the
link between infection and pulmonary vein throm-
bosis is often overlooked.

A number of clinical reports have been pub-
lished on pulmonary vein thromboembolism in
respiratory infections, including COVID-19 [156-159].
An analysis of thrombotic complications of COVID-19
revealed pulmonary vein thrombosis in 5.8% of de-
ceased patients [18].

It is important to note that the pulmonary
veins are the most proximal source of thromboem-
bolism. Therefore, careful evaluation of the pul-
monary veins should be performed in all cases of
arterial thromboembolism [160]. Understanding
this mechanism of thromboembolism is important
for both clinicians and pathologists, especially in
cases where the source of embolism cannot be
determined.

Conclusion

The pathogenesis of ischemic stroke in acute
lower respiratory tract infections is at the intersection
of alteration, inflammation, immunopathological

processes, and circulatory impairment. Based on
a review of the literature, it is clear that both
bacterial and viral infections, despite differences
in their mechanisms of action on the immune sys-
tem and hemostasis, can initiate a procoagulant
state mediated by tissue factor, von Willebrand
factor, platelet activation, neutrophil extracellular
traps, and decreased activity of endogenous anti-
coagulants. An infectious process localized in the
lungs, characterized by damage to the pulmonary
vascular endothelium and alveolar cells, interalveolar
fibrin accumulation, edema, and cellular infiltration,
combined with hemostatic disorders, creates con-
ditions conducive to thrombus formation in the
pulmonary vessels. Thus, the pulmonary veins and
venules may be a source of cerebral thromboem-
bolism. This mechanism of thromboembolic stroke
development largely explains cases of acute cere-
brovascular accidents in patients with lower respi-
ratory tract infections without cardiovascular risk
factors. Another mechanism of ischemic stroke is
associated with the direct or indirect effects of
pathogens on the stability of atherosclerotic plaques
in cerebral vessels, which, combined with proco-
agulant imbalance, leads to the development of
atherothrombosis.

Understanding the mechanisms of ischemic
stroke in respiratory infectious diseases is essential
for developing targeted therapeutic strategies and
improving patient outcomes. Clinical awareness of
ischemic stroke in acute infectious lung diseases is
essential for the management of these patients.
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Summary

Aim: to explore the pathophysiological mechanisms and clinical significance of delta rhythms (<4 Hz) in
disorders of consciousness (DOC), including coma, unresponsive wakefulness syndrome (UWS), and mini-
mally conscious state (MCS), as biomarkers for diagnosis, prognosis, and therapeutic targeting.

Materials and Methods. A narrative review was conducted, focusing on experimental and clinical findings
related to delta rhythm generation and modulation in the disorder of consciousness (DOC). Emphasis was
placed on thalamo-cortical interactions, cortical inhibition, neuromodulatory deficits, and the role of glial
cells, neuroinflammation, and metabolic disruptions. Quantitative EEG analysis and advanced neuroimaging
were highlighted as key tools for assessing delta activity.

Results. Delta rhythms were found to dominate EEGs across DOC states, with high-amplitude global ac-
tivity in coma and low-amplitude activity in UWS, indicating cortical suppression and thalamocortical dis-
connection, respectively. In MCS, reduced delta power and improved connectivity correlated with intermittent
purposeful behavior. Therapeutic interventions, including TMS, tACS, and pharmacological agents, showed
potential for modulating delta rhythms. Additionally, stochastic resonance emerged as a novel mechanism to

stabilize neural networks through noise.

Conclusion. Delta rhythms serve as crucial biomarkers in DOC, offering diagnostic, prognostic, and ther-
apeutic value. Multimodal approaches that integrate EEG, neuroimaging, and mechanistic studies are essential
for deepening understanding and improving clinical outcomes in DOC management.

Keywords: Delta rhythm; EEG; disorders of consciousness; neural networks; delta-alpha rhythms; neu-

roimaging
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Introduction

Disorders of consciousness (DOC), including
coma, unresponsive wakefulness syndrome (UWS),
and minimally conscious state (MCS), represent
complex conditions involving disruptions in neural
networks. Delta rhythms are prominent in DOC
and indicate underlying pathological states. Un-
derstanding the mechanisms and implications of
delta activity is essential for improving diagnostics,
prognostics, and therapeutic approaches. This review
synthesizes recent advances in delta rhythm research,
emphasizing their mechanistic underpinnings and
clinical relevance [1-4].

Mechanisms of Delta Rhythm

Generation

Delta rhythms originate from dynamic inter-
actions within the thalamo-cortical circuitry, influ-
enced by [1, 5-8]:

e Thalamic contributions: mmtrinsic oscillatory
properties of thalamocortical neurons, mediated
by T-type calcium channel dynamics, play a pivotal
role in delta generation. Aberrant oscillations within
thalamic relay neurons have been linked to hyper-
polarized membrane states, resulting in the patho-
logical emergence of delta rhythms.

e Cortical dynamics: cortical neurons con-
tribute to delta activity through synchronized hy-
perpolarization states, facilitated by GABAergic in-
hibition. Recent studies have shown that disruptions
in interneuron networks can exacerbate the desyn-
chronization seen in DOC.

e Neuromodulatory inputs: cholinergic and
dopaminergic systems modulate delta rhythms,
with deficits in these pathways observed in DOC
patients. Furthermore, noradrenergic and seroton-
ergic systems may indirectly influence delta activity
by modulating the arousal network [9-13].
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* Role of glial cells: emerging evidence suggests
that astrocytes and microglia contribute to rhythm
generation by modulating synaptic activity and
clearing metabolic byproducts. Neuroinflammation,
a common feature in DOC, may alter glial function
and impact delta rhythm dynamics [14-16].

Delta Rhythms in Coma

Coma, a profound state of unresponsiveness,
is often characterized by pronounced delta activi-
ty [17-20] Key features include:

e Global cortical suppression: coma patients
typically exhibit high-amplitude, generalized delta
rhythms on EEG, reflecting widespread cortical and
subcortical dysfunction.

e Thalamic dysfunction: reduced thalamic
input in coma is associated with the dominance of
slow-wave activity, disrupting normal thalamo-cor-
tical interactions.

* Prognostic insights: while persistent delta
activity in coma is indicative of severe brain dys-
function, the gradual re-emergence of faster rhythms
may signal recovery potential. Studies have high-
lighted that early shifts in EEG patterns can predict
outcomes in coma patients.

Delta Rhythms
in Different DOC States [1, 3, 21]

Distinct delta rhythm profiles differentiate
coma, UWS, and MCS:

* Unresponsive wakefulness syndrome (UWS):
Characterized by widespread, high-amplitude delta
activity, reflecting severe cortical disconnection and
reduced thalamo-cortical communication.

e Minimally conscious state (MCS): Lower delta
power and greater functional connectivity compared
to UWS, indicating partial preservation of cortical
networks. This preservation is often associated with
sporadic evidence of purposeful behavior.

* Emerging patterns in recovery: Patients tran-
sitioning from DOC states often exhibit gradual re-
ductions in delta power, accompanied by increased
alpha and beta rhythms, indicative of cortical reor-
ganization.

Diagnostic and Prognostic Value [22-25]

Delta rhythms serve as biomarkers for:

* Diagnosis: Quantitative EEG measures, such
as delta power, coherence, and cross-frequency
coupling, aid in differentiating DOC states. Com-
bining delta metrics with machine learning ap-
proaches has shown promise in improving diagnostic
accuracy.

* Prognosis: Changes in delta rhythm char-
acteristics over time correlate with recovery potential,
informing clinical decision-making. For instance, a
shift from global delta dominance to localized delta
activity may indicate partial network restoration.

Therapeutic Implications [1, 20, 26, 27]

1. Neuromodulation: Techniques such as tran-
scranial magnetic stimulation (TMS) and transcranial
alternating current stimulation (tACS) target delta
activity, showing promise in restoring cortical net-
work function. The use of personalized stimulation
protocols, based on individual EEG profiles, may
enhance therapeutic outcomes.

2. Pharmacological Approaches: Agents mod-
ulating T-type calcium channels or enhancing
cholinergic activity offer potential for delta rhythm
normalization. Recent trials involving ampakines
and GABA-A receptor modulators have demonstrated
preliminary efficacy in altering delta dynamics.

3. Noise Modulation: Harnessing the para-
doxical stabilizing effects of noise, such as through
stochastic resonance, represents an emerging ther-
apeutic avenue. Experimental studies suggest that
introducing controlled noise can enhance signal
transmission in impaired neural circuits.

Integration with Multimodal
Biomarkers [28-32]

Combining delta rhythm analysis with neu-
roimaging modalities enhances the understanding
of DOC pathophysiology. For instance:

e Functional MRI (fMRI): reveals connectivity
patterns linked to delta activity, providing insights
into network-level disruptions.

e Diffusion Tensor Imaging (DTI): assesses
white matter integrity associated with rhythm gen-
eration. Studies have shown that reduced fractional
anisotropy in thalamic and cortical regions correlates
with elevated delta power.

e PET Imaging: investigates metabolic abnor-
malities that may underlie delta rhythm alterations,
such as glucose hypometabolism in key brain regions.

Future Directions

Key areas for further exploration include:

* Mechanistic studies: elucidating the interplay
of glial cells, neuroinflammation, and vascular dy-
namics in delta rhythm generation. Investigating
the role of extracellular potassium accumulation
in modulating delta activity may also be fruitful.

* Longitudinal studies: examining delta
rhythm changes during recovery and their relation-
ship to neural plasticity. Such studies could identify
biomarkers predictive of long-term outcomes.

* Clinical trials: evaluating the efficacy of delta-
modulating interventions in large patient cohorts.
Trials should aim to stratify patients based on baseline
EEG features to optimize therapeutic targeting.

* Technological innovations: developing
portable, high-density EEG systems to facilitate
real-time monitoring of delta activity in clinical
settings.
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Conclusion

Delta rhythms offer profound insights into the

neural disruptions underlying DOC. Advances in un-
derstanding their mechanisms and clinical implications
hold promise for improving patient outcomes. Future
research should focus on bridging experimental find-
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