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ABSTRACT

Spinal cord injury is a relatively common type of trauma under combat conditions and, in addition to an increased risk of mortality, in most
cases results in impairments of motor and other functions. Restorative treatment of this injury remains one of the most challenging problems in
medicine, and its solution is associated with the use of bioengineered implants in combination with stem cells capable of promoting regenera-
tive axonal growth into the denervated regions of the spinal cord.

OBJECTIVE. To determine the effect of implantation of a PHPMA hydrogel populated with human mesenchymal stem/stromal cells (MSCs) of
different origins on hindlimb locomotor function recovery in rats after experimental spinal cord injury.

MATERIALS AND METHODS. Spinal cord injury was modelled in 70 adult male outbred albino rats aged 3-4 months by left-sided excision of a
fragment corresponding to one half of the spinal cord cross-section at the thoracolumbar level. For implantation into the injury site, PHPMA
hydrogel (HG) or hydrogel populated with MSCs derived from the wall of the human umbilical artery (MSC-UA) or from derma (MSC-Dr) were
used. The control group consisted of animals with spinal cord injury model that received no treatment. Locomotor activity and spasticity in
the paretic limb were assessed on days 7 and 14 and subsequently monthly for up to 4 months post-injury using the Basso-Beattie-Bresnahan
(BBB) scale and the Ashworth scale, respectively.

RESULTS. Four months after injury, the highest motor function scores were observed in the MSC-UA group, the lowest — in the MSC-Dr group,
and intermediate values — in the other groups. Significant differences were detected between the control and MSC-UA groups and between
the MSC-UA and MSC-Dr groups (p < 0.05). A significant increase in motor function score in the control group was observed during the first
2 months after injury, in the HG group — during the first month, and in the MSC-Dr and MSC-UA groups — throughout the entire 4-month
observation period.

Four months after injury modelling, the highest spasticity scores were observed in the MSC-Dr group, whereas the lowest were observed in the
control and MSC-UA groups; statistically significant differences were found only between the MSC-UA and MSC-Dr groups (p < 0.02). In addi-
tion, a significant negative correlation between individual motor function and spasticity scores was identified in all groups, with the strongest
correlation in the MSC-Dr and SCI groups.

CONCLUSION. Implantation of PHPMA hydrogel populated with human umbilical artery-derived MSCs into the spinal cord defect in rats pro-
motes improved recovery of locomotor function in the paretic hindlimb at 4 months of follow-up. However, it does not exert a significant effect
on spasticity. The use of cell-free hydrogel or hydrogel seeded with dermal MSCs did not result in an improvement in locomotor activity or
spasticity of the paretic hindlimb in rats.
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Traumatic spinal cord injury (SCI) remains a critical benchmark of
the capabilities of contemporary biomedical science and clinical practice.
Although the absolute number of affected patients is relatively small, SCI
is characterized by substantial prevalence and high socioeconomic bur-
den [1-3]. Moreover, SCI profoundly impairs quality of life and may reduce
life expectancy due to a wide spectrum of complications that can lead to
premature mortality [4-5]. In the structure of combat-related trauma, the
proportion of SCI is even more pronounced and may reach up to 8 % [6].

Currently, evidence-based therapeutic interventions for SCI include
early spinal cord decompression with reconstruction and stabilization of the
injured spine within the first 24 hours, prevention of thrombotic complica-
tions, and possibly maintenance of elevated mean arterial pressure to ensure
adequate hemoperfusion across the injury site [7, 8]. Other therapeutic ap-
proaches for SCI have not yet demonstrated clinically verified efficacy [8-13].

Restorative strategies for SCI encompass various transplantation-
based interventions, physical rehabilitation techniques, implantable and
non-invasive modalities of chronic electrical or magnetic brain stimula-
tion, as well as brain-machine interface technologies [9, 11, 13, 14]. The
most promising direction in the development of restorative treatment for
SCl is considered to be the integration of these multimodal approaches
into combined therapeutic strategies [9, 15, 16].

Stem cell populations investigated in this field include neural stem
cells (NSCs) and mesenchymal stem/stromal cells (MSCs) [9, 11]. Both
autologous and allogeneic sources of these cells are being explored,
including induced pluripotent stem cells (iPSCs) [9, 11]. Despite the
considerable number of clinical trials assessing the efficacy of cell trans-
plantation in SCI, none of the proposed therapeutic algorithms has ac-
cumulated sufficient safety data, and the overall clinical efficacy of this
approach remains modest [8, 9, 11, 16-18].

One of the promising directions in tissue engineering involves the
use of synthetic scaffolds, particularly hydrogels. Among these, a mac-
roporous hydrogel based on poly(N-[2-hydroxypropyl]-methacrylamide
(PHPMA) hydrogel has been extensively investigated in models of lace-
ration-type SCI [19-27]. However, the spectrum of cell types whose trans-
plantation in combination with this scaffold provides the most beneficial
effect on post-SCI regenerative processes remains incomplete.

A distinct clinical challenge is the management of three major late-
stage neurological complications of SCI - spasticity, chronic pain, and uri-
nary dysfunction [28-31]. At least spasticity and chronic pain may share
common pathophysiological mechanisms [32-34]. The development of
chronic pain following SCl is directly associated with the activation and
persistence of inflammatory processes [30, 35], and neural transplanta-
tion procedures may initiate or directly modulate these responses [36].
Conversely, MSCs exert immunotropic and anti-inflammatory effects
[37]. Therefore, elucidating the impact of cell transplantation on the
course of chronic SCl-related disorders remains highly relevant. More-
over, data regarding the efficacy of MSCs derived from human umbilical
arteries and skin dermis in SCI are currently lacking.

Accordingly, THE AIM of this study was to determine the effect of im-
plantation of a PHPMA hydrogel pre-seeded with human umbilical artery-
derived MSCs or skin dermis-derived MSCs on motor function recovery and
spasticity in the paretic limb following unilateral laceration-type SCI in rats.

MATERIALS AND METHODS

Spinal cord injury modeling. The study was performed on adult out-
bred male albino rats (250-300 g, 3-4 months old) obtained from the
vivarium of the State Institution "Romodanov Neurosurgery Institute of the
National Academy of Medical Sciences of Ukraine". Animals were housed
under a natural light-dark cycle at room temperature with ad libitum
access to balanced pelleted feed and water. A unilateral left-sided hemi-
section of the spinal cord at the lower thoracic-upper lumbar level was
used as the SCI model [38].
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Four experimental groups were formed:

1. SCI (spinal cord injury) — SCI modeling only (n = 22; n =19 com-
pleted the observation period);

2. HG (hydrogel) — SCI modeling + immediate implantation of PHPMA
hydrogel (n = 18; n = 15 completed the observation period);

3. MSC-UA (mesenchymal stem/stromal cells from the umbilical
artery wall) — SCI modeling + immediate implantation of PHPMA hydrogel
containing human umbilical artery wall-derived MSCs (n = 25; n = 20
completed the observation period);

4. MSC-Dr (mesenchymal stem/stromal cells of dermal origin) — SCI
modeling + immediate implantation of PHPMA hydrogel containing adult
human dermis-derived MSCs (n = 20; n =16 completed the observation
period).

The study was conducted in accordance with the principles of
bioethics and humane treatment of animals. The experimental protocol was
approved by the Bioethics Commission and Ethics Committee for
Scientific Research of Bogomolets National Medical University (Protocol
No. 172, dated 22 June 2023).

The SCI model used in this study has been described in detail in our
previous publication [38]. Briefly, surgical procedures were performed
under general anesthesia induced by intraperitoneal administration of
15 mg/kg xylazine (Xyla, Interchemie werken De Adelaar BV, the Nether-
lands) and 70 mg/kg ketamine (Farmak, Ukraine). Following a linear skin
incision, a limited left-sided laminectomy was performed at the level of
approximately Th11-Th12 vertebrae corresponding to spinal cord seg-
ments ~Th13-L1. Without separating the dura mater or spinal roots, the
spinal cord was punctured ventrally with an insulin needle at two points
(~1 mm apart) along the left border of the posterior median artery. A lon-
gitudinal paramedian incision between the puncture sites was then made
using ophthalmic scissors. The tissue of the left hemicord was transected
at the rostral and caudal margins of the incision and removed from the
wound using microsurgical forceps of varying geometry under magnifica-
tion provided by a surgical microscope.

The resulting spinal cord defect was left unfilled (SCI group), filled
with a fragment of PHPMA hydrogel (HG group), or filled with a fragment
of PHPMA hydrogel containing MSCs derived from the human umbilical
artery wall or adult human dermis (MSC-UA and MSC-Dr groups, respec-
tively). In all animals, the bone defect was covered with a fragment of
subcutaneous fascia, and the soft tissues and skin were closed in two
layers using interrupted sutures. To prevent infectious and inflammatory
complications, 0.5 million IU/kg Bicillin-5 (Kyivmedpreparat, Ukraine)
was administered subcutaneously into the posterior cervical region and
5 mg/kg dexamethasone solution (KRKA, Slovenia) was administered in-
traperitoneally. Postoperatively, animals were maintained for 2-4 hours
in a room with elevated ambient temperature (30 °C) and subsequently
housed under standard conditions (see above) in medium-sized cages in
groups of several animals [38].

Assessment of motor activity and spasticity in the paretic limb. Fol-
lowing successful induction of SCI, animals exhibited motor deficits of
the ipsilateral hindlimb in the form of spastic paresis of varying seve-
rity. Motor function and spasticity of the paretic limb were evaluated on
days 7 and 14 and monthly thereafter following injury using the Basso-
Beattie-Bresnahan (BBB) locomotor rating scale and the Ashworth scale,
respectively, in our technical modifications [38], without prior training of
the animals.

The BBB scale enables assessment of hindlimb locomotor function
during spontaneous locomotion in an open field. It includes evaluation of
joint movements in three key joints (0-9 points), the ability and degree of
weight support by the paretic limb (9-11 points), interlimb coordination
(12-14 points), fine motor control of the paw muscles (14-20 points),
maintenance of tail position above the plane of locomotion (19-20 points),
and trunk stability (20-21 points) [38].

Although the Ashworth scale is designed to detect the principal
dynamic manifestation of spasticity — the so-called “catch” phenom-
enon, defined as a marked increase in resistance to rapid passive joint
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movement — in rats it primarily reflects resistance during passive flexion-
extension movements of the joints in the paretic limb. Accordingly, the
scale grades spasticity from the absence of resistance to passive move-
ment (0 points) to severe restriction of passive joint mobility, including
pronounced contracture and, in some cases, ankylosis [38]. The total
follow-up period was 4 months after SCI induction.

Compliance with inclusion criteria. All animals in the experimental
groups demonstrated a paretic hindlimb motor recovery of < 9 points
on the BBB scale at the first assessment time point (day 7 after SCI
induction). Throughout the experiment, animals did not exhibit persis-
tent motor deficits of the contralateral hindlimb (< 14 points on the BBB
scale), signs of stable peripheral paresis indicative of lower motor neu-
ron damage at the L3-L6 segments, or evidence of trophic disturbances
or traumatic injury of the paretic limb. Cases of abdominal wall muscle
paresis were not specifically recorded [38].

Isolation, culture, immunophenotyping, and directed differentiation
of MSCs. MSC-UA were isolated from human umbilical arteries (n = 2).
Umbilical cord tissue samples obtained during physiological deliveries
from women aged 29-37 years at 38-41 weeks of gestation (one male
and one female neonate). MSC-Dr were isolated from human skin sam-
ples obtained by punch biopsy (n = 2) from donors aged 27-36 years,
one male and one female. All tissue samples were obtained acording
informed consent.

Cells were isolated under sterile conditions using an enzymatic diges-
tion method (0.1 % collagenase (Gibco, USA) and 0.1 % hyaluronidase
(Sigma, Germany), 45-50 min at 37 °C). Primary cultures and subsequent
passages were performed at 80-85 % monolayer confluence. Cells were
detached using 0.025 % trypsin/EDTA solution (Capricorn, Germany)
and replated into new flasks at a density of 3-4x103 cells/cm?. Cells
were cultured in DMEM/F12 medium supplemented with 5 % FBS, 1 %
L-glutamin, 0.2 % antibiotic/antimycotic solution (all — Capricorn,
Germany), and 1 ng/mL bFGF (Sigma, Germany). The culture medium was
changed every 48 hours.

The percentage of viable and dead cells at passage 2 was deter-
mined using a BD FACSAria laser flow cytometer-cell sorter based on
7-AAD (BD, USA) uptake by membrane-compromised cells. Expression
levels of surface markers CD73, CD90, CD105, CD34, CD45, and HLA-DR
(all = BD Pharmingen, USA) were also assessed using the BD FACSAria
cell sorter. Detailed protocol descriptions have been published previ-
ously [25]. Osteogenic and adipogenic differentiation of both stem cell
types was induced using standard protocols for 21 and 14 days, respec-
tively, as described earlier [25].

Immunocytochemical characterization of stem cells. MSC-UA and
MSC-Dr cultures grown on glass coverslips were fixed in 4 % form-
aldehyde and subsequently treated with a blocking/permeabilization
solution containing 0.3 % Triton X-100 (Sigma, USA) and 0.5 % bo-
vine serum albumin (Sigma, USA) to enhance antibody penetration and
minimize nonspecific binding.

Samples were incubated for 24 hours with a mixture of primary anti-
bodies. To identify MSCs and assess their proliferative activity, double im-
munocytochemical staining was performed using chicken anti-vimentin
antibodies (1:2500, Dako, USA) and rabbit anti-Ki-67 antibodies (1:200,
Thermo Fisher Scientific, USA). Cell nuclei were counterstained with the
fluorescent dye Hoechst 33342 (1:5000, Sigma, USA). After washing in
0.1 M phosphate buffer, specimens were incubated for 1.5 hours with a
mixture of secondary antibodies: anti-chicken Alexa Fluor 488-conjugated
antibodies (1:1000, /nvitrogen, USA) and anti-rabbit Alexa Fluor 555-con-
jugated antibodies (1:1000, /nvitrogen, USA).

Cell cultures were mounted in Fluoromount™ Aqueous Mounting
Medium (Sigma, USA) and analyzed using a FluoView™ F\/1000 confocal
laser scanning microscope (Olympus Inc., Japan) equipped with a digital
camera interfaced with a computer for image acquisition and analysis.

Preparation of PHPMA hydrogel and cell populating. The PHPMA
hydrogel is a polymeric material synthesized from N-(2-hydroxypropyl)
methacrylamide (Aqua Gel Technologies, Canada) under conditions

100 Cell and Organ Transplantology | November 2025, Vol. 13, No. 2

of heterophase separation by radical polymerization in a porogen-
containing medium with the formation of divinyl cross-links [24-26].
After removal of residual by-products and high-temperature steriliza-
tion, macroscopic PHPMA hydrogel fragments (3-4 cm in length and
approximately 1 cm in diameter) were transported in distilled water in
sealed containers and autoclaved immediately prior to use.

Both stem cell types were populated by direct injection of a cell
suspension (50 pL, 3x10* cells) into partially dehydrated (air-dried
under laminar airflow conditions) PHPMA hydrogel fragments (12 mm?,
molded into plastic forms with tapered ends). Hydrogel fragments
containing the introduced cells were placed into 4-well culture plates
(NMunc, Denmark) filled with culture medium. The constructs (PHPMA +
MSC-UA and PHPMA + MSGC-Dr) were further cultured for 7 days, with
medium changes every 48 hours. The culture medium was identical to
that described above.

Statistical analysis. Statistical analysis was performed using the
EZR software package (R-statistics), which is freely available, on a per-
sonal computer. Mean locomotor function and spasticity score values
in the compared samples were presented as median (Q1; Q3), since the
distribution of values in the analyzed samples deviated from normality.

In experimental animals that completed the observation period, dif-
ferences in locomotor function and spasticity values across observation
time points within each group were assessed using repeated-measures
ANOVA (rANOVA) or the Friedman test; Bonferroni correction was ap-
plied for multiple comparisons in both cases. Additionally, to comple-
ment and clarify the statistical findings, paired comparisons were per-
formed using the paired Student’s t-test (for normally distributed data)
or the Wilcoxon signed-rank test (for non-normal distributions).

To determine the significance of intergroup differences in locomo-
tor function and spasticity at each observation time point, normality was
assessed using the Shapiro-Wilk test. In cases of normal distribution,
homogeneity of variances was evaluated using Bartlett’s test. Intergroup
comparisons were then conducted using one-way ANOVA with Tukey’s
posthoctest (for normally distributed data) or the Kruskal-Wallis test with
the Steel-Dwass post hoc test (when distributions deviated from norma-
lity or variances were heterogeneous). To further substantiate intergroup
comparisons, pairwise analyses of independent samples were performed
using the unpaired Student’s t-test (for normal distributions) or the
Wilcoxon-Mann-Whitney test (for non-normal distributions).

Correlations between locomotor function and spasticity were
assessed for animals that completed the observation period (see above)
using Pearson’s correlation coefficient (when at least one variable
followed a normal distribution) or Spearman’s rank correlation test (when
both variables deviated from normality). In all analyses, results were
considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Characterization of stem cells used for transplantation. From the first
passage onward (including passages 2 and 3), both MSC phenotypes
displayed a fibroblast-like morphology, strong adherence to plastic, and
a population of proliferatively active cells as indicated by Ki-67 staining
(Fig. 1).

Viability of MSC-UA and MSC-Dr, assessed by a BD FACSAria cell
sorter, was 93.5 £ 3.3 % (n = 2) and 96.3 £ 2.6 % (n = 2), respectively.
Immunophenotyping of passage 2 cultures (MSC-UA, n = 2; MSC-Dr,
n = 2) revealed characteristic expression profiles of surface markers.
MSC-UA exhibited high expression of CD73 (99.4 + 0.5 %), CD90 (98.8 +
1.2 %), and CD105 (98.0 + 0.7 %), whereas MSC-Dr expressed CD73
(99.9 + 0.0 %), CD90 (99.5 + 0.1 %), and CD105 (99.1 + 0.6 %), consis-
tent with the mesenchymal phenotype of these cells. Expression of CD34,
CD45, and HLA-DR was below 1 % in both cell types.



Following directed adipogenic differentiation for 14 days, Qil Red
0 staining demonstrated abundant intracellular lipid droplets, indi-
cating successful differentiation of MSCs into adipocytes. Directed
osteogenic differentiation for 21 days, assessed via BCIP/NBT substrate
reaction (Sigma, USA), revealed strong alkaline phosphatase activity as a
marker of osteoinduction, confirming differentiation of both MSC-UA and
MSC-Dr into osteocytes. Alizarin Red staining further demonstrated
mineral deposition in the extracellular matrix, supporting the osteogenic
differentiation capacity of both cell types.

Overall, MSC-UA and MSC-Dr cultures met the minimal criteria for
multipotent stem cells, exhibiting typical fibroblast-like morphology,
adherence to plastic, proliferative potential, characteristic immunophe-
notype, and the ability to differentiate into adipogenic and osteogenic
lineages.

Dynamics of locomotor function and spasticity of the paretic
hindlimb. At day 7 post-injury, locomotor function values in all experi-
mental groups deviated from a normal distribution (p < 0.01; Shapiro-
Wilk test). Median values were as follows: SCI group — 1 (1;1) BBB
points, HG — 3 (1;6), MSC-Dr — 1 (1;2), and MSC-UA - 2 (1;6) (Fig. 2).
Locomotor function values at this time point differed significantly for
pairwise comparisons between SCI and HG, and SCI and MSC-UA
(p < 0.05; Steel-Dwass post hoc test) or between SCI and HG, SCI and
MSC-UA, HG and MSC-Dr, MSC-UA and MSC-Dr (p < 0.03; Wilcoxon-
Mann-Whitney test) (Fig. 2).

The greatest increase in locomotor function across all groups
occurred during the following week. By day 14 post-injury, median values
were: SCI — 4.5 (4; 6) BBB points, HG - 7 (3; 8), MSC-Dr - 2 (2; 6), and
MSC-UA -7 (6; 8). At this time, locomotor function differed significantly
for comparisons between MSC-Dr and HG, and MSC-Dr and MSC-UA
(p < 0.05; Steel-Dwass post hoc test) or between SCI and MSC-UA, HG
and MSC-Dr, MSC-UA and MSC-Dr (p < 0.03; Wilcoxon-Mann-Whitney
test). Locomotor function score distributions were non-normal in HG,
MSC-Dr, and MSC-UA groups (p < 0.01; Shapiro-Wilk test).

At 4 months post-injury, locomotor function score distributions
deviated from normal only in MSC-UA and MSC-Dr groups (p < 0.01;
Shapiro-Wilk test). Median values were: SCI -7 (6.5; 8), HG - 9 (5; 11),
MSC-Dr -7 (3; 9), MSC-UA - 9 (8; 10) BBB points (Fig. 2). Locomotor
function values differed significantly only for the SCI vs MSC-UA com-
parison (p < 0.03; Steel-Dwass post hoc test) or for SCl vs MSC-UA and
MSC-UA vs MSC-Dr (p < 0.05; Wilcoxon-Mann-Whitney test) (Fig. 2).
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Overall, the highest locomotor function values were observed in the
MSC-UA group and the lowest in the MSC-Dr group, indicating a positive
effect of MSC-UA transplantation on recovery of motor function in the
ipsilateral hindlimb following spinal cord injury.
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Over the entire observation period, locomotor function in the SCI,
HG, and MSC-UA groups changed most intensively during the first two
weeks. At 2 weeks post-injury, the median locomotor values in the SCI
group reached 64 % of the values observed at 4 months, whereas in the
HG and MSC-UA groups, they reached 78 %. In contrast, in the MSC-Dr
group, this value was only 29 %.

In the SCI group, locomotor values at 1 week were significantly
lower than at subsequent time points (p < 0.02, Friedman test with
Bonferroni correction), and showed significant increases between the
first and second weeks, between the second week and the first month,
and during the second month of observation (p < 0.05, Wilcoxon test;
p < 0.05, Student’s t-test).

In the HG group, a significant difference from locomotor function
at 1 week post-injury was observed only for locomotor function mea-
sured at 1-4 months (p < 0.04, Friedman test with Bonferroni correc-
tion), while according to other analyses, locomotor function increased
significantly only during the first month of observation (p < 0.05,
Wilcoxon test).

In the MSC-Dr group, locomotor values at 1 week were significantly
lower than at all later time points (p < 0.02, Friedman test with Bonfer-
roni correction), but increased significantly over the first 2 months and
at 4 months post-injury (p < 0.05, Wilcoxon test).

In the MSC-UA group, locomotor values increased significantly du-
ring the second week and the second month of observation (p < 0.02,
Friedman test with Bonferroni correction), and, according to other ana-
lyses, over the first 2 months and at 4 months post-injury (p < 0.02,
Wilcoxon test). In other words, significant locomotor function recovery
occurred over 2 months in the SCI group, 1 month in the HG group, and
4 months in the MSC-UA group. These data indicate distinct dynamics
of locomotor function improvement in each group.

The distribution of spasticity scores in all experimental groups at
7 days post-injury deviated from normality (p < 0.01, Shapiro-Wilk
test). At this time point, median spasticity score values were as follows:
SCl - 1 (1; 1) Ashworth, HG - 1 (0; 1), MSC-Dr — 0.5 (0; 1), and
MSC-UA — 1 (1; 1) Ashworth (Fig. 2). There were no significant dif-
ferences in spasticity score between the experimental groups at this
time point (p > 0.05, Steel-Dwass test for post hoc comparisons;
Wilcoxon-Mann-Whitney for pairwise comparisons). Throughout the
observation period, spasticity score values increased slowly and irregu-
larly across all experimental groups, reflecting gradual development of
spasticity in the paretic limb post-injury.

At 1 month post-injury, the distribution of spasticity scores in all
experimental groups deviated from normality (p < 0.01, Shapiro-Wilk
test), with median spasticity score values of 1 (1; 1) Ashworth in the
SCl, MSC-Dr, and MSC-UA groups, and 0.75 (0; 1) Ashworth in the HG
group (Fig. 1). The spasticity values in the HG group at this time point
differed significantly from those in the other three groups (p < 0.04,
Steel-Dwass test for post hoc comparisons; p < 0.01, Wilcoxon-Mann-
Whitney test for pairwise comparisons).

At 2 months post-injury, spasticity score distributions in all ex-
perimental groups again deviated from normality (p < 0.01, Shapiro-
Wilk test). Median spasticity values were 1 (1; 1) Ashworth in the SCI
and MSC-UA groups, 1 (0.625; 1) in the HG group, and 1 (1; 2) in the
MSC-Dr group. At this time point, spasticity values did not differ sig-
nificantly between groups (p > 0.05, Steel-Dwass test), although pair-
wise comparisons indicated a difference for the HG group relative to the
other three groups (p < 0.04, Wilcoxon-Mann-Whitney test).

At 4 months post-injury, the spasticity score distribution was nor-
mal only in the HG group (p > 0.05, Shapiro-Wilk test). Median spasti-
city score values were 1 (1; 1) Ashworth in the SCI and MSC-UA groups,
1(0.75; 1.5) in the HG group, and 1 (1; 2) in the MSC-Dr group (Fig. 2).
At this time point, spasticity values did not differ significantly be-
tween groups (p > 0.05, Steel-Dwass test), except for a significant dif-
ference between MSC-UA and MSC-Dr in pairwise comparison (p < 0.02,
Wilcoxon-Mann-Whitney test) (Fig. 2). Overall, the highest spasticity
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values were observed in the MSC-Dr group, and the lowest in the SCI
and MSC-UA groups. These data indicate that the presence of MSGC-Dr
in the hydrogel does not affect spasticity, whereas MSC-UA is associ-
ated with a dynamic reduction in PS.

Over the course of the entire experiment, a gradual increase in
spasticity scores was observed in the HG and MSC-Dr groups, whereas
the SCI and MSC-UA groups showed a rapid increase during the first
month, followed by no significant changes over the subsequent three
months. Overall, statistical analysis confirmed these observations. In
the SCI group, significant changes in spasticity score were detected
only during the second week of the experiment (p < 0.001; Friedman
test with Bonferroni correction) or were not observed at all for all pair-
wise comparisons (p > 0.05; Wilcoxon test). In the HG group, a sig-
nificant increase in spasticity score relative to 1-week values was ob-
served only at 3 months post-injury (p < 0.03, Wilcoxon test; p < 0.03,
Friedman test with Bonferroni correction). In the MSC-Dr group, spas-
ticity score increased significantly over the first two months (p < 0.03,
Wilcoxon test; p < 0.03, Friedman test with Bonferroni correction), while
in the MSC-UA group, spasticity increased significantly only during the
first month after injury (p < 0.02, Wilcoxon test; p < 0.02, Friedman test
with Bonferroni correction). These results indicate that the presence of
MSC-UA in the hydrogel promotes motor activity recovery in rats after
SCI, whereas MSC-Dr does not exert such an effect.

As previously noted, at 4 months post-injury, the highest locomotor
function scores were observed in the MSC-UA group and the lowest
in the MSC-Dr group, with the other two groups showing intermedi-
ate values. Conversely, the highest spasticity values were observed in
the MSC-Dr group and the lowest in the SCI and MSC-UA groups. This
finding is consistent with the concept that reduced voluntary muscle
control after SCI —that is, increased central paresis — is associated with
higher spasticity, reflecting involuntary reflex muscle activity. Corre-
lation analysis of the data, performed for animals that completed the
observation period supported this notion. Specifically, analysis of
individual locomotor function/spasticity scores pairs across all groups
at each time point revealed a weak negative correlation at 1 month
(rs =-0.29, p < 0.02) and moderate negative correlations at 2, 3, and 4
months (rs =-0.54, p < 0.01; rs =-0.62, p < 0.001; rs = -0.66, p < 0.001)
(Fig. 3). However, at 7 days post-injury, the MSC-UA group exhibited a
moderate positive correlation between individual locomotor and spas-
ticity values (rs = +0.59, p < 0.01), whereas the SCI group showed a
moderate negative correlation (rs = -0.53, p < 0.05).

At 2 months post-injury, a strong negative correlation between
individual locomotor and spasticity values was observed in the MSC-Dr
group (rs = -0.76, p < 0.001) (Fig. 3), while the SCI group showed a
moderate negative correlation (rs = -0.68, p < 0.01). At 3 months post-
injury, the MSC-Dr group exhibited an even stronger negative correla-
tion (rs = -0.82, p < 0.001), whereas the SCI group maintained a mode-
rate negative correlation (rs = -0.63, p < 0.01). Similarly, at 4 months
post-injury, the MSC-Dr group showed a very strong negative corre-
lation between individual locomotor and spasticity values (rs = -0.86,
p < 0.001) (Fig. 3), while the SCI group demonstrated a strong negative
correlation (rp=-0.73, 95 % C1-0.89 ... -0.41, p < 0.001). Interestingly,
at this same time point, both the MSC-UA and HG groups displayed
moderate negative correlations (rs = -0.49, p < 0.05 and rp = -0.57,
95 % C1-0.84 ... -0.08, p < 0.05, respectively).

Tissue neuroengineering is an actively researched biomedical field
aimed at restoring lost nervous system functions by recreating its
microstructure [17, 39-41]. In cases of spinal cord injury (SCI), when
the lesion is located outside the motor innervation zones of the limbs,
the primary goal of regenerative treatment is the restoration of supra-
spinal innervation of motor neurons — for example, by promoting the
growth of injured long-projection axons through the post-traumatic
reorganization zone. Neuroengineering tools that can address this chal-
lenge currently include transplantation- and molecular-genetic-based
approaches aimed at stimulating axon growth through the injury site,



promoting their myelination, and neutralizing factors that inhibit axo-
nal regeneration [9, 10, 11, 15-17]. Considering that voluntary step-
ping synergies in mammals correlate with the preservation of only a
small fraction of spinal white matter tracts, achieving significant posi-
tive outcomes in SCI treatment using such bioengineered approaches
is realistic [42].
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Fig. 3. Correlation between BBB (locomotor function) and Ashworth (spasti-
city) scores across the samples of animals that completed the obser-
vation period. Top row, left to right: all individual locomotor/spasticity
scores pairs at 2 months — moderate negative correlation: rs = -0.54
(p < 0.01); MSC-UA group at 2 months — no significant correlation:
rs =-0.39 (p > 0.05); MSC-Dr group at 2 months — strong negative
correlation: rs =-0.76 (p < 0.001). Bottom row, left to right: all indivi-
dual locomotor/spasticity scores pairs at 4 months — moderate ne-
gative correlation: rs =-0.66 (p < 0.001); MSC-UA group at 4 months —
moderate negative correlation: rs =-0.49 (p < 0.05); MSC-Dr group at
4 months — strong negative correlation: rs = -0.86 (p < 0.001).

Currently, restorative neurosurgery is at the stage of testing amor-
phous porous matrices loaded with one or multiple cell types, as well
as the development of spatially organized matrices, including those
combined with immature cells [17, 43]. Since the most common form
of SCI in humans is contusion and/or compression, transplantation of
intact volumetric biocomposite structures may have clinical application for
obvious reasons [7, 44-46]. However, this will only be justified if their
efficacy supports the removal of damaged spinal cord tissue or already
formed scar tissue, without disregarding nerve fibers that may have
survived in the injury zone or grown de novo.

To date, the use of implantable materials — even in combination with
other spinal cord regeneration-enhancing strategies — has been shown
in experimental studies to improve motor function recovery after SCI by
25.3 % [47]. The overall efficacy of all experimental regenerative treat-
ments for SCI averages an 18 % improvement in motor function accor-
ding to the BBB scale [48]. Our results fall within this range of efficacy,
significantly enhancing the recovery process after SCI in adult rats by
approximately 10 % when an PHPMA hydrogel associated with human
umbilical artery wall MSCs was implanted into the injury site, compared
with implantation of RHPMA hydrogel alone. It should be noted that, at
present, none of the clinical bioengineering algorithms for SCI treatment
have generated sufficient data regarding efficacy and safety, and overall,
the effectiveness of these methods remains suboptimal [8, 9, 11, 16-18].
However, a substantial number of potential adverse reactions associated
with cell transplantation in SCI have been reported [16, 18].

Transplanted stem cells in spinal cord tissue likely undergo a phase
of secretion of various bioactive substances and factors (the first week
post-transplantation), followed by a differentiation phase (weeks 2-3)
during which secretory function is lost, and then an immune elimination
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phase [49]. The proposed mechanisms underlying the beneficial effects
of MSCs include immunomodulatory, anti-inflammatory, pro-angiogenic,
anti-apoptotic, and antioxidant effects mediated by numerous cytokines
and growth factors. In addition, MSCs exert direct receptor-mediat-
ed effects on host cells, transfer mitochondria, produce extracellular
microvesicles, possess the capacity for neural transdifferentiation —
including differentiation into neuroglial cells — can fuse with recipient
cells, and exhibit pro-neuroplastic effects [37, 50-56]. If MSCs derived
from the umbilical artery wall have a specifically committed effect on
vascular cells, their positive impact on SCI outcomes may be mediated
by roles in restoring microcirculatory flow and the integrity of the spinal
blood-brain barrier during the development of the early inflammatory pro-
cess following SCI [57, 58].

Presumably, the peak activity of the intrinsic physiological plasticity
process after SCI occurs during the first weeks of the post-injury period.
However, when selecting the timing for a regenerative intervention, it is
recommended to consider the dynamics of local inflammatory responses
and secondary damage during the acute phase of injury [17, 59]. There-
fore, in experimental settings, the optimal window for cell transplantation
is considered to be between days 4 and 7 post-SCI [60, 61].

Despite the availability of various methods of treating spasticity
after SCI with differing levels of efficacy, it is evident that restoring
descending innervation of spinal motor neurons — particularly using
bioengineering approaches — is the most logical strategy for simulta-
neously improving motor function and reducing spasticity after spinal
cord injury [29, 62-66]. Our data generally support this assumption:
the restoration of motor activity, i.e., voluntary innervation of paretic
muscles, is accompanied by a reduction in homonymous manifesta-
tions of spasticity. However, the effect of cell transplantation on spas-
ticity through modulation of the inflammatory process in the injured
spinal cord remains unexplored.

One challenge in the clinical translation of experimental findings is
the significant difference in size between commonly used small experi-
mental mammals and humans, the inability to replicate all nuances of
human SCI in experimental models, and the limitations of the current
tools for assessing functional outcomes in small mammals [38, 44, 59,
67]. In particular, significant concerns exist regarding the use of the BBB
scale to study unilateral motor deficits following the hemiexcision model
implemented in our study, as well as the subjectivity of the Ashworth
scale and the limited precision of electromyographic methods [38].
According to our observations, the limitations of the BBB scale are espe-
cially relevant for motor deficits corresponding to scores above 8 [38],
which may reduce the reliability of the data obtained in this study and
represents one of the factors limiting clinical translation and reprodu-
cibility [68]. On the other hand, considering the higher incidence of SCl in
men [69], the results obtained in this study still hold significant practical
relevance.

The results obtained in the SCI and HG groups, as noted, in adult
animals using a hemiexcision spinal cord injury model differ from those
observed in animals aged 1 month subjected to the same type of injury
[24, 38, 70]. In young animals, excision of the lateral half fragment of
the spinal cord, unlike hemisection in animals of the same age and ori-
gin, leads to a profound, non-recoverable deficit in motor function of the
paretic limb, whereas immediate implantation of PHPMA hydrogel into
the defect site significantly reduces this deficit by ~2.5 points on the BBB
scale [24, 38, 70]. The lack of effect of PHPMA hydrogel in our adult
animals is similar to its absence of influence on recovery after immediate
implantation into the lateral hemisection site in young animals, although
with lower BBB scores by ~2 points [24]. We suggest that these diffe-
rences can be explained by age-dependent variations in the size of the
axonal and dendritic apparatus of spinal interneurons, which mediate col-
lateral pathways for descending inputs to motor neurons below the injury
level, as well as by technical differences in model execution by different
experimenters and variations in the lineage and housing conditions of
experimental animals.
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On the other hand, it should be noted that the number of studies on
hydrogels, particularly PHPMA derivatives seeded with various cell types,
including stem cells, remains very limited. This creates a knowledge
gap regarding how synthetic matrices affect cellular proliferative status,
phenotype, mitotic activity, and differentiation capacity under first-order
contact conditions or during long-term survival within the matrix [25, 26,
71-73].

tions, such as unreliable electrode-tissue interfaces in neural prostheses
or, for exoskeletons, the requirement for a minimum level of voluntary
motor activity in paretic muscles and partial preservation of spasticity,
i.e., retention of some descending spinal cord fibers [77]. Therefore, the
development of effective biological strategies for regenerative treatment
remains highly relevant, even in light of substantial progress in abiotic
technologies for restoring spinal functions.

Currently, an alternative approach for restoring lost function after
SCl is abiotic and bionic prosthetics, including “exoskeleton” technolo-
gies [14, 74-76]. However, these technologies have significant limita-

The obtained data overall demonstrate a significant positive effect of umbilical artery-derived MSC transplantation in association with PHPMA
hydrogel on the course of laceration SCI. Specifically, implantation of PHPMA hydrogel seeded with MSC-UA into the hemisection site of the rat
spinal cord improves recovery of motor function in the paretic limb over a 4-month observation period but does not significantly affect spasti-
city. In contrast, implantation of hydrogel without cells or seeded with MSC-Dr does not show a significant positive effect on locomotor activity or
spasticity of the paretic limb.
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Brmns imnnantanii PHPMA-rigporenio 3
Me3eHXiMa/IbHUMHU CTPOMATbHUMM KIiTUHAMU THOIVHNI
Pi3HOTO NMOXOMKEeHH Ha BiTHOB/IEHHA PyX0BOi (PYHKIIil
KIiHIIiBOK Yy IIyPiB 3 TPABMOI0 CHMHHOI'O MO3KY

Caraitak B.!, Pu6auyk O.>*, Menikos **, MenBenes B.!

'Hayionanvnuti meduunuii ynieepcumem imeni O. O. Bozomonvys, Kuis, Yxpaina

“Incmumym ¢isionoeii imeni O. O. Bozomonvys HAH Ykpainu, Kuis, Ykpaina

1Y "Hauionanvruii Haykoeuti uenmp imeni akad. M. . Cmpanecka HAMH Yxpainu', Incmumym eenemuumof
ma pezenepamusHoi meduvyunu, Kuis, Yepaina

Y "Incmumym wetipoxipypeii imeni akad. A. I1. Pomooanosa HAMH Ykpainu", Kuis, Ykpaina

TpaBma crimHHOro MO3Ky — [0BOJTi 4aCTe YILIKOKEHHS B YMOBAxX 60MOBUX Jill, 110, OKPIM ICTOTHOIO 30i/TbLLIEHHS PUINKY CMEPTI, y OIbLLIOCTI
BUNAAKIB CPUYNHAE MOXUTTEBI MOPYLLEHHS PYXOBUX Ta IHLLIMX DYHKUIA. BigHOBHE NiKYBAHHS LIbOr0 BUAY TPABMU € OAHIEH 3 HAUTIXINX
Mpo67IeM Cy4acHOi MEANLNHN, BUPILLEHHS AKOI 0B A3YI0Tb i3 3aCTOCYBAHHAM 0iOIHXEHEPHNX IMMNAHTIB y KOMOIHaLli 3 cTOBOYPOBUMY
KIITUHAMU, SIKi 6 CPUsIN PereHepaLiiHoMy pocTy akCOHIB y eHepBOBAHY YacTUHY CIIMHHOIO MO3KY.

META — BcraHouTv Brins imnnaHTayii PHPMA-rigporesito 3 Me3eHximanbHuMm CTPOMATbHUMM KITITUHAMW JIIOAUHN PI3HOT0 MOXOMKEHHS Ha
BI/JHOBJIEHHS PYXOBOI QDYHKLUIT KIHLIBOK Yy LLYPIB MICIIS MOLE0BAHHSA TPABMU CITUHHOIO MO3KY.

MATEPIAJIN | METOAMN. TpaBmy crninHHOro MO3KY MOZeoBanm Ha 70 camusix 6innx 6e3mopogHuX LYPIB BIKOM 3-4 Mic. LWISIXOM J1IBOGIYHOr0
BUCIHEHHS GhparMeHTy MosI0BUHM MONEPEYHNKA CIIMHHOIO MO3KY Ha rpyAHO-N0NepeKkoBoMy PiBHi. s iMnnaHTawii B 30Hy TpaBmMu BUKOPUCTO-
ByBanu PHPMA rigporens (HG) camocTiniHo abo nonepeaHb0 3aceneHuii MyabTUIOTEHTHUMU ME3IEHXIManbHUMU CTPOMASTbHUMU KIITUHAMY
CTiHku nynosuHHoi aptepii (MSC-UA) un gepmn nrogutn (MSC-Dr). KOHTPOSIbHY Tpyny CKAanu TBaPUHW i3 3MO[ESTbOBAHUM YILKOIKEHHAM
063 J1ikyBaHHSA. PyxX0By akTUBHICTb | CIACTUYHICTb Y NapeTUHHINA KIHLIBYI OLiHIOBa/IM Ha 7-My, 14-Ty 406y Ta LYOMICALSA NPOTArom 4 mic. nicis
TpaBmu 3a LLKanot Basso-Beattie-Bresnahan (BBB) ta Ashworth, BignosigHo.

PE3YJIbTATU. Yepe3s 4 mic. nicns TpaBmu HanbinbLLi 3HA4YEHHS NOKa3HuKka QyHKkyii cnoctepirann y rpyni MSC-UA, HavimerLwi — y rpyni MSC-Dr
74 POMIKHI — y PELUTI rpyn. Pi3Hnus BUABUAACA JOCTOBIPHOK MiX rpynamu koHTpoto i MSC-UA ta mix MSC-UA i MSC-Dr (p < 0.05). IcTotHe
30iNbLUEHHS MOKA3HUKA QDYHKLIT y rpyni KOHTPOIO BifMiYanu MpoTAroM 2-x MicsyiB nicas TpaBmu, y rpyni HG — npoTarom ogHoro micays, y
rpynax MSC-Dr ta MSC-UA — npotarom 4-x mic. nic/s Tpasm.

Yepes 4 mic. nicnsi MOZETOBAHHS HabINbLLi 3HAYEHHS OKA3HNKA CACTUYHOCTI crocTepiramy y rpyni MSC-Dr, HaimeHwi — y rpynax
KoHTpomo i MSC-UA, npuyomy [OCTOBIpHI BIAMIHHOCTI BCTaHOBAGHO nniue mix rpynamu MSC-UA i MSC-Dr (p < 0.02). Kpim Toro, y Bcix
rpynax BUSBUIN iCTOTHY HEraTuBHy KOPenauito MiX iHAnBIgyanbHumMu 3nHaqdeHHamu 1@ i [1C, HaicunbHiy y rpynax MSC-Dr i SCI.

BUCHOBOK. Imnnantayis y 30Hy AehekTy cnuHHOro Mo3ky ypa PHPMA-rigporento, 3aceneHoro Me3eHximanbHUMy CTPOMAnbHUMK KITiTy-
Hamu CTIHKW MyrOBUHHOI apTepii NIOANHY, CIPUSAE NOKPALLEHHIO BIJHOBMIEHHS PYX0BOI (OyHKUIT NapeTndHOI KiHLIBKM Ha 4 MiC CIOCTEPEXEHHS,
X04a | JOCTOBIPHO HE BI/IMBAE HA CMACTUYHICTb. [lpn 3acTocyBaHHi rigporeno 6e3 KaituH, abo 3aceneHoro MCK gepmu He BCTaHOBIEHO
JOCTOBIPHOIO MO3UTUBHOIO BIJINBY HA JIOKOMOTOPHY aKTUBHICTb Ta CIACTUYHICTb NAPETUHHOI KIHUIBKY LLypa.

\ KJTHOY0BI CJI0BA: tpasma crinHHoro mo3ky, PHPMA-rigporess, Me3eHXiManbHi CTDOMAsbHI KAITUHN, PyX0Ba QyHKLIS KIHLIBKY, CIACTUYHICTb )
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