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Abstract. Functional degradation of the motor cortex usually 
results from brain injury, stroke, limb amputation, aging 
or other diseases. Currently, there are no ideal means of 
treatment, other than medication and sports rehabilitation. 
The present study investigated whether electrical stimulation 
of the sciatic nerve can activate the motor-related area of the 
brain. The study is based on a self-developed fully implantable 
nerve electrical stimulator and a self-developed multi-channel 
electroencephalogram (EEG) electrode array. The sciatic 
nerves of Sprague-Dawley rats (sorted into old and young 
groups) were stimulated by the electrical stimulator under 
anesthesia, and the EEG signal was recorded simultaneously. 
The relationship between sciatic nerve stimulation and brain 
activity was analyzed. The results showed that when the sciatic 
nerve was stimulated by the implanted electrical stimulator, 
motor-related channels were activated, causing contraction of 
the left leg. It was found that at the frequency band of 8-16 Hz, 
the EEG signal in the right motor area was higher than at 
other frequency bands. This phenomenon was identical in 
both young and old rats. The results indicated that electrical 
stimulation of the sciatic nerve can activate the motor region 
of the rat brain, and provided evidence that stimulation of the 
sciatic nerve could be a method of preventing motor cortex 
degeneration.

Introduction

Degeneration of the cortex is commonly found with brain 
injury (1), stroke (2), limb amputation (3) and aging (4). The 
long-term pathological state further hinders future treatments.

Hemiplegia is generally a symptom of stroke (when a 
bleed or blood clot damages part of brain) and brain injury, 
and it is generally treated with drugs (5,6) such as acetyl 
glutamine and amantadine, physical therapy (7), general 
nursing methods (8), transcutaneous electrical nerve stimula-
tion (9-12), and implanted nerve electrical stimulators (13). 
Many studies have shown that it is possible for patients with 
hemiplegia to regain motor ability in the lower limbs using 
certain treatments (8,9,14,15). However, prolonged use of drug 
treatments may affect other regions of the brain, and physical 
care is time intensive. Neuromuscular electrical stimulation 
is effective in the short term in improving upper limb impair-
ment in individuals with chronic stroke (16). Wilson et al (17) 
studied patients with hemiplegic shoulder pain who received a 
fully-implanted electrical stimulator and were followed up for 
24 months; the study demonstrated the safety and efficacy of a 
fully-implantable axillary peripheral nerve stimulation system 
for chronic hemiplegic shoulder pain. In general, electrical 
stimulation of nerves is an efficient approach (16,18,19) with 
minimal side effects (17,20).

By implanting an electrical stimulator, studies have shown 
that patients with spinal cord injury can achieve standing and 
walking (21-23). Furthermore, research has indicated that elec-
trical stimulation can improve cognitive deficits associated with 
traumatic brain injury (24), and that low-frequency electroen-
cephalogram (EEG) signals appear when the sub-paresthesia 
spinal cord of a rat is stimulated (25). To date, implantable 
electrical stimulator microsystems have been rapidly devel-
oped and used in many fields of medicine (13,17,26). However, 
to the best of our knowledge, there have been no studies on 
the effect of electrical stimulation of the sciatic nerve on the 
motor cortex. The present study discusses another method for 
the activation of motor brain regions using a peripheral nerve 
electrical stimulator.

The present study is based on a set of self-developed 
high-density electrodes for rats (27), designed to monitor 
EEG activity commonly used in neural interfaces (28,29). 
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A self-developed fully-implantable electrical stimulator was 
implanted subcutaneously in rats, for which the waveform 
amplitude, frequency and stimulation time could be set 
externally.

Materials and methods

Animal selection. A total of 10 healthy 8-week-old male SD 
rats (weight range, 250-350 g), 3 healthy 1-year-old male SD 
rats (weight range, 600-650 g) were selected and all rats were 
subjected to electrical stimulation and non-electrical stimula-
tion. The rats were housed at 30˚C, with 55.3% humidity and a 
12-h light/dark cycle, with access to food and water ad libitum. 
All animal experiments were performed in accordance with 
the Guide for the Care and Use of Laboratory Animals (30). 
The procedures in the study were designed to minimize the 
pain or discomfort of the animals, in accordance with the 
current protocols approved by the Laboratory Animal Ethics 
Committee of Beijing Institute of Technology (Beijing, China). 
A systematic diagram of the experiment is shown in Fig. 1.

Implantable electrical stimulator design. The present study 
is based on a self-developed implanted voltage stimulator 
and a self‑developed electrode. The location of fixing of the 
electrodes is shown in Fig. 2A. The longitudinal spacing of 
the electrode points was 2 mm, the horizontal electrode point 
spacing was 1.25 mm, and the total number of electrodes was 
34. A schematic representation of the implantable electrical 
stimulator and wave of stimulation is shown in Fig. 2C. 
According to function, the stimulator was divided into a power 
amplification module, signal processing module, low‑power 
Bluetooth module, voltage conversion module and power 
supply module. The circuit hardware is shown in Fig. 2B.

Characteristics of the electrical stimulator. The ampli-
tude, period and pulse width of the electrical stimulation 
waveform of the stimulator can be adjusted; there were two 
independently-programmable channels, so that an effective 
stimulation model could be set up according to different stim-
ulation parameters. Low-power Bluetooth data transmission 
was based on Bluetooth 4.0 protocol data transmission, and 
the stimulus waveform was outputted by receiving the stimula-
tion parameters (stimulation waveform, stimulation period and 
stimulation pulse width) from the host computer. 

Based on the small size and low power consumption 
of the silicone package (when not working, the quiescent 
current loss was <1 mA, and the power consumption was 
0.3 W when working). An LED on the chip indicated the 
working status. Due to its wireless charging function, there 
is no need to frequently remove the stimulator from the 
subject for charging. The stimulator supports external control 
terminals, including Bluetooth-enabled devices such as mobile 
phones and computers. In this experiment, the stimulator was 
controlled using an Android™ application developed based 
on the HMBLEComAssistant tool (http://www.huamaosoft.
com/download.asp).

Surgical procedure. Firstly, SD rats were anesthetized with 
isoflurane and then placed on a rat stereotaxic apparatus. The 
pressure of the respirator was maintained at 50 kPa and the air 

flow rate was 600 ml/min. The anesthetic gas concentration 
was 2% and a heating blanket was used to maintain normal 
body temperature.

The hair on the left hind leg and head of the SD rat 
were removed. Then, a 4-cm-long incision in the longitu-
dinal direction was made with a scalpel on the thigh and 
expanded to expose the sciatic nerve. The skin and muscle 
of the SD rat were separated carefully using medical scis-
sors to facilitate the implantation of the stimulator. The 
stimulator was implanted and the nerve of the SD rat was 
wrapped with the flexible electrode (shown in Fig. 2B). 
The incision was sutured after implantation. Next, a 5-cm 
incision to the head was cut longitudinally with a scalpel. 
The subcutaneous tissues were removed from the skull, and 
the periosteum was cleaned using cotton swabs. The aim of 
this procedure was to make the bregma and lambda land-
marks of the skull more clearly visible. The electrodes were 
positioned in alignment with the two markers and fixed to 
the skull with micro-screws (Fig. 3). After fixation of the 
electrode, the outlet of the electrode was covered with dental 
cement to separate the electrode from the fur and prevent 
injury caused by the movement of the rats or the insertion 
and removal process.

After the surgery, the rats were allowed to recover for 
2-3 days and were then subjected to an electrical stimula-
tion test. The stimulus parameters were set by amplitude and 
frequency. In a previous study, the square wave showed a 
relatively good effect on nerve stimulation (31). Therefore, the 
square wave waveform was selected as the output waveform of 
the stimulator, the carrier frequency was 1 kHz, the number of 
carriers was set to 2 and the stimulus voltage was set between 
+5 and -5 V. Each set of experiments took 5 min, including 
3 min of non-electrical stimulation and a 2 min of electrical 
stimulation. Four sets of experiment were performed every 
two days and the time interval between each set of experi-
ments was 10 min. During the process of stimulation lasting 
1 month, EEG signals were acquired using a wired recording 
system (Cerebus™; Blackrock Microsystems LLC). After each 
set of experiments, a 10-min rest period was given, in order to 
avoid muscle fatigue, however in the ending of 1 month, one 
rat was paralyzed.

Figure 1. Systematic diagram of the experiment. S, implantable electrical 
stimulator; E, electrode; SN, sciatic nerve.
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Statistical analysis. Statistical analyses were carried out using 
EEGLAB (Swartz Center for Computational Neuroscience, 
University of California, San Diego, San Diego, CA, USA; 
https://sccn.ucsd.edu/eeglab/index.php) (32) with MATLAB 
2018b (Mathworks Inc). The Wavelet Analysis v.1.0.3 
(https://pypi.org/project/PyWavelets/) and SciPy v.1.3.0 
(https://www.scipy.org/) expansion packages of Python v.3.7.3 
(https://www.python.org/) were also used. The power map 
was obtained using EEGLAB by importing stored data, and 
Wavelet Analysis was used to analyze the relationship between 
voltage and frequency.

Results

Data acquisition and filtering. EEG data of the rats were 
acquired using a system from a wired recording system, which 
includes 32 signal channels with a sampling frequency of 
up to 1 kHz. After band‑pass filtering, the signals averaged 
between 0.1 and 500 Hz using a sixth‑order Chebyshev filter, 
and signals were notched at 50 Hz.

Visual observation. When the sciatic nerve was stimulated, 
the rat leg contracted at the knee joint and extended at the 
ankle. In Fig. 4, the blue line represents the initial state and 
the red line represents the end state. Change in ankle and knee 
angles are shown in Fig. 4. The initial ankle and knee angles 
were ~65˚ and 90 ,̊ and ~80˚ and 78˚ after electrical stimula-
tion, therefore, the change in ankle and knee angles were ~15˚ 
and 12 ,̊ respectively. The angle of ankle and knee angles have 
changed markedly before and after electrical stimulation.

Power map. As shown in Fig. 5A and B, the EEG power of the 
younger rats in the non-stimulation group was lower than that 

in the stimulation group, and this was the same scenario for the 
older rats shown in Fig. 5C and D. As shown in Fig. 5B and D, 
all brain regions were affected; channel 8 was more active than 
the others when the left sciatic nerve was stimulated. Based on 
these phenomena, the location of channel 8 was considered 
to be related to the electrical stimulation of the sciatic nerve. 
As presented in Fig. 6, the signal was distributed relatively 
evenly throughout the brain at the low frequency (<30 Hz). At 
10 Hz, the power density of the brain region at channel 8 was 
relatively higher than that of other brain regions (according to 
the electrode distribution shown in Fig. 2A).

Data processing. The SciPy package in Python was used to 
generate the EEG power maps, which are shown in Fig. 7. The 
EEGs of non-electrical stimulation and electrical stimulation 

Figure 2. Self-developed devices. (A) Electroencephalography electrode array and location; (B) Photograph of the implantable electrical stimulator; (C) A 
schematic representation of the implantable electrical stimulator and wave of stimulation. DAC, digital-to-analog converter; UART, universal asynchronous 
receiver/transmitter.

Figure 3. Surgical location of the electroencephalography electrodes.
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in younger rats are shown in Fig. 7A and B, respectively. The 
EEGs of non-electrical stimulation and electrical stimulation 
in older rats are shown in Fig. 7C and D, respectively. It was 
demonstrated that the voltage of channel 8 was higher than that 

for other channels. When comparing older rats with younger 
rats, the same phenomenon was observed (when the left sciatic 
was stimulated, all the brain regions were influenced, but the 
right hemisphere was more strongly influenced than the left). 
As shown in Fig. 8A and B, wavelet analysis showed a string 
of low-frequency data in the period between 220 and 225 sec. 
At 215 and 232 sec, the rat was stimulated by the implanted 
electrical stimulator, and at these two points in time the 
wavelet analysis showed more low-frequency components than 
high-frequency components, indicating that electrical stimula-
tion of the sciatic nerve can simultaneously activate the motor 
cortex. As shown in Fig. 9, the data of channel 8 was analyzed 
by computing Fast Fourier Transform. It has been established 
that the frequency of motion and perception is 8-16 Hz (33-35), 
and this frequency at channel 8 was higher than others in the 
present experiment. The results indicated that stimulation of 
the sciatic nerve excited the brain region under channel 8.

Figure 4. Angle view before and after nerve electrical stimulation. Rat leg movement when the sciatic nerve was stimulated. Blue represents the initial state; 
red represents the end state. The ankle angle was larger before stimulation then after; the knee angle was smaller before stimulation than after.

Figure 6. Frequency map of all areas of the brain. Channel 8 was activated at 
a frequency of 10 Hz.

Figure 5. EEG power maps of both young and old rats under different stimu-
lation conditions. Red color indicates strong intensity and blue indicates a 
weak activation status. (A) When the sciatic nerve of younger rats was not 
stimulated, all the brain regions were in an inactive state. The voltage intensi-
ties of all the channels were very low. (B) When the sciatic nerve of younger 
rats was stimulated, the most active channel was channel 8. (C) When the 
sciatic nerve of older rats was not stimulated, all the brain regions were in 
an inactive state. The amplitude of the EEG signal in the whole brain was 
relatively low and, in comparison, the voltage of channel 4 was relatively 
high. (D) When the sciatic nerve of older rats was stimulated, the most active 
channel was channel 8. EEG, electroencephalogram.
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Discussion

Stroke caused by cerebral hemorrhage is likely to become 
increasingly common as the population ages, thus leading 
to more cases of degradation of the cortex. The current 
treatments for improving this condition include certain medi-
cations, physical exercise and transcutaneous electrical nerve 
stimulation (10,11), which are only capable of improving 
symptoms and are not curative. The usage of neuro-electrical 
stimulation to relieve local pain within a short period was 

first proposed by Wall and Sweet (36) in 1967, and it has 
been demonstrated that electrical stimulation affects 
sensory nerves (37,38). In 1952, Malis et al (39) found that 
action potentials were generated in the motor cortex after 
stimulating a peripheral nerve. Based on the aforementioned 
studies, a new idea was proposed in the present study to treat 
damage to and degradation of the motor cortex by stimu-
lating the sciatic nerve. In the present study, a self-developed 
fully-implanted neuro-electrical stimulator was implanted 
into rats, and the experimental results showed that an EEG 

Figure 7. Power maps generated in Python. All data are expressed as the variance around 5 s before and after nerve electrical stimulation. (A) When the sciatic 
nerves of younger rats were not stimulated, the power map for all brain regions was inactive. (B) When the sciatic nerves of younger rats were stimulated, 
channel 8 was activated. (C) When the sciatic nerves of older rats were not stimulated, the power map for all brain regions was inactive. (D) When the sciatic 
nerves of older rats were stimulated, channel 8 was activated.

Figure 8. Wavelet transformation. Frequencies around 10 Hz were the main component and the voltage amplitude reached a maximum between 215 sec and 
232 sec. (A) Stereogram display. (B) Heat map display. EEG, electroencephalogram.
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frequency band of 8-16 Hz (α) could be evoked by electrical 
nerve stimulation, accompanied by leg movement, and that it 
had the highest amplitude of all frequency bands.

Electrodes need to be biocompatible, non-toxic and not 
provoke an immune response (40). Gold is utilized in EEG 
electrode manufacture, a material that is commonly used in 
surface electromyography and invasive extracellular elec-
trodes (41). The stimulus wave in the present study was square 
wave, which is more efficient than other wave types (31), and 
the frequency of the carrier wave was 1 kHz (avoiding damage 
to the nerves by continuous current). The stimulus voltage 
was set between +5 V and -5 V (42,43) (the adjustable voltage 
range of the self-developed neurostimulator is between +15 V 
and ‑15 V). The stimulus voltage duty cycle was 50%. The leg 
movements of the rats evoked by different stimulus voltages 
differed, which may be caused by slight differences in the 
fixation position of the electrodes. When the sciatic nerve was 
stimulated by electrical stimulator, the most active channel 
was channel 8. Therefore, nerve electrical stimulation of the 
sciatic nerve can activate the motor cortex and evoke α wave 
which is related to movement (34,35). During the experiment, 
especially for long-term nerve electrical stimulation, the use 
of excessive voltages was carefully avoided. In the present 
study, electrical stimulation experiments were performed 
on a daily basis for 1 month, and paralysis occurred on the 
surgical side of the bodies of one rat; the same response was 
observed in a patient after spinal nerve electrical stimula-
tion (44), suggesting that tissue damage may occur under 
electrical stimulation (45,46). The mode and intensity of nerve 
electrical stimulation require further study. The intensities of 
the younger rats' EEG power maps were higher than those for 
older rats; this may be because the number of experiments was 
small, or because the cortex of a younger rat is more active 
than that of an older rat, but this needs to be clarified in further 
experiments. However, the location of the brain area activated 

by electrical stimulation of the sciatic nerve was the same in 
younger and older rats. Therefore, it could be concluded that 
electrical stimulation of the sciatic nerve activated the corre-
sponding motor cortex region.

In the current study, the fully-implanted nerve electrical 
stimulator that had been developed was able to more flex-
ibly set a waveform cycle for nerve electrical stimulation. 
The wireless charging strategy avoids the disadvantages 
of a disposable device, the control terminal is designed to 
be diversified, and the size of the stimulator is small. The 
experiments indicated that electrical stimulation of the 
sciatic nerve could effectively activate specific brain regions 
in the rats, suggesting that, to an extent, sciatic nerve stimula-
tion can stimulate the corresponding brain region, and also 
indicating, to an extent, that sciatic nerve electrical stimula-
tion may contribute to the activation and recovery of motor 
cortex injury; this may provide a new method for treating 
stroke-induced brain damage.
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