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The aim of the investigation was to assess the efficiency of posttraumatic regeneration of murine spinal cord in immediate single 
administration of human umbilical cord mononuclear blood cells transfected by pBud-VEGF-FGF2 plasmid, and direct injection of this plasmid 
in the damage area. Two problems were to be solved: to reveal the correlation between morphological and functional spinal cord indices and 
estimate the amount of S100B+-cells in the conditions of local delivery of vegf and fgf2 genes on cellular carriers or in direct gene therapy.

Materials and Methods. The rats after dosing contusion spinal cord injury (ТVIII level) were divided into four groups. One group animals were 
administered umbilical cord mononuclear blood cells transfected by pBud-VEGF-FGF2 plasmid in damage area, the animals of another group 
were administered the same cells transfected by pEGFP-N2 plasmid in similar conditions. The animals of other two groups were injected pBud-
VEGF-FGF2 plasmid in the same area in one case, and another — the same amount of pEGFP-N2 plasmid.

Results. We established direct negative correlation between the damage area size and the motor function recovery index in experiments 
with a direct injection of pBud-VEGF-FGF2 plasmid. The highest correlation coefficient was obtained at the distance of 5 mm away from injury 
epicenter. In case of transplantation of cells transfected by this plasmid there was no correlation. The number of S100B+-cells in exterior zones 
of white matter at the distance of 1.5 cm from the injury epicenter under the conditions of direct gene delivery increased by 46% (p<0.05). If 
umbilical cord blood cells transfected by pBud-VEGF-FGF2 plasmid were administered the index grew by 55% (p<0.05).

Conclusion. In the course of regeneration after contusion spinal cord injury, the damage area reduction and related motor function recovery 
is more effective in direct gene therapy compared to the delivery of the same genes on cellular carriers.
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One of the promising directions in spinal cord injury 
therapy is local gene delivery of neurotrophic factors as 
part of plasmid vectors.  pBud-VEGF-FGF2 plasmid we 
developed [1] simultaneously and independently expresses 
genes of vascular endothelial growth factor (VEGF) and 
fibroblast growth factor (FGF2). The selection of genes of 
these factors is conditioned by the fact that these factors 
are at once neurotrophic and angiogenic. In their separate 
delivery to the area of spinal cord injury VEGF is known 

to stimulate neurogenesis, survival, neuronal migration 
and axonal growth [2], and FGF2 — axonal growth and 
motor function recovery [3, 4], promotes differentiation 
of microglia precursors in mature cells [5, 6]. In literature 
there are reports on effect synergism of these factors on 
angiogenesis in vitro and in vivo [7] that gives grounds 
for the study of their combined effect on posttraumatic 
regeneration. However, direct injection of protein molecules 
in the organism, in spinal cord particularly, is characterized 
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by low efficiency and various complications [8, 9]. An 
injection of genes encoding necessary factors seems to be 
the safer method to increase the content of neurotrophic 
factors in a recipient’s tissue. We have taken an interest in 
possible combined introduction of vegf and fgf2 genes in a 
spinal cord injury area.

In our experiments we use two delivery methods of 
these genes: direct (an injection of DNA-containing vectors) 
and cell-mediated (consists in using cells as carriers of 
therapeutic genes).

Differentiated, stem, induced pluripotent and progenitor 
cells are studied for delivery of therapeutic genes on 
cell carriers [10, 11]. The criteria for selection of cells 
suitable for transplantation are the following: high survival 
rate, controlled differentiation, oncogenic and infectious 
safety, the possibility to transfect therapeutic genes with 
high-efficient expression in recipient’s tissues. The use 
of umbilical cord blood cells as the source of stem and 
progenitor cells seems to be highly promising due to their 
low immunogenicity, availability, easy and safe preparation, 
the capability to withstand long-time storage, the possibility 
to use autologous material [12, 13]. Human umbilical cord 
blood cell transplantation in spinal cord injury suppresses 
inflammatory response, has neurotrophic effect, and 
stimulates neovascularization [14–16].

The previous study of the efficiency of these two delivery 
ways of vegf and fgf2 genes directly to the zone of spinal 
cord injury in rats [17–19] showed that a direct injection of 
plasmid DNA ranks slightly below in delivery efficiency of the 
same therapeutic genes on cell carriers, and surpasses it in 
the parameters of motor function recovery, the change in 
dimensions of pathological cavities. However, those studies 
had no analysis of possible correlations between structural 
and functional parameters. Moreover, in spinal cord injury 
therapy it appears to be of importance to study the state of 
cells of certain populations to estimate neuroregeneration 
effectiveness. Astrocytes is the most numerous population 
of glial cells, which provide brain balance control and 
malfunction of which results in neurodegeneration [20, 21]. 
In combined delivery of vegf and fgf2 genes, the population 
size of astrocytes in spinal cord injury has not yet been 
studied.

The aim of the investigation was to reveal possible 
correlations between morphological and functional spinal 
cord indices and estimate the number of astrocytes by 
the presence of specific protein S100B in the conditions 
of local delivery of vegf and fgf2 genes as part of plasmid 
construction pBud-VEGF-FGF2 in injection mediated by 
umbilical cord blood cells and in direct plasmid injection into 
traumatic area.

materials and methods. The experiments were carried 
out on 52 white female and male rats weighing 200–250 g. 
The animals were kept in standard conditions, with easy 
access to water and food, according to ethical principles 
established in Kazan State Medical University (Russia). The 
work was performed in accordance with ethical principles 
established by European Convention for the protection 
of vertebrata used for experimental and other scientific 
purposes (the Convention was passed in Strasburg, Mar, 
18, 1986, adopted in Strasburg, Jun, 15, 2006). The animals 

were anesthetized with an i.p. injection of chloral hydrate 
(80 mg/ml, 0.4 ml per 100 g). Dosed spinal cord contusion 
was simulated after laminectomy on TVIII8 level [22].

For experiments on cell-mediated gene delivery, human 
umbilical blood samples were drawn and mononuclear cell 
fraction was performed according to a previously described 
method [23]. The obtained cells were transfected by pBud-
VEGF-FGF2 plasmid using electroporation and test group 1 
animals were injected immediately after injury. The animals 
of control group 1 under the same conditions were injected 
the same umbilical blood cells transfected by pEGFP-N2 
plasmid.

In experiments with direct gene therapy, the test group 
2 animals were injected with pBud-VEGF-FGF2 plasmid in 
the same area, and control group 2 animals were injected 
with the same amount of pEGFP-N2 plasmid.

Beginning with the day 7 after injury, the animals of 
all groups were tested in the open plain every other day 
according to the method of D.M. Basso et al. [24]. 30 days 
after injury the animals were anesthetized and transcardially 
perfused with 4% paraformaldehyde solution (4°С). A spinal 
cord fragment was taken with vertebrae. Total injury area 
was measured on spinal cord cross sections [17–19]. To 
estimate a linear correlation between the values we used 
Pearson’s coefficient and statistics package in Origin Pro 
7.0.

On frozen cross spinal cord sections at a distance 
of 1.5 cm from injury epicenter using indirect immuno-
peroxidase technique S100B+-cells were detected (Sigma, 
dilution 1:100). The cells were counted on digital images 
in four fixed morphometric zones [18]. The preparations 
were studied and images were digitized on Axio Imager A1 
microscope (Carl Zeiss, Germany).

results. The comparison of total injury area in animal 
groups 30 days later using different delivery techniques 
of therapeutic genes showed the index in a direct plasmid 
injection at a 5 mm distance from the epicenter to be twice 
as little, and at a distance of 3 mm — 1.5 times less than in 
gene-cell therapy (Fig. 1).

Animal testing in the open plain revealed a motor 
nonfunction of lower limbs in both test groups as well as 
in both control groups up to 6 days after injury. The rats of 
control group 1 (injected by umbilical blood cells transfected 
by pEGFP-N2 plasmid) and control group 2 (with pEGFP-
N2 plasmid injection) were recorded to have eventual partial 
self-recovery of voluntary movements from 3.3±0.9 and 
7.7±0.5 scores for the first two weeks after the operation 
to 4.9±1.0 and 8.1±0.9 scores in the last two weeks of the 
experiment. In animals of test group 2 with direct pBud-
VEGF-FGF2 plasmid injection the index of motor function 
recovery was 6.8±1.6 scores in the first two weeks after the 
operation and increased up to 14±1.7 scores in the last two 
weeks of the experiment that is higher by 2 scores than in 
the test group 1 animals with transplantation of umbilical 
blood cells transfected by pBud-VEGF-FGF2 plasmid.

The animals with direct pBud-VEGF-FGF2 plasmid 
injection (test group 2) by day 30 after injury were found to 
have negative correlation between injury area and a motor 
function recovery index (Fig. 2). A correlation coefficient 
appeared to be higher for sections at 5 mm distance from 
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fig. 1. White matter fragment of rat spinal cord (30 days after injury) at a 5 mm distance from injury epicenter on ТVIII level: а — an 
injection of  umbilical blood cells transfected by pBud-VEGF-FGF2, b — in direct injection of pBud-VEGF-FGF2 plasmid, c — an injection 
of umbilical blood cells transfected by pEGFP-N2. Black arrows show the cavities resulted from an injury, white arrows indicate myelinated 
fibers. Cross sections are stained by methylene blue; 20
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fig. 2. Distribution of values of a motor function index and injury area at a 5 mm (а) and 3 mm (b) distance in rostral direction, and at a 
5 mm distance in caudal direction (c) from an injury epicenter in direct pBud-VEGF-FGF2 plasmid injection in contusion spinal cord injury 
(by day 30 after injury)

G.F. Shaymardanova, Y.О. Mukhamedshina, Y.А. chelyshev
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injury epicenter than for those at 3 mm distance. Thus, at a 
distance of 5 mm in rostral direction r=–0.85; p=0.002, and 
in caudal direction r=–0.87; p=0.009; at 3 mm distance in 
rostral direction r=–0.73; p=0.024; and in caudal direction 
r=–0.21; p=0.56. There was no such correlation in the 
experiment with transplantation of umbilical blood cells 
transfected by pBud-VEGF-FGF2 plasmid. In control groups 
no correlation between injury area and a motor function 
recovery index was revealed.

By day 30 of the experiment the number of S100B+-
cells in external white matter zones at 1.5 cm distance 
from injury epicenter in direct gene delivery increases by 
46% (p<0.05). And this index increases by 55% (p<0.05) 
in injected umbilical blood cells transfected by pBud-VEGF-
FGF2 plasmid (Fig. 3).

discussion. The revealed direct negative correlation 
between spinal cord injury area and a motor function 
recovery index in the experiments with direct pBud-VEGF-
FGF2 plasmid injection indicates that matrix conspicuity 
factor of preserved tissues is of primary importance (among 
other numerous factors controlling neuroregeneration in 
spinal cord injury) for the growth of regenerating nerve 
fibers. Compared with the results of transgenic delivery 
on cell carriers these data support high efficiency of direct 
gene therapy and give reasons for its practical application.

The highest correlation coefficient was found at a 5 mm 
distance from injury epicenter. This observation is consistent 
with our earlier findings [18, 19] indicating that destructive 
changes are more marked at a 3 mm distance from injury 
epicenter compared to those revealed at a 5 mm distance. 
Direct plasmid injection experiments showed better integrity 
of grey and white matter. It promotes better intergrowth of 
myelinated fibers in regeneration area and motor function 
recovery.

There is no correlation between the injury area and a 
motor function recovery index by day 30 in transplantation 
of cells transfected by pBud-VEGF-FGF2 plasmid. The 
results can be related to weak expression of transgenes 
delivered with cells, insufficient secretion of molecular 
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fig. 3. S100В+-cell count in spinal cord white matter at 
a distance of 1.5 cm from the epicenter on day 30 of the 
experiment. Lilac columns — test group 1 with injection 
of umbilical mononuclear blood cells transfected by 
pBud-VEGF-FGF plasmid; light green columns — test 
group 2 with pBud-VEGF-FGF2 plasmid injected; dark 
green columns — control group 1 with injected umbilical 
mononuclear blood cells transfected by pEGFP-N2 
plasmid; * — p<0.05

* *

*

factors synthesized with the involvement of transgenes in 
these cells after transplantation in injury area.

Increased expression of specific protein of macroglia 
S100B in case of direct gene therapy and in injection of 
umbilical mononuclear blood cells transfected by therapeutic 
genes can have positive effect on spinal cord regeneration. 
More marked increase of S100В+-cells count in cell-
mediated therapy compared with direct plasmid injection 
can be associated with a known capacity of umbilical 
mononuclear blood cells to suppress inflammatory response 
and have neurotrophic effect, or with the production of 
specific factors supporting survival and differentiation of 
astrocytes [25, 26].

In local delivery of therapeutic genes vegf and fgf2, the 
modulation of astrocyte phenotype and population increase 
of S100В-immunopositive cells can reflect a positive 
process of injured tissue reconstruction in the course of 
neuroregeneration that is important for adverse cell-mediated 
response prevention, degeneration control, inflammatory 
response restriction, and neovascularization stimulation. 
Protein S100B secreted by astrocytes acts in physiological 
nanomolar concentrations having a neurotrophic effect 
and supporting neuronal survival and axonal growth [15, 
27]. Moreover, a positive role of increased population of 
S100В+-cells is proved by an idea that many molecules 
produced by astrocytes have neuritrophic paracrine effect 
on а target cell in injury area, and astrocytes themselves 
form an adequate matrix for axonal growth.

conclusion. In the course of regeneration after contusion 
spinal cord injury, the damage area reduction and related 
motor function recovery is more effective in direct gene 
therapy compared to the delivery of the same genes on 
cellular carriers.
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