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Introduction
Botulinum toxin type A (BTX-A), one of the exotoxins 
produced by Clostridium botulinum, can selectively act on 
the presynaptic membrane of peripheral cholinergic motor 
neurons. It cleaves synaptosomal associated protein 25 kDa 
(SNAP-25), which consequently inhibits the release of ace-
tylcholine containing vesicles from presynaptic membranes, 
blocks neuromuscular transmission, and leads to flaccid 
paralysis in the target muscles (Blasi et al., 1993; Brin, 1997; 
Rossetto et al., 2006). Based on the above mechanism of 
action, BTX-A has been used to treat strabismus and subse-
quently dystonia and cluster headache, which are character-
ized by excessive or inappropriate muscle contractions (Al-
lison et al., 2012; Chen, 2012; Bragg et al., 2014; Thenganatt 
et al., 2014). Owing to its safety and effectiveness, BTX-A has 
been extensively used for clinical treatment in the fields of 
neurology (Villafañe et al., 2012), ophthalmology (Ho et al., 
2014), plastic surgery (Winocour et al., 2014), rehabilitation 

medicine (Pimentel et al., 2014), gastroenterology (Blake et 
al., 2012) and urology (Rashid et al., 2013). 

However, BTX-A treatment is limited by its short efficacy, 
single administration is effective for only 3–4 months, which 
means that patients have to receive repeated injections. In-
creasing the dosage of single administration may prolong 
the effectiveness of the duration of the drug, but it may also 
aggravate the immune response and produce botulinum 
toxin antibodies; hence reducing the efficacy and safety of 
long-term treatment. The effectiveness of drug duration de-
pends on the functional recovery of conduction at the neu-
romuscular junction, which is mediated by nerve sprouting 
and reconstruction of the neuromuscular junction (Holds et 
al., 1990; Juzans et al., 1996; Paiva et al., 1999; English, 2003; 
Harrison et al., 2007; Wright et al., 2007). BTX-A treatment 
blocks vesicular acetylcholine release for 3 days, nerve ter-
minals begin to produce sprouting nerves, the number of 
acetylcholine receptors increases, and new neuromuscular 
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junctions form. Between 4 and 8 weeks after BTX-A injec-
tion, the number of neuromuscular junctions remains the 
same, conduction at the blocked neuromuscular junction is 
restored, and sprouting nerves gradually retreat. As yet, there 
is no method to prolong the duration of the effect of the 
drug, and this is worthy of further study. 

Acrylamide monomer is moderately toxic and mainly 
affects the nervous system. It is also a typical neurotoxic sub-
stance that causes retrograde necrotizing neuropathy (Mat-
thew et al., 1983; Lopachin et al., 2008; Scelsi et al., 2012). 
Acrylamide accumulates highly specifically in the body and 
the degree of intoxication is closely related to the cumulative 
dose. Mild poisoning leads to sensorineural polyneurop-
athy with insidious onset; moderate poisoning is mainly 
an ataxia disorder caused by deep sensory disorder; severe 
poisoning leads to subacute onset of cerebellar dysfunction, 
followed by sensorimotor polyneuropathy. The symptoms 
may disappear after several weeks or months. The pathology 
of the peripheral nerve is consistent axonal degeneration. 
Silver-cholinesterase double staining shows early swelling of 
motor nerve terminals in the last node of Ranvier, and grad-
ual deterioration at the proximal end, even at the neuromus-
cular junction. Large numbers of neurofilaments aggregate 
in the swelling axons, with degenerating mitochondria and 
granules. As the poisoning intensifies, axonal degeneration 
exacerbates, myelin sheath dissociates and an oval cell body 
forms, ultimately leading to complete destruction or disin-
tegration of the nerve fibers (Dale et al., 2002; Xiao et al., 
2013). The mechanisms of poisoning include acrylamide 
inhibition of axonal transport, energy metabolism disorders 
and calcium overload (Zhu et al., 2008). Whether acrylamide 
inhibits nerve sprouting caused by intramuscular injection 
of BTX-A is poorly understood. 

In this study, a nerve sprouting model was established 
through local injection of BTX-A into the right gastrocne-
mius muscle in rats (Pestronk et al., 1988), and the effect of 
acrylamide on nerve sprouting after intramuscular injection 
of BTX-A was investigated. Nerve sprouting was studied 
pathologically and electrophysiologically in a broader at-
tempt to explore the possibility of acrylamide inhibiting 
nerve sprouting.

Materials and Methods
Animals
A total of 145 adult Sprague-Dawley rats of clean grade II, 
weighing 160–200 g, were provided by the Animal Center of 
Zhejiang Academy of Medical Sciences, China (license No. 
SYXK (Zhejiang) 2010-0149). Experimental protocols were 
approved by Animal Ethics Committee of Sir Run Run Shaw 
Hospital, School of Medicine, Zhejiang University, China. 

Establishment of animal models and grouping 
One hundred and forty-five rats were randomly divided 
into four groups: normal control group (n = 10), BTX-A 
group (n = 45), BTX-A + acrylamide group (n = 45), and 
acrylamide group (n = 45). Except for the normal control 
group, each rat in the other three groups was conventionally 

disinfected with PVP-I and injected with 5 U BTX-A into the 
right side of the gastrocnemius muscle (Lanzhou Institute 
of Biological Products, Ministry of Health, Lanzhou, China; 
license No. (97) (Lan) S-01) or saline (0.2 mL). At 3, 6, 9, 12, 
15, 18, 21 days after intramuscular injection, rats were given 
intraperitoneal injection of 3% acrylamide (Jiangsu Yong-
hua Chemical Co., Ltd., Suzhou, Jiangsu Province, China) 
or saline 0.1 mL. Following seven injections, the cumulative 
acrylamide dose reached 21 mg, which was equal to 105–131 
mg/kg body weight. In the BTX-A + acrylamide, BTX-A, and 
acrylamide groups, every five rats were randomly selected at 
different time points (1, 2, 3, 4, 6, 8, 10, 12, 24 weeks) after 
BTX-A or saline injection to assess the right hindlimb mus-
cle strength, detect electrophysiological and morphological 
examinations, and quantify nerve fibers. Normal control 
group was assayed without any treatment. A single-blind 
method was adopted for the determinations. 

Muscle strength
The score of muscle strength in the rat right hindlimb was 
evaluated according to the methods of Longa et al. (1989). 
0: No neurological deficit symptoms; 1: rats cannot fully ex-
tend right hindlimbs; 2: rats circling; 3: rats tilt to the right 
side when walking; 4: rats cannot spontaneously walk or are 
in a coma. 

Single-fiber electromyography (EMG)
Single-fiber EMG was recorded in each rat at 1, 2, 3, 4, 6, 
8, 10, 12, 24 weeks after BTX-A or saline injection. Rats 
were intraperitoneally anesthetized using 50 mg/mL sodi-
um thiopental and fixed on the operation bench. The right 
hindlimbs were shaved to expose the popliteal fossa. The 
gastrocnemius branch innervated by the sciatic nerve was 
disinfected with PVP-I and detected with EMG for electro-
physiological examination. Stimulating needle electrodes 
were inserted into the gastrocnemius branches and sin-
gle-fiber recording needle electrodes were inserted into the 
gastrocnemius muscle belly. The inserted electrodes were 
continuously moving to find the appropriate single-fiber 
action potentials (the peak-peak amplitude > 200 μV; the 
time of positive peak-negative peak < 300 μs; stable contin-
uous waveform) (Lu et al., 2000). The electrical stimulation 
parameters were: frequency 10 Hz, intensity 4 mA, discharge 
100 times. Six single-fiber EMG images photographed in 
different locations of gastrocnemius muscle were collected 
and automatically stored on computer to analyze action po-
tential mean consecutive difference (MCD) and muscle fiber 
density. Single-fiber EMG techniques included two parame-
ters: jitter and fiber density. Jitter is also known as the MCD 
and neuromuscular dysfunction may prolong MCD. Fiber 
density refers to the number of single-fiber action potentials 
in the range of 300 μm electrodes, and the increasing fiber 
density indicates reinnervation (Lu et al., 2000; Restivo et al., 
2012). 

Gastrocnemius muscle weight
After electrophysiological examination, rats were sacrificed 
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by femoral artery bleeding and the bilateral gastrocnemius 
was quickly harvested, removing the surface fat and connec-
tive tissue. The gastrocnemius muscles were weighed using 
an analytical balance. 

Pathological observation
At 1, 2, 3, 4, 6, 8, 10, 12, 24 weeks after BTX-A or saline 
injection, pathology of the gastrocnemius muscle was per-
formed to observe nerve sprouting. The right side gastroc-
nemius muscle was frozen and sliced into 20 μm sections for 
Gros-Bielschowsky silver staining (Angaut-Petit et al., 1990). 
A low-power field (10 × magnification) from two slices of 
five rats in each group at each time point was randomly 
selected and observed under light microscope. The images 
were photographed using JVC1381 type color photography 
camera (Nikon, Tokyo, Japan), input into the computer, and 
analyzed using HPIAS-1000 high-resolution color analysis 
system (Tongji Medical College, Huazhong University of 
Science and Technology, Shanghai, China). The number of 
nerve fibers per unit area was calculated. DMR microscope 

(Leica, Germany) was used to observe pathological findings. 

Statistical analysis
Measurement data were expressed as mean ± SD, and an-
alyzed using SPSS 21.0 software (SPSS, Chicago, IL, USA), 
one-way analysis of variance and the least significant differ-
ence test. P < 0.05 was considered significant. 

Results
Effect of BTX-A plus acrylamide on single-fiber EMG of 
rat gastrocnemius muscles
The fiber density of the normal control group was 2.2 ± 0.4. 
There was no significant difference in the fiber density be-
tween acrylamide group and normal control group (P > 0.05). 
As shown in Figures 1 and 2, fiber density was increased in 
the BTX-A group and reached a peak at 4–6 weeks (5.6 ± 0.7; 
P < 0.05), gradually declined, and returned to normal levels 
at 12 weeks, suggesting neural sprouting. After BTX-A plus 
acrylamide injection, fiber density decreased significantly  
(P < 0.05) and there was a delay in peak sprouting which 

Figure 1 Single-fiber action potential of gastrocnemius muscle of rats during nerve sprouting.
(A) Fiber density in acrylamide group; (B–D) fiber density in botulinum toxin type A group at 2, 3 and 4 weeks after injection with botulinum tox-
in type A. Fiber density was increased and mean consecutive difference was significantly prolonged, suggesting neuromuscular blockage occurred 
during nerve terminal sprouting. Electrical stimulation parameters: 4.0 mA, 10 Hz, 0.1 ms, 1 ms/D, 200 μV/D.

Figure 2 Fiber density of gastrocnemius muscle of rats during nerve 
sprouting.
*P < 0.05, vs. normal group; #P < 0.05, vs. BTX-A group. Data are ex-
pressed as mean ± SD of five rats for each group (one-way analysis of 
variance and the least significant difference test). BTX-A: Botulinum 
toxin type A; Acr: acrylamide; FD: fiber density.

Figure 3 Changes of mean consecutive difference (MCD) of rat 
gastrocnemius muscle action potentials during nerve sprouting process.
*P < 0.05, vs. normal group; #P < 0.05, vs. BTX-A group. Data are ex-
pressed as mean ± SD of five rats for each group (one-way analysis of 
variance and the least significant difference test). BTX-A: Botulinum 
toxin type A; Acr: acrylamide. 
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was observed at 8–10 weeks at 4.6 ± 0.8, significantly lower 
than the BTX-A group. These results suggest acrylamide 
inhibited nerve sprouting after intramuscular injection of 
BTX-A.

The action potential MCD of normal control group 
was 33 ± 4 μs. As shown in Figure 3, acrylamide inter-
vention alone had no impact on MCD (compared with 
normal control group, P > 0.05). Intramuscular injection 
of BTX-A prolonged the action potential MCD suggest-
ing neuromuscular junction conduction abnormalities. 
Prolonged MCD was most apparent in the BTX-A group 
at 3–6 weeks (P < 0.05), slightly improved at 8–10 weeks 
and returned to normal levels at 12 weeks (compared with 
the control group, P > 0 05). In the BTX-A + acrylamide 
group, MCD was significantly longer compared with the 
BTX-A group at 8–12 weeks (P < 0.05), indicating BTX-A 
plus acrylamide delayed the functional recovery of neuro-
muscular junction. 

Effect of BTX-A plus acrylamide on nerve fiber counts of 
rat gastrocnemius muscles
As shown in Figure 4, nerve sprouting occurred after intra-
muscular injection of BTX-A. At 2–3 weeks after injection, thin 
and short sprouting nerves grew from the axonal terminal of 
the tibial nerve and gradually extended towards adjacent mus-
cles. In the normal control group, the number of nerve fibers 
at the right side of the tibial nerve was 5.52 ± 0.09 × 108/m2. 
There was no significant difference in fiber density between 
the acrylamide group and normal control group (P > 0.05). 
The number of nerve fibers increased at 2–12 weeks after 
BTX-A interventions (P < 0.05), and the increase was the 
most obvious at 4–6 weeks (P < 0.05). After injection of 
BTX-A plus acrylamide, the increase in the number of nerve 
fibers was significantly reduced (P < 0.05), the peak time of 
sprouting was delayed to 8–10 weeks, and the peak value was           
10.65 ± 0.32 × 108/m2 (P < 0.05), which was significantly 
lower than that in the BTX-A group (14.33 ± 0.45 × 108/m2; 
P < 0.05; Figure 5). These results indicate acrylamide inhib-
its neural sprouting after intramuscular injection of botuli-
num toxin. 

Effect of BTX-A plus acrylamide on muscle strength of rats
The rats showed normal muscle strength in the normal con-
trol group. Acrylamide injection alone had no obvious impact 
on muscle strength (compared with the normal control group, 
P > 0.05). One week after intramuscular injection of BTX-A, 
hind limb dysmyotonia appeared which began to recover at 6 
weeks and restored to normal levels at 12 weeks (P > 0 05). In 
the BTX-A + acrylamide group, the dysmyotonia began to 
recover at 8–10 weeks post-injection, and restored to normal 
levels at 24 weeks, indicating that acrylamide delayed muscle 
strength recovery (Figure 6). At each time point, the muscle 
strength on the non-injected side was normal after the injec-
tions (BTX-A group and BTX-A + acrylamide group) and in 
the normal control group, suggesting that BTX-A injections 
into the right gastrocnemius did not cause contralateral 
muscle paralysis and had no distant effects.

Effect of BTX-A plus acrylamide on wet weight of 
gastrocnemius muscle of rats
As shown in Figure 7, the wet weight of gastrocnemius mus-
cle in BTX-A group 1 week after BTX-A injection was 67.6% 
of the normal control group after saline injection (P < 0.05). 
Four weeks post-injection, the wet weight on the side of 
injection decreased to its lowest level, 41.6% of the normal 
control group. The weight then increased but was 51.8% at 
12 weeks and 88.8% at 24 weeks when compared with the 
normal control group. However, the wet weight was still 
significantly lower than the gastrocnemius wet weight af-
ter saline injection in the normal control group (P < 0.05). 
The gastrocnemius wet weight was similar after injection 
of BTX-A plus acrylamide or BTX-A alone (P > 0.05), 
suggesting acrylamide does not aggravate muscle atrophy. 
There was no significant difference in gastrocnemius wet 
weight on the non-injected side between the injection 
groups (BTX-A group, BTX-A plus acrylamide group, 
acrylamide group) and the normal control group (P > 0.05). 
BTX-A injections into the right gastrocnemius muscle may 
not decrease the weight of contralateral gastrocnemius and 
has no distant effects. 

Discussion
BTX-A exerts a selective effect on the presynaptic membrane 
of the neuromuscular junction, inhibiting the release of 
acetylcholine and relaxing the muscle (Simpson, 1981). It 
has been widely used for treatment in the fields of neurolo-
gy, rehabilitation, and plastic surgery. However, the muscle 
relaxant effect is temporary and lasts only 3–4 months. Its 
mechanism of action is mediated by the sprouting of axon 
terminals and the reversal of presynaptic membrane proteins 
to restore the transmission effect of neuromuscular junc-
tion, thus achieving muscle strength recovery (Brin, 1997). 
There are many indexes for evaluating nerve sprouting and 
we chose two indicators for both pathological and electro-
physiological evaluation. Gros-Bieschowsky sliver staining 
was used to display nerve fibers and count nerve fibers based 
on image analysis results. This counting method has been 
widely used (Brin, 1997; Pestronk et al., 1988; Meekins et al., 
2007). Electrophysiology examination involved adopting a 
single-fiber EMG, a sensitive indicator of the neuromuscular 
junction that can reflect electrical activity of different muscle 
fibers and their motor end plates per motor unit. The mea-
surement parameters include jitter and fiber density, which 
are indicators of axonal regeneration activity (Bril et al., 
1996). Jittering reflects neuromuscular function, which can 
be expressed as action potential MCD; increasing MCD rep-
resents neurological defects. Fiber density reflects the distri-
bution of muscle fibers per motor unit, collateral sprouting 
can rebuild motor unit, and increase muscle fibers’ quantity 
and density. In this study, we used the pathology counting 
method and fiber density to observe the number of nerve 
fibers, and measured muscular strength and action potential 
MCD to assess neuromuscular function. 

Nerve sprouting appeared 3–5 days after intramuscular 
injection of BTX-A which gradually became longer, with 
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extended branches and sprouts crossing through the para-
lyzed muscles and forming new neuromuscular junctions 
and ultimately achieving muscle contraction again with the 
process taking about 12 weeks (Santafe et al., 2000; Meunier 
et al., 2002; Shen et al., 2006; Harrison et al., 2011). In this 
study, we observed the nerve sprouting process by counting 
nerve fibers and detecting neuromuscular function. The 
number of nerve sprouts was quantified from sections and 
fiber density was detected by single-fiber EMG. The results 
showed that nerve sprouting appeared after intramuscular 
injection of BTX-A and declined at 6 weeks. This is incon-
sistent with the study by Santafe et al., who found nerve 
sprouting continuously increased for 12 months post-injec-
tion. The decline at 6 weeks is presumably due to the ma-
ture function of neuromuscular junction inducing a signal 
for the closure of sprouting. It is also the result of excessive 
sprout degeneration, ensuring that a muscle fiber is only 
innervated by one or two synapses. Neuromuscular junc-
tion function is mainly indicated by MCD. The results of 
this study showed that MCD increased 1 week after BTX-A 
injection, significantly increased at 3–6 weeks, then slightly 
improved at 8–10 weeks, and restored to normal levels at 
12 weeks. The increasing MCD is attributed to at least two 
mechanisms: (1) BTX-A directly acts on neuromuscular 
junction; (2) new neuromuscular junction formed by nerve 
sprouting is immature. During the nerve sprouting process, 
the immature neuromuscular junction slows conduction 
impulse more than the originally located motor units, so 
MCD is increased; while mature neuromuscular function 
leads to normalized MCD. Muscle strength recovery ob-
served in this study indicated the maturity of neuromuscu-
lar junction. Our experimental findings were consistent with 
the results of Santafe and Harrison et al., who found that 
the neuromuscular junction became mature at 12 weeks 
(Santafe et al., 2000; Meunier et al., 2002; Harrison et al., 
2007, 2011). In summary, intramuscular injection of BTX-A 
triggers nerve sprouting, and neuromuscular junction can 
be reconstructed at 12 weeks. 

The results of this study suggest acrylamide inhibits nerve 
sprouting after intramuscular injection of BTX-A. Quanti-
fication of nerve sprouting and nerve fiber density showed 
that acrylamide delayed the peak of nerve sprouting after 
intramuscular injection of BTX-A and generally inhibited 
nerve sprouting. In BTX-A plus acrylamide group, fiber 
density was increased within 12 weeks, but the density was 
lower than BTX-A group and the increasing trend was not 
obvious at 2–6 weeks; in the BTX-A plus acrylamide group, 
fiber density peaked at 8 weeks, which was 4 weeks later than 
BTX-A group; additionally, fiber density peak value was low-
er than the BTX-A group. Nerve fiber counts were generally 
consistent with the fiber density results. MCD detection 
results also demonstrated that, acrylamide inhibited the re-
covery of neuromuscular function. There was no significant 
difference between BTX-A group and BTX-A plus acryl-
amide group at 1–6 weeks post-injection, but the MCD was 
significantly abnormal in BTX-A plus acrylamide group at 
8–12 weeks. Meanwhile, the muscle strength monitored was 
similar to the detection results of MCD. This illustrated that 

neuromuscular function recovery in BTX-A + acrylamide 
group was significantly slower than that in BTX-A group. 
Both the number of nerve sprouts (anatomy) and immatu-
rity of nerve sprouting (function) suggest that acrylamide 
inhibited nerve sprouting after intramuscular injection of 
BTX-A. This effect may be related to the neurotoxicity of 
acrylamide. Previous studies have reported that the mecha-
nisms associated with acrylamide-induced peripheral nerve 
injury include inhibition of axonal transport, inhibition of 
energy metabolism, and calcium overload (Matthew et al., 
1983; Costa et al., 1995; Hao et al., 2000; Dale et al., 2002; 
Sickles et al., 2002; Lopachin et al., 2008; Zhu et al., 2008; 
Scelsi et al., 2012; Prasad et al., 2013; Xiao et al., 2013). We 
speculate that these factors lead to a deficiency of energy and 
raw materials at the axonal terminals, and accordingly inhib-
it nerve sprouting after intramuscular injection of BTX-A. 
Further studies are needed to explore the mechanisms. 

Although acrylamide inhibited nerve sprouting at the 
gastrocnemius muscle, it had no impact on neuromuscular 
function in normal muscle and did not induce neurological 
impairment (such as hindlimb weakness, inability to walk, 
and muscle atrophy) and nerve regeneration after injury. 
This can be explained by the different doses and neurotox-
icity of acrylamide. Acrylamide poisoning is determined 
by the cumulative dose: rats exposed to cumulative doses 
of 75 mg/kg have slowed axonal transport, 180 mg/kg acryl-
amide slowed down nerve conduction velocity, and 225 mg/kg 
caused neurological symptoms (such as hindlimb weakness) 
(Li et al., 1989; Zhang et al., 2008). In this study, exposure 
dose reached 105–131 mg/kg. Second, there are differences 
in the sensitivity of peripheral nerve to poisoning. Previous 
studies found that the symptoms of poisoning were most 
apparent in the lower extremity of experimental animals or 
humans because thick myelinated fibers are more prone to 
damage. Among peripheral nerves, the sciatic nerve is the 
most sensitive and axonal degeneration first appears in the 
gastrocnemius muscle, therefore the sciatic nerve accumu-
lates more poison than other sites (Dong et al., 1994).

In summary, acrylamide could inhibit nerve sprouting 
after intramuscular injection of BTX-A, which explores a 
novel way for prolonging the efficacy of BTX-A and solving 
nerve sprouting following intramuscular injection of BTX-A. 
Any clinical significance needs further study. Acrylamide has 
potential neurotoxicity, genotoxicity and carcinogenicity, 
which needs further investigation at the injection way, op-
timal dose and systemic toxicity. The mechanism of action 
associated with BTX-A triggering nerve sprouting remains 
unclear, but at least four cytokines are involved in the pro-
cess of nerve sprouting, including insulin-like growth factor, 
nerve interleukin, ciliary neurotrophic factor, and cell adhe-
sion molecules (Caroni et al., 1994a, b; English, 2003; Carli 
et al., 2009). Further studies are needed to investigate the 
molecular mechanisms of neural sprouting, to find a feasible 
method to inhibit neuronal sprouting, and to prolong the 
efficacy and duration of BTX-A (Harrison et al., 2011; Guo 
et al., 2013).
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cant difference test). BTX-A: Botulinum toxin type A; Acr: acrylamide.

Figure 6 Effect of botulinum toxin type A (BTX-A) plus acrylamide 
(Acr) on muscle strength of rats.
*P < 0.05, vs. normal group; #P < 0.05, vs. BTX-A group. Data are ex-
pressed as mean ± SD of five rats for each group (one-way analysis of 
variance and the least significant difference test). Muscle power: 0 is nor-
mal, 4 is the worst; the lower the score is, the poorer the muscle power is.
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