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Summary

The aim of the study was to investigate the neuroprotective properties of lithium chloride in a model of
photochemically induced stroke in rats.

Materials and Methods. The experimental work was conducted in the organoprotection laboratory for cri-
tical conditions at the V. A. Negovsky Research Institute of General Reanimatology, Federal Research and Clinical
Center of Intensive Care Medicine and Rehabilitology. The study included 32 outbred Wistar rats, randomized
into 2 equal groups: the NaCl (control) group, treated with physiological saline solution, and the LiCl group,
which received a 4.2% lithium chloride solution (63 mg/kg). The solutions were administered intravenously
120 minutes after inducing a stroke. The ischemic stroke model was generated using photochemically induced
thrombosis in cerebral sensorimotor cortex vessels. Neurological deficit was assessed using the «limb place-
ment test». Ischemic lesion volume was measured using MRI (7 Tesla). Immunohistochemical analysis in-
cluded markers for NeuN (survived mature neurons), Cas-3 (neuronal apoptosis), and Iba-1 (microglial acti-
vation). Statistical analysis was performed using the Shapiro-Wilk test, Student's #-test, and the Mann-Whitney
U test with significance at p<0.05.

Results. Lithium chloride infusion resulted in a 30% reduction in the ischemic lesion volume compared to
the control group (p=0.0236). The LiCl group showed an increase in signal intensity (relative units, RU) in the
NeuN-positive neurons in the penumbra (80 RU vs 41 RU in the control group, p=0.0001), a 25% decrease in
signal intensity in Cas-3-positive cells (p=0.0008), and a 58% decrease in signal intensity in Iba-1-positive cells
(p<0.0001). Neurological deficit in the LiCl group was less detectable (NaCL vs LiCl: 9,8 + 1,2 vs 12,5+ 1,5 scores,
respectively, p<0.0001).

Conclusion. Lithium chloride demonstrated significant neuroprotective properties in a model of ischemic
stroke, reducing the volume of damage and favoring the suppression of apoptosis and inflammation. The find-
ings validate the potential of lithium chloride as a therapeutic agent for treatment of ischemic stroke, owing
in particular to ability to modulate key pathogenic mechanisms of the disease. The results underscore the need
for further clinical research to assess the efficacy and safety of lithium in medical practice.
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Introduction The pathophysiological mechanisms of is-

Stroke is one of the leading causes of death
worldwide [1, 2]. Global stroke epidemiology shows
a steady trend toward an increase in incidence,
reaching 9.6 million new cases annually. This figure
strongly correlates with the demographic aging of
the population. According to studies, one in four
people will suffer a stroke during their lifetime,
with ischemic stroke being the predominant form
of cerebrovascular disease [2].

chemic stroke involve a complex cascade of inter-
related processes, among which disruption of the
blood-brain barrier plays a key role. Secondary
damage in stroke involves oxidative stress and neu-
roinflammation, which lead to dysfunction of the
cerebral vascular endothelium. These changes desta-
bilize the brain microenvironment, initiating vaso-
genic edema and hemorrhagic transformation of
ischemic tissue, while the activation of microglia
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and astrocytes closes a vicious cycle that exacerbates
ischemic damage and contributes to the progression
of neurological deficits [3].

Acute cerebral ischemia triggers structural in-
tracellular changes. The fate of neurons is determined
by the degree and duration of pore opening, which
alters the permeability of the mitochondrial mem-
brane (Mitochondrial Permeability Transition Pore,
mPTP), along with the development of energy defi-
ciency, excitotoxicity, and oxidative stress. A moderate
and transient increase in membrane permeability
may be accompanied by reversible changes followed
by cellular regeneration, whereas prolonged pore
opening inevitably leads to death of cerebral struc-
tures. The pathophysiological process associated
with mPTP opening is characterized by the release
of key proapoptotic factors into the cytoplasm, in-
cluding apoptosis-inducing factor (AIF) and se-
condary mitochondrial activator of caspases
(SMAC/Diablo) [4]. In addition, the enzyme glycogen
synthase kinase 3 (GSK-3f), which is involved in
regulation of cell death, inflammation, and oxidative
stress, is considered one of the important patho-
genetic targets [5].

The use of lithium-containing drugs as a thera-
peutic agent has undergone significant evolution
over the past decades, particularly in the field of
neuroprotection [6-8]. Initially known for their
mood-stabilizing properties in the treatment of
mental disorders, lithium-containing drugs have
recently become the focus of intense research
interest due to their neuroprotective effects in trau-
matic brain injury, Alzheimer’s disease, and amy-
otrophic lateral sclerosis [9-14].

Lithium is capable of modulating multiple
signaling pathways, influencing apoptosis, au-
tophagy, cytoskeletal remodeling, gene expression,
energy metabolism, oxidative stress, and the in-
flammatory response. Key targets of its action in-
clude the Wnt/-catenin pathway, adenylate cyclase,
inositol monophosphatase, and cyclooxygenase.
The molecular effects of lithium are mediated by
its interaction with GSK-3, as well as GPCRs, IMPA,
and IPP [15]. The pleiotropic effect of this cation
on cellular functions occurs through the phospho-
rylation of GSK-3f and its effects on cAMP-depen-
dent, inositol-3-phosphate, and calcium-mediated
signaling cascades. In addition, lithium influences
the activity of GABA and NMDA receptors, partici-
pating in the regulation of calcium homeostasis [16].
Lithium treatment reduces the production of pro-
inflammatory factors, including IL-1f and TNF-¢,
as well as other neuroinflammatory biomarkers in
experimental animal models [17, 18]. Lithium exerts
a cytoprotective effect on neuronal cell cultures in
the presence of 3-amyloid and colchicine [19]. The
use of lithium ascorbate improves stress adaptation
in in vitro and in vivo models [20].

The aim of this study is to investigate the neu-
roprotective properties of lithium chloride in a
model of photochemically induced stroke in rats.

Materials and Methods

Experimental studies involving laboratory an-
imals were conducted in accordance with the Prin-
ciples of Good Laboratory Practice (Russian Fede-
ration National Standard GOST R 53434-2009, March
2010) and protocols reviewed and approved by the
Animal Ethics Committee of the A.N.Belozersky
Research Institute of Physico-Chemical Biology
(Minutes No. 2/20 dated February 12, 2020). The
study was approved by the Ethics Committee of
the V.A. Negovsky Research Institute of General Re-
animatology, Federal Research Center for Intensive
Care Medicine (meeting minutes No. 1/25/5 dated
February 7, 2025).

The study was conducted on 32 outbred male
Wistar white rats weighing 310+12.5 g and aged
14-18 weeks.

Modeling of photoinduced ischemic stroke.
The model was induced following intraperitoneal
administration of chloral hydrate (Sigma-Aldrich,
USA) at a dose sufficient to induce anesthesia
(400 mg/kg body weight), diluted in a 0.9% sodium
chloride solution (Solopharm, Russia) at a rate of
10 mL/kg body weight. Focal ischemic stroke was
modeled in the sensorimotor cortex of rats using
photochemically induced thrombosis of cortical
vessels. The photosensitive dye Bengal rose (3%,
40 mg/kg intravenously; Sigma-Aldrich, USA) was
injected into the jugular vein. Afterward, the rat’s
head was secured in a stereotaxic frame (Bregma
coordinates: 0.5 mm distal and 2.5 mm lateral),
and the skull was exposed via a midline incision,
with the periosteum removed. The cerebral hemi-
sphere in the area of the sensorimotor cortex was
irradiated with a green laser at A =550 nm for 15 min.
After the skin was sutured, the rats were placed in a
cage under an infrared heating lamp until they
emerged from anesthesia. Body temperature was
maintained at 37 +0.5°C throughout the experiment.
Body temperature was measured using a rectal sen-
sor, and thermoregulation was performed auto-
matically by connecting the heating module to a
thermostat and setting the threshold values.

Grouping of animals. After regaining con-
sciousness and the ability to regulate body tempe-
rature independently, 120 minutes following induced
ischemic stroke, the animals were administered in-
travenously a 0.9% sodium chloride solution,
1.5 mL/kg (control group, NaCl, n=16) or a 4.2%
lithium chloride solution, 63 mg/kg (comparison
group, LiCl, n=16).

After administration of the solutions, the ani-
mal’s general condition (level of consciousness, mo-
bility) was assessed, and analgesia was administered
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(paracetamol 50 mg/kg subcutaneously). The animal
was then transferred to a cage with free access to
water and food. Throughout the experiment, the
partial pressures of O, and CO; in the animal chamber
were continuously monitored using an indoor at-
mosphere control unit («<INSOVT» JSC, Russia).

Instrumental methods. The studies were per-
formed using a magnetic resonance imaging (MRI)
scanner with a magnetic field strength of 7 Tesla
and a gradient system of 105 mT/m (BioSpec 70/30
USR, Bruker, Germany). The extent of brain damage
was assessed using graphical analysis of MRI images,
with calculation of the volume of the damaged
brain area.

Immunohistochemical studies. The immuno-
histochemical analysis included NeuN, Cas-3, and
Iba-1 markers. These markers were selected based
on their biological functions.

The NeuN protein (Neuronal Nuclei, also known
as Fox-3 or RBFOX3) is expressed in most mature
neurons but is absent in glial cells, stem cells, and
immature neuroblasts. Decreased NeuN expression
is associated with loss of neuronal integrity [21].

Caspase-3 is an enzyme involved in the process
of apoptosis.

The Iba-1 protein (Ionized calcium-binding
adapter molecule 1) is a specific marker of microglia
and macrophages involved in the immune response
and inflammatory processes in nervous and other
tissues [22].

The cells in which expression of these proteins
was detected were designated as NeuN-positive,
Cas-3-positive, and Iba-1-positive.

For immunohistochemical analysis on the
14™ day after stroke, immediately following eu-
thanasia (decapitation under anesthesia with 6%
chloral hydrate), the rat brains were fixed in 4%
formalin, embedded in paraffin, and sectioned to a
thickness of 4 uym. The sections were deparaffinized
in xylene and rehydrated in ethyl alcohol. High-
temperature antigen retrieval was performed in cit-
rate buffer, pH 6 (Target Retrieval Solution, DAKO,
Glostrup, Denmark). The sections were cooled,
washed three times in distilled water, and three
times in phosphate-buffered saline (PBS IHC Wash
Buffer + Tween, Cell Mark, Rocklin, USA) with a
5-minute exposure time. To suppress endogenous
peroxidase, the sections were incubated in 3% hy-
drogen peroxide for 10 minutes. To prevent non-
specific binding of primary or secondary antibodies
to tissue proteins, Protein Block Serum-free (Abcam,
UK) was used with a 30-minute exposure. The sec-
tions were incubated at 37°C for 1 hour with primary
antibodies against Ibal (ab5076, 1:500) and NeuN
(ab177487, 1:200), Anti-Caspase-3 (ab13847, 1:100),
and anti-Von Willebrand factor (ab9378, 1:200) di-
luted in Antibody Diluent (ab64211, Abcam, UK).
The sections were then washed in PBS twice for
5 minutes each. After washing the sections in PBS,

they were stained with hematoxylin, rinsed in running
water, dehydrated, and mounted. Images were ac-
quired using a Nikon Eclipse Ni-e microscope (Japan),
and digital analysis was performed using NIS-Ele-
ments software (Nikon Europe B.V., Netherlands)
and Image], Fiji. Results were presented as signal
intensity (Mean Intensity) in arbitrary units (AU).

Methods for assessing neurological disorders.
The limb placement test (LPT) was conducted ac-
cording to a protocol based on the method described
by De Ryck et al. [23] and modified by Jolkkonen et
al. [24]. The rats were habituated to human hands 3
days prior to testing. The test consisted of seven
trials assessing the sensorimotor integration of the
forelimbs and hindlimbs in response to tactile, pro-
prioceptive, and visual stimulation.

Statistical analysis of the data was performed
using Microsoft Excel (Microsoft Corporation, 2021),
Statistica 12.0 (StatSoft, Inc., 2014), and Med-
Calc 23.1.2 (MedCalc Software Ltd, 2025). The data
were tested for normality of distribution of variables
in the samples using the Shapiro-Wilk test. Samples
with a normal distribution were tested for equality
of variances (F-test). Data were presented as mean
and standard deviation (M+SD), as well as median
with interquartile range (Me [QI-Q3]). Samples
with a normal distribution and equal variances
were compared using Student’s ¢-test. Parameters
in groups with a non-normal distribution and sam-
ples with unequal variances were compared using
the Mann-Whitney U-test. Results of LPT test across
groups were compared using the area under the
curve (AUCQ) for serial measurements. A two-sided
significance level of p<0.05 was used to assess in-
tergroup differences.

Results

The animals in the NaCl and LiCl groups were
comparable in terms of body weight (p=0.585) and
age (0.931) (Table).

The test results showed a statistically significant
reduction in the severity of neurological deficits in
the LiCl group compared with the NaCl group
(p<0.0001). (Fig. 1).

The average extent of brain damage resulting
from induced ischemic stroke was statistically sig-
nificantly lower by nearly 30% in the LiCl group
(p=0.0236) (Fig. 2).

NeuN-positive cells were present in the area
of ischemic damage in both groups. At the same
time, in the penumbra zone, the signal intensity of
NeuN-positive cells was statistically significantly
higher in the LiCl group than in the control group,
amounting to 80 AU vs. 41 AU (p=0.0001) (Table,
Fig. 3).

In the area outside the ischemic lesion, there
was no significant difference in the signal intensity
of NeuN-positive cells between the groups. When
determining the signal intensity of Cas-3-positive
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Fig. 1. Results of the «Limb placement test» test over time.
Note. Each line represents the individual trend in test results for a
single animal in the study group.

and Iba-1-positive cells, a statistically significant
decrease was observed in the LiCl group compared
to the control group: by 25% and 58%, respectively
(Table).

Discussion

The present study demonstrated significant
neuroprotective effects of lithium chloride in a
model of photochemically induced ischemic stroke
in rats. The results showed that LiCl treatment re-
duced the volume of the ischemic lesion by 30%
compared to the control group, as confirmed by
MRI data. This is consistent with previously published
studies in which lithium exhibited neuroprotective
properties by modulating key pathogenic mecha-
nisms of ischemia, such as oxidative stress, neu-
roinflammation, and apoptosis [25-27].

A key finding of the study was the significant
increase in the signal intensity of NeuN-positive
neurons in the penumbra zone observed in animals
treated with lithium chloride. This indicates that
neuronal viability is preserved and the extent of
neuronal damage is reduced. At the same time, no
intergroup differences in the signal intensity of
NeuN-positive neurons were observed in the area
outside the ischemic lesion, which underscores the
selective action of lithium chloride on the ischemic
zone. The data obtained support the hypothesis
that lithium is capable of inhibiting apoptosis by

Fig. 2. T2-weighted MRI images in the axial plane, acquired on a 7-Tesla scanner (BioSpec 70/30 USR, Bruker).
Note. The hyperintense signal (white) corresponds to an area of vasogenic edema and ischemic injury. The red arrows indicate the
boundaries of the ischemic lesion in the sensorimotor cortex of the brain. Left: NaCl group (control); right: LiCl group. A reduction in

the area of ischemic damage was visually noted in the LiCl group.

Table. Comparison of groups by study parameters.

Parameters Parameter values in the groups P
NaCl LiCl

Bode weight, g 350+36 350+31 0,585

Age, weeks 17 [14-17] 16,5 [14-17] 0,931

LPT, AUC 86+18 115+13 <0,0001

Lesion volume, mms3 12,9 [10-13,8] 10 [5-11,8] 0,0236

NeuN penumbra, AU 41 [25-50,2] 80 [40-83] 0,0001

NeuN outside lesion 350 [180-451,2] 362,5 [200-435] 0,920
Cas-3, AU 13856 [10448-18142,2] 10385 [9000-12681,2] 0,0008
Iba, AU 2836+486 1179+£319 <0,0001
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Fig. 3. Representative images of histological sections of rat brain.

Note. 20x objective. a— hematoxylin and eosin staining; b— sections with a lesion site
stained for Iba-1; ¢ — combined cell staining: von Willebrand factor (vWf) in red, cas-
pase-3 (Cas-3) in brown; d— NeuN-positive cells. I — lesion; 2— penumbra; 3— intact
tissue.

suppressing caspase-3 activity,
which is consistent with the results
of other studies [28, 29].

The decrease in the intensity
of Iba-1-positive cells in the LiCl
group indicates a reduction in
microglial activation and, con-
sequently, a weakening of the
neuroinflammatory response.
This confirms the role of lithium
in modulating inflammatory
processes, which has been pre-
viously described in a study fo-
cusing on its effects on pro-in-
flammatory cytokines [30].

Lithium mechanisms of ac-
tion, such as inhibition of GSK-3f3
and regulation of calcium home-
ostasis, play a significant role in
its neuroprotective properties [31,
32]. The results obtained comple-
ment existing data, confirming
that lithium medications may be
a promising means for the therapy
of ischemic stroke, especially in
combination with other neuro-
protective agents.

Conclusion

Lithium chloride demon-
strated marked neuroprotective
properties in a model of photo-
chemically induced ischemic
stroke in rats, which were mani-
fested by:

— a 30% reduction in the
volume of the ischemic lesion;

— an increase in the intensity
of NeuN-positive neuron signals
in the penumbra area;

— a 25% and 58% decrease
in the expression levels of cas-
pase-3 and Iba-1, respectively.

The improvement in neuro-
logical functions in rats treated
with lithium chloride confirms
the clinical significance of its neu-
roprotective effect.

Notably, the favorable safety
profile of lithium at the doses used
in this experiment, combined with
the obtained data on its positive
effects, suggests a promising out-
look for preclinical studies of its
neuroprotective properties.
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