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Abstract—The effect of immediate implantation of a fibrin matrix associated with allogeneic neonatal rat brain
cells on their motor function recovery after a spinal cord injury (SCI) was studied. The cohorts of animals selected
for the study were represented by white adult outbred rats (approximately 260 g each, 4 or 5 months old). The SCI
simulation was based on a unilateral left-side incision of the spinal cord at the level of approximately T13–L1
segments. The rehabilitation treatment included immediate transplantation of a human fibrin matrix associ-
ated with neonatal rat brain cells (NBCs) (n = 9) into the injury area. The reference groups were represented
by animals with isolated traumatic (Tr) SCIs (n = 7) and those with implantation of a human acellular fibrin
(Fb) matrix (n = 6) into the injury area. The motor activity was assessed in the paretic hindlimb on the Basso,
Beattie, and Bresnahan (BBB) scale; spasticity was evaluated on the Ashworth scale; and the pathohistolog-
ical examination of longitudinal spinal cord sections sampled in the remote posttraumatic period was per-
formed using the silver impregnation staining method. The fibrin matrix promotes viability, growth, and dif-
ferentiation in the incorporated neonatal rat brain cells. Starting from the second or third week after the
implantation into the injury epicenter, the motor function in the paretic limb corresponded to approximately
11 points in the Fb and NBC groups and to approximately six points in the Tr group on the BBB locomotor
scale. No significant differences in the locomotor function of the paretic limb were recorded throughout the
entire experiment between the NBC and Fb groups nor between the Fb and Tr groups. Significant differences
between the NBC and Tr groups were recorded from the second, fourth, and eighth week, as well as the third and
fifth months, post injury. A significant prevalence in the level of spasticity in the Tr group over the NBC and Fb
groups was recorded, respectively, from the sixth and the seventh week after the injury. An immediate implantation
of the fibrin matrix in complex with allogeneic neonatal brain cells or without the latter causes a significant positive
effect on the motor function recovery after a lacerative SCI.

Keywords: neurotransplantation, fibrin matrix, spinal cord injury, neonatal brain cells, locomotor function
recovery, spasticity
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INTRODUCTION

A spinal cord injury (SCI) is an invalidating lesion
of the nervous system, which substantially degrades
the quality of life for the injured and shortens their

lifespan (DeVivo, 2012; Prettz et al., 2016). According
to the 2016 Global Burden of Disease estimate (GBD
2016 Traumatic Brain Injury and Spinal Cord Injury
Collaborators, 2019), the global morbidity due to SCIs
constituted approximately 1 m incidences, involving
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approximately 27 m people. SCIs are much more
prevalent among middle-aged men (Singh et al.,
2014), while a half of all cases are severe with lifelong
invalidation (DeVivo, 2012). Apart from losses in
motor function and sensitivity below the injury level,
SCI is characterized by dysfunction in the pelvic
organs (Hamid et al., 2018), spasticity syndrome
(Holtz et al., 2016), chronic pain (Finnerup et al.,
2014), as well as cognitive (Sachdeva et al., 2918) and
affective (Wan et al., 2020) disorders, which all dra-
matically increase the treatment and care costs for
patients with spinal cord injuries (Oliveri et al., 2014).
The underlying causes of the above-listed symptoms
include the death of neurons and nerve fibers in the
SCI area, first of all, the brain long descending axonal
projections providing the self-innervation of motor
and spinal cord autonomic centers. Repairing these
projections is one of the main tasks of neural tissue
engineering (Liu et al., 2018; Wang et al., 2018; Liu
et al., 2019; Zhang et al., 2019; Cizkova et al., 2020;
Shah et al., 2020). The alternative approach based on
grafting the lost motor function, using so called exo-
skeletons, is now also being successfully developing
(Shah et al., 2020; Dijkers et al., 2020), but its applica-
tion may prove to be possible only in the case of a cer-
tain number of long descending axonal projections
being preserved in the brain. Therefore, the develop-
ment of neuroengineering techniques for repairing
these projections remains a highly important task.

The most common neural-engineering interven-
tion in SCIs is cell-based transplantation (Muheremu
et al., 2016); Lin et al., 2018; Liu et al., 2018), while the
method to increase its efficacy is based on the associ-
ation of cells with polymer matrices or tissue construc-
tions (Liu et al., 2018; Wang et al., 2018; Liu et al.,
2019; Zhang et al., 2019). Fibrin gel represents the
most promising natural scaffold characterized by
accessibility, autogenicity (Tatullo et al., 2012), nontox-
icity, susceptibility to biodegradation, 3D structurality,
cyto-attractiveness, and saturation with a group of
important regulatory and metabolic factors (Amable
et al., 2013; Hotwani et al., 2014; Yao et al., 2016). All
this promotes the survival and integration of trans-
planted cells, activating the growth of nerve fibers
(Muller et al., 1984) and, thus, potentiates the repair
process (Litvinov et al., 2005; Cargnello et al., 2011;
Robinson et al., 2017; Lu et al., 2014). These fibrin
matrix abilities are usable for the individual combina-
tion of maintenance factors and the differentiation of
transplanted cells (Carriel et al., 2013; Carriel et al.,
2015; Schuh et al., 2015).

This work aimed to study the effect of transplanting
allogeneic neonatal rat brain cells in a complex with a
human fibrin matrix on the process of recovery after
the lateral hemisection of the rat spinal cord in the
lower thoracic–upper lumbar spine, using some stan-
dard methods for the assessment of motor function in
the paretic hindlimb and the standard pathohistologi-
cal examination.

MATERIALS AND METHODS
Experimental animals. The experiments were per-

formed in 22 white outbred male rats (age of 4 or
5 months) weighing approximately 260 g and grown in
standard conditions of the Romodanov Neurosurgery
Institute Vivarium, National Academy of Medical Sci-
ences of Ukraine (NAMS). The animals were divided
into three experimental groups (the number of animals
was estimated, excluding those within the below spec-
ified exclusion criteria): the traumatic (Tr) group with
spinal cord injury (n = 7); the Fb group with spinal
cord injury + implantation of a fibrin matrix fragment
into the injury epicenter (n = 6); and the NBC group
with spinal cord injury + implantation of a fibrin
matrix fragment associated with neonatal brain cells
(NBC) into the injury epicenter (n = 9).

Obtaining the fibrin matrix. The fibrin matrix was
obtained from the adult human thrombocytes-rich
plasma (Tatullo et al., 2012) without clinical signs of
acute pathology. The polymerization duration was 2–
3 min at room temperature. Until the moment of
implantation, the prepared fibrin hydrogel was kept in
an isotonic sodium chloride solution at room tem-
perature for 3–4 h maximum.

Isolation of neonatal rat brain cells. Living imma-
ture rat brain cells were obtained on day 2 after their
birth. Immediately after decapitation in sterile condi-
tions, craniotomy was performed, the brain in block
with the cerebellum was removed, separated from its
films ad oculus, transferred to Hanks solution (Biowest,
France), homogenized via multiple pipetting, centri-
fuged at 1200g for 10 min, and the precipitate was fur-
ther resuspended in the human thrombocytes-rich
plasma prepared from an analogous donor for polym-
erization. The total amount and the content of living
cells were calculated in a hemocytometer after staining
the specimens with 0.2% trypan blue solution (Jenssen
Chemica, Belgium). The final cell concentration
reached approximately 1 × 106 per mL with at least
70% of living cells. Upon resuspension, fibrin polym-
erization was initiated (described above) to obtain the
material ready for transplantation.

The properties of cells associated with the fibrin
matrix were investigated during a 2-week culturing in
the Eagle Medium (Biowest, France) with addition of
a 10% fetal calf serum without any modification (Bio-
west, France) at a 5% CO2 concentration and at 37°C.
The nutrient was replaced every 3–4 days. The living
culture was observed and photographed using an
inverted light microscope (Nicon, Japan).

SCI modelling. SCI was modelled under general
anesthesia induced by intra-abdominal introduction
of a cocktail of xylazine (Biowet, Poland; approximately
15 mg/kg) and ketamine (PATPharmac, Ukraine,
approximately 70 mg/kg) in moderate aseptic condi-
tions. As in the previous studies (Kopach et al., 2017),
the injury area in a deeply anesthetized animal was
identified by palpating the caudal end of the animal’s
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thorax at the place of its fixation to the backbone. In
view of the theoretically higher instability of the rest
costae fluctuantes pairs present in rodents (Ozkan,
2007; Olude et al., 2013), the injury modelling area
had to be localized approximately, probably, at the
level of T11–T12 vertebrae and without the additional
use of microsurgical or X-ray visualization techniques.
According to the skeletotopic data (Gilerovich et al.,
2008; Moonen et al., 2016), the identified region cor-
responded to the spinal cord T13–L1 segments. After
the linear incision of the roughly shaved and antisepti-
cally-treated skin at the level of approximately T9–L1
vertebrae and skeletonizing the posterior surface of the
backbone, the chosen interarch space was perforated
with a blunted steel rod, and a unilateral right-side
laminectomy was performed with curved mosquito
forceps. The state of dura mater spinalis within the
bone window was not determined and the spinal cord
was not separated from the adjacent nerve stems
before the SCI modelling. The preciseness of the
medial incision line was ensured by the preliminary
open-end paramedian dorsoventral puncture of the
spinal cord with an insulin syringe needle. One of the
ophthalmic tips was introduced into the formed canal
while the other one embraced the left half of the spinal
cord width with nerve endings and incised them
repeatedly. The completeness in incising the lateral
parts of the spinal cord half was ensured by ophthalmic
forceps with a curved rib. With spontaneous cessation
of bleeding in the Fb and NBC animals, the spinal
cord injury cavity was filled with a preliminarily pre-
pared fibrin matrix. The bone window to the vertebral
canal was covered with a subcutaneous connective tis-
sue fragment, the soft tissues and skin were sutured
with two rows of knot stitches, and the injury area was
treated with a povidone-iodine solution (EGIS, Hun-
gary). A bicylline-5 solution (PAT Kyivmedpreparat)
was subcutaneously administered into the posterior
cervical region at a dose of approximately 0.55 million
units per kg of live weight. A dexamethasone solution
was intra-abdominally injected at a dose of approxi-
mately 4 mg/kg of live weight as an anti-inflammatory
and antiedematous therapy (KRKA, Slovenia). Rats
were further accommodated in plastic сages with hor-
izontal lattices at a density of several animals per cage.

Analysis of the function and spasticity indicators.
The indicator of the function (IF) in the hindlimb
ipsilateral to the injury area was assessed on the Basso-
Beattie-Bresnahan (BBB) scale (Basso et al., 1995)
with our own technical modifications. In rare cases of
deviation in the IF level within the problematic scale
interval (between the scores of 16 and 17 points)
(Basso et al., 1995), our own differential test was used.
The indicator of spasticity (IS) in the spastic hindlimb
ipsilateral to the injury area was assessed at the level of
the ankle joint (articulatio talocruralis on the adapted
Ashworth scale (Dong et al., 2005) with our own tech-
nical modifications. Spasticity with mild paresis was
identified according to the following original criteria:

(1) trembling felt more in the paretic hindlimb than in
the contralateral one when stretched aside; (2) hyper-
metric overextension of the paretic hindlimb during
the postural counteraction against the sharp traction
of the animal over the horizontal surface for its tail.
Due to the presence of even one criterion, the IS was
assessed at the level of 0.5 points. All investigations of
IF and IS were performed by the same experimenter
conventionally blinded concerning the individual
signs of animals operated by this experimenter and
involved in this experiment and, usually, concerning
the previous individual locomotion and spasticity test-
ing results. In all cases, the IF and IS values immedi-
ately after the injury modelling were accepted as con-
ventionally equal to zero (the spinal shock condition),
and the first IF and IS values were determined 1 week
after the surgery due to ethical limitations. When there
was no confidence in the correctness of the IF and IS
ranking value in a given animal, the indicator meaning
was halved.

To detail the recovery dynamics, we determined
the absolute per week IF growth using the following
equation:

where n was the number of observations and k was the
number of weeks within a given time interval.

The absolute per week IS growth was estimated
similarly.

Exclusion criteria. The above indicated number of
animals for each experimental group exclude animals
demonstrating a stable locomotor function deficiency in
the contralateral hindlimb (at least or less than 14 points
of BBB were recorded in two animals from the Tr
group and three animals from the Fb group with the IF
values in the contralateral hindlimb reaching 8, 8, 8, 9,
and 11 points of BBB, respectively) as well as signs of
self-abusive behavior (one animal from the Fb group)
or uncharacteristic neurological disorders of unclear
genesis (one animal from the NBC group). The pres-
ence of ipsilateral paresis in the abdominal wall mus-
cles or peripheral paresis in the hindlimb muscles, i.e.,
either too rostralized or caudalized SCI modelling
performance, was purposely ignored.

Result representation specificities. The IF and IS
monitoring results were represented using the follow-
ing standardized time scale: on a weekly basis, during
the first 2 months (from 1 to 8 weeks), and on a
monthly basis, 3, 4, and 5 months post injury. When
the observation results were recorded on a weekly
basis, the minimum time unit was 7 days, but this unit
was termed by the interval between the same dates of
two adjacent months with monthly observations.
Among very rare cases of reproducing individual IF
and IS values, only one case within the compared ana-
lytical period (until the fifth month of observation,
inclusively) occurred within 4 weeks after injury in
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NBC and Fb groups, when the individual IF and IS
values were reproduced through interpolation as the
mean arithmetic of values at two adjacent observation
points. Asymptotic intergroup differences in the test-
ing terms were identified within 1 and 2 weeks, as well
as within three months, after injury (14–29% of the
corresponding term value under the standardized
result representation time schedule; as to other terms,
the difference did not exceed 10%). Thus, it is import-
ant to note that deviations from the stable significant
straightforward dynamics were absent in all experi-
mental groups after the first month of observation.

Pathomorphological investigations. Biomaterials for
pathomorphological investigations were obtained
during the remote postinjury period (approximately 7
months postinjury in the Tr group and approximately
9 months postinjury in the Fb and NBC groups). Con-
sidering that the remote or the late-stage SCI period
starting from the sixth posttraumatic month and con-
tinuing into the entire subsequent period of an ani-
mal’s life (Jeong et al., 2021) is characterized by the
absence of essential changes in neurological defi-
ciency (Burns et al., 2017), a 2-month interval within
this period is insufficient for manifesting a significant
dynamics in the functional and morphological
changes. In addition, this temporal difference in sam-
pling biomaterials should be considered insufficient
for such a functionally significant morphological fea-
ture in the region of posttraumatic organization as the
presence (not the quantitative indicators) of nerve
fibers in it. Immediately after euthanasia of animals by
overdosing the above-mentioned narcotic drugs, the
vertebral column region containing the injury area was
separated and placed in a neutral 10% formalin solu-
tion. After several weeks, the spinal cord within the
injury area was isolated using a micropreparation
technique. Longitudinal 15-μm-thick spinal cord sec-
tions obtained on a microtome cryostat (MK-25,
SRSR) were stained using the silver impregnation
method (Kolomiytsev et al., 1982). With this purpose,
the sections were rinsed in succession in an acid-alco-
hol formalin solution, pyridine, a 30% silver nitrate solu-
tion, and an ammoniacal silver solution, and investigated
on an Axiophot microscope (Opton, Germany) with a
Canon 600 digital camera (Canon Inc., Taiwan), com-
puter-based CAI01ABH analyzer (Selmi, Ukraine)
using the Kappa Opto-Electronics GmbH software
(Germany) and an object-micrometer.

Statistical investigations. The comparative statisti-
cal analysis of the IF and IS, VIF and VIS values in all
three groups was conducted until the fifth month
inclusively, using the Statistica 10.0 PC software and
the Mann–Whitney U-Test, the Wilcoxon Matched
Pairs, and the Spearman Rank Order Correlations
Tests. The mean values were represented as M ± SE,
where M indicated the mean value and SE meant the
standard error of the mean value. In all cases, the study
results below 0.05 were recognized as statistically sig-
nificant (at p < 0.05).

RESULTS

In vitro study of the fibrin matrix–nerve cells com-
plex. During the first 3 days of culturing the neonatal
rat brain cells associated with fibrin, the experimenters
were observing active cell migration to the outer
matrix as well as the exit of cells beyond its limits, the
axonal network formation, and the establishment of
spatial intercellular contacts (Figs. 1a, 1b). On days 7
to 10 of culturing, a confluent cell layer characterized
by a polymorphic morphology with processes of dif-
ferent sizes and types of branching was observed near
the matrix lobules (Figs. 1c, 1d). Analogous types of
cells were also observed in the suspension culture, but
they did not form any growth areas and were randomly
spread over the field of vision (Figs. 1f, 1g). For the
same observation period, cells in the matrix inner
areas formed a network of processes and neurite-glial
fibers straightened towards the outside and established
spatial contacts (Fig. 1h). By the end of the second
week of culturing, a partial lysis of the fibrin matrix
was recorded, but its shaped multicellular 3D structur-
ality was preserved (Fig. 1d). This confirmed that via-
bility and the characteristic morphology of the incor-
porated neonatal brain cells were preserved.

Effect of fibrin and its complex with neonatal rat
brain cells on the functional indicators in rats. Investi-
gations of IF in animals with a simulated injury and
the implanted fibrin in complex with cells have shown
that the IF of the paretic hindlimb in the Tr group
(n = 7) was equal to 4.1 ± 2.0 points of BBB from the first
week after the surgery, increased up to 6.8 ± 1.4 points of
BBB (Fig. 2) within the next 2 weeks, and was espe-
cially significantly during the third week (p = 0.046, as
compared to the value by the end of the first week of
observation; as estimated by the Wilcoxon Matched Pairs
Test). In the subsequent 2 weeks, the IF values varied and
reached the actual maximum of 7.7 ± 1.3 points of BBB
by the end of the fifth week (p < 0.05, as compared to
the first, second, and the fourth week of observation;
by the Wilcoxon Matched Pairs Test). Substantial
changes, as compared to the values in the first 2 weeks
of observation, were also recorded during the next
three observation terms (p < 0.05, as compared
between the values of the sixth and the first week of
observation, between the seventh and second week,
and the eighth and the first one; by the Wilcoxon
Matched Pairs Test). No significant changes in the IF
were recorded after the fifth week and until the end of
observation (p < 0.05; by the Wilcoxon Matched Pairs
Test). The group IF value was equal to 5.9 ± 1.6 points
of BBB at the end of the fifth month (Fig. 2), reaching
6.0 ± 1.7 points of BBB by the end of the seventh
month.

The VIF in the Tr group was equal to 4.1 ±
2.0 points/wk. during the first week of observation,
falling to its minimum by the end of the first month of
observation (–1.3 ± 0.6 points/wk.; p < 0.05, as com-
pared to the first week; by Wilcoxon Matched Pairs
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Test). Significant changes (p < 0.05; by the Wilcoxon
Matched Pairs Test) in the VIF value, as compared to
the first week, were recorded, among others, for the
sixth week and for the second to seventh month of
observation, as well as in comparing the values of the

fifth week with fourth one, those of the sixth week with
the third week and the fifth one, and the values of the
third to seventh month with those of the fifth week. The
VIF values for the fifth week appeared to be another sig-
nificant extremum and reached 2.2 ± 0.6 points/wk. The

Fig. 1. Rat brain nerve cell culture incorporated into the fibrin matrix. (a, b) On day 3 of culturing, the removal of the cells from
the matrix and the growth area formation around it, a living unstained preparation, magnified ×200; (c, d) on days 5 and 7 of
culturing, polymorphic nerve cells in the growth area around the matrix, development of intercellular connections, a living
unstained preparation, magnified ×200; (e) on day 14 of culturing, partial lysis of the matrix and its replacement by a 3D structure
of nerve cells, a living unstained preparation, magnified ×100; (f) on day 7 of culturing, the formation of a cellular lattice in the
inner area of the matrix, a living unstained preparation, magnified ×100; (g, h) the rat brain nerve cell suspension culture on days
10 and 14 of culturing, a living unstained preparation, magnified ×200.

(a)

(e)

(b)

(f)

(c)

(g)

(d)
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Fig. 2. Dynamics of the indicator of function (IF) in the paretic hindlimb of animals from the experimental groups during the
5-month observation period. Conventional designations: *—the difference between the IF values of the NBC and Tr groups is
significant (p < 0.05; Mann–Whitney U-Test).
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mean VIF values in the Tr group for the first 8 weeks
and the entire observation period were equal to 0.3 ±
0.2 and 0.2 ± 0.1 points/wk., respectively.

One week after the injury modelling, the IF in the
Fb group (n = 6) was 6.7 ± 1.3 points of BBB, not dif-
fering significantly from the IF of the Tr group (p >
0.05; by the Mann–Whitney U-Test; Fig. 2). Substan-
tial increases in the IF (p < 0.05, as compared to the
values of the previous observation term; by the Wil-
coxon Matched Pairs Test) were recorded during the
next week. No significant changes in the IF level were
recorded during the entire subsequent period; i.e.,
starting from the third week to the end of the experi-
ment, the IF values significantly differed only from the
IF level at the end of the first week. Actually, the value
of the ninth month was characterized by a significant
difference from that of the seventh week towards its
end (p < 0.05; by the Wilcoxon Matched Pairs Test),
which was the group maximum for the entire observa-
tion period (12.4 ± 1.5 points of BBB). This confirms
a significant regress in the IF value towards the end of
the experiment, reaching 10.3 ± 2.0 points of BBB
within 9 months after the injury modelling. No signif-
icant differences were recorded in the IF values in any
of the observation terms in the Fb and Tr groups (p >
0.05; by the Mann–Whitney U-Test).

The maximum VIF values in the Fb group, which
were recorded within the first 2 weeks, were equal,
respectively, to 6.7 ± 1.3 and 4.0 ± 1.0 points of BBB.
The mean VIF values for the first 8 weeks and the entire
observation period reached, respectively, 1.4 ± 0.3 and
0.8 ± 0.2 points/wk., significantly overweighing the
mean indicator for the first eig8ht weeks in the Tr
group (p < 0.05; Mann–Whitney U-Test). Significant
differences from the value of the first week were
demonstrated by the VIF values during all the subse-
quent observation terms, while differences from the
second week values were recorded at the fourth to sixth
weeks and the second to sixth months, and a signifi-
cant difference was also recorded between the eighth
week and the third month (p < 0.05; Wilcoxon
Matched Pairs Test). No significant differences
between the VIF values of the Fb and Tr groups were
recorded during any term of observation (p > 0.05;
Mann–Whitney U-Test).

The IF values in the NBC group (n = 9) during the
entire observation period proved to be close to those in
the Fb group, showing no significant difference (p >
0.05; Mann–Whitney U-Test; Fig. 2). After 1 week,
the IF in the group became 8.6 ± 1.7 points of BBB, a
significant difference from this value was recorded at
3, 4, and 8 weeks as well as at 3, 5, and 6 months after
the injury modelling (p < 0.05; Wilcoxon Matched
Pairs Test). No other differences between the IF values
were recorded for different observation terms. The
actual maximum of the mean IF value in the NBC
group was recorded at 6 weeks after the injury model-

ling, becoming 10.7 ± 1.6 points of BBB by the end of
the ninth month of observation.

Despite the evidently close IF values in the NBC
and Fb groups during the entire experiment and the
absence of significant differences between the IF val-
ues in the Fb and Tr groups, significant differences
between the IF values of the NBC and Tr groups were
recorded at 2 and 4 weeks as well as 2, 3, and 5 months
after injury (p < 0.05; Mann–Whitney U-Test; Fig. 2).
Considering the methodological shortcomings of the
investigation (as mentioned above), the result of the
comparative analysis at 4 weeks and 3 months after
injury was conventionally significant.

The maximum VIF values in the NBC group were
recorded within the first 2 weeks of observation (8.6 ±
1.7 and 1.9 ± 1.1 points/wk., respectively), and the sig-
nificant difference from the VIF value within the first
week was identified for all subsequent observation
terms (p < 0.05; by the Wilcoxon Matched Pairs Test).
The negative VIF value (–1.3 ± 0.9 points/wk.)
recorded for the seventh week significantly differed
from that of the third week (0.7 ± 0.5 points/wk.; p <
0.05, by the Wilcoxon Matched Pairs Test). Signifi-
cant differences between the VIF values in the NBC
and Fb groups were recorded only for the eighth week
of observation (in favor of the NBC group; p < 0.05; by
the Mann–Whitney U-Test) and when comparing the
NBC and Tr groups during the fifth week of observa-
tion (in favor of the Tr group, by the Mann–Whitney
U-Test). The mean VIF values for both the first 8 weeks
and the entire observation period in the NBC group were
equal, respectively, to 1.4 ± 0.2 and 0.9 ± 0.1 points/wk.,
significantly overweighing the mean indicator for the
first 8 weeks in the Tr group (p < 0.05; by the Mann–
Whitney U-Test).

The interesting IS dynamics specificity in all three
groups was the almost complete absence of significant
changes during the entire experiment (Fig. 3). For
example, the paretic hindlimb IS value in the Tr group
reached 0.7 ± 0.1 points on the Ashworth scale within
1 week after the injury modelling; during the next week,
a double, albeit insignificant, increase in the indicator
was observed up to the maximum 1.4 ± 0.3 points on the
Ashworth scale among all groups and observation
terms, which also proved to be characteristic of the end
of the fourth experimental week (Fig. 3). Significant
differences were recorded only in comparing the val-
ues for the eighth week (0.7 ± 0.2 on the Ashworth
scale) and those for the third week (1.2 ± 0.2 points on
the Ashworth scale; p = 0.03, by the Wilcoxon
Matched Pairs Test). The IS values for two remaining
observation terms (from the end of the fifth to the
beginning of the eighth month of observation) were
identical and equal to 1.2 ± 0.3 points on the Ashworth
scale. During the entire experiment, the IS values in
the Tr group insignificantly ranged from 0.7 ± 0.1 to
1.4 ± 0.0 points on the Ashworth scale (Fig. 3).
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The VIS values within the first 2 weeks in the Tr
group proved to be the highest (0.7 ± 0.1 points/wk.
and 0.6 ± 0.3 points/wk., respectively) and varied fur-
ther about the null point with different amplitudes. A
significant difference was determined when compar-
ing the VIS values for the first week of observation and
those for the fifth and seventh week, for the second to
seventh month (p < 0.05; by the Wilcoxon Matched
Pairs Test), as well as when the VIS values in the second
and the eighth week were compared (p < 0.05; Wil-
coxon Matched Pairs Test). The mean VIS values for
the first 8 months and the entire observation period in
the Tr group reached 0.1 ± 0.0 points/wk.

In the Fb group, no substantial IS changes were
recorded during the entire observation period (p > 0.05;
by the Wilcoxon Matched Pairs Test), and the indicator
values varied from 0.5 ± 0.02 to 0.8 ± 0.2 points on the
Ashworth scale (Fig. 3). A significant difference from
the first week’s IS value was recorded in the Tr group
only at 7 weeks after injury (p < 0.05; by the Mann–
Whitney U-Test; Fig. 3). The highest VIS value was
recorded for the first week of observation (0.8 ±
0.2 points/wk.), but the indicator value further varied
near the zero level. A significant difference was
recorded when the VIS value for the first week was
compared with those for the third and seventh week or
for the third and ninth month (p < 0.05; by the Wil-
coxon Matched Pairs Test), when comparing the VIS
values for the second and fourth month, and when

comparing the values for the ninth month with those
for the seventh week and the third, fourth, and sixth
months of observation (p < 0.05; the Wilcoxon Matched
Pairs Test). No significant differences between VIS values
of the Fb and Tr groups were recorded during 5 months
of observation. The mean VIS value for the first 8-week
period and the entire observation in the Fb group was
equal to 0.1 ± 0.0 points/wk., not differing from the
mean value of the indicator for the first 8-week period in
the Tr group (p > 0.05; by the Mann–Whitney U-Test).

During the experiment, the IS values in the NBC
group varied from 0.4 ± 0.2 to 0.7 ± 0.2 points on the
Ashworth scale (Fig 3), despite the fact that a signifi-
cant difference was recorded only between the values
for the third and sixth week of observation (p < 0.05;
by the Wilcoxon Matched Pairs Test). No significant
differences were recorded during the experiment
between the IS values of the NBC and Fb groups (p >
0.05; by the Mann–Whitney U-Test), but significant
differences between the NBC and Tr groups were
recorded only during the sixth week of observation
(p < 0.05; by the Mann–Whitney U-Test). The maxi-
mum VIS value (0.5 ± 0.1 points/wk.) was recorded in
the NBC group after the first experimental week. The
values of this indicator in the NBC group for all the
subsequent observation terms (except the values
during the third and seventh week) were significantly
lower (p < 0.05; by the Wilcoxon Matched Pairs Test).
Apart from this, the VIS values during the sixth week

Fig. 3. Dynamics of the indicator of spasticity (IS) in the paretic hindlimb of animals from experimental groups during the 5-
month observation period. Conventional designations: *—the difference between the IS values of the NBC and Tr groups is sig-
nificant (p < 0.05; Mann–Whitney U-Test); #—the difference between the IS values of the Fb and Tr groups is significant (p <
0.05; Mann–Whitney U-Test).
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were significantly lower than those for the third week,
the VIS values during the seventh week were signifi-
cantly higher than those of the fourth or fifth week and
the fourth month, whereas the eighth month values
were significantly higher than those of the third and
fifth months (p < 0.05 for all the mentioned cases; by
the Wilcoxon Matched Pairs Test). A significant dif-
ference in the NBC group’s VIS value was recorded
only for the seventh week in its comparison with the
Fb group values (in favor of the NBC group; p < 0.05;
by the Wilcoxon Matched Pairs Test). The mean VIS
value for the first 8 weeks and the entire observation
period reached, respectively, 0.1 ± 0.0 and 0.0 ± 0.0
points/wk., not differing (p > 0.05; by the Mann–
Whitney U-Test) from the mean indicator for the first
8-week period in the Tr group (compared only with
the corresponding indicator of the NBC group) and
the Fb group (compared with both corresponding
indicators of the NBC group).

During the analysis of the mean IF and IS values,
VIF and VIS, a significant negative correlation with the
indicator for the observation duration was identified
for VIF of the Fb group (r = – 0.72) and the NBC
group (r = – 0.63) (p < 0.05; Spearman Rank Order
Correlations Test). During the analysis of individual
IF and IS values, an essential negative correlation was
found in the Tr group at 1 and 2 weeks and 4, 5, and
7 months after injury (r = ≤ – 0.80; p < 0.05; Spear-
man Rank Order Correlations Test); at 4, 5, and
6 weeks and 2 and 5 months after injury in the Fb group
(r ≤ – 0.85; p < 0.05; Spearman Rank Order Correlations
Test); and at 1, 3 to 8 weeks and 4–9 months after injury
in the NBC group (r ≤ – 0.68; p < 0.05; Spearman
Rank Order Correlations Test). During the analysis of
individual VIF and VIS values, a substantial negative
correlation was recorded in the Tr group at 1, 6, and
7 weeks and at 3 months after injury (r ≤ – 0.77; p <
0.05; Spearman Rank Order Correlations Test), at
6 weeks and 5 months after injury in the Fb group (r ≤
–0.88; p < 0.05; Spearman Rank Order Correlations
Test), and only at 1 week after injury in the NBC group
(r = – 0.72; p < 0.05; Spearman Rank Order Correlations
Test). Actually, no significant negative correlation was
recorded for the mean IF and IS or VIF and VIS values
during the experiment in each of the groups (r > – 0.48;
p < 0.05; Spearman Rank Order Correlations Test).

The obtained results confirm that the implantation of
a fibrin matrix with incorporated neonatal brain cells and
without the latter into the SCI epicenter has a substantial
effect on the SCI treatment course, promoting the recov-
ery of the locomotor function in a paretic hindlimb. Fur-
ther experimental research with significantly larger sam-
ples is required to evaluate the importance of the positive
role shared by the cells involved in this study.

Pathohistological picture of the injury area in the
animals of experimental groups in the remote injury
period. According to the investigations of silver-
impregnated specimens (Fig. 4), the histological pic-

ture in the injury focus and its perifocal area in the
remote posttraumatic observation period showed the
substitution of the deficiency area by elements of glia
and connective tissue, which formed a gliofibrous scar
conglomerate (Tr, Fb, and NBC groups, Figs. 4a, 4b).
Individual, seemingly, newly-formed, nerve fibers (Tr,
Fb, and NBC groups, Fig. 4c) were visualized in the
superficial scar regions near the membrane (Tr and Fb
groups) as well as in near the scar area of the spinal
cord. The pathomorphological data show that one of
the possible mechanisms underlying the recovery of
the motor function in the posttraumatic paretic hind-
limb, including due to the implantation of a fibrin
matrix, is the overgrowth of nerve fibers through the
organization region of the injured spinal cord sub-
stance. The important role of this mechanism in cre-
ating a positive effect of the fibrin matrix implantation
may possibly be clarified through an extended mor-
phometric analysis.

DISCUSSION
SCI, despite its low morbidity, is a widespread

cumulative pathology, which substantially degrades
the quality of life in those injured and is associated
with a significant economic burden (DeVivo, 2912;
Oliveri et al., 2014; Pretz et al., 2016; GBD 2016 Trau-
matic Brain Injury and Spinal Cord Injury Collabora-
tors, 2019). The key impairment of SCI-caused neu-
rological deficiency is a lesion of the long nerve fibers
transmitting impulses from the brain to the efferent
neurons of the spinal cord. The pathogenesis of a typ-
ical SCI includes a set of predominantly sequential
processes (Tran et al., 2018; Alizadeh et al., 2019),
which are regulated by a wide spectrum of intercellular
interaction factors, in particular, by cytokines (Garcia
et al., 2016) and growth factors (Ko et al., 2019).
Despite the actively studied limitations in the regener-
ation of SCI-impaired axons (Rao and Pearse, 2016;
Tran et al., 2018; Swieck et al., 2019), there are
descriptions of a mild autogenous brain motor system
regeneration (Steeves, 2015; Khorasanizadeh et al.,
2019), which is most probably provided by rearranging
the topology of neural networks, such as, propriospi-
nal neurons (Blesch and Tuszynski, 2009; Flynn et al.,
2011; Brown and Martinez, 2019). In this sense, the
strategy aimed to develop methods for reconstructing
neural networks proceeds from certain premises (Liu
et al., 2018; Wang et al., 2018; Liu et al., 2019; Zhang
et al., 2019; Cizkova et al., 2020; Shah et al., 2020).

Our data on the effectiveness of transplanting
NBCs associated with a fibrin matrix into the rat SCI
area wholly agree with the results obtained by another
group (Lu et al., 2012), in fact, in modelling a full inci-
sion of an adult rat’s spinal cord at the upper thoracic
level (T3). Similarly, the allotransplantation of rat fetal
spinal cord neural stem cells (E14) into the injury area
2 weeks after its modelling in complex with a fibrin
matrix artificially saturated with numerous growth
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factors and the calpain inhibitor contributes to a
5-point improvement in the hindlimb function, as
compared to the reference group (isolated injury), i.e.,
approximately, from 2 to 7 points of BBB. We
recorded an analogous significant 5-point difference
between the IF values in the NBC (10.7 ± 1.6 points of
BBB) and Tr groups (6.0 ± 1.7 points of BBB), which,
however, most probably resulted from the very pres-
ence of the fibrin matrix in the injury area, and the sig-
nificant efficiency of the matrix-associated NBCs
transplantation, as compared to the implantation of
the NBCs-free matrix, had, evidently, only statistical
substantiation.

At the same time, another study (Johnson et al.,
2010) did not record any significant positive effect of a
fibrin complex implanted into the region of the dorsal
spinal cord hemisection performed in an adult rat at
the T9 level within 2 or 4 weeks after the injury model-
ling. The authors did not, in fact, support their con-
clusion by quantitative illustrations, which compli-
cated its interpretation, since the recovery of the hind-

limb motor function in rat after this kind of spinal cord
injury without any repair interventions reached 11
points of BBB already within 1 month (Majczynski
and Slavinska, 2007).

Nevertheless, it is suggested that our data should,
first of all, be discussed through the prism of possible
mechanisms underlying the effect of a fibrin matrix on
the SCI recovery course. The obtained results have
confirmed that the fibrin matrix implantation has a
positive effect within the very initial SCI period, since
the IF advantage in the Fb and NBC groups over this
indicator in the Tr group was recorded already from
the first observation term (less expressed in the Fb
group within this term) and its value was maintained at
the same high level throughout the entire observation
period. One of the probable mechanisms underlying
this effect consists, in our opinion, in the antihemor-
rhagic effect of fibrin during the spinal cord injury,
due to which, a direct contact of the brain substance
with blood and liquor, and, therefore, with the
immune system, its regional control elements, and its

Fig. 4. Histological picture of the injury focus and the perifocal area in the remote injury period by the investigations of spinal
cord longitudinal sections impregnated with silver nitrate. Newly formed small nerve fibers (indicated by arrows) amid the thick-
ened connective-tissue cover of the spinal cord near the organized injury area (Tr), as well as in the thickness of the scar tissue,
which, most probably, replaced the fibrin implant (Fb), and in the spinal cord substance, near the fibrin matrix implantation
region (NBC). Conventional designations: *—the injury epicenter (Tr, Fb, and NBC) and the fibrin matrix implantation (Fb and
NBC); →—nerve fibers; gs—gliofibrous scar. Scale: (a) 200 μm, (b) 20 μm, and (c) 10 μm.
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triggers of the secondary inflammatory lesion was lim-
ited. Another possible mechanism may be related to
the action of the matrix-associated regulatory factors,
including those produced by the presence of NBCs. It
is known that the association of polymerized fibrin
derived due to plasma coagulation contains thrombo-
cytes (Tatullo et al., 2012), a source of the growth fac-
tors, such as platelet-derived growth factor (PDGF),
transforming growth factor β (TGFβ), insulin-like
growth factor (IGF), vascular endothelial growth fac-
tor (VEGF), and epidermal growth factor (EGF)
(Amable et al., 2013; Hotwani et al., 2014; Yao et al.,
2016), which, in any case, may affect the course of
local tissue responses in the most acute SCI period.
Remote effects of the propriospinal growth factors are
also probable—for example, some studies described
the oligodendrocyte precursor proliferation stimula-
tion for PDGF and TGFβ (Hill et al., 2013; Abbasza-
deh et al., 2014); the neuroprotector and proneuro-
plastic effect (Carlson et al., 2018; Li et al., 2018), the
proliferation activation of oligodendrocyte and
Schwann cell precursors, and an increase in the
expression of nerve growth factor gene (Li et al., 2018)
for IGF-1; oligodendroglial differentiation of neural
progenitors (Gonzalez-Perez et al., 2009) and antia-
poptotic neuroprotector effect (Ozturk et al., 2018) for
EGF; and the suppression of reactive astrogliosis,
apart from the well-known proangiogenic effect, was
described for VEGF (Park et al., 2018). In addition,
the nerve fibers incorporated into the fibrin matrix are

known to preserve their neural markers, especially,
β-III tubulin, NF-200 (Bento et al., 2017) and, first of
all, to be able to participate in the regenerative process.
The reality of these suggestions needs to be confirmed
by further detailed research.

One of the essential problems for regenerative
medicine is the unsatisfactory clinical translation of
experimental data (Blesch and Tuszynski, 2009; Lem-
mon et al., 2014). This is, first of all, related to low
effectiveness of the studied regenerative interventions
and the absence of certified experimental protocols for
this kind of studies (Lemmon et al., 2014; Assinck
et al., 2017; Dietz and Schwab, 2017). The typical form
of SCI for clinical conditions, euthanasia, (Assinck
et al., 2017; Dietz and Schwab, 2017; Alizadeh et al.,
2019) does not allow experimenters to assess the reha-
bilitation efficacy of substantial transplants, while
modelling a full spinal cord incision has to deal with
the postsurgery difficulties in the management of
experimental animals. This caused us to choose a uni-
lateral rat spinal cord hemisection as an SCI model. In
addition, the choice of the matrix implantation time
was substantiated in this study by the fact that the
maximum activity of autogenic neuroplastic process is
within the first weeks after the SCI (Blesch and
Tuszynski, 2009) as well as by the local inflammatory
response and secondary alteration dynamics (Tran
et al., 2018; Alizadeh et al., 2019), which were always
accompanied by an increase in the cytokine concen-

Fig. 5. Effects produced by the main neurotrophic factors of fibrin matrices according to the literature.
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tration and other chemical factors affecting the state of
transplanted cells.

Technical precautions of the study. The BBB scale
used by us to assess the locomotor function of the
paretic hindlimb was developed for studying conse-
quences of a bilateral spinal cord injury (Basso et al.,
1995). Despite the long practice of its use for unilateral
injuries (Metz et al., 2000; Mills et al., 2001; Webb and
Muir, 2002; Arvanian et al., 2009; Hsieh et al., 2010;
Pertici et al., 2013; Zhao et al., 2015; Zhang et al.,
2016; Li et al., 2017), in our opinion, the verification
potential of the scale for these conditions is limited.
Apart from the expediency to attract kinematic and
audiologic analysis of the recorded video material,
determining a correct IF value is complicated by com-
pensating for the motor deficiency manifestations in
the paretic hindlimb, which are used as differential
criteria on the BBB scale at above the 7-point level. In
particular, this is related to the plantar placement
during the stance phase, the weight support of the cor-
responding trunk quadrant by the hindlimb, the fore-
limb-hindlimb coordination, the adequate toe clear-
ance, and the paw position during surface locomotion
at different stance phase stages during the stepping
cycle as well as to the translateral trunk locomotor
instability and the maintenance of the tail during sur-
face locomotion. The negative consequences of these
methodological shortcomings, in our opinion, are
partly compensated for by the observance of the same
methodological and technological conditions in the
IF assessment in all compared experimental groups.

The methodological problems in the Ashworth
scale include complexity in the verification of the mild
spastic paresis (we used the original criteria) and sub-
jective differentiation between the IF assessments in
the interval from 1 to 3 points in small experimental
animals. In particular, the effectiveness of reducing
the muscle tone associated with the tested animal’s
ordinary behavioral activity by using tricks, such as
“blinding” the animal with the experimenter’s hand, and
preliminary acclimatization (Dong et al., 2005), in our
opinion, is doubtful. Our choice of the Ashworth scale
for spasticity assessment was caused by the limited infor-
mativeness of the alternative technically complicated
electroneuromyography (ENMG) instrument. More
so, we know that additional correlation between the
spasticity levels assessed on the Ashworth scale and
ENMG assessments is significantly weak (Dong et al.,
2005), whereas the main ENMG indicators show
rather significant interpersonal and time variability
(Cliffer et al., 1998), which is most probably caused by
difficulties in identifying the so-called muscle motor
point in small experimental animals, especially, in
view of the decomposition and changes in the fiber
structure of the paretic muscles after SCI (D’Amico
et al., 2014).

In general, excluding the mentioned precautions
and taking into account the IF difference value in the

NBC and Tr groups, the data obtained in this study
can be considered sufficiently significant.

CONCLUSIONS
The fibrin matrix promotes the viability, growth,

and differentiation of the incorporated neonatal rat
brain cells. With implantation of either an empty fibrin
matrix or a matrix filled with neonatal rat brain cells,
the level of the motor function reaches approximately
11 points of BBB, overvaluing the reference group
almost by 5 points of BBB, and, especially signifi-
cantly, due to the presence of allogeneic neonatal
brain cells. Implantation of either an empty fibrin
matrix or a matrix filled with neonatal brain cells sig-
nificantly reduces the spasticity of the paretic hind-
limb in the intermediary period of injury. Thus, the
immediate implantation of a fibrin matrix in complex
with neonatal brain cells or without the latter has a sig-
nificant positive effect on the recovery of the motor
function after a spinal cord injury.
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