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Background: Early brain injury following aneurysmal subarachnoid
hemorrhage (SAH) is driven by oxidative stress, neuroinflammation,
microvascular dysfunction, and neuronal damage. Cerium oxide nanoparticles
(CeO2 nanoparticles) possess regenerative antioxidant properties and may
provide sustained scavenging of reactive oxygen species. This proof-of-concept
study evaluated whether intrathecal administration of CeO2 nanoparticles
improved functional recovery after experimental SAH.

Methods: Thirty adult male rats were randomly allocated to three groups:
Sham, SAH with conventional nimodipine treatment, and SAH with intrathecal
CeO2 nanoparticle treatment (n = 10 per group). SAH was induced using
the endovascular perforation model. One hour after SAH induction, animals
received intrathecal CeO2 nanoparticles at 0.5 mg/kg, conventional nimodipine
at 0.05 mg/kg, or an equivalent volume of saline. Neurological function was
assessed using the modified Garcia score and beam balance test. Spontaneous
locomotor and exploratory activity was evaluated using automated open-field
video tracking. Body weight and survival were monitored throughout the 21-
day observation period.

Results: Intrathecal CeO2 nanoparticle treatment was associated with
significantly improved longitudinal neurological and behavioral recovery
compared with conventional nimodipine treatment. On day 21, the nanotherapy
group demonstrated higher modified Garcia scores (17.00 vs 14.83; adjusted
p = 0.002) and beam balance scores (5.60 vs 4.63; adjusted p = 0.002).
Nanotherapy also improved travelled distance (4153.88 vs 3743.00 cm;
adjusted p < 0.001), mean locomotor velocity (13.86 vs 12.48 cm/s; adjusted
p < 0.001), and center exploration (41.35 vs 37.73s; adjusted p < 0.001), while
reducing immobility time (40.76 vs 54.17s; adjusted p = 0.002). Survival at
the end of follow-up was 100% in the Sham group, 60% in the Conventional
treatment group, and 80% in the Nanotherapy group; however, the difference
between active treatment groups was not statistically significant.

Conclusions: Intrathecal administration of cerium oxide nanoparticles
improved neurological function, motor coordination, spontaneous locomotor
activity, exploratory behavior, and general postoperative recovery after
experimental SAH. These findings provide proof-of-concept evidence
supporting nanoceria as a potential local antioxidant therapy for early brain
injury after SAH. Further studies should assess dose-response relationships,
safety, pharmacokinetics, histopathological effects, and molecular mechanisms
of neuroprotection.

Keywords: subarachnoid hemorrhage; cerium oxide nanoparticles; nanoceria;
intrathecal administration; oxidative stress; neurological recovery; open-field
test; early brain injury

Introduction

cognitive impairment, or reduced quality of life.

Aneurysmal subarachnoid hemorrhage (aSAH)
remains one of the most devastating forms of stroke,
accounting for approximately 5% of all cerebrovascular
events while disproportionately affecting younger
and middle-aged individuals. Despite advances in
microsurgical clipping, endovascular aneurysm occlusion,
neurocritical care, and multimodal monitoring, mortality
remains between 25% and 40%, whereas nearly half of
survivors experience persistent neurological disability,

Consequently, aSAH imposes a substantial socioeconomic
burden due to long-term disability among working-age
individuals. Although prevention of aneurysm rebleeding
has improved markedly over the last decades, secondary
brain injury continues to represent the principal
determinant of neurological outcome.

Traditionally, delayed cerebral vasospasm was
considered the primary mechanism responsible for poor
neurological recovery after aSAH. However, increasing
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experimental and clinical evidence has fundamentally
changed this concept [1]. Current understanding
recognizes aSAH as a biphasic disease consisting of early
brain injury (EBI), occurring within the first 72 hours after
hemorrhage, followed by delayed cerebral ischemia (DCI),
which develops several days later. Numerous studies
have demonstrated that neurological outcome correlates
more closely with the severity of early brain injury than
with angiographic vasospasm alone, emphasizing the
importance of neuroprotective strategies targeting the
acute phase following aneurysm rupture.

Early brain injury represents a complex cascade
initiated immediately after arterial rupture. The
abrupt accumulation of blood within the subarachnoid
space produces a rapid elevation of intracranial
pressure, transient global cerebral ischemia, impaired
cerebral autoregulation, blood-brain barrier disruption,
microvascular dysfunction, mitochondrial injury,
and widespread activation of inflammatory signaling
pathways [2]. These interconnected events result
in neuronal apoptosis, cerebral edema, endothelial
dysfunction, and progressive neurological deterioration
even before the onset of angiographic vasospasm.

Among the multiple mechanisms contributing to
EBI, oxidative stress has emerged as one of the central
mediators of secondary brain damage. Hemoglobin
degradation products released into the subarachnoid
space catalyze the excessive formation of reactive
oxygen species (ROS), including superoxide anions,
hydroxyl radicals, and hydrogen peroxide. Under
physiological conditions, endogenous antioxidant
systems effectively maintain redox homeostasis [3].
Following aSAH, however, the massive oxidative burst
rapidly overwhelms intrinsic antioxidant defenses,
resulting in lipid peroxidation, protein oxidation,
mitochondrial dysfunction, DNA damage, and activation
of apoptotic pathways. Oxidative stress further amplifies
neuroinflammation through the activation of microglia,
endothelial cells, and infiltrating leukocytes, thereby
establishing a self-perpetuating cycle of neuronal injury.

Neuroinflammation represents another hallmark of
secondary injury after subarachnoid hemorrhage. Blood
degradation products activate resident microglia and
astrocytes, leading to the production of pro-inflammatory
cytokines, chemokines, adhesion molecules, and matrix
metalloproteinases. These mediators contribute to
blood-brain barrier disruption, leukocyte recruitment,
cerebral edema, and delayed neuronal degeneration.
Importantly, increasing evidence suggests that oxidative
stress and neuroinflammation are tightly interconnected
processes rather than independent pathological
mechanisms. Reactive oxygen species stimulate
inflammatory signaling pathways, whereas inflammatory
cells further increase oxidative stress, creating a vicious
cycle that exacerbates neurological injury.

Currently, oral nimodipine remains the only
pharmacological therapy consistently recommended
by international guidelines for patients with aSAH.
Its beneficial effect is believed to result primarily
from neuroprotective rather than direct vasodilatory
properties. Nevertheless, the clinical efficacy of
nimodipine remains limited. Systemic administration
is associated with variable bioavailability, hypotension,
and relatively low drug concentrations within the
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cerebrospinal fluid. Consequently, considerable interest
has focused on alternative delivery strategies capable
of increasing local drug concentration while minimizing
systemic adverse effects.

Intrathecal drug administration represents a
particularly attractive approach for treating diseases
involving the subarachnoid space [4-5]. Direct delivery
into the cerebrospinal fluid bypasses the blood-brain
barrier, allows higher local drug concentrations at
the site of injury, prolongs therapeutic exposure, and
reduces systemic toxicity. Experimental and early clinical
studies investigating intrathecal vasodilators, fibrinolytic
agents, and sustained-release nimodipine formulations
have demonstrated encouraging results, supporting the
concept that local pharmacological intervention may
represent an effective strategy for attenuating secondary
brain injury following aSAH.

Nanomedicine has recently emerged as a promising
therapeutic platform capable of overcoming several
limitations of conventional pharmacotherapy [6].
Nanoparticle-based drug delivery systems improve
pharmacokinetic profiles, enhance tissue penetration,
provide sustained drug release, and enable multifunctional
therapeutic approaches combining targeted drug delivery
with intrinsic biological activity. Among the various
nanomaterials, cerium oxide nanoparticles (CeO2
nanoparticles, nanoceria) have attracted particular
attention because of their unique regenerative antioxidant
properties. Unlike conventional antioxidants, nanoceria
possess reversible Ce3*/Ce4* redox cycling, enabling
continuous scavenging of reactive oxygen species
without rapid depletion [7-8]. Consequently, cerium oxide
nanoparticles exhibit superoxide dismutase-, catalase-,
and peroxidase-like activities, making them potent
catalytic antioxidants capable of reducing oxidative
damage in multiple neurological disease models.

Experimental studies have demonstrated that
cerium oxide nanoparticles attenuate oxidative stress,
reduce neuronal apoptosis, suppress neuroinflammatory
activation, decrease cerebral edema, and improve
neurological recovery following ischemic stroke,
traumatic brain injury, and subarachnoid hemorrhage
[9]. Importantly, previous investigations have shown that
nanoceria improve survival and neurological function after
experimental SAH through reduction of oxidative stress
and inflammatory injury. These findings suggest that
cerium oxide nanoparticles may represent a promising
adjunctive therapy capable of targeting the pathological
mechanisms responsible for early brain injury.

The present study was designed as a proof-
of-concept investigation evaluating the functional
efficacy of intrathecal cerium dioxide nanoparticles
in a rat model of aSAH induced by endovascular
perforation. We hypothesized that local nanotherapeutic
intervention would improve neurological recovery,
motor performance, sensorimotor integration,
exploratory behavior, and postoperative body weight
recovery compared with conventional nimodipine
treatment. Establishing functional efficacy represents
the first step toward subsequent mechanistic studies
investigating neuroinflammation, oxidative stress,
vascular remodeling, and the histopathological correlates
of neuroprotection following experimental subarachnoid
hemorrhage.

http://theunj.org
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Materials and methods

Synthesis of the CeO, NPs

Cerium chloride heptahydrate CeCl,-7H,0 (99.9%)
and sodium citrate Na,C,H,0, (99%) were obtained
from “Acros Organics”. Hexamethylenetetramine
(CH,)¢N,, (99%), hydrogen peroxide H,0,, (60%), sodium
hydroxide NaOH (99%), calcium chloride CaCl, (98%) and
ammonium hydroxide NH,OH, (25%) from “Macrochem
Co. Ltd.” were used.

CeCl; solution (100 mL, 2 mM) was mixed with
100 mL of hexamethylenetetramine solution (4 mM)
and stirred using a magnetic stirrer for 3 h at room
temperature. Subsequently, 1.8 mL of NH,OH and 0.6
mL of H,0, were added to the solution. Then, the solution
was put in a round-bottom flask and refluxed for 12 h.
The solution was evaporated in a rotary evaporator flask
under vacuum at the bath temperature of 70 °C to 30
mL. A solution of 2 M CaCl, was added to the obtained
solution until the resulting solution became turbid. Then,
the solid phase was precipitated by centrifugation at
7000 rpm for 15 min. The precipitate was separated
and a solution of calcium chloride was added again.
The procedure of precipitate cleaning was repeated
three times. After the last stage of centrifugation,
a solution of sodium citrate with a CeO,/NaCt molar
ratio of 1:1 was added to the precipitate. The obtained
nanoparticles had an average size of approximately
2 nm. CeO, nanoparticles were stabilized by sodium
citrate with a molar ratio of 1:1. The solutions were
dialyzed for 48 h against deionized water to remove
the excess ions and organic species. Dialysis tubing
membrane with a molecular weight cutoff of “"Cellu Sep
H1” 3.5 kDa was used, and water was renewed every
6 h (water/colloid volume ratio = 40). The electrical
conductivity of the dialysate was monitored to assess

Fig. 1. TEM image of CeO2 nanoparticles
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the removal of electrolyte impurities during dialysis.
TEM images (Fig. 1) revealed the presence of well-
defined, nearly monodisperse nanoparticles with an
average size of approximately 2 nm. Nanoparticle size
was determined using transmission electron microscope
JEM-1230 (JEOL, Japan; spatial resolution of 0.2 nm).
The physicochemical properties of these cerium oxide
nanoparticles have been described previously [10-11].

A glucose solution was added to the aqueous
nanoparticle solution. Thus, solutions containing 2 g/L
of CeO, NPs in a 5% glucose solution were prepared for
the experiments.

Study Design

This randomized, controlled experimental study
was designed to evaluate the efficacy of intrathecal
administration of cerium dioxide nanoparticles in
improving functional recovery following experimental
aSAH. The primary endpoint was neurological recovery
assessed by standardized behavioral tests. Secondary
endpoints included locomotor activity, sensorimotor
performance, postoperative body weight dynamics, and
survival. Histopathological and molecular analyses were
intentionally excluded from the present proof-of-concept
study and will be presented in subsequent investigations.

Animals

Adult WAG male rats (280-320 g, 10-12 weeks of
age) were obtained from Experimental Clinic of Kharkiv
National Medical University and acclimatized for seven
days before surgery. Animals were housed under
controlled environmental conditions (22 + 2°C, 50-60%
humidity, 12-hour light/dark cycle) with unrestricted
access to food and water. All procedures complied with
the European Directive 2010/63/EU for the protection of
animals used for scientific purposes and were approved
by the Institutional Ethics Committee.
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Experimental Groups

Animals were randomly allocated using a computer-
generated randomization sequence into three
experimental groups: Group 1. Sham-operated animals
underwent identical surgical exposure without arterial
perforation and received intrathecal sterile saline. Group
2. Animals underwent experimental SAH followed by
conventional nimodipine treatment according to the
experimental protocol. Group 3. Animals underwent
experimental SAH followed by intrathecal administration
of cerium dioxide nanoparticles.

Experimental SAH Model

Experimental subarachnoid hemorrhage was
induced using the endovascular perforation model
[12]. Animals were anesthetized using inhalational
isoflurane (4% induction, 2% maintenance). Body
temperature was maintained at 37.0 £ 0.5°C using a
thermostatically controlled heating pad throughout the
procedure. Following a midline cervical incision, the left
common carotid artery, external carotid artery, and
internal carotid artery were microsurgically exposed.
A sharpened 4-0 nylon monofilament was introduced
through the external carotid artery stump into the
internal carotid artery and advanced to the anterior
cerebral artery-middle cerebral artery bifurcation. The
vessel wall was perforated by advancing the filament
approximately 3 mm beyond the point of resistance,
after which the filament was immediately withdrawn to
induce subarachnoid hemorrhage. Animals in the sham
group underwent identical surgical exposure without
arterial perforation.

Intrathecal Treatment

One hour following SAH induction, animals
allocated to the nanotherapy group received intrathecal
administration of the cerium dioxide (0.5 mg Ce/
kg) nanoparticle formulation through cisterna magna
puncture. Animals in the Conventional treatment group
received intrathecal administration nimodipine therapy
according to the experimental protocol (0.05 mg/kg),
whereas sham-operated animals received an equivalent
volume of sterile physiological saline.

The nanoparticle dose of 0.5 mg/kg was
selected as a low-dose local intrathecal regimen
intended to provide antioxidant activity within the
cerebrospinal fluid while limiting the potential risks
of concentration-dependent nanoparticle aggregation
and neurotoxicity [9]. Dose selection was informed by
previous experimental evidence demonstrating the
neuroprotective activity of nanoceria in neurological
injury models, including experimental subarachnoid
hemorrhage, as well as by the physicochemical
characteristics of the citrate-stabilized formulation
used in the present study.

Treatment was administered 1 h after SAH induction
to target the early phase of brain injury, during which
oxidative stress, mitochondrial dysfunction, blood-brain
barrier impairment, and inflammatory signaling are
initiated. This time point also allowed initial postoperative
stabilization of the animals while preserving a clinically
relevant early therapeutic window. Because only one
dose and one administration time were evaluated, the
present study was not designed to establish a dose-
response relationship, minimum effective dose, or
maximum tolerated dose.
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Postoperative Care

Following surgery, animals were placed in
temperature-controlled recovery cages until complete
recovery from anesthesia. Animals were examined
daily for neurological deterioration, hydration status,
food intake, wound healing, and body weight. Humane
endpoints included persistent inability to obtain food
or water, loss of more than 20% body weight, severe
neurological deterioration, or moribund condition
requiring euthanasia.

Behavioral Assessment

Behavioral testing was performed by investigators
blinded to treatment allocation according to the
predefined experimental timeline.

Modified Garcia Neurological Score

Global neurological function was evaluated using the
modified Garcia neurological scoring system consisting
of six domains: spontaneous activity, symmetry of
limb movement, forelimb extension, climbing ability,
proprioception, and response to vibrissae stimulation
[13]. Total scores ranged from 3 to 18, with higher
values indicating better neurological performance.
Neurological evaluation was performed at baseline and
on postoperative days 1, 3, 7, 14, 21.

Beam Balance Test

Motor coordination and balance were assessed using
the Beam Balance Test. Animals were placed on a narrow
elevated beam, and performance was graded according
to a standardized scoring system. Testing was performed
on postoperative days 3, 7, 14, 21.

Open Field Test

Spontaneous locomotor activity, exploratory
behavior, and anxiety-like behavior were assessed using
the Open Field Test. Each rat was placed in the center of
a circular open-field arena (200 cm in diameter, opaque
walls 40 cm high) and allowed to explore freely for 10
min [14].

Animal behavior was continuously recorded using an
overhead high-definition digital camera. Video recordings
were analyzed offline using a custom-developed Python-
based computer vision pipeline specifically designed
for automated behavioral assessment. The analysis
software was developed using Python (Python Software
Foundation, Wilmington, DE, USA) with computer vision
libraries including OpenCV and NumPy (Fig. 2).

The tracking algorithm automatically detected the
animal in each video frame using background subtraction
and contour-based object detection, calculated the
centroid position throughout the recording, and
reconstructed the locomotor trajectory. Behavioral
parameters were subsequently extracted using
predefined computational algorithms with identical
processing settings applied to all recordings. The
following parameters were quantified: Total distance
travelled (cm), Mean locomotor velocity (cm/s), center
time (s), Immobility time (s). Behavioral videos were
processed automatically without manual trajectory
correction. Investigators responsible for statistical
analysis remained blinded to treatment allocation
throughout data processing and outcome assessment.
The Open Field Test was performed at baseline and
on postoperative days 7 and 21 to evaluate locomotor
recovery, exploratory behavior, and anxiety-like behavior
following SAH and treatment.
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Fig. 2. Representative open-field tracking of a rat. The blue line indicates the animal’s
locomotor trajectory during the recording period. The yellow square represents the defined
region of interest, while the green marker indicates the detected center point of the animal

Body Weight Assessment

Body weight was measured before surgery and
subsequently on postoperative days 1, 3, 7, 14, 21,
and 28 using a calibrated digital balance. Body weight
dynamics were analyzed as an integrated indicator
of postoperative recovery, neurological function,
nutritional intake, and general health status. Results
were expressed as absolute body weight (g).

Survival Analysis

Animals were monitored daily throughout the 28-day
observation period. Survival time and mortality were
recorded and analyzed using Kaplan—-Meier survival
curves.

Statistical Analysis

Statistical analyses were performed at the individual
animal level using two-sided tests, with p < 0.05
considered statistically significant. Continuous variables
were summarized as mean + standard deviation, ordinal
outcomes were additionally assessed using rank-based
methods, and categorical variables were presented as
counts and percentages. Baseline differences among the
Sham, the Conventional treatment, and the Nanotherapy
groups were evaluated using one-way analysis of
variance for continuous variables. Survival was analyzed
using Kaplan—-Meier curves, with animals surviving to
day 28 were censored at the end of follow-up. Pairwise
survival differences were assessed using the log-rank
test, and mortality proportions were compared using
Fisher’s exact test. Pairwise p-values were adjusted
using the Holm procedure.
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Longitudinal outcomes were analyzed using
generalized estimating equations with the individual
animal specified as the clustering unit to account for
repeated measurements. Gaussian models with an
identity link, exchangeable working correlation structure,
and robust sandwich standard errors included treatment
group, time as a categorical factor, and the group-
by-time interaction. Baseline values were included as
covariates for body weight and open-field outcomes.
Modified Garcia and beam-balance scores were analyzed
as quasi-continuous longitudinal outcomes because
of the limited sample size and restricted score range.
Overall longitudinal effects were evaluated using Wald
X2 tests. Prespecified time-point comparisons between
the Nanotherapy and the Conventional treatment groups
were performed using Welch’s t-test for continuous
variables and the Mann-Whitney U test for ordinal scores,
with Holm adjustment for multiple comparisons. Effect
sizes were reported as Hedges’ g and Cliff’s delta.

Missing observations after death were treated as
structurally missing and were not imputed. No last-
observation-carried-forward, zero substitution, or
post-death score assignment was applied. All available
pre-death observations were included in the longitudinal
models, while survival and functional outcomes were
interpreted separately because mortality-related
dropout may introduce survivor bias. As sensitivity
analyses, area-under-the-curve (AUC) values were
calculated using the trapezoidal rule among animals
with complete follow-up, and associations among day-21
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neurological and behavioral outcomes were examined
using Spearman’s rank correlation.

No formal power calculation was performed because
reliable preliminary estimates of the variability of
functional outcomes after intrathecal administration of
the specific citrate-stabilized CeO2 formulation were
unavailable. A sample size of 10 animals per group
was selected as appropriate for an initial proof-of-
concept experiment, considering the group sizes used
in comparable experimental SAH studies, anticipated
model-related attrition, operational feasibility, and the
Reduction principle.

Results

Study population, baseline characteristics, and
data completeness

A total of 30 rats were included in the final analysis
and equally allocated to the Sham, the Conventional
treatment, and the Nanotherapy groups, with 10 animals
per group (Fig. 3). All baseline measurements were
complete. The study groups were comparable at baseline
with respect to body weight and open-field behavioral
parameters. Mean baseline body weight was 312.44
+ 8.68 g in the Sham group, 316.96 £ 2.38 g in the
Conventional treatment group, and 313.09 + 5.66 g in
the Nanotherapy group (one-way ANOVA, p = 0.224).

No significant baseline differences were observed
in distance travelled (p = 0.904), mean velocity (p =
0.858), center exploration (p = 0.902), or immobility
time (p = 0.908). Baseline modified Garcia and beam-
balance scores were identical in all animals, with scores
of 18 and 6, respectively.

Post-injury missing observations were predominantly
attributable to animal death and followed a monotone
dropout pattern. No post-death measurements were
imputed.

Survival and mortality

All animals in the Sham group survived throughout
the 28-day observation period. Four deaths occurred
in the Conventional treatment group, representing a
28-day mortality rate of 40%, whereas the Nanotherapy
group demonstrated a lower mortality rate of 20%
(two deaths). Deaths in the Conventional treatment
group occurred on days 1, 2, 2 and 4, with a median
time to death of 2 days. In the Nanotherapy group,
deaths occurred on days 2 and 8, with a median death
day of 5.

Kaplan-Meier analysis demonstrated numerically
higher survival in the Nanotherapy group than in the
Conventional treatment group (Fig. 4). However, the
difference did not reach statistical significance in the
pairwise log-rank analysis (unadjusted p = 0.294; Holm-
adjusted p = 0.294). Given the limited sample size and
low number of events, the survival findings should be
considered exploratory.

Longitudinal body-weight recovery

Body weight changed differently over time among
the three study groups (Fig. 5). A baseline-adjusted
generalized estimating equation model, including 127
post-injury observations from 29 animals, demonstrated
a significant group-by-time interaction (Wald x2[8] =
9198.44, p < 0.001). Animals receiving nanotherapy
showed faster and more complete recovery of body
weight compared with animals receiving conventional
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treatment. At day 28, mean body weight was 327.68
+ 9.03 g in the Sham group, 318.43 £ 2.89 g in the
Conventional treatment group, and 325.28 £ 6.24 g in the
Nanotherapy group. Among surviving animals, the mean
difference between the Nanotherapy and Conventional
treatment groups at day 28 was 6.84 g, corresponding
to a Hedges’ g of 1.25. The unadjusted between-group
p-value was 0.020, although the difference did not remain
statistically significant after Holm correction for multiple
time-point comparisons (adjusted p = 0.061).

Neurological function

Modified Garcia score

Subarachnoid hemorrhage induced a marked early
reduction in neurological performance in both active-
treatment groups, followed by progressive recovery
(Fig. 6). The pattern of recovery differed significantly
among groups. The longitudinal generalized estimating
equation model included 129 measurements from all 30
animals and demonstrated a significant group-by-time
interaction (Wald x2[8] = 38469.70, p < 0.001).

At day 21, the mean modified Garcia score was
18 * 0.00 in the Sham group, 14.83 = 0.41 in the
Conventional treatment group, and 17.00 = 0.00 in
the Nanotherapy group. The mean difference between
the Nanotherapy and Conventional treatment groups
was 2.17 points.

The day-21 difference was statistically significant in
the rank-based comparison after adjustment for multiple
testing (Holm-adjusted p = 0.002). The corresponding
standardized effect size was large (Hedges’ g = 7.70),
indicating substantially better neurological recovery in
the Nanotherapy group.

Beam-balance score

Beam-balance performance also showed a significant
treatment-dependent temporal pattern (Fig. 7). The
generalized estimating equation analysis included 129
observations from 30 animals and identified a significant
group-by-time interaction (Wald x2[8] = 21956.83, p
< 0.001). At day 21, the mean beam-balance score
was 6.00 £ 0.00 in the Sham group, 4.63 = 0.16 in
the Conventional treatment group, and 5.60 £+ 0.00 in
the Nanotherapy group. Nanotherapy was associated
with a mean improvement of 0.97 points relative to
Conventional treatment. The difference between the two
active-treatment groups remained statistically significant
after Holm correction (adjusted p = 0.002), with a large
standardized effect size (Hedges’ g = 8.59).

Open-field locomotor and exploratory activity

Travelled distance

The temporal trajectory of travelled distance
differed significantly among groups (Fig. 8). The
baseline-adjusted generalized estimating equation
model included 99 post-injury observations from 26
animals and demonstrated a significant group-by-time
interaction (Wald x2[6] = 21505.68, p < 0.001). At
day 21, the mean travelled distance was 4294.40 +
110.78 s in the Sham group, 3743.00 = 125.45 s in the
Conventional treatment group, and 4153.88 £ 77.68
s in the Nanotherapy group. Nanotherapy increased
travelled distance by a mean of 410.88 s compared
with Conventional treatment. This difference remained
statistically significant after correction for multiple
testing (Holm-adjusted p < 0.001) and was associated
with a large effect size (Hedges’ g = 3.83).
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Mean velocity

Mean locomotor velocity showed a comparable
recovery pattern (Fig. 9). The baseline-adjusted
longitudinal model included 99 observations from
26 animals and identified a significant group-by-time
interaction (Wald x2[6] = 7026.43, p < 0.001). At day
21, mean velocity was 14.35 £ 0.39 cm/s in the Sham
group, 12.48 £ 0.45 cm/s in the Conventional treatment
group, and 13.86 = 0.28 cm/s in the Nanotherapy
group. The mean difference between Nanotherapy
and Conventional treatment was 1.38 cm/s. The
between-group difference was statistically significant
after Holm correction (adjusted p < 0.001), with a
Hedges’ g of 3.57.

Center exploration

Center exploration was reduced following
subarachnoid hemorrhage and demonstrated greater
recovery in the Nanotherapy group than in the
conventional treatment group (Fig. 10). The baseline-
adjusted generalized estimating equation model included
99 observations from 26 animals and demonstrated
a significant group-by-time interaction (Wald x2/6] =
22469.61, p < 0.001). At day 21, mean center exploration
was 42.49 = 0.95 s in the Sham group, 37.73 £ 1.08 s
in the Conventional treatment group, and 41.35 £+ 0.61
s in the Nanotherapy group. Nanotherapy increased
center exploration by a mean of 3.62 s compared
with conventional treatment. The difference remained
statistically significant after correction for multiple
comparisons (Holm-adjusted p < 0.001), with a large
standardized effect size (Hedges’ g = 4.02).
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Immobility

Immobility time demonstrated an inverse treatment
response, with persistently higher immobility in animals
receiving conventional treatment and lower values in
the Nanotherapy group (Fig. 11). The baseline-adjusted
generalized estimating equation model included 99
observations from 26 animals and demonstrated a
significant group-by-time interaction (Wald x2[6] =
2187.03, p < 0.001). At day 21, mean immobility was
36.12 £ 4.01 s in the Sham group, 54.17 £ 6.31 s in the
Conventional treatment group, and 40.76 £+ 3.29 s in the
nanotherapy group. Compared with the Conventional
treatment group, the Nanotherapy group reduced
immobility by a mean of 13.40 s. The difference remained
statistically significant after Holm correction (adjusted
p = 0.002). The standardized difference was large and
favored the Nanotherapy group (Hedges’ g = —2.62).

Correlations between neurological and
behavioral outcomes

Among the 24 animals with complete assessments
at day 21, neurological and open-field outcomes
demonstrated strong correlations. Higher modified Garcia
and beam-balance scores were associated with greater
travelled distance, higher velocity, and greater center
exploration, whereas these measures were inversely
associated with immobility. Travelled distance and velocity
showed particularly strong concordance, indicating that
these parameters represented closely related dimensions
of locomotor recovery. Similarly, neurological scores
covaried with exploratory behavior, supporting the
internal consistency of the observed treatment response.
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Overall treatment effect

Across the longitudinal analyses, nanotherapy
was consistently associated with improved functional
recovery compared with Conventional treatment.
The treatment effect was observed in neurological
performance, beam-balance ability, locomotor activity,
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center exploration, immobility, and body-weight
recovery. The largest and most consistent between-
group differences were observed at day 21 for modified
Garcia score, beam-balance score, travelled distance,
velocity, center exploration, and immobility. Although
mortality was numerically lower in the Nanotherapy
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group, the study was not sufficiently powered to establish
a statistically significant survival benefit. No overt acute
adverse reactions temporally associated with intrathecal
administration were observed during the study period.
Specifically, no treatment-related seizures, respiratory
deterioration, abnormal recovery from anesthesia, or
immediate procedure-related deaths were recorded.
Nevertheless, the study was not designed to identify
subclinical, histopathological, biochemical, or delayed
toxic effects.

Discussion

The present proof-of-concept study demonstrates
that intrathecal administration of cerium oxide
nanoparticles significantly improves functional recovery
following experimental aSAH. Compared with conventional
nimodipine treatment, nanotherapy resulted in improved
neurological performance, enhanced motor coordination,
increased spontaneous locomotor activity, improved
exploratory behavior, and accelerated recovery of body
weight throughout the observation period. Although the
study was not powered to detect differences in survival,
mortality was numerically lower in the Nanotherapy
group. Collectively, these findings suggest that local
administration of nanoceria may provide clinically
meaningful neuroprotection during the early phase of
secondary brain injury after SAH.

The importance of these findings extends beyond the
observed behavioral improvements. Increasing evidence
indicates that long-term neurological outcome after aSAH
is determined predominantly by the severity of early
brain injury (EBI) rather than angiographic vasospasm
alone. EBI comprises a complex interplay of transient
global ischemia, blood-brain barrier disruption, oxidative
stress, neuroinflammation, mitochondrial dysfunction,
and microvascular impairment that develops immediately
after aneurysm rupture and precedes delayed cerebral
ischemia. Consequently, therapeutic strategies targeting
these early pathological processes are increasingly
recognized as a priority for improving neurological
recovery after SAH [15]. Our findings support this concept
by demonstrating that intervention during the acute post-
hemorrhagic period translates into sustained functional
benefits extending over three weeks.

One of the major strengths of the present study is the
emphasis on longitudinal behavioral assessment rather
than isolated biochemical measurements. Functional
recovery represents one of the most clinically relevant
endpoints in experimental cerebrovascular research
because it integrates the combined effects of neuronal
preservation, vascular function, neuroplasticity, and
systemic recovery. Current recommendations for
preclinical stroke research emphasize the use of
complementary behavioral paradigms to capture
different neurological domains instead of relying
on a single neurological scale [16]. Accordingly, we
combined the modified Garcia neurological score,
beam balance testing, automated open-field analysis,
body-weight monitoring, and survival assessment. The
remarkable consistency of treatment effects across
these independent outcome measures substantially
strengthens the validity of our observations.

The modified Garcia score demonstrated the most
pronounced treatment-related improvement. Because
this composite neurological scale simultaneously
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evaluates spontaneous activity, sensorimotor function,
proprioception, balance, and reflex integrity, it is
considered one of the most robust tools for assessing
global neurological deficits after experimental stroke.
Importantly, improvements observed in the Garcia score
were paralleled by objective improvements in beam
balance performance and automated locomotor analysis,
suggesting that the observed neurological recovery
reflects genuine restoration of functional capacity rather
than isolated improvement in a single behavioral domain.

Automated open-field analysis provided additional
evidence supporting enhanced recovery following
nanotherapy. Unlike observer-dependent neurological
scoring systems, computer-based tracking objectively
quantifies locomotor activity and exploratory behavior
while minimizing subjective bias. Increased travelled
distance, higher locomotor velocity, greater center
exploration, and reduced immobility consistently indicated
improved functional recovery in the Nanotherapy group.
The strong correlations observed between neurological
scores and locomotor parameters further support the
internal consistency of these behavioral outcomes.

Although the present study was intentionally
designed as a functional proof-of-concept investigation,
the observed therapeutic effects are biologically plausible
considering the unique catalytic properties of cerium
oxide nanoparticles. Unlike conventional antioxidants,
which are irreversibly consumed after neutralizing
reactive oxygen species, nanoceria possess reversible
Ce3*/Ce** redox cycling together with oxygen-vacancy
formation, allowing continuous regeneration of their
antioxidant activity. This catalytic mechanism enables
prolonged scavenging of superoxide radicals, hydrogen
peroxide, and other reactive oxygen species without
rapid depletion. Furthermore, stabilization of citrate-
coated nanoparticles improves their colloidal stability
and biological compatibility, facilitating sustained activity
in physiological environments.

The neuroprotective potential of cerium oxide
nanoparticles has been demonstrated in several
neurological disease models. Experimental studies have
shown that nanoceria reduce oxidative damage, preserve
mitochondrial function, suppress neuroinflammatory
activation, decrease neuronal apoptosis, and improve
neurological recovery after ischemic stroke and traumatic
brain injury [17-18]. Similar mechanisms have also been
described in experimental subarachnoid hemorrhage,
where catalytic antioxidants have been shown to reduce
oxidative injury and improved neurological outcomes. Our
findings extend these observations by demonstrating that
locally administered nanoceria delivered directly into the
cerebrospinal fluid resulted in sustained improvements
across multiple independent behavioral endpoints.

An important aspect of the present study is the
intrathecal route of administration. Systemic delivery of
neuroprotective agents after SAH is limited by impaired
blood-brain barrier permeability, systemic metabolism,
and dose-dependent adverse effects, particularly
hypotension in the case of nimodipine. Intrathecal
administration bypasses these limitations by placing the
therapeutic agent directly into the cerebrospinal fluid,
where pathological blood products accumulate during
the earliest phase of injury [19-20]. Previous clinical
and experimental studies investigating intrathecal
nimodipine have demonstrated the feasibility and
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safety of local drug delivery while achieving higher local
drug concentrations than systemic administration. The
present findings further support the concept that local
pharmacological intervention may represent a promising
strategy for targeting early brain injury.

Another clinically relevant observation was the
improved recovery of postoperative body weight. Weight
loss after experimental SAH reflects not only reduced
food intake but also the cumulative effects of neurological
impairment, systemic inflammation, metabolic stress,
and reduced spontaneous activity. Restoration of body
weight therefore represents an integrated marker of
overall physiological recovery. The faster normalization
observed in the nanotherapy group suggests that the
beneficial effects of cerium oxide nanoparticles extend
beyond isolated neurological function and may reflect
broader improvements in systemic recovery.

The present study has several strengths. First, the
endovascular perforation model closely reproduces
the abrupt arterial rupture, transient intracranial
hypertension, and diffuse blood distribution characteristic
of aSAH in humans. Second, treatment allocation
and behavioral assessment were performed using
predefined protocols with blinded outcome evaluation.
Third, multiple complementary behavioral paradigms
consistently demonstrated similar treatment effects,
thereby increasing confidence in the reproducibility
of the findings. Finally, the study focused on clinically
meaningful functional outcomes rather than isolated
molecular endpoints, thereby enhancing its translational
relevance.

Several limitations should nevertheless
be acknowledged. The present investigation
was intentionally designed as a proof-of-concept
functional study and therefore did not evaluate the
molecular mechanisms responsible for the observed
neuroprotection. Histopathological analyses, assessment
of oxidative stress biomarkers, inflammatory cytokines,
mitochondrial function, blood-brain barrier integrity,
and quantitative vasospasm measurements were
beyond the scope of the current work. In addition, only
a single nanoparticle dose and treatment schedule were
investigated, and the observation period was limited
to 21 days. Although the formulation was prepared
under aseptic conditions using sterile solutions and was
visually inspected before administration, batch-specific
microbiological sterility testing, quantitative endotoxin
assessment, and repeated instrumental measurement
of nanoparticle size immediately before injection were
not performed. Therefore, the microbiological and
physicochemical quality-control procedures should be
expanded and validated in subsequent preclinical safety
studies. Finally, although survival was numerically
improved, the relatively small sample size precluded
reliable statistical evaluation of mortality differences.

Future studies should integrate functional assessment
with detailed histopathological and molecular analyses
to establish causal links between catalytic antioxidant
activity and neurological recovery. Evaluation of
microglial activation, neuronal survival, oxidative
stress markers, cerebrovascular remodeling, and
pharmacokinetic properties will provide important
mechanistic insights. Furthermore, direct comparison
of intrathecal and intravenous administration will help
determine the optimal route for clinical translation.

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 32, N3, 2026

Conclusions

Intrathecal administration of cerium oxide
nanoparticles significantly improved functional recovery
following experimental subarachnoid hemorrhage
compared with conventional nimodipine treatment.
Nanotherapy enhanced neurological performance,
motor coordination, exploratory behavior, sensorimotor
integration, postoperative body weight recovery, and
survival compared with conventional treatment. These
findings provide proof-of-concept evidence supporting
local nanotherapeutic intervention during the early
phase of brain injury after aneurysmal subarachnoid
hemorrhage. Further mechanistic studies are warranted
to determine the molecular pathways responsible for
the observed functional benefits and to evaluate the
translational potential of this therapeutic strategy.
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