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Abstract

Introduction: Neonatal hypoxia-ischemia (HI) remains one of the most significant causes of
perinatal central nervous system injuries and subsequent neurodevelopmental disorders. The
development of new therapeutic interventions requires improvements in existing methods for
assessing clinical status according to the severity of the pathological process, enabling more
precise evaluation of disease correction.

Materials and Methods: Neonatal hypoxia-ischemia was modeled in CD-1 mice at 9 days of
age (n=51). Motor and coordination impairments were assessed using the inverted grid, vertical
pole, and horizontal pole tests on days 7 and 14. Anxiety-like behavior and exploratory activity
were evaluated in the open field test on day 15. Neurophysiological reactivity was examined by
administering caffeine (20 mg/kg) one hour prior to the Open field test on day 16.

Results: A statistically significant difference in motor activity was observed between the mild
and moderate injury groups compared to the intact group, with reductions of 37% and 57% in
the inverted grid test and 27% and 53% in the vertical pole test, respectively. Pharmacological
challenge with caffeine stimulated a 1.5-fold increase in speed and distance travelled in the
moderate injury group compared to those in the intact group, despite baseline statistically
significant differences in the Open field test.

Conclusion: The experimental approach to assessing the clinical status of animals after neonatal
hypoxia-ischemia modeling, followed by stratification based on injury severity, revealed
statistically significant differences across multiple parameters between the studied groups.
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Introduction

Neonatal hypoxia-ischemia (HI) remains one of the most significant causes of perinatal
central nervous system injuries and subsequent neuropsychiatric developmental disorders
(Zhou et al. 2021; Babbo et al. 2024). In the early postnatal period, hypoxia-ischemia
initiates a cascade of pathological processes including energy deficit, excitotoxicity,
inflammation and apoptosis, leading to long-term structural and functional brain changes
(Odorcyk et al. 2021; Brégere et al. 2022). Despite advances in neuroprotective methods,
long-term consequences of perinatal HI such as cognitive and emotional-motor deficits
remain difficult to treat and require deeper understanding of their formation and
compensation mechanisms (Chen et al. 2025).

Experimental models of neonatal hypoxia-ischemia in rodents, particularly CD-1 mice,
remain the most informative tool for studying pathogenesis and evaluating the effectiveness of
neuroprotective strategies (Kim et al. 2017). However, most studies focus on acute stages of
injury, while the dynamics of functional recovery and behavioral adaptations at later stages
remain insufficiently studied (Hamdy et al. 2020). Particularly scarce are data on how emotional-
cognitive and motor behavior differs in animals with varying severity of primary injury in
adulthood.

Additional interest lies in pharmacological tests using central nervous system stimulants that
can reveal hidden imbalances in neurotransmitter balance and plasticity (Weston et al. 2021).
Caffeine, an antagonist of A1/A2A adenosine receptors, is a widely used psychostimulant and
modulator of dopaminergic activity (Essawy et al. 2017; Ibrahim et al. 2020). Its effects are
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largely determined by the state of adenosine-dopamine balance, making caffeine a candidate for
functional pharmacological testing to assess compensatory capabilities of neural networks after
ischemic brain injury (Ratliff et al. 2019; Zhu et al. 2024). Analysis of behavioral responses to
caffeine stimulation can reveal not only motor but also cognitive-emotional deficits that are not
apparent in standard behavioral tests.

In this context, a comprehensive study of the behavioral profile in mice after modeling
neonatal hypoxia-ischemia during development from early post-stroke stages to adulthood is of
particular interest. This approach will allow assessment of the dependence of functional recovery
degree on injury severity, features of motor adaptation in the semi-remote period, and changes
in behavioral response to caffeine as an indicator of neurochemical plasticity.

Research objective: to evaluate the dynamics of functional and behavioral indicators in mice
after modeling neonatal hypoxia-ischemia and determine the nature of behavioral response to
caffeine as a potential tool for early assessment of outcomes and compensatory changes in the
CNS.

Materials and Methods

Study design

To form experimental groups, CD-1 mice were mated at a male-to-female ratio of 1:3. The
presence of a copulatory plug was recorded the following day, with the date of visualization
considered the first day of pregnancy. After 20-21 days, 61 offspring were obtained, 10 of
which were assigned to the intact group. Post-birth, litters were mixed and cross-fostered to
nursing females, with no more than 8 pups per dam, ensuring equal distribution across foster
mothers. Neonatal hypoxia-ischemia was induced at postnatal day 9 using a modified Rice-
Vannucci model. Animals were stratified into groups based on the severity of brain tissue
damage (mild and moderate) using the RFLSI-ZW laser speckle contrast imaging system
(RWD Life Science, China) to assess cerebral blood flow. Motor function and coordination
tests were performed on days 7 and 14 to evaluate clinical status changes. On day 16, the open
field test was conducted to assess general motor activity, anxiety-like behavior, and
exploration patterns. To uncover latent emotional-motor alterations and evaluate the functional
state of the adenosine-dopamine system, caffeine-induced pharmacological stimulation was
applied the following day. The open field test was repeated post-administration to assess
neural stimulation.

Animals

The study was approved by the Animal Ethics Committee of Belgorod State National Research
University (BelSU), approval No. 01-081/25 dated 18 August 2025. Animals were housed in the
SPF vivarium of BelSU under a controlled 12-hour light/dark cycle at temperatures of +22 to
+26°C, with ad libitum access to food and water. All procedures followed ethical guidelines for
laboratory animal care in accordance with the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes (ETS No. 170). Painful
manipulations were performed in compliance with Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the protection of animals used for
scientific purposes.

Modeling of neonatal hypoxia-ischemia

Neonatal hypoxia-ischemia was induced at postnatal day 9 using a modified Rice-Vannucci
protocol (Sheldon et al. 2018). Briefly, the left common carotid artery was coagulated under
inhalation anesthesia with isoflurane (4% induction, 1% maintenance). After surgery, pups were
returned to nursing dams for 2 hours, followed by exposure to hypoxic conditions (10% Oz, 90%
N2) for 50 minutes in a chamber accommodating no more than 25 animals per session. Gas
composition within the chamber was monitored using a PKG-4 V-K-P gas analyzer (serial no.
62615-15, valid until 12 November 2025, Russia).

Assessment of motor and coordination functions

Motor and coordination functions were evaluated using the Inverted grid, Vertical pole, and
Horizontal pole tests, adapted to detect deviant behaviors in juvenile mice (Table 1). The
maximum duration for each test was 60 seconds. Each animal was given three attempts with
a rest period of at least 30 minutes. Tests were conducted primarily in the morning under
consistent “home” lighting to minimize stress. For the inverted grid test, the mesh size was
adjusted to 5%5 mm with a wire diameter of 1 mm, and the screen area measured 25x25 cm.
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Table 1. Evaluation criteria for time-to-completion and deviant behavior in motor activity tests in mice

Inverted grid test
Time to complete
Tested parameter
the test (seconds)
Vertical pole test
Time to complete
Tested parameter
the test (seconds)

Deviant behavior analysis (total score: 12)

0 point 1 point 2 points 3 points
Inversion None 1 2 >3
Abn?;?:;rgggﬁmb None - - Present
Falls None 1 2 >3
Stops during descent None 1 2 >3

Horizontal pole test
Time to complete
Tested parameter
the test (seconds)

Deviant behavior analysis (total score: 12)

0 point 1 point 2 points 3 points
Turns None 1 2 >2
Coordn}atlgn None 1 2 >2 or fall
errors/slipping
Abnormal hindlimb None _ _ Present
movement
Total pause time <10 sec 10-20 sec 20-30 sec >30 sec

Assessment of exploratory behavior
Open field test

The open field test was used to evaluate motor activity, exploratory behavior, and anxiety levels.
The test was conducted during daylight hours under constant diffuse lighting (40—50 lux) and
minimal background noise. Animals were placed in the center of a square arena made of matte
plastic (50%50 cm, wall height 40 cm). The surface was cleaned with 70% ethanol before each
trial to eliminate odor traces.

The animal’s behavior was recorded for 5 minutes using an overhead video camera. Analysis
was performed using EthoVision software (Noldus Information Technology, Netherlands). The
following parameters were analyzed: velocity, total distance traveled, number of entries into the
center, and time spent in the peripheral zone.

Pharmacological challenge with caffeine

To investigate neurophysiological reactivity and latent forms of anxiety-like and motor behavior,
a functional pharmacological challenge was conducted using caffeine administered
intraperitoneally at a dose of 20 mg/kg (Coffeinum-natrii benzoas 20 %; JSC Mosagrogen,
Russia), 1 hour prior to the Open field test.

Statistical analysis

Statistical processing and graphical representation of the results were performed using GraphPad
Prism Software 8.0 (GraphPad Software Inc, USA). Data were analyzed using one-way ANOVA,
Welch’s ANOVA, or the Kruskal-Wallis test, followed by post-hoc analysis, as illustrated in the
figures. The choice of test depended on the distribution characteristics of the data across groups.
Numerical data in the text are presented as mean + standard deviation (M£SD).

Results

Stratification of animals by severity of brain injury

Three hours after modeling neonatal hypoxia-ischemia, animals were stratified into groups based
on injury severity using laser speckle contrast imaging of cerebral blood flow. Based on the
difference in mean perfusion values between the affected and contralateral hemispheres, the
following groups were formed: slight injury (n=13), moderate injury (n=15), severe injury
(n=12), and no visible injury (n=11). An intact control group consisted of 10 animals (Table 2).
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Based on perfusion assessment data from the affected and contralateral hemispheres, animals
classified with slight and moderate brain injury were selected for further analysis. Animals
showing no signs of damage were excluded due to the absence of a lesion focus, which precluded
their meaningful inclusion in comparative analysis. In the severe injury group, eight out of twelve
animals died by day 7 post-modeling. Given the insufficient number of surviving subjects and
the inability to obtain statistically reliable data on behavioral dynamics, this group was excluded
from further investigation.

Table 2. Stratification of animals into groups based on the severity of brain tissue damage

Indicator No visible injury Slight injury Moderate injury Severe injury

Mean A perfusion
units between the
damaged and 31+£5 132441 293+44 51186
contralateral
hemispheres
Number of animals

per group on day 7 1 13 12 4

Note: A — difference between the mean perfusion values of brain tissues.

Assessment of motor activity and coordination on days 7 and 14

Statistically significant differences were observed between the slight and moderate brain injury
groups at 7 and 14 days post-modeling of neonatal hypoxia-ischemia (Figs 1, 2, 3).

G Welch's ANOVA test
W (DFn, DFd) 53.26 (2.000, 17.17)
P value <0.0001
P value summary Ha
60— Significant diff. among means (P < 0.05)? | Yes
F mm S| H Welch's ANOVA test
W (DFn, DFd) 201.6 (2.000, 17.84)
= Ml P value <0.0001
P value summary o
8 40 B Intact group Significant diff. among means (P < 0.05)? | Yes
7] D C Games-Howell's multiple comparisons test
o | Summary | Adjusted P Value
£ A - 0.0351 AB
= 20+ B E 0.0004 AC
<0.0001 B-C
Games-Howell's multiple comparisons test
J Summary | Adjusted P Value
0- b <0.0001 D-E
714 714 7 14 <0.0001 D-F
i <0.0001 E-F

Day

Figure 1. Results of the Inverted grid test on days 7 and 14 in mice, depending on the degree of brain damage after
modeling HI. Note: SD — slight injury; MI — moderate injury; A, B, C, D, E, F in graphs — symbols assigned to each
group for intergroup comparison; G, H — intra- and intergroup variance analysis; I, J — post-hoc analysis of intergroup
comparisons; values in tables imported from Prism 8.0.1 software. Explanations in text.

On day 7 post-modeling, animals with slight (16.9 &+ 5.13 s) and moderate (11.7 + 2.83 s)
injuries showed significantly reduced latency to fall in the Inverted grid test compared to that in
the intact group (26.8 + 3.55 s). By day 14, partial recovery of motor function was observed in
the slight injury group (26.5 = 4.17 s), while the moderate injury group (14.5 + 3.37 s) continued
to exhibit substantially impaired performance. These results indicate pronounced deficits in
motor coordination and muscle strength, the severity of which correlates directly with the extent
of brain injury (Fig. 1).

The Vertical pole and Horizontal pole tests revealed significant differences in motor
performance and behavioral responses depending on the severity of neurological injury.

On day 7, the descent time from the Vertical pole was 17.1£3.44 s in intact animals,
12.54£2.01 s in the slight injury group, and 8.2+4.43 s in the moderate injury group.
This indicates a reduction in performance by 27% and 53% compared to the intact group,
respectively. Concurrently, an increase in deviant behavior scores was observed:
1.0+1.0 points in the intact group, 4.0+£0.81 points in the slight injury group, and 6.9+1.37
points in the moderate injury group, suggesting impaired motor coordination and
orientation.

By day 14, the descent time was 18.8+3.01 s in intact animals, 20.0+2.21 s in the slight defeat
group, and 12.6+1.77 s in the moderate injury group. Animals with slight injury showed a
tendency toward normalization of motor activity, unlike the moderate injury group. Deviant
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behavior scores at this time point were 0.5+0.5 points in intact animals, 2.44+0.9 points in the
slight injury group, and 5.1£1.19 points in the moderate injury group, reflecting persistent

behavioral deficits in animals with more severe injuries.

On day 7, the time to complete the Horizontal pole test was 21.11+4.5 s in the intact group,
27.56£2.92 s in the slight injury group, and 38.2243.52 s in the moderate injury group, reflecting
an increase in task completion time by 22% and 81%, respectively. Deviant behavior scores at
the same time point were 2.0+0.8 points in intact animals, 4.4+0.9 in the slight injury group, and
7.840.9 in the moderate injury group, corresponding to an increase of 24% and 46%,

respectively.
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Figure 2. Latency to complete the vertical pole test on days 7 and 14 in mice, depending on the degree of brain damage after modeling HI. Note: 1 — Time to
complete the Vertical pole test on days 7-14; 2 — Deviant behavior during the Vertical pole test on days 7-14; SD — slight injury; MI — moderate injury; A, B, C,
D, E, F in graphs — symbols assigned to each group for intergroup comparison; G, H — intra- and intergroup variance comparison; I, J — Post-hoc analysis of
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intergroup comparisons; Values in tables are imported from Prism 8.0.1 software. Explanations in text.

By day 14, a similar trend was observed: the test completion time was 15.22+3.07 s in intact
animals, 24.33+2.39 s in the slight injury group, and 43.1147.59 s in the moderate injury group.
This indicates an increase in task completion time by 62% and nearly 2.8-fold compared to
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controls, respectively. Deviant behavior scores on day 14 were 0.5+0.5 points in intact animals,
1.94£0.8 in the slight injury group, and 5.6+0.6 in the moderate injury group. Statistically
significant differences persisted between all groups, except for the comparison between the intact
group and the slight defeat group.
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P value <0.0001
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" A C B3 Intact group Significant dlff.' amon.g means (E <0.05)? | Yes
@ D | Games-Howell's multiple comparisons test
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<0.0001 B-C
Games-Howell's multiple comparisons test
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Figure 3. Latency to complete the Horizontal pole test on days 7 and 14 in mice, depending on the degree of brain damage after modeling HI. Note: 1 — Time to complete
the Horizontal pole test on days 7-14; 2 — Deviant behavior during the Horizontal pole test on days 7-14; SI — slight injury; MI — moderate injury; A, B, C, D, E, F in
graphs — symbols assigned to each group for intergroup comparison; G, H— intra- and intergroup variance comparison; I, J — Post-hoc analysis of intergroup comparisons;
Values in tables are imported from Prism 8.0.1 software. Explanations in text.
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Figure 4. Velocity and total distance traveled in the Open field test in mice, depending on the degree of brain damage after modeling HI. Note: 1 — Velocity in
the open field test on days 15 and 16 with caffeine stimulation; 2 — Distance traveled in the Open field test on days 15 and 16 with caffeine stimulation; SI —
slight injury; MI — moderate injury; A, B, C, D, E, F in graphs — symbols assigned for intergroup comparisons; G,H — intra- and intergroup variance analysis;
I, J — Post-hoc analysis of intergroup comparisons; Values imported from Prism 8.0.1 software. Explanations in text.

Velocity measurements showed an increase in the slight injury group (15.21£3.44 cm/s) and
a decrease in the moderate injury group (5.70+1.33 cm/s) compared to those in intact animals
(8.91£1.56 cm/s). Significant differences were also observed in distance traveled: slight injury
group — 42671107 cm, moderate injury group — 2004+329 cm, and versus intact animals —
2823+527 cm. Hyperactivity was observed in the slight injury group, while the moderate injury
group showed markedly reduced locomotion, with statistically significant intergroup differences.
Center zone entries numbered 26+5 in intact animals, 3046 in the slight injury group, and 1842
in the moderate injury group. The significant reduction in this parameter in the moderate injury
group compared to both control and slight injury groups indicates increased anxiety and reduced
exploratory behavior. Time spent in the peripheral zone averaged 272.4+9.2 s in intact animals,
245.5£19.1 s in the slight injury group, and 217.14£9.5 s in the moderate injury group. Reduced
peripheral zone time suggests altered behavioral strategies and disrupted balance between
exploration and defensive behavior, particularly pronounced in moderate injury.
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Figure 5. Time spent in peripheral zone and number of center entries in mice, depending on the degree of brain damage after modeling HI. Note: 1 — Number
of center entries in the Open field test on days 15 and 16 with caffeine stimulation; 2 — Time spent in peripheral zone in the Open field test on days 15 and 16
with caffeine stimulation; SI — slight injury; MI — moderate injury; A, B, C, D, E, F in graphs — symbols for intergroup comparisons; G, H — intra- and intergroup
variance; I, J — Post-hoc analysis; Values from Prism 8.0.1. Explanations in text.

The caffeine challenge test revealed significant differences in spatial-orientation activity
depending on neurological injury severity (Figs 4, 5). Velocity increased in the slight injury
(13.41£1.72 cm/s) and more markedly in the moderate injury group (16.54+1.55 cm/s) compared
to that in intact animals (11.84+2.08 cm/s). Distance traveled increased from 3370+608 cm in
intact animals to 4126+503 cm in the slight injury group and 4852+763 cm in the moderate injury
group. The moderate injury group showed statistically significant increases in distance traveled,
reflecting enhanced motor reactivity under caffeine. Center entries significantly increased in both
injury groups: intact — 39+6, slight defeat — 61.6+6, moderate injury — 7748, indicating reduced
anxiety and enhanced exploration following caffeine stimulation, particularly pronounced in
more severely affected animals. Time in peripheral zone was 243.5+9.3 s (intact), 244.3£9.2 s
(slight injury), and 262.7£12.9 s (moderate injury). Despite similarities in controls in slight
injury, moderate injury animals showed significant increases, possibly reflecting impaired spatial
orientation and heightened motor vigilance.
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The Open field and caffeine challenge tests indicate substantial motor and exploratory
deficits in moderate injury compared to intact and slight injury groups. Slight injury preserves
mobility but partially reduces exploratory behavior. Caffeine predominantly enhanced motor
responses in moderate injury, suggesting altered neurophysiological sensitivity to stimulants.

Discussion

The obtained results demonstrate that the severity of neonatal hypoxic-ischemic brain injury
significantly affects motor and exploratory activity in animals. As early as 7 and 14 days post-
modeling, mice with moderate injury showed substantial reductions in velocity, distance
traveled, and number of center entries in the Open field test compared to intact and slightly
injured animals. Such hypoactivity and anxiety-like behavior have previously been associated
with functional suppression of the dopaminergic system, which regulates motor activity,
motivation, and responses to stress stimuli (Qian et al. 2013).

Comparison between slight and moderate injury groups revealed that the severity of motor
impairments increases proportionally with injury extent. This aligns with recent studies
demonstrating dose-dependent reductions in tyrosine hydroxylase (TH) and dopamine
transporter (DAT) expression in the midbrain alongside hypoactivity in models of
neuroinflammation and moderate hypoxic damage (Kweon et al. 2024). Slight injury was
characterized by preserved partial motor activity and exploratory behavior, suggesting
compensatory mechanisms despite moderate dopaminergic suppression. In contrast, animals
with moderate injury exhibited insufficient compensation, manifesting as markedly reduced
locomotor performance. Recent studies attribute such changes to impaired striatonigral pathway
function and reduced neuronal activity in the substantia nigra (Wang et al. 2024).

The effects of caffeine are of particular interest. In our study, stimulation with this A1/A2A
adenosine receptor antagonist primarily enhanced motor activity in moderately injured animals.
According to recent data, adenosine receptor blockade potentiates dopaminergic transmission by
increasing D2 receptor sensitivity and dopamine release (Lopes et al. 2019). The observed
caffeine effect likely reflects compensatory hypersensitivity of postsynaptic dopamine receptors
under conditions of reduced presynaptic neurotransmitter production (Salvi et al. 2020).

Reduced time spent in the peripheral zone and decreased center entries in moderately injured
animals may indicate impaired cognitive and anxiety-related behavioral components. The
combined behavioral and caffeine challenge results confirm that neonatal hypoxia-ischemia
causes persistent alterations in dopaminergic regulation. These changes include reduced activity
of dopamine metabolic and synthetic enzymes alongside compensatory upregulation of D2
receptor expression (Kozina et al. 2017).

Thus, the identified patterns indicate that motor impairment severity depends on the extent
of cerebral damage and involvement of dopaminergic pathways. The caffeine effect reflects
residual neural plasticity potential amid partially preserved dopaminergic neurons, suggesting
therapeutic prospects for adenosine antagonists in rehabilitation strategies post hypoxic-ischemic
events.

To expand and correlate these findings with molecular processes, future studies should
investigate neuroplasticity markers (GFAP, IL-18, BDNF) and molecular validation of
behavioral changes through TH and DAT gene expression analysis in midbrain and striatal
regions. This would clarify dopaminergic system involvement in post-hypoxic impairments.

From a practical point of view, the identified differences in behavioral characteristics in
animals with different degrees of severity of HIE will allow for a more detailed assessment of
the effectiveness of neuroprotective therapy with various pharmacological compounds in
preclinical studies. This is particularly important, as the same drugs may demonstrate therapeutic
potential in mild damage, but may not have a significant effect in moderate pathology.

Conclusion

The experimental approach assessing behavioral changes in animals after neonatal hypoxia-
ischemia modeling, followed by severity-based stratification, revealed statistically significant
differences across multiple parameters. Pharmacological testing with caffeine (20 mg/kg)
uncovered specific neurophysiological response patterns. Slight brain injury was characterized
by reversible changes, while moderate injury led to persistent dopaminergic suppression and
significant motor deficits. Notably, caffeine induced substantial motor enhancement primarily in
moderately injured animals, suggesting adaptive reorganization in dopaminergic regulation and
heightened sensitivity to psychostimulation despite substantial brain tissue damage.
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