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BACKGROUND: The role of neurotrophic factors (brain-derived neurotrophic factors and glial cell line-derived
neurotrophic factors) and early electrical stimulation (EES) in the injured nerve has found promising in several
studies. However, there is still limited knowledge about the effect of EES in the distal part of the nerve to sustain this
level of expression of growth factors.

AIM: We aim to evaluate the effects of EES in in neural regeneration by measuring the expression of brain-derived
neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) in animal model.

METHODS: The research was conducted starting from April to May 2021 using male Wistar rats. Using general
anesthesia, the sciatic nerve was cut. The intervention group was treated with EES in the distal stump, right after
nerve resection (20 Hz, 1-2 mA, 2-5 s), while the control group received no treatment after nerve resection.
A reoperation on day 3 was performed in both groups to measure BDNF and GDNF expression level of the distal
nerve tissue by ELISA as well as histopathological examination of sprouting axons of the injured proximal nerve.

RESULTS: A total of 32 samples were included in the study. A statistically significant levels of GDNF is found higher
in the EES group (n = 16) than the control group (n = 16) (35. 71 pg/100 mg, confidence interval (Cl) 95% 23.93,
47.48, p < 0.05). The number of sprouting axons is found lower in the EES group (p < 0.05). The BDNF level is similar
between the two groups, however not significant. After a subgroup analysis, it was found that the greater the level of
GDNF, the fewer the axon sprouts in both groups (fewer axon group 58.35 [n = 22, Cl 95% 45.14, 71.55] vs. more
axon group 47.14 [n = 10, Cl 95% 35.33, 58.95]), p < 0.05.
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CONCLUSION: The EES proves its benefit in accelerating the axonal regeneration by increasing the expression
GDNF in the distal nerve stumps in the electrical excited degenerated sciatic nerve in the rat model.

as crucial modulators of axon regeneration [1]. Their
functions in nerve regulation and signaling are well
documented, as well as its role in activity-dependent

Introduction

In the adult nervous system, the role of the
neurotrophic factors in neural survival and capacity
for axon regeneration has also been the subject of
considerable investigation both with nerve injuries.
Peripheral nerve injury is still a health problem that often
results in functional disorders despite the advancing
therapies with surgery and physiotherapy. Brain-
derived neurotrophic factor (BDNF) and glial cell line-
derived neurotrophic factor (GDNF) are two of the most
investigated neurotrophic factors that proved their roles

treatments including electrical stimulation [1], [2], [3].
One of the established therapies for peripheral nerve
injury is the electrical stimulation to the proximal
nerve segment, potentially causing excessive axonal
sprouting growth in the proximal part of the nerve if it
is not accompanied by an acceleration of the Wallerian
degeneration in the distal part of the nerve [4], [5], [6],
(7], [8].

Several studies have also shown that
electrical stimulation may also affect the behavior
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of Schwann cells by increasing cellular proliferation
and intracellular nerve growth factor expression in
vitro as well as remyelination of injured axons in vivo,
mediated by increased expression of BDNF [2], [9]. To
date, there is no published study about the electrical
stimulation of the distal part after nerve injury to
accelerate the Wallerian degeneration and its effect
in axonal regeneration. We measured the expression
of these motoneuron BDNF and GDNF in the animal
model with immediate electrical stimulation to the distal
nerve versus no electrical stimulation after sciatic nerve
resection to figure out if the treatment can sustain the
neurotrophic factors. We measured the expression
of BDNF and GDNF in the distal nerve stumps to
investigate the electrical excited degenerated nerve
effects on the axonal regeneration.

Research Design and Methods

This is an experimental laboratory study
using animal model with Randomized Post-Test Only
Control Group Design. The research was conducted for
1 month starting from April to May 2021 at the integrated
biomedical laboratory unit, faculty of medicine, Udayana
University, Denpasar, as a place for rat care and
treatment, Veterinary Pathology Laboratory, Faculty of
Veterinary Medicine, Udayana University, as a place for
ELISA examination of BDNF and GDNF, and Anatomical
Pathology Department, Faculty of Medicine, Udayana
University/Sanglah General Hospital, Denpasar, as a
place for histopathological examination of sprouting
axon. Samples were taken from an accessible
population with following criteria: Male Wistar rat, age
8-12 weeks (2-3 months), weight 150-200 g. And
the exclusion criteria: Rat that unwilling to eat and
unhealthy (inactive motion), which was confirmed by
veterinary examination [10]. Dropout criteria are rat that
died during the study and when the exclusion factors
occur during the study.

The independent variable was the immediate
electrical stimulation. The dependent variables were
the response/effect measuring the expression of BDNF
and GDNF as the primary outcome, and the number
of sprouting axons as the secondary outcome. The
controlled variables were sex, health, age, body weight,
food, and environmental conditions.

The use and care of the rats for this research
complied to the ethical standard in accordance
with the ethical clearance certificate No0:132/
UN14.2.2.VII.14/LT/2021, issued by the ethical
committee and scientific coordinator of research
in health section, Faculty of Medicine, Udayana
University. The research was also performed in
accordance with Helsinki Declaration rules, stated
that the research must be performed by people who

have been trained and the experimental animals
must be treated in comfortable environment.

Research procedure

Anesthesia was given with the aim of not
causing any pain to experimental animals. Rats were
anesthetized using ketamine (100 mg/ml) 2.5 ml,
xylazine (20 mg/ml) 2.5 ml, and acepromazine (10 mg/
ml) 1 ml dissolved in 4 ml sterile water (total volume
10 ml) and injected intramuscularly, then the rats were
shaved at dorsal region of the femur. In the prone
position, a skin incision was made at dorsal region of
the femur and parallel blunt dissection was performed
to separate the femur muscle, then identification of
sciatic nerve which was located inferiorly and inside the
femur was performed.

After the sciatic nerve was identified, the
sciatic nerve was cut. Rats in Group 1 were treated with
immediate electrical stimulation of the distal nerve, right
after the sciatic nerve was cut (20 Hz, 1-2 mA, duration
2-5 s). Rats in Group 2 were the control group which
the wound was closed without any treatment after the
sciatic nerve was cut, thus the nerve was allowed to
heal naturally.

Three days after the nerve transection, a
reoperation was performed to get nerve tissue sample
for examination of BDNF and GDNF of the distal
nerve by ELISA method as well as histopathological
examination of sprouting axons of the injured proximal
nerve.

The data for the expression of BDNF, GDNF,
and the number of sprouting axons were tested for
normality using the Shapiro-Wilk test, independent
t-test for parametric and Mann—-Whitney for non-
parametric analysis with significance at the 5% level (p
< 0.05) using IBM SPSS version 23.

Results

A total of 32 samples were included in the
study, divided evenly into control and early electrical
stimulation (EES) group of 16 samples. Two rats in the
study group and two in the control group were excluded
due to unfitness. The level of BDNF and GDNF was
measured using ELISA test on day 3 post nerve
resection (Table 1). The histopathological examination
of sprouting axons of the injured proximal nerve is
shown in Figure 1.

After statistical analysis of the level of growth
factor in the tissue, there is no significant difference in
the BDNF axonal tissue level between the two groups
(154.43 interquartile range [IQR] 136.29-172.57)
vs. 154.43 (IQR 138.67-170.19, p > 0.05). The
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mean GDNF level was measured in the EES group
which was 81.3632 (confidence interval (Cl) 95%
23.93, 47.48), while the control group was 45.6519
(Cl 95% 23.93, 47.48). The mean difference in the
GDNF axonal tissue level is 35.71 (Cl 95% 23.93,
47.48, p<0.05). The median number of sprouting
axon was 2.5 (IQR 2-3) in the control group and 2
(IQR 1-2), p < 0.05. The distribution of BDNF and
GDNF according to the number of sprouting is shown
in Figure 2. In the subgroup analysis of fewer (lower
than median) versus higher sprouting axon group, the
median BDNF level was measured 149.59 (n = 22,
IQR 121.11, 178.06), and 161.78 (n = 10, IQR 147.82,
175.74), p > 0.05, respectively. In the subgroup
analysis of GDNF, the mean in the lower sprouting
group was 58.35 (n = 22, Cl 95% 45.14, 71.55), and
greater sprouting group was 47.14 (n = 10, Cl 95%
35.33, 58.95), p < 0.05 (Table 2).

Figure 1: A histopathological sample of distal stump of axon in the
EES group (a) and (b) was found fewer sprouting axon than in the
control group (c) and (d) (showed by arrow), (longitudinal section, a
and ¢ 40x%, b and ¢ 100%)

Discussion

A statistically significant level of GDNF is found
higher in the EES group than the control group (35.71,
Cl 95% 23.93, 47.48, p < 0.05). On the contrary, the
number of sprouting axons is found lower in the EES
group, which is statistically significant after analysis. The
BDNF level is similar between the two groups, however
not significant. After a subgroup analysis, it was found
that the greater the level of GDNF, the fewer the axon
sprout in both groups (fewer axon group 58.35 [n =22, CI
95% 45.14, 71.55] vs. more axon group 47.14 [n =10, CI
95% 35.33, 58.95], p < 0.05).

Schwann cells and macrophages are two of
the main orchestrators of the axonal regeneration. In the
regeneration process, the growth of axon is to grow in
single columnal fibers of neurons, before the myelinization
took process [11]. If the newly sprout does not achieve
the distal stump in a single column, the sprouts go
uncontrollably and become neuroma [3]. Therefore,
a coordinated activity of cytokines during the axonal
degeneration and regeneration is imperative, in which
both processes could overlap or taking turns [8], [12].

It is known that the Schwann cells are
regulated by variety of hormones and molecules such
as neuregulin, cAMP, ascorbic acid, and transcription
factors SCIP and Krox-20 [13], [14]. After the Wallerian
degeneration resolves the debris and necrotic tissues
in the injured area, the myelinization took process,
and the neutrophic factor expression was increased,
which also regulated by the Schwann cells [13]. The
neurotrophic secretion is produced by bone marrow,
perineural glial, and motor neuron. These neurotrophic
growth factors activate Schwann cells to further induce
the production of growth factors in proximal part and to
be a bridge over the neurotmesis in 5 days [2].
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Figure 2: The distribution of expression level of BDNF (left) and GDNF (right) with the number of sprouting axon

Table 1: Measurements of the BDNF and GDNF levels in the distal stump of axotomized rats

Variables Control group (n = 16)

EES group (n = 16)

Statistic test p-value

BDNF
GDNF
Sprouting axon

154.43 (IQR 136.29-172.57)
45.6519 (Cl 95% 23.93, 47.48)
2.5 (IQR 2-3)

154.43 (IQR 138.67-170.19)
81.3632 (CI 95% 23.93, 47.48)
2 (IQR 1-2)

0.880
0.000
0.003

35.71 (C1 95% 23.93, 47.48)

BDNF: Brain-derived neurotrophic factor, GDNF: Glial cell line-derived neurotrophic factor, Cl: Confidence interval, IQR: Interquartile range.
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Table 2: Subgroup analysis of the BDNF and GDNF distributed by the number of sprouting axon

Group All group Subgroup

Lower Greater p-value
BDNF (median) 154.43 (IQR 136.29-172.57) 149.59 (n=22, IQR 121.11, 178.06) 161.78 (n=10, IQR 147.82, 175.74) 0.542
GDNF (mean) 63.51 (n=32, Cl 95% 54.77, 72.23) 58.35 (n=22, Cl 95% 45.14, 71.55) 47.14 (n=10, Cl 95% 35.33, 58.95) 0.008

BDNF: Brain-derived neurotrophic factor, GDNF: Glial cell line-derived neurotrophic factor, Cl: Confidence interval, IQR: Interquartile range.

The BDNF is mediated by two types of
receptors, first with high affinity to tropomyosin receptor
kinase (trk) to transmit neurotrophic signals through
multiple pathways. Second, with low affinity to the tumor
necrosis factor family of receptors, the p75 neurotrophin
receptor, also known as the death receptors and
promotes apoptosis [15]. A contrasting role for trk and
p75NTR in motor axonal regeneration has been well
documented by several studies. The administration of
high-dose exogenous BDNF promotes axonal growth
and neuronal survival through trk. Opposingly, the
axonal growth is achieved by blocking the BDNF binding
to p75NTR which prevents the release of pro-apoptotic
p75 [3]. BDNF has the effect of bimodal with lower doses
that work through the TrkB receptor to encourage the
regeneration of axons, while higher doses work through
p75 to inhibit the regeneration of axon [1], [3], [16].

The GDNF binds to glycosylphosphatidylinositol
membrane-linked receptor subunit, GDNF-family
receptor-1 (GFR-1), and a signal transducing tyrosine
kinase subunit, Ret. With the help of coreceptor GFR-
o, the GDNF played a critical role as axonal growth
cone guidance after the Wallerian degeneration in
axotomized nerve [17].

The electrical stimulation increased
intracellular cyclic adenosine monophosphate (cAMP)
directly. Once the BDNF binds to trk, cCAMP begins the
transcription and translation process and upregulates
the whole process until the axonal gap is closed [4]. In
their study, Willand et al. analyzed a portion of medial
gastrocnemius muscle after tibial nerve transection.
The group received daily electrical muscle stimulation
for 2 weeks, the levels of BDNF mRNA were two fold
higher than those without electrical stimulation, while
levels of GDNF mRNA were 2.5-fold higher than those
without electrical stimulation [7]. The expression of
BDNF and GDNF mRNA was increased corresponds
to the enhanced neuronal regeneration and muscle
reinnervation demonstrated the critical role of the
neurotrophic factors BDNF and neurotrophin 4/5 in the
efficacy of the electrical stimulation effect in accelerating
nerve regeneration [1]. Clinical finding of the rolipram,
Type IV inhibitors of the enzyme phosphodiesterase
which breaks down cAMP, promotes the growth of the
central nervous system has been shown in research
that is conducted by Gordon et al., which assessed
whether administration of rolipram can improve the
regeneration of the axons [2].

In this study, we found the increased GDNF
level in the EES on day 3 after nerve resection without
the increase of BDNF in the same group. This might
imply stronger potential effect of the GDNF on promoting

axonal regeneration in the distal stump, solely without
the rise of other factors. The level of BDNF was found
similar in both groups, however not significant, thus
has the number of sample increased or the method
repeated, the result would be significant. Our study
shows that EES affects the expression of GDNF in
the distal stumps thus accelerates the regeneration
process. Moreover, the EES also significantly reduces
the sprouting of axon. This finding supports that EES
might prevents neuroma.

As many have proved the EES upregulates the
expression of neurotrophic factors and their receptors,
this expression is transient, fluctuating within days. The
author thought that it was best perceived with repeated
measurement of the growth factors, in which this
study was lacking. This study observes the level and
effects of growth factors in the distal stump and does
not cover for the speed of regeneration which occurs
in the proximal part, nor it has to do with the onset of
injury (acute or chronic axonotomy). A more frequent
observation of the neurotrophic factors in both the
proximal and distal stump in the resected nerve should
be included in future studies. Another setback of this
study is the limited number sample, which excluded
four samples and might influence the result.

Conclusion

Therole of electrical stimulation and neurotrophic
factors in neural growth and survival for axon regeneration
has been proved crucial in nerve injuries. Our findings
prove the benefit of the EES in accelerating the axonal
regeneration by increasing the expression GDNF in the
distal nerve stumps in the electrical excited degenerated
sciatic nerve in the rat model.
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