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Angiogenesis and nerve regeneration induced by local 
administration of plasmid pBud-coVEGF165-coFGF2 into 
the intact rat sciatic nerve 
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Abstract  
Vascular endothelial growth factor (VEGF) and fibroblast growth factor 2 (FGF2) are well-known growth factors involved in the regeneration 
of various tissues and organs, including peripheral nerve system. In the present study, we elucidated the local and systemic effects of plasmid 
construct рBud-coVEGF165-coFGF2 injected into the epineurium of intact rat sciatic nerve. Results of histological examination of sciatic 
nerve and multiplex immunoassays of serum showed the absence of immunogenicity and biosafety of plasmid рBud-coVEGF165-coFGF2. 
Moreover, local administration of plasmid DNA construct resulted in significantly decreased levels of pro-inflammatory cytokines in the 
peripheral blood, including tumor necrosis factor α (TNFα) and interleukin-12, and significantly increased levels of cytokines and chemokines 
including Regulated upon Activation, Normal T Cell Expressed and Presumably Secrete (RANTES), epidermal growth factor, interleukin-2, and 
monocyte chemoattractant protein 1. These changes in the peripheral blood on day 7 after injection of plasmid construct рBud-coVEGF165-
coFGF2 show that the plasmid construct has systemic effects and may modulate immune response. At the same time, reverse transcription-
polymerase chain reaction revealed transient expression of coFGF2, coVEGF165, ratFGF2 and ratVEGFA with direct transport of transcripts 
from distal part to proximal part of the sciatic nerve.  Immunohistochemical staining revealed prolonged presence of VEGFA in sciatic nerve till 
14 days post-injection. These findings suggest that local administration of plasmid construct рBud-coVEGF165-coFGF2 at a concentration of 
30 ng/µL results in the formation of pro-angiogenic stimuli and, and the plasmid construct, used as a drug for gene therapy, might potentially 
facilitate regeneration of the sciatic nerve. The study was approved by the Animal Ethics Committee of Kazan Federal University, procedures 
were approved by the Local Ethics Committee (approval No. 5) on May 27, 2014.
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formation of pro-angiogenic and immunodulatory signals
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Introduction 
Injuries of the peripheral nervous system (PNS) are followed 
by activation of numerous relative processes in neurons 
and their axons, Schwann cells (SCs), fibroblasts, vascular 
endothelial cells, and immune cells. After traumatic injuries 
of axon, neuron soma produces and transfers to periphrey 
all necessary factors required for regeneration and transfers 
to periphery. Therefore, after trauma, the proximal part of 
nerve is considered to contain more bioactive molecules 
involved in tissue regeneration than the distal part (Wang 
et al., 2017; Masgutov et al., 2019). The proximal nerve 
undergoes Wallerian degeneration (Bastien and Lacroix, 
2014), which involves destruction of axons and their myelin 
sheaths, dedifferentiation of SCs and activation of immune 
cells (Gaudet et al., 2011; Conforti et al., 2014; Cattin et al., 
2015; Masgutova et al., 2017). Dedifferentiation of SCs is 
accompanied by changes in gene expression, secretion of 
various growth factors (GFs), compounds of extracellular 
matrix, cytokines and chemokines (Lee et al., 2009; Chen et 
al., 2014; Masgutova et al., 2017). In addition to promoting 
the growth of new axons and their remyelination, factors 
secreted by SCs are essential for immune cells recruitment 
and induction of angiogenesis (Wang et al., 2017; Stratton 
et al., 2018). Immune cells, which are recruited to the site 
of injury of the PNS, include neutrophils, macrophages, and 
Т-cells (Selders et al., 2017). Neutrophils are observed in 
tissue within 6–12 hours post-injury while macrophages are 
recruited on days 2-3 post-injury with the peak on day 7 post-
injury (Gaudet et al., 2011; Bastien and Lacroix, 2014; Van 
Steenwinckel et al., 2015). Macrophages represent the most 
numerous population among the activated immune cells 
(Gaudet et al., 2011; Liu et al., 2019).  

SCs, in turn, produce a broad range of compounds, which 
are essential for recruitment of macrophages. Macrophages 
also secrete necessary substances for proliferation and 
dedifferentiation SCs, which are beneficial  for axon 
regeneration, myelination, and angiogenesis (Gaudet et al., 
2011; Liu et al., 2019). The synthesized substances include 
extracellular matrix proteins, proteases, growth factors, 
cytokines, and chemokines (Martini et al., 2008; Bastien and 
Lacroix, 2014). The most important growth factors secreted 
by macrophages include vascular endothelial growth factor-A 
and -B (VEGFA and VEGF-B), fibroblast growth factor 2 (FGF2), 
bone morphogenetic protein-2 (BMP2), and other angiogenic 
factors, which also contribute to the migration of SCs (Cattin 
et al., 2015; Stratton et al., 2018). 

After nerve injury, in the traumatic region, degenerative 
mechanisms are activated: pro- and anti-inflammatory 
cytokines are released, resulting in fibroblast activation and 
collagen hyperplasia (Masgutova et al., 2017; Stratton et 
al., 2018). Progressive fibrosis and scars compromise nerve 
regeneration while the influence of microenvironment is a 
critical criterion for successful regeneration of an injured 
tissue. To ensure appropriate microenvironment, cells 
must maintain balanced ratio of nerve growth factors, 
pro-angiogenic factors, oxidative stress factors and pro-
inflammatory cytokines and simultaneously avoid activation 
of fibroblasts by maintaining the balance of collagen synthesis 
and degradation (Wakatsuki et al., 2015; Fukui, 2016). 
Otherwise, intrinsic ability for repair is compromised. The use 
of external inducing stimuli thereby could serve as a promising 
therapeutic strategy (Hoyng et al., 2015).

Critical role of growth factors in peripheral nerve regeneration 
is demonstrated on wide-gamut models. Particularly it 
has been shown that gene therapy allows achieving the 
synthesis of biologically active molecules with modified cells 

of the organism itself. This strategy is based on delivery of 
therapeutic genes in target cells, which results in production 
of protein factors contributing to stimulation of regeneration 
in traumatic areas (Hoyng et al., 2015). The most investigated 
and frequently mentioned angiogenic factors include vascular 
endothelial growth factor (VEGF) and fibroblast growth factor 
(FGF) produced by naïve endothelial cells and fibroblasts 
(Spanholtz et al., 2011; Shibuya, 2013; Dumpich and Theiss, 
2015). These factors have been successfully applied for 
stimulation of post-traumatic regeneration of the central 
nervous system (CNS) and PNS (Muratori et al., 2018).

VEGF acts  as  a  key  regulator  of  ang iogenes is  and 
vasculogenesis; it is known to induce proliferation, activation 
and differentiation of endothelial cells and tube formation, 
resulting in further development of new vessels (Moccia et 
al., 2019). VEGF plays a key role in increasing the survival of 
endothelial cells, as it induces the expression of anti-apoptotic 
protein (Muratori et al., 2018). VEGF165 has been shown 
to enhancethe migration of SCs and promotes axon growth 
(Rosenstein et al., 2010). 

FGF2 and its high affinity receptors are expressed in intact 
PNS and are released after nerve damage or chronic 
inflammation (Ucuzian et al., 2010). It has been shown that 
FGF2 contributes to neuron survival and stimulates axon 
growth both in vitro and in vivo (Woodbury and Ikezu, 2014). 
The participation of high molecular weight FGF2 isoforms in 
sensory recovery was demonstrated in a rat model of sciatic 
nerve injury, which indicates their significant role in peripheral 
nerve regeneration (Spanholtz et al., 2011). Thus, the delivery 
of genes of neurotrophic factors to the damaged area could 
be considered as one of the most promising approaches 
for stimulating neuroregeneration but this requires 
comprehensive study.

To date, codon optimization is a widely used method for 
modification of the nucleotide sequence to increase the 
efficacy of protein biosynthesis, as well as to change the 
immunogenicity of a protein product (Frelin et al., 2004). 
During codon optimization, the most frequently used 
codons are selected, and this allows synthesis of a functional 
product (Mauro and Chappell, 2014). In addition, there is the 
possibility of optimization based on preferred codons without 
changing the amino acid sequence of the corresponding 
proteins (Gao et al., 2015). In this work, to achieve sufficient 
expression of VEGF and FGF, two-cassette plasmid construct 
pBud-coVEGF165-coFGF2 was applied.

In this study, we suggest that intraneural administration of 
therapeutic recombinant constructions will promote a local 
stimulating effect. Taking into account results of our previous 
study (Masgutova et al., 2017) that revealed comprehension 
of cellular and molecular interactions between immune 
system and peripheral nerves, we also tested formation of 
systemic inflammatory response signaling cascades stimulating 
regeneration processes in the peripheral nerve. 
 
Materials and Methods   
Codon optimized recombinant constructs
In this work, we used the modified two-cassette plasmid 
construct pBud-coVEGF165-coFGF2 created based on the 
commercially available plasmid pBudCE4.1 (4595 bp, Cat# 
V532-20, Invitrogen, MA, USA) by subcloning cDNA of the 
vegf (isoform 165) and fgf2 genes under the control of the 
elongation factor-1α (EF-1α) and cytomegalovirus (CMV) 
promoters, respectively, the tag sequences V5-His and 
myc- were removed. Expression plasmid vector pBudCE 
4.1 (Invitrogen, Waltham, MA, USA); compliation of codon-
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optimized human genes sequence have been described earlier 
(Salafutdinov et al., 2010; Solovyeva et al., 2020). 

De novo synthesis of vegf165 and fgf2 cDNA nucleotide 
sequences and development of recombinant constructs were 
performed by GenScript (Piscataway, NJ, USA). The design 
allows simultaneous and independent codon expression of 
optimized sequences of human vegf165 and fgf2. 

The concentration of the resulting plasmid DNA was 
determined spectrophotometrically using NanoDrop 2000 
(Thermo Scientific, MA, USA). Purified DNA was dissolved in 
sterile PBS to a concentration of 30 ng/µL. Optimal plasmid 
concentration was determined based on our previous study 
(Masgutov et al., 2011) and publications of other groups (Fu 
et al., 2007; Pereira Lopes et al., 2013; Boldyreva Mcapital et 
al., 2018). 

Animal experiments 
Experiments were carried out using 25 4–6-month-old male 
Wistar rats weighing 200–300 g (Limited Liability Company 
“Nursery of the Russian Academy of Medical and Technical 
Sciences”, Moscow, Russia). All animals were acclimatized 
for 2 weeks before the start of the experiment. Animals 
were kept under standard vivarium conditions with the 12-
hour day/night schedule, with free access to food and water. 
Animals were kept and used for experimental procedures 
in accordance with the rules accepted by the Animal Ethics 
Committee of Kazan Federal University, and procedures 
were approved by the Local Ethics Committee (approval 
No. 5, approved on May 27, 2014). These animals were also 
used in accordance with international bioethical standards 
defined by the international guiding principles for biomedical 
research involving animals issued by Council for International 
Organizations of Medical Sciences (CIOMS) (2012), the 
Directive 2010/63/EU of the European Parliament and of the 
Council of 22 September 2010 on the protection of animals 
used for scientific purposes and the 3Rs principles (Replace, 
Reduce, Refine).

Rats were anesthetized by intraperitoneal administration 
of chloral hydrate (400 mg/kg in 6.4% NaCl) (AppliChem, 
Darmstadt, Germany), after anesthesia, they had undergone 
operation to the left and right sciatic nerves. Plasmid pBud-
coVEGF165-coFGF2 containing the sequence of vegf165 and 
fgf2 genes was administered intraneurally into the epineurium 
of the left sciatic nerve via three points (10 μL/point, 30 ng/μL)  
in distal, medial and proximal segments, separately with a 
Hamilton’s syringe. Each sciatic nerve received an injection 
of 30 μL of solution. An amount of 30 μL of PBS (control) 
was intraneurally administered into the right sciatic nerve 
in the similar way. The experiment was conducted without 
disruption of the integrity of the axons. 

Sciatic nerve sampling was performed on days 1, 2, 3, 7, and 
14 after the injection of plasmid pBud-coVEGF165-coFGF2. For 
each study period (1, 2, 3, 7, and 14 days post-injection), five 
animals were used (n = 25). The left (experimental) and right 
(intact) sciatic nerves were transversely dissected into three 
fragments: distal (5 mm), medial (3 mm) and proximal (5 mm).

The distal and proximal samples were frozen in liquid nitrogen, 
then transferred to –80°C and stored for RNA isolation and 
real-time reverse transcription-polymerase chain reaction (RT-
PCR). Medial sciatic nerve samples were transferred into a 
10% buffered formalin solution for morphological analysis and 
immunohistochemical analysis with antibodies against VEGF-A 
and FGF2.

To assess the immune status in experimental animals 
compared with local administration of recombinant pBud-

coVEGF165-coFGF2 constructs, multiplex immunoanalysis 
was performed. Plasmid construct was introduced into the 
left sciatic nerve of intact rats (n = 10), and PBS (n = 10) was 
similarly administered in the control group. Venous blood 
(0.5–0.7 mL) was collected by catheterization of the caudal 
vein 2 hours prior to the surgery and then 7 days after the 
introduction of the plasmid. After coagulation for 20 minutes, 
the blood was centrifuged at 1750 × g for 5 minutes. Blood 
serum was aseptically collected and frozen at –80°C until the 
time of the analysis. 

RT-PCR
Isolation of total RNA was performed using TRI Reagent 
(Sigma-Aldrich, St. Louis, MO, USA) according to the standard 
protocol of the manufacturer. For reverse transcription, 
100 ng of RNA template, 100 pmol of random hexametric 
primer and deionized water were mixed in a 200 μL tube. 
The mixture was heated for 5 minutes at 65°C, after which it 
was sharply cooled. Next, 5× reaction buffer (Thermo Fisher 
Scientific, Waltham, MA, USA), 20 U RNase inhibitor, 100 U 
reverse transcriptase RevertAid Reverse Transcriptase (Thermo 
Scientific, MA, USA) were added to the mixture. The synthesis 
was carried out in the following mode: 2°С 10 minutes, 42°С 
60 minutes, and transcription termination at 70°С 10 minutes. 
The obtained cDNA was used for qPCR.

Quantitative analysis of gene expression of 18S rRNA, fgf2, and 
vegf isoforms was performed by RT-PCR using CFX384 Real-
Time PCR Detection system equipment (BioRad, Hercules, CA, 
USA).

For PCR reaction in a volume of 10 μL, we used: 1× reaction 
mixture qPCRmix-HS SYBR (KCl, Tris-HCl (pH 8.8), 6.25 mM 
MgCl2, HS Taq DNA polymerase, 0.8 mM deoxynucleotide 
triphosphates, 900 nM direct and reverse primers, water 
(Synthol) and 100 ng DNA template (cDNA). As an endogenous 
control, a set of primers were used to analyze the level of 
expression of 18S rRNA gene. The prepared 9.9 μL reaction 
mixture was digested into 384-well plates (Axygen, 384-well 
Skirted PCR Microplates, CA, USA), and 0.1 μL of cDNA was 
added to each well. The wells were covered with an optically 
transparent film (Axygen, Sealing Film, Real Time PCR) and 
whether PCR amplification at the following temperature 
conditions: 95°C 30 seconds (calibration), 95°C 5 minutes 
(preheating), and then 50 cycles: 95°C 30 seconds, 55°C 30 
seconds and 72°C  30 seconds.

Evaluation of ectopic expression of human vegf165 and fgf2 
mRNA, and the transcriptional activity of similar rat genes 
was also evaluated. Primers for evolution of the target gene 
expression are shown in Table 1. Recombinant genes are 
depicted as coVEGF165 and coFGF2, whereas rat equivalent 
genes are rVEGF164 and rFGF2. For each target gene, the 
results were obtained in two independent experiments in 
triplicate. The amount of RNA was normalized by the amount 
of cDNA of the “housekeeping” 18S rRNA gene (Chintalgattu 
et al., 2003). Serial dilution of plasmid DNA with a known 
number of copies was used to construct a standard curve and 
to determine the expression level of the studied genes. The 
expression level of the studied genes in the right sciatic nerve 
was taken as 100%.

Immunohistochemistry
Medial parts of the sciatic nerves were fixed in 10% neutral 
buffered formalin (pH 7.4) for 24 hours at room temperature, 
and then embedded in paraffin using standard protocol. 
4-μm-thick paraffin cross-sections were dried overnight at 
45°C. Immunohistochemistry was performed using Novolinktm 
Polymer Detection System (Leica Biosystems, Wetzlar, 
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Germany) with antibodies against VEGF (1:100, V-16, sc-7269, 
mouse monoclonal, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) and FGF2 (1:200, N-19, sc-1390, goat polyclonal, Santa 
Cruz Biotechnology) according to manufacturer’s protocol. 
Detection was accomplished with 3-amino-9-ethylcarbazole 
(AEC). Nuclei were additionally stained for 1 minute with 
Mayer’s hematoxylin. Imaging was performed on the Aperio 
CS2 slide scanner (Leica Biosystems, Wetzlar, Germany).

Morphological analysis
Medial nerve specimens were cut into continuous cross-
sections at 4-μm thickness and the specimens were stained 
using hematoxylin and eosin (H&E) to observe nerve 
morphology. For H&E staining, deparaffinized and rehydrated 
sections were immersed into Mayer’s hematoxylin for 1 
minute, followed by incubation for 5 minutes in tap water. 
Then slides were placed into water-soluble eosin for 30 
seconds and washed in distilled water for 5 minutes. Imaging 
was performed on the Aperio CS2 slide scanner (Leica 
Biosystems). 

Multiplex immunoassay
Rat Cytokine/Chemokine Magnetic Bead Panel (Millipore, 
Billerica, MA, USA) was used to analyze serum samples 
according to the manufacturer’s recommendations. Rat 
cytokine panel includes granulocyte colony-stimulating factor 
(G-CSF), etaxin, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), interleukin (IL)-1α, leptin, macrophage 
inflammatory protein (MIP) 1α, IL-4, IL-1β, IL-2, IL-6, epidermal 
growth factor (EGF), IL-13, IL-10, IL-12p75, interferon-γ (IFNγ), 
IL-5, IL-17A, and IL-18, Monocyte chemoattractant protein 
1 (MCP1), interferon gamma-induced protein 10 (IP-10), 
growth-regulated oncogene (GRO), VEGF, fractalkine, LIX (C-X-C 
motif chemokine 5), MIP-2, tumor necrosis factor-α (TNFα), 
and Regulated upon Activation, Normal T Cell Expressed 
and Presumably Secrete (RANTES). In each case, serum was 
collected from 0.5–0.7 mL of peripheral blood. Then 50 µL 
of serum was used for multiplex immunoassay. Muliplex 
immunoassay was performed in triplicate for each test serum 
sample.

Statistical analysis  
Data are presented as the mean ± standard error of the mean 
(SEM). A one-way analysis of variance (ANOVA) with post 
hoc Tukey’s test was used for multiple comparisons between 
all experimental groups. All analyses were performed in 
a blinded manner with respect to the treatment group. A 
value of P < 0.05 was considered statistically significant. Data 
were analyzed using the Origin 7.0 SR0 Software (OriginLab, 
Northampton, MA, USA). 

Table 1 ｜ Primers used to evaluate the target gene expression 

Primer Sequence 5′–3′

rFGF2 F: GCT GCT GGC TTC TAA GTG TG
rFGF2 R: GTG CCA CAT ACC AAC TGG AG
rVEGF164 F: TAT ATC TTC AAG CCG TCC TGT G
rVEGF164 R: TCT CCT ATG TGC TGG CTT TG
rmh18S F: GCC GCT AGA GGT GAA ATT CTT G
rmh18S R: CAT TCT TGG CAA ATG CTT TCG
coVEGF165 F: GCG GAG AAA GCA CAA GAT CCG
coVEGF165 R: CCT CGG CTT GTC ACA TCT GC
coFGF2 F: GCG GGT TCT TTC TGA GGA T
coFGF2 R: ATA GCC AGA TAT CGG TTG GC

F: Forward; R: reverse.

Results
mRNA expression of vegf165 and fgf2 genes
mRNA expression of vegf165 and fgf2 genes was evaluated 
by RT-PCR in the distal and proximal areas of rat sciatic nerve 
at 1, 2, 3, 7, and 14 days after administration of the pBud-
coVEGF165-coFGF2 recombinant construct. According to 
our data, 1 day after injection, a multiple increase in mRNA 
expression of recombinant genes was noted in the distal nerve 
section (P = 0.003 and P = 0.0008 for recombinant vegf and 
fgf2, respectively; Figure 1). On the following days, downward 
trend was observed. In addition, on the first 2 days, transcripts 
of recombinant vegf165 and fgf2 show an increase mainly in 
the distal part of the nerve (1 day: P = 0.003 and P = 0.0008; 
2 days: P = 0.003 and P = 0.009 for vegf and fgf2 mRNA, 
respectively). On the 3rd day, on the contrary, expression in 
the proximal region significantly increased: 31.36 (P = 0.034) 
for vegf mRNA and 133.28 (P = 0.00000001) for fgf2 mRNA, 
which was almost four times higher than the expression level 
of fgf2 in the distal nerve fragment (P = 0.03). On days 7 and 
14, there was no significant increase in ectopic expression of 
vegf and fgf2 mRNA.

In response to administration of the plasmid construct pBud-
coVEGF165-coFGF2, the number of transcripts of rat vegf 
and fgf2 mRNAs significantly changed (Figure 1). The level 
of expression of the gene encoding VEGF164 in the distal 
fragment of the nerve was significantly different from the 
control value (P = 0.024). The transcriptional activity of the 
vegf164 gene in the proximal fragment gradually increased 
and reached its peak on the third day (P = 0.00005). As 
for the distal fragment, by the third day, the number of 
recombinant vegf164 transcripts in this segment almost 
equaled the expression level in control samples. The relative 
expression of rat fgf2 reached its maximum value on the first 
day after an injection in the distal fragment (P = 0.0024), 
then the expression level gradually decreased and on the 
third day, a significant change was observed only in the 
proximal sciatic nerve (P = 0.034). As in the case of ectopic 
expression of recombinant factors, on the 7th and 14th days, 
the transcriptional activity of the genes does not differ from 
that in the control samples; the values became almost equal 
to the control values in the distal and proximal fragments of 
the sciatic nerve.

Morphological changes in rat sciatic nerve
At 1, 2, 3, 7, and 14 days after intraneural administration of 
the plasmid construct pBud-coVEGF165-coFGF2, no significant 
changes in the structure of the sciatic nerve were observed. 
Visually, the first day post-operation was characterized by 
moderate swelling of the epineurium caused by mechanical 
damage to the epineurium. Swelling occurred in both 
groups indicating that it was not due to the vegf165 and fgf2 
expression. An inflammatory reaction in the sciatic nerve in 
response to the introduction of the plasmid pBud-coVEGF165-
coFGF2 was not detected during the studied periods (Figure 2).

VEGF and FGF2 proteins in rat sciatic nerve
On the first day after injection of the plasmid pBud-
coVEGF165-coFGF2 in the experimental group, a bright 
positive staining for VEGF-A was detected in the vascular lumen 
(Figure 3), which lasted up to 14 days. FGF2 in the lumen of 
blood vessels was detected only in 3 days, and blood vessels 
positive for FGF2 were also observed in the control group 
injected with PBS (Figure 3). On day 14, in the control group, 
positive staining for VEGF-A was completely absent, which 
was retained in a small number of vessels in experimental 
samples (Figure 3). Positive staining for FGF2 on day 14 after 
injection of plasmid pBud-coVEGF165-coFGF2 was absent in 
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both groups (Figure 3).

Cytokines/chemokines in the peripheral blood serum of rats
On day 7 post-injection, among 33 proteins stained, 14 
were secreted significantly in the blood serum (Table 2). In 
particular, serum levels of MIP-1α (P < 0.05), IL-10 (P < 0.01), 
IL-12p75 (P < 0.01), IL-5 (P < 0.01), TNF-α (P < 0.01), IL-1α 
(P < 0.01), IL-1β (P < 0.01), IL 18 (P < 0.01), VEGF (P < 0.01), 
Fractalkine (P < 0.01) were decreased. Among these, TNF-α 
level decreased the most (P = 0.0008) and IL-12 level also 
decreased significantly (P = 000004).

At the same time, the expression of RANTES (P < 0.05), EGF (P 
< 0.05), IL-2 (P < 0.05), and MCP-1 (P < 0.05) was upregulated 
(Table 2).

Discussion
For regulation of angiogenesis, it is essential to locally 
maintain the balance of pro-angiogenic factors. Induction 
of angiogenesis leads to a rapid excessive accumulation of 
pro-angiogenic factors (Tahergorabi and Khazaei, 2012). 
After sprouting completion, the mechanisms underlying 
the inhibition of angiogenic factors and active synthesis of 
angiostatins are activated to restore the initial balance (Bisht 
et al., 2010). Administration of plasmid DNA рBud-coVEGF165-
coFGF2 containing human codon-optimized genes of VEGF-A 
and FGF2 induced angiogenesis, affecting transcriptional 

activity of vegfa and fgf2 genes in vivo. Moreover, direct 
transport of mRNA transcripts in distal part and then to the 
proximal part of the nerve have been observed. 

First 3 days were characterized by prominent active secretion 
of recombinant proteins and translocation to the distal part 
of the sciatic nerve appeared within the first 3 days after 

Figure 1 ｜ mRNA expression of vegf and fgf2 genes in rat sciatic nerve samples. 
(А) coVEGF expression, (B) coFGF2 expression, (C) rat VEGF expression, (D) rat FGF2 expression. White columns represent expression in distal nerve parts, blue 
columns represents  expression in proximal nerve parts. X-line axis  indicates time points after administration of рBud-coVEGF165-coFGF2, Y-axis indicates 
mRNA relative expression. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, vs. the control (one-way analysis of variance with post 
hoc Tukey’s test).  The expression level of the studied genes in the right sciatic nerve was taken as 100%. The analysis was carried out in triplicate. n = 5 animals 
per group.

Figure 2 ｜ Cross sections of rat sciatic nerve 1, 2, 3, 7, and 14 days after 
intraneural administration of the plasmid pBud-coVEGF165-coFGF2. 
Hematoxylin and eosin staining. No inflammatory or degenerative features 
observed. Ep: Epineurium; F: fascicle. Red arrows correspond to perineurium. 
Scale bars: 200 μm. Intact nerve refers to nerve injected with phosphate 
buffer saline.

Figure 3 ｜ Immunohistochemical staining of VEGF (left column) and FGF2 
immunoreactivities (right column). 
1, 2, 3, 7, and 14 days after the introduction of plasmid pBud-coVEGF165-
coFGF2. Control: Sciatic nerve on the 3rd day post-injection with phosphate 
buffer saline. Cross sections of the sciatic nerve of a rat. Red staining 
corresponds to a positive reaction with antibodies against VEGF and 
FGF2. Scale bars: 50 μm. FGF2: Fibroblast growth factor 2; VEGF: vascular 
endothelial growth factor. 
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injection of plasmid рBud-coVEGF165-coFGF2, which is 
beneficial for regeneration and directed axon growth. 

By day 7, expression of recombinant vegf and fgf2 in the sciatic 
nerve ceased. Despite this fact, accumulation of recombinant 
VEGF-A was demonstrated in the lumen of blood vessels of 
the medial part of the nerve, which was observed from 1 day 
to 14 days after injection of plasmid рBud-coVEGF165-coFGF2. 
Upregulation of FGF-2 expression was observed only at 3 days 
after injury. 

In addition to local effects, based on the results of our 
multiplex analysis, injection of plasmid pBud-coVEGF165-
coFGF2 resulted in changes at the system level. Concentrations 
of numerous cytokines and chemokines changed. Most of 
cytokines may regulate angiogenesis and tissue reparative 
potential. It is worth mentioning that these significant changes 
in the synthesis of cytokines had been observed on the 7th 
day, when mRNA of recombinant vegf and fgf2 at the site of 
administration of plasmid pBud-coVEGF165-coFGF2 already 
corresponded to the minimum (native) level. However, this 
fact suggests that this delayed effect might be due to the 
action of pre-synthesized recombinant proteins.

At 7 days after injection of plasmid pBud-coVEGF165-coFGF2, 
the levels of pro-angiogenic factors MIP-1α, IL-10, IL-12p75, 
IL-5, TNFα, IL-1α, IL-1β, IL-18, VEGF, and Fractalkine in blood 

serum decreased. At the same time, serum levels of RANTES, 
EGF, IL-2, andMCP-1 were increased. Fibroblasts and SCs are 
known to secrete interleukins, such as IL-1β, IL-6, chemokines 
(including MCP and RANTES), GM-CSF and TGFβ (Ozaki et al., 
2008). At the very beginning of the article, we focused on the 
critical role of immune cells in the regeneration of peripheral 
nerves. Their recruitment and activation is mediated by the 
factors secreted by SCs and fibroblasts, which play a direct role 
in post-traumatic nerve regeneration. There is clear evidence 
that monocytes are involved in this extremely vital process. 
They differentiate into macrophages under the influence 
of tissue microenvironment and various colony-stimulating 
factors, including GM-CSF and G-CSF (Brown et al., 2012). 
It is also known that MCP-1 production is increased after 
peripheral nerve injury and MCP-1 promotes the transition 
of macrophages to the M2 phenotype in the area of injury 
(Schreiber et al., 2001; Sierra-Filardi et al., 2014; Masgutova et 
al., 2017). Moreover, MCP-1 and CCR2 were shown to lead to 
the progression of neuropathic pain (Abbadie et al., 2009; Liou 
et al., 2013). It is worth emphasizing that the introduction of 
the plasmid reduces the levels of pro- and anti-inflammatory 
cytokines, we confidently prove this fact by the absence of 
a significant difference in the group with PBS administration 
compared to the multiplex analysis of peripheral blood serum 
collected from these animals 2 hours before conducting an 
operation.

Among all of the analyzed cytokines, the levels of pro-
inflammatory cytokines changed the most. Hence, the level 
of TNF decreased by 40 times. It is known that TNF can act 
on endothelial cells both directly through the induction of 
cell differentiation and indirectly through stimulation of 
the secretion of angiogenic factors (Ucuzian et al., 2010). 
However, prolonged enhanced synthesis of TNF can contribute 
to demyelination, apoptosis of neurons, expression of 
endothelial cell adhesion molecules, and affect the activation 
of immune cellsand the phagocytosis by macrophages (Allan 
and Rothwell, 2001; Shamash et al., 2002; Chen et al., 2011). 

The levels of IL-1α and IL-1β also decreased. These cytokines 
contribute to remyelination, production of cytokines by 
endothelial and immune cells and destabilization of the 
endothelial layer of the vessels, and, together with TNF, 
they can contribute to death of neurons and activation of 
monocytes/macrophages (Pineau et al., 2010; Sato et al., 
2012; Ye et al., 2013, 2015). IL-1β, when combined with other 
cytokines, can activate the synthesis of FGF2 by endothelial 
cells (Lee et al., 2004). In turn, FGF2 enhances the expression 
of a number of chemokines involved in the recruitment of 
various immune cells, including monocytes/macrophages, 
natural killer cells and T lymphocytes (Presta et al., 2009).

An increase in the number of pro-inflammatory cytokines and 
chemokines occurs due to neutrophils almost immediately 
after stress exposure (Naldini and Carraro, 2005). Despite 
their positive effect on nerve regeneration, the action of all 
cytokines and chemokines is dualistic; this manifests itself in 
the fact that with prolonged increased secretion, they begin 
to have a detrimental effect on tissue, primarily due to an 
inadequate increase in the aggressiveness of immune cells. In 
this case, axon demyelination and the death of Schwann cells 
and neurons occur (Pineau et al., 2010; Sato et al., 2012; Ye 
et al., 2013). Obtained results have shown that on the 7th day 
after injection of the plasmid, the level of pro-inflammatory 
cytokines decreases. This is due to the fact that the peak of 
pro-inflammatory factors has already passed, and since the 
integrity of the nerve was not compromised, the action of 
the plasmid by itself was not enough to maintain a long-term 
increase in the secretion of pro-inflammatory cytokines. As a 

Table 2 ｜ Levels of cytokines/chemokines (relative units/mL) in the 
peripheral blood serum of rats after intraneural administration of the 
plasmid pBud-coVEGF165-coFGF2 or the introduction of PBS

Cytokine/chemokine
7 days after PBS 
administration

7 days after plasmid DNA 
administration 

MIP-1α 226.53±78.47 16.58±2.81*

IL-10 640.88±203.54 82.98±155.71**

IL-12p75 251.94±82.24 12.20±0**

IL-5 45.21±15.4 4.90±0**

TNF-α 119.31±29.57 2.40±0**

IL-1α 1744.27±798.40 470.15±170.16**

IL-1β 369.17±125.96 109.28±60.95**

IL-18 1356.42±367.33 737.05±196.84**

VEGF 382.54±61.08 70.06±4.67**

Fractalkine 328.64±78.36 27.50±5.95**

RANTES 2085.34±465.66 4065.98±456.40*

EGF 154.60±46.78 201.61±50.16*

IL-2 11.79±2.36 39.07±32.88*

MCP-1 923.39±300.15 1138.39±161.96* 
Eotaxin 0.89±0.28 1.06±0.74
G-CSF 4.90±0 4.90±0
GM-CSF 12.20±0 12.20±0
Leptin 11041.29±2188.76 13464.47±4308.26
IL-4 4.90±0 4.90±0
IL-6 73.20±0 73.20±0
IL-13 4.90±0 4.90±0
IFNγ 14.6±0 14.6±0
IL-17A 7.30±0 7.30±0
IP-10 339.78±73.65 345.84±34.77
GRO 14.60±0 14.60±0
LIX 2686.88±688.60 2231.09±301.99
MIP-2 24.40±0 25.46±2.13

*P < 0.05, **P < 0.01, vs. 7 days after PBS administration. EGF: Epidermal 
growth factor; G-CSF: granulocyte colony-stimulating factor; GM-CSF: 
granulocyte-macrophage colony-stimulating factor; GRO: growth-regulated 
oncogene; IFNγ: interferon-γ; IL: interleukin; LIX: MCP-1: monocyte 
chemoattractant protein 1; MIP-1α: macrophage inflammatory protein; MIP-
2; macrophage inflammatory protein 2; RANTES: Regulated upon Activation, 
Normal T Cell Expressed and Presumably Secrete; TNFα: tumor necrosis factor 
alpha; VEGF: vascular endothelial growth factor.
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result, their synthesis was suppressed to restore the original 
balance and prevent the inadequate response of the immune 
system. 

However, the obtained results cannot be interpreted 
specifically, since multiplex analysis of peripheral blood 
serum is not considered to be a standard for understanding 
the processes of regeneration in the sciatic nerve, but the 
data obtained may become the pioneer for understanding 
the participation of a systemic inflammatory reaction in the 
post-traumatic process. Moreover, we have to concede that 
evaluation of the lysates from peripheral nerve may clarify 
numerous questions concerning upregulated expression of 
VEGF and FGF2 on production of anti- and pro-inflammatory 
cytokines and evidence on possible local intraneural changes. 

Thus, injection of pBud-coVEGF165-coFGF2  results in 
increased expression of genes encoding the pro-angiogenic 
factors VEGF-A and FGF2. Together with ectopic expression, 
an increased transcriptional activity of the studied rat genes 
occurs. Moreover, upregulated expression is quite transient. 
This may be due to the fact that the introduced plasmid 
pBud-coVEGF165-coFGF2 encodes recombinant human 
proteins. Moreover, significant changes in levels of cytokines 
and chemokines were observed in 7 days after intraneural 
injection. First of all, a significant decreased level of secretion 
of pro-inflammatory cytokines and chemokines takes place. 
Upregulation of secretion activity is a normal occurrence 
in the induction of peripheral nerve regeneration and 
angiogenesis and is usually activated immediately after stress 
exposure (Chen et al., 2011). Cytokines and chemokines in the 
PNS are constitutively expressed and play significant roles in 
activating the proliferation of SCs, regulation of axon growth, 
remyelination, destabilization of endothelial layer of vessels, 
and extracellular matrix remodeling of endothelial cells. 

In summary, the action of all cytokines and chemokines is 
dualistic, which manifests itself in the fact that with prolonged 
increased secretion, cytokines and chemokines begin to 
produce detrimental effects on tissues, primarily due to 
an inadequate increase in the aggressiveness of immune 
cells. Our results are consistent with the normal scenario 
of angiogenesis and regeneration of the peripheral nerve 
and indicate that the plasmid construct pBud-coVEGF165-
coFGF2 is not immunogenic, and when administered locally, it 
promotes the activation of angiogenesis and regeneration in 
rat sciatic nerve.
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