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Muscle NT-3 levels increased by exercise training contribute to the
improvement in caudal nerve conduction velocity in diabetic rats
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Abstract. The aim of the present study was to explore the
role of exercise in diabetic peripheral neuropathy (DPN) and
the mechanisms involved. For this purpose, 31 male Sprague-
Dawley rats were used. The rats were assigned to 5 groups:
diabetic rats subjected to exercise training (swimming) for
8 weeks (D-Ex1 group), diabetic rats subjected to exercise
training for 4 weeks after 4 weeks of being sedentary (D-Ex2
group), diabetic rats which remained sedentary for 8 weeks
(D-Sed group), control rats subjected to exercise training
for 8 weeks (C-Ex1 group) and control rats which remained
sedentary for 8 weeks (C-Sed group). Blood glucose levels and
caudal nerve conduction velocity (NCV) were evaluated at 0
(baseline), 28 (4 weeks) and 56 days (8 weeks) after the induc-
tion of diabetes. The levels of neurotrophin-3 (N'T-3) in skeletal
muscle were measured by ELISA at the end of the experiment.
Blood glucose levels in the D-Ex1 group rats decreased signifi-
cantly after 8 weeks of exercise. The caudal NCV markedly
decreased in all diabetic rats and significantly increased after
4 or 8 weeks of exercise training. Muscle NT-3 levels were
significantly lower in the D-Sed compared to the 4 other groups.
Muscle NT-3 levels positively correlated with caudal NCV. In
conclusion, swimming training has a beneficial effect on DPN
and muscle NT-3 levels, which could help improve caudal NCV
in streptozotocin-induced diabetic rats.

Introduction
Diabetic peripheral neuropathy (DPN) is one of the most

common complications of diabetes and is responsible
for 50-75% of non-traumatic amputations in developed
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countries (1,2). The streptozotocin (STZ) model is widely used
to investigate experimental DPN (3). Abnormal nerve conduc-
tion is an early feature of diabetic nerve damage (4). Tesfaye
et al showed that conduction velocity significantly increased
after exercise in normal subjects (5). Selagzi et al found that
exercise training significantly increased the compound muscle
action potential amplitude and decreased motor latency in
diabetic rats (4). However, little is known about the mecha-
nisms involved in exersise improving nerve dysfunction in
STZ-induced diabetic rats.

Neurotrophin-3 (NT-3) is a type of neurotrophic factor
that comprises a heterogeneous group of molecules produced
by neurons, Schwann cells and end organs in the central and
peripheral nervous system (PNS). In adults, neurotrophins of
the PNS are synthesized in and released from target tissues.
Skeletal muscles are such target tissues and produce neuro-
trophins. NT-3 plays a crucial role in mediating central nervous
system plasticity and regeneration in the spinal cord and muscle.
Short-term STZ-induced diabetes causes a reduction in muscle
NT-3 mRNA and protein expression, which leads to a decreased
retrograde axonal transport of NT-3 to the neuronal cell body
and consequent sub-optimal neurotrophic support (6). Previous
studies have shown that the continuous production of NT-3 by
the latency-associated promoter 2 (LAP2)-driven expression of
the transgene from a herpes simplex virus (HSV) vector over
a 6-month period protects against the progression of diabetic
neuropathy in mice (7), and treatment with NT-3 improves
the nerve conduction velocity (NCV) of both the large motor
and sensory fibres in STZ-induced diabetic rodents (8). These
results suggest that NT-3 may provide a novel treatment for
preventing the progression of diabetic neuropathy.

Skeletal muscle secretes a number of neurotrophic factors,
including NT-3 (9). Ying et al found that voluntary exercise
increased NT-3 mRNA levels and the expression of its receptor,
tyrosine kinase C (Trk C), in the soleus muscle of normal
rats (10). However, it is not yet clear whether or not exercise
training increases the secretion of NT-3 in the skeletal muscle
of diabetic rats to prevent the development of DPN. Therefore,
the aim of the present study was to investigate the efficacy of
physical exercise in treating DPN and the mechanisms involved.
We hypothesized that muscle NT-3 levels increased by exercise
training may contribute to the restoration of impaired NCV in
STZ-induced diabetic rats.
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Materials and methods

Animals. In total, 31 male Sprague-Dawley (SD) rats (age,
12 weeks old; body weight, 250-300 g) were purchased from
Shanghai SLC Co. (Shanghai, China) and were acclimated
for 1 week prior to the experiment. The rats were housed in
plastic cages in a temperature-controlled room (23+3°C) with
alternating 12-h periods of light and dark and were allowed
free access to chow and water. The study was approved by
the Animal Ethics Committee of Nanjing Medical University,
Nanjing, China.

Methods. In total, 19 SD rats were fasted for a period of 24 h
and then hyperglycaemia was induced by a single intraperito-
neal injection of 55 mg/kg of STZ dissolved in citrate buffer
(0.1 M, pH 4.5). Blood glucose levels were measured 72 h
following the induction of diabetes. The diabetic state was
confirmed when the blood glucose concentration exceeded
16.7 mmol/I.

Diabetes was successfully induced in the rats with STZ and
they were randomly divided into a diabetic group subjected to
exercise training for 8 weeks (D-Ex1 group, n=6), a diabetic
group subjected to exercise training for 4 weeks after 4 weeks
of being sedentary (D-Ex2 group, n=7) and a diabetic group
that remained sedentary for 8 weeks (D-Sed group, n=6).
Twelve SD rats were injected with the same volume of citrate
buffer as the diabetic rats and randomly divided into a control
group subjected to exercise training for 8 weeks (C-Ex1 group,
n=6) and a control group that remained sedentary for 8 weeks
(C-Sed group, n=6).

Exercise was undertaken by swimming without a load in a
barrel filled with water kept at 33-35°C to a depth of 40-50 cm,
which was large enough for each rat to swim freely (11,12). The
duration of the first swimming exercise was limited to 15 min;
this was increased by 15 min each day until the swimming
session was 1 h long. The rats in the D-Ex1 and C-Ex1 groups
swam 1 h per day, 5 days per week, for the 8 weeks of training.
The rats in the D-Ex2 group began swimming from the 4th
week until the end of the experiment. The rats which were not
subjected to exercise training (D-Sed and C-Sed groups) were
placed in shallow water kept at 33-35°C, for 1 h per day, 5 days
per week, for 8 weeks.

First, the blood glucose levels were measured in orbital
vein blood samples from all 5 groups immediately prior to
the induction of diabetes. Then, the blood glucose levels for
the baseline data (day 0) were measured from orbital vein
blood samples 72 h after the induction of STZ. Following
this, the blood glucose levels were measured from orbital vein
blood samples at 4 weeks (on the 28th day) and 8 weeks (the
56th day) into the experiment. A glucometer (SureStep Plus,
LifeScan, Milpitas, CA, USA) was used to analyse the blood
glucose levels.

Prior to electrophysiological recording, the rats were
anaesthetized with pentobarbitone (1.5%, 40 mg/kg) admin-
istered intramuscularly (13). Caudal NCV across the nerve
segment was assessed using a Keypoint electromyography
(EMG)/evoked potentials (EP) system (Dantac Company,
Copenhagen, Denmark). The caudal NCV was recorded at
baseline and at 4 and 8 weeks in all 5 groups. The caudal
NCV was measured at a fixed distance with the stimulating

cathode positioned 120 mm distally to the tail hairline and
the active electrode located 100 mm proximal to the cathode.
Neural responses were induced by stimulation at a frequency
of 5 Hz. The body temperature of the rats was maintained at
37°C using a heating pad and continuously monitored using a
rectal probe digital thermometer (13).

The rats in the D-Ex1, D-Ex2 and C-Ex1 groups were sacri-
ficed 24 h after the end of the last exercise training session.
The rats in the D-Sed and C-Sed groups were sacrificed after
8 weeks. After anaesthetizing the rats via an intraperitoneal
injection of pentobarbitone, the quadriceps femoris from each
rat was excised using ‘quick-freeze’ tongs, immersed in liquid
nitrogen and stored at -80°C until further processing (14).

Skeletal muscle samples were analysed using an NT-3 ELISA
kit according to the manufacturer's instructions (No. E0106r;
USCN Life Science and Technology Company, Missouri City,
TX, USA) (10).

Statistical analysis. The data are presented as the means + SD.
Statistical evaluations were performed using SPSS software
(version 13.0, SPSS, Chicago, IL, USA). Data obtained during
the blood glucose and caudal NCV measurements were anal-
ysed using repeated measures ANOVA. Tukey's multiple range
test was used for a post-hoc analysis to detect any differences.
Data from the D-Sed group were compared with those from
the other groups using Dunnett's two-sided t-test. A p-value
<0.05 was considered to indicate a statistically significant
difference. Pearson's correlation co-efficient test was used to
detect any correlations between the caudal NCV and muscle
NT-3 data.

Results

All the diabetic rats and the diabetic rats subjected to exercise
training presented with persistent polydipsia and polyuria.
One rat in the D-Sed group succumbed after 5 weeks due to
a progressive decline in body weight. Another rat in the D-Ex
group drowned during the experiment.

Effects of diabetes and swimming training on body weight. No
significant differences were observed in body weight between
the groups at baseline. By the 4th week, the body weights of the
control rats were significantly higher than those in the diabetic
rats and the body weights of the C-Sed, C-Ex1 and D-Ex1
group rats were significantly higher than those at baseline.
In the 8th week, the body weights of the control rats (C-Sed
and C-Ex groups) continued to increase significantly and were
significantly greater than those of the diabetic rats. The body
weights of the D-Ex1 and D-Ex2 group rats were significantly
greater by the 8th week than at baseline (Table I).

Effects of diabetes and swimming training on blood
glucose levels. The blood glucose levels at baseline were
5.45+0.29 mmol/l in all rats. The blood glucose levels at
baseline and in the 4th and 8th weeks of the experiment were
significantly higher in the diabetic rats compared to the control
rats. Blood glucose levels in the 8th week in the D-Ex1 group
rats were significantly lower than those in the D-Ex2 and
D-Sed group rats, and were significantly higher than those in
the 2 control groups (Table II).
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Table I. Body weight in all 5 groups. Table III. Caudal NCV values in all 5 groups.
Body weight (kg) Caudal NCV (m/s)

Groups Baseline 4th Week 8th Week Groups Baseline 4th Week 8th Week
D-Ex1 (n=6) 295.55+£10.21 356.40%42.84** 377.42+54.06*°  D-Ex1 (n=6) 37.18+5.70  42.90+1.77*°  46.80+4.40°¢
D-Ex2 (n=7) 302.06+20.86 333.93+23.28* 352.89+32.82%"  D-Ex2 (n=7) 34.04+1.96  36.88+1.13"° 48.02+2.41¢4¢
D-Sed (n=6) 288.78+7.66 301.34+£33.55* 307.80+42.38" D-Sed (n=6) 37.92+3.25  35.66x1.33*  32.54+2.04¢
C-Ex1 (n=6) 292.95+12.87 413.33+10.95" 49530+13.68">  C-Exl (n=6) 33.35+2.18  46.78+3.93¢  46.57+3.94°¢
C-Sed (n=6) 290.43+12.39 407.97+37.80° 489.93+35.60¢ C-Sed (n=6)  35.30+229  46.55+3.30¢ 47 7344 .54<¢

Values represent the means = SD. *p<0.05 vs. values in the C-Ex1
and C-Sed groups by Tukey's post-hoc test. °p<0.05 vs. values at the
baseline for the same group by Tukey's post-hoc test. °p<0.05 vs.
values in the 4th week for the same group by Tukey's post-hoc test.
D-Ex1, diabetic group subjected to exercise training for 8 weeks;
D-Ex2, diabetic group subjected to exercise training for 4 weeks after
4 weeks of being sedentary; D-Sed, diabetic group which remained
sedentary for 8 weeks; C-Ex1, control group subjected to exercise
training for 8 weeks; C-Sed, control group which remained sedentary
for 8 weeks.

Table II. Blood glucose levels in all 5 groups.

Blood glucose (mmol/1)
Groups Baseline 4th Week 8th Week
D-Ex1 (n=6)  23.40+1.61*  20.25+5.70* 14.98+6.30*°
D-Ex2 (n=7)  21.14+2.69*  24.72+1.95*  20.50+4.38"
D-Sed (n=6)  24.06+1.70*  26.22+1.44*  25.36+1.60*
C-Ex1 (n=6) 5.38+0.33 5.58+0.37 5.77£0.29
C-Sed (n=6) 5.52+0.29 6.12+0.88 5.38+0.36

Values represent the means = SD. *p<0.05 vs. values in the C-Ex1
and C-Sed groups by Tukey's post-hoc test. ®p<0.05 vs. values at the
baseline for the same group by Tukey's post-hoc test. D-Ex1, diabetic
group subjected to exercise training for 8 weeks; D-Ex2, diabetic
group subjected to exercise training for 4 weeks after 4 weeks of
being sedentary; D-Sed, diabetic group which remained sedentary
for 8 weeks; C-Ex1, control group subjected to exercise training for
8 weeks; C-Sed, control group which remained sedentary for 8 weeks.

Effects of diabetes and swimming training on caudal NCV.No
statistical differences in caudal NCV were found between the
5 groups at baseline. Although the caudal NCV in the 4th week
in all 3 diabetic groups was significantly lower compared to the
2 control groups, the caudal NCV had significantly increased
in the D-Ex1 group compared to the D-Ex2 and D-Sed groups.
The caudal NCV in the 2 diabetic groups had significantly
increased with swimming training compared to the D-Sed
group in the 8th week. The caudal NCV in the D-Ex1, D-Ex2,
C-Ex1 and C-Sed groups had significantly increased in the 8th
week compared to that at baseline, while the caudal NCV in
the D-Sed group had significantly decreased in the 8th week
compared to that at baseline (Table I11, Fig. 1).

Values represent the means + SD. *p<0.05 vs. values in the D-Ex2
and D-Sed groups by Tukey's post-hoc test. °p<0.05 vs. values in the
C-Ex1 and C-Sed groups by Tukey's post-hoc test. p<0.05 vs. values
in the D-Sed group by Tukey's post-hoc test. ‘p<0.05 vs. values at the
baseline for the same group by Tukey's post-hoc test. p<0.05 vs. values
in the 4th week for the same group by Tukey's post-hoc test. NCV,
nerve conduction velocity. D-Ex1, diabetic group subjected to exercise
training for 8 weeks; D-Ex2, diabetic group subjected to exercise
training for 4 weeks after 4 weeks of being sedentary; D-Sed, diabetic
group which remained sedentary for 8 weeks; C-Ex1, control group
subjected to exercise training for 8 weeks; C-Sed, control group which
remained sedentary for 8 weeks.

Effects of diabetes and swimming training on muscle NT-3
levels. As measured in the skeletal muscle of each sacrificed
animal at the end (the 8th week) of the study, the NT-3 levels
in the D-Sed group were significantly lower than those in
the other 4 groups. No significant differences were found in
muscle NT-3 levels between the D-Ex1, D-Ex2, C-Ex1 and
C-Sed groups (Fig. 2). The muscle NT-3 levels significantly
and positively correlated with the caudal NCV in the 8th week
in all 5 groups (r=0.407, n=31, p<0.026; Fig. 3).

Discussion

This study shows the protective and therapeutic effects of
swimming (exercise) in rats with DPN whose diabetes had
been induced with STZ. The treatment of DPN has tradi-
tionally focused on the control of hyperglycaemia (15). The
impact of intensive glycaemic control on DPN has been widely
evaluated (16-18). Good glycaemic control is the only way to
minimize the risk of neuropathy in patients with diabetes (15).
In the present study, the blood glucose levels after 8 weeks of
exercise were significantly lower than the baseline levels in
diabetic rats, despite the fact that these levels were still higher
than those of the 2 control groups. However, exercise training
for 4 weeks did not significantly reduce the blood glucose levels
in diabetic rats. These results show that exercise training alone
cannot reduce higher levels of blood glucose to the normal
range and that the lowering of blood glucose levels also depends
on the exercise training period in type 1 diabetic rats.

It is known that the body weight of diabetic rats gradually
decreases as the disease progresses. Hoybergs et al reported
that the body weight of low-weight rats at the beginning of the
experiment gradually increased over time, while medium-weight
and heavier animals showed a decrease in body weight, along
with a negative correlation between body weight and body
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Figure 1. Representative records of the caudal nerve conduction velocity (NCV) in the 8th week of the experiment in all 5 groups. Horizontal bar, 10 ms;
vertical bar, 300 mV. D-Ex|1, diabetic group subjected to exercise training for 8 weeks; D-Ex2, diabetic group subjected to exercise training for 4 weeks after 4
weeks of remaining sedentary; D-Sed, diabetic group which remained sedentary for 8 weeks; C-Ex1, control group subjected to exercise training for 8 weeks;

C-Sed, control group which remained sedentary for 8 weeks.
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Figure 2. Muscle NT-3 levels at the end of the experiment in all 5 groups.
D-Exl, diabetic group subjected to exercise training for 8 weeks; D-Ex2,
diabetic group subjected to exercise training for 4 weeks after 4 weeks of
being sedentary; D-Sed, diabetic group after remaining sedentary for 8 weeks;
C-Ex1, control group subjected to exercise training for 8 weeks; C-Sed, control
group after remaining sedentary for 8 weeks. “Statistically significant decrease
in the levels in the D-Sed compared to the D-Ex1 group (p=0.016), D-Ex2
(p=0.047), C-Ex1 (p=0.032) and C-Sed (p=0.005) by Dunnett's post-hoc test.
NT-3, neurotrophin-3.

condition in the medium body weight and heavier groups (19).
However, in the present study, a rapid increase in body weight
was observed in the control groups (C-Ex1 and C-Sed); this
was associated with overeating after exercise training. The
slow increase in body weight shown by the 2 diabetic exercise
groups was considered to be related to the body condition of the
diabetic rats being improved by exercise, in agreement with the
results reported by Selagzi et al (4).

NCV isused as an index of neuropathy. Zotova et al reported
that the caudal NCV on the 20th day after STZ-induced hyper-
glycaemia had significantly decreased compared to the control
rats and gradually decreased as the disease progressed (13).
Tomlinson et al found that the NCV had decreased within
2 weeks of the onset of hyperglycaemia in diabetic rats (20).
Our findings showed that the caudal NCV in the 4th week had
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Figure 3. Pearson's correlation between caudal nerve conduction velocity
(NCV) and muscle neurotrophin-3 (NT-3) levels at the end of the experiment
for all 5 groups. A significant positive correlation was found between caudal
NCV and muscle NT-3 (correlation co-efficient, 0.407; n=31, p=0.026).

significantly decreased in the diabetic rats which were not
subjected to exercise (D-Sed and D-Ex2 groups) than in the
other groups (D-Ex1, C-Ex1 and C-Sed), suggesting that DPN
occurred at this time.

Balducci et al found that exercise training modified the
natural history of DPN (21). Selagzi et al reported that swim-
ming training for 8 weeks restored compound muscle action
potential latency and prevented myelin damage (4). In the
present study, it was found that starting an exercise program
8 weeks prior to the occurrence of diabetic neuropathy effec-
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tively prevented a decrease in the caudal NCV in diabetic
rats (D-Ex1). Exercise training for 4 weeks also significantly
accelerated caudal NCV in diabetic rats (D-Ex2), even though
diabetic neuropathy had already occurred. These results indi-
cate that exercise is effective as a protective and therapeutic
method against DPN. The biological variables for NCV deter-
mination include temperature, age, height and the effects of
volume conduction (22). Similar to the results from a previous
study (23), in this study, it was also found that caudal NCV in
the control rats significantly increased as the rats grew (23).

NT-3 plays a crucial role in the survival and functioning
of sensory neurons, so much so that mice lacking the NT-3
gene show a severe loss of sensory neurons and concomitant
gait abnormalities (24-26). Applying NT-3 to the spinal cord
of rodents can compensate for induced damage, as shown
by increased levels of axonal regeneration, reduced atrophy
and increased levels of functional recovery (6,27-30). In this
study, muscle NT-3 levels in the diabetic groups subjected to
swimming training (D-Ex1 and D-Ex2 groups) significantly
increased compared to the levels in the diabetic rats which had
remained sedentary (D-Sed), and they were close to the levels
of the 2 control groups (C-Ex1 and C-Sed). Fernyhough et al
found that the amount of NT-3 protein in hindlimb skeletal
muscle was decreased by up to 70% in rats with 4-6 weeks
of diabetes compared to aged-matched controls (31). These
results reveal that diabetes suppresses muscle NT-3 levels and
that exercise training reverses this inhibition.

Mizisin et al reported that the NCV of both large motor
and sensory fibres was improved when STZ-induced diabetic
rodents were treated with NT-3 (8). Chattopadhyay er al found
that vector inoculation 2 weeks after the onset of diabetes was
capable of preventing the development of diabetic neuropathy
over the course of 6 months (7). All of these results indicate
that exogenous NT-3 could have a long-term therapeutic effect.
In the present study, we showed that endogenous NT-3 levels
significantly and positively correlated with caudal NCV in
the 8th week, suggesting that muscle NT-3 levels increased
by exercise may be partly responsible for the improvement
in caudal NCV in diabetic rats. Endogenous NT-3 may have
certain therapeutic effects on diabetic neuropathy.

However, in this study we did not find a significant increase
in muscle NT-3 levels after swimming training in the control
rats. Cuppini ef al showed that exercise training increases the
expression of the brain-derived neurotrophic factor (BDNF)
in the skeletal muscle of normal rats (9). Ying et al found that
exercise increased NT-3 mRNA levels in skeletal muscle after
3 days of running-wheel training, which returned to normal
7 days later, while no significant increase was found in the
amount of NT-3 protein compared to the control group (10).
The muscle NT-3 levels measured by ELISA in the present
study are consistent with the results presented the study by
Ying et al, suggesting that physical activity has differential
effects on NT-3 levels in the various muscular components of
the neuromuscular system.

In conclusion, these results show that swimming training
improves caudal NCV and increases muscle NT-3 levels in
STZ-induced diabetic rats. The increase in muscle NT-3 levels
positively correlated with caudal NCV after exercise training.
This study indicates that exercise has a beneficial effect on
the prevention and therapy of DPN and that the restoration

of muscle NT-3 levels by exercise could be one of the main
mechanisms in improving caudal NCV in diabetic rats.
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