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ABSTRACT 

The effect of intra-spinal electric stimulation with bone marrow mesenchymal stem cells for motion recovery after spinal cord 

injuries has been studied in the present research. Practical studies have been conducted on Wistar rats with induced spinal cord 

palsy. Thirty male Wistar rats were randomly divided into five groups including intraspinal electrical stimulation (IES), stem cell 

transfusion (BM-MSCs), combination (IES+BM-MSCs), sham and control group. Motor behavior analyses were carried out through 

the direct observation of animal behavior and how to maintain balance during walking. The mentioned tests performed using the 

locomotion photobam activity system and Rota-Rod Rat test. Motor behavior analyses showed that considerable improvements 

occurred in motor abilities of the rats in the combination group. In addition, it has been observed that the mean density of alpha 

neurons in the combination group (IES+BM-MSCs) in which injection of bone marrow mesenchymal stem cells was carried out in 

addition to intra-spinal cord stimulation, has experienced a significant increase compared to other groups including electrical 

stimulation of the intra-spinal cord, stem cells and sham. It can be concluded that the intra-spinal electrical stimulation with injection 

of bone marrow mesenchymal stem cells with exercise therapy, has had significant gait restorative effects and increases the range of 

motion in rats with induced spinal cord injury. 

 

Keywords: Spinal cord injury, Motion recovery, Intra spinal electrical stimulation, Stem cell, rat 

 

 

1. INTRODUCTION 

Many people around the world suffer from spinal cord injuries due to illness, trauma or accidents. Neuromuscular cells are important 

cells that are damaged and destroyed in these people. So far, effective methods have been proposed to reduce the complications 

after spinal cord injury and to restore the ability of movement in the disabled organs. For instance, it can be referred to reproducing 

nerve cells using stem cells, functional electrical stimulation and intra-spinal electric stimulation (Zhu et al., 2018; Sivaramakrishnan 

et al., 2018; Rascoe et al., 2018). Among the above mentioned solutions, stem cells with high rate of proliferation with possibility of 

genetic manipulation are a good alternative to differentiated cells for the treatment and reproduction of neurological lesions 

(Azuma and Yamanaka, 2016). The cells which can be differentiated into Types of neurons, astrocytes, and oligodendrocytes replace 

damaged cells and, by secretion of growth factors, preserve neurons and repair axons and Myelin sheath (Gazdic et al., 2018; 

Sabelström et al., 2013). Unlike many body tissues, the nervous system has limited restoration capacity (Pearse and Bunge, 2006). 

Therefore, it is necessary to study cellular resources that have the potential to substitute damaged neurons. In general, stem cells 

used to treat nerve lesions should have four attributes: Easily planted and cultivated, Survive in in-vivo conditions, Represent the 

genes associated with neuronal cells, do not create a safety response in the host. 

Based on the mentioned specification, the idea of using bone marrow stromal cells that has the stated properties at the same 

time was raised by the researchers (Ma et al., 2018). Functional electrical stimulation is a technique in which defective muscles of the 

body contract through the electric current either in the surface or in the muscle. This method has so far been used extensively 

(Street and Singleton, 2018; Ragnarsson, 2008). These stimuli result in rapid muscle fatigue and disrupt the movement balance 

(Hardin et al., 2007; Ichihara et al., 2009). Low resolution is another problem of this method. In this method, there is no access to 

each individual muscle, thus, the control is limited. In intramuscular electrical stimulation, although the problem of resolution and 

access to muscles has been somewhat solved, but the stimulatory signal amplitude is much higher than that of spinal cord 

stimulation (Hardin et al., 2007; Ichihara et al., 2009). Also, the problem of fatigue and inappropriate stimulation of muscle fibers in 

this method has not been addressed. Considering the above problems in recent decades, new methods have been developed to 

overcome such difficulties. One of these methods is direct stimulation of the nerves or spinal cord. It has been shown that circuits 

within the spinal cord can be activated with intra-spinal electric stimulation (Mercier et al., 2016; Ievins and Moritz, 2017). Therefore, 

spinal cord stimulation can be used to control and retrieve the movement in people with spinal cord injury. 

The motor neuron cells transfer the command of movement from the spinal cord to the motor organs. When these cells are 

damaged or their connections are completely discontinued, intra-spinal electric stimulation in the spinal cord causes these neural 

connections to be reformed (Formento et al., 2018; Ganzer et al., 2018). In general, injured spinal axons have somewhat the ability to 

repair and restore themselves but the maximum axon growth is about a millimeter and the repair is not enough to have a 

satisfactory performance and recovery (Raineteau and Schwab, 2001). 

Since more than one type of cell is eliminated in the spinal cord injuries (both different types of neurons and supporting cells 

such as glial cells), some methods should be used to rebuild and recover all damaged cells. This is difficult due to the presence of 

millions of nerve threads that pass through the spinal cord. Therefore, it is recommended to use combined protocols for the repair 
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of spinal cord injury aiming at preserving the remaining neurons and preventing further damage, replacing dead cells with new cells, 

stimulating axonal growth and decreasing glial scar, providing growth factors along with rehabilitation strategies. Hence, the 

necessity of using a combined method of using stem cells and intra-spinal electrical stimulation seems appropriate in order to repair 

the neural lesions. Thus, the purpose of this study was to investigate the role of intra-spinal electrical stimulation, injection of 

mesenchymal stem cells in the treatment of spinal cord injury, its effect on the reconstruction of nerve cells after spinal cord injury 

and the physical rehabilitation of rat with induced spinal cord paralysis to walk. 

 

2. MATERIAL AND METHODS 

Ethical approval 

The study protocol was approved by the Ethics Committee of the Islamic Azad University, Mashhad Branch (ethical code: 

IR.IAU.MSHD.REC.1398.173(. 

 

Experimental Studies 

The experimental studies were carried out on a group of Wistar rats. In these experiments, after induction of spinal cord injury, 

interventional methods based on intra-spinal electrical stimulation and stem cell transfusion for the treatment of spinal cord injuries 

were performed and finally, the rate of motor recovery was evaluated by statistical tests to calculate neuronal density and behavioral 

tests. All adopted and carried out methods are elaborated in the following sub-sections. 

 

Animal and Housing Conditions 

Thirty male, Wistar rats weighting between 200-250gr were served as subjects for these experiments. All rats were group housed in 

standard Plexiglas cages (three to four rats per cage) with free access to food and water and 12–12 light-dark cycle, with lights on at 

6.00h. Ambient temperature in the animal facility was kept at 22±20C. All procedures were in accordance with the local guidelines for 

the care and use of laboratory animals and were approved by the Islamic Azad University (Mashhad branch). 

 

Groups 

The laboratory animals were randomly divided into five groups and the number of animals in each group was (n = 6). 

Intra-spinal electric Stimulation Group (IES) 

Bone marrow mesenchymal stem cell (BM-MSCs) 

Combination group: intra-spinal electrical stimulation with stem cell transfusion (IES+BM-MSCs) 

Sham group 

Control group 

 

Except the control and sham group, the other groups received the exercise therapy using the treadmill. The stimulation 

electrodes were positioned on asegment of spinal cord of the rats included in the IES and IES+BM-MSCs groups, while transfusion 

of stem cells was into rats included in BM-MSCs. 

 

Induction of spinal cord injury and electrode positioning 

At first, the animals in all groups except the control group were anesthetized with intraperitoneal injection of ketamine (60 mg/kg) 

and xylazine (6 mg/kg). Antibiotic (intramuscular with dose of 10 mg/kg) and morphine (intraperitoneal with 5 mg/kg) were also 

used to reduce the pain caused by the surgery. The body temperature was maintained at 37oC and all surgical procedures were 

performed under sterile conditions. When the appropriate level of anesthesia was achieved, hair on the back of the animal was 

shaved for surgery, then the surface was disinfected and a longitudinal incision at the back of the skin in the region equivalent to 

T10 in the spinal cord to induce spinal cord injury. Fat and muscle were removed at the level of the mentioned vertebrae. In the T10 

animal segment, spinal cord lesion was induced. The electrode was attached to the muscles and the stimulating electrode was 

placed on the T11 segment of the spinal cord of the rats included in the IES and IES+BM-MSCs groups. 

In order to plant a stimulating electrode after removing T11 segment, a hole was made at the surface of the lamina by using the 

20 G injection needle and spring-shaped tube (made of stainless steel) was placed within it. The stimulating electrode was inserted 

into the tube and liquid glue was used at the site of their junction. Before conducting the electrode into the tube, the electrode was 

tied to the upper vertebra to be completely fixed. The ground electrode was tied to the lower spine to ensure lack of displacement 

since the mentioned electrode was displaced in the previous methods. In general, one of the most important issues in this study is 
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choosing the best method for spinal cord injury with the least possible damage to the surrounding tissues and skeletal structure of 

the animal with the induction of the least inflammatory effects. 

Therefore, after induction of spinal cord injury, the stimulating electrode is installed at the nearest site to the location of the 

lesion in a lower segment so that the least damage is exerted to the animal. This method reduces the risk of infection at the site of 

the lesion. After a period of restoration and recovery (administration of antibiotics and appropriate analgesics), electrical stimulation 

of the spinal cord with the same patterns (frequency, amplitude and pulse) is applied to obtain the best motor result in the 

stimulation and the combination groups (intra-spinal electrical stimulation and stem cells) (figure 1).  

 

 

Figure 1 Steps of induction of spinal cord injury and planting the stimulation electrode 

 

Stimulation protocol 

Intra-spinal electrical stimulation (IES) is an approach to treatment in spinal cord injury. for this regardA silver stimulation electrode 

(silver, A-M Systems, USA) is placed at a depth of 1.5 millimeters from the spinal cord. Stimulation of this area causes the 

coordinated movement of the foot leg. A characteristic feature of this method is the gradual application of force due to its order 

and the use of fatigue-resistant motor units. This feature has been attributed to activation of the synaptic transmission of the motor 

neurons through a large network of projection of sensory afferents and inter-neurons that have been activated by spinal stimulation. 

In sum, this approach is a practical way to restore the capacity of standing and gait after spinal cord injury. In fact, with epidural 

stimulation, mammalian lumbosacral circuit (rat, rabbit, and cat) with spinal cord injuries can use sensory information to produce a 

wide range of movements, including stepping and standing. 

It is anticipated that motor training with epidural stimulation as well as transfusion of stem cells will improve the capacity of the 

spinal cord to produce motion. The stimuli in this study are applied with some characteristics including 40 Hz frequency, 3 volt 

amplitude and pulse duration of 200 microseconds for 15 minutes per period. 

The frequency, intensity and location of the stimulus are important parameters in the nature of the generated movements, 

among which the most effective frequency was between 40 and 60 Hz. stimulation at a lower frequency (40 Hz) adjusts the rhythmic 

pattern between the limb flexors and extensors poorly so that higher frequency (60 Hz) causes irregular patterns of movement, but 

the gait cycle at a frequency of 50 Hz indicates little or no change in frequency. For this reason, stimuli have been applied with a 

frequency of 40 Hz.  

 

 

 

Figure 2 A: Placing animal on the device for transfusion of stem cells, B: Longitudinal incision in the head area, finding the desired 

area, cannulation and injection into the canal, C: Wound dressing using acrylic monomer and removal of the channel 
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Stem cell implantation 

In this study, mesenchymal stem cells from bone marrow with aspiration technique from Tibia and Femur bones were isolated from 

male Wistar rats weighing 200-250 gr.  

In the groups included the BM-MSCs and IES+BM-MSCs, the transfusion of stem cells into rats was done using a stereotactic 

device in order to find the desired area for injection after general anesthesia. Stereotaxy is a device that is used to provide high-

precision access to cores and deep parts of the brain for electrode-positioning, stimulation, drug injection, and so on. 

To do each test, it was needed to set the needle that has been installed in the intended area exactly on the bregma, Lambda 

points. In order to find the injection area, the tip of the needle was determined based on reference point vector of 0.8 rear, 1.6 both 

sides and Depth of 4. Then it should be displaced to the point of interest and marked it. In the end, the injection could be done at 

the desired point. A channel was used for transfusion which has been made by the gauge 22 syringe and it has been cut to 11 mm. 

The channel was placed at a depth of 4 mm from the specified point and then the injection was done through it. Injection for each 

animal was performed only once. After the transfusion, wound was covered with the acrylic monomer. After drying the channel, it 

was removed. The animal was treated under intensive care for a week (figure 2). 

 

The protocol of motor exercises 

For more than a decade, studies related to gait practicing on the treadmill with body weight support on animals have shown an 

improvement in walking performance after spinal cord injury (Franz et al., 2018). In this study, to practice walking on treadmill, the 

rat was placed on a treadmill by suspension system so that both hands and feet of the rat touched the treadmill surface. For all 

groups except control and Sham groups exercise treadmill has been taken. During the exercise session, for two groups include IES 

and IES+BM-MSCs, the electrical stimulation signals were applied to the epidural area with a frequency of 40 Hz, amplitude of 3 

volts and pulse duration of 200 microseconds for 15 minutes (figure 3). Daily exercise sessions were performed at two times in the 

morning and afternoon with a 12 hour interval for 14 days. 

 

 

Figure 3 Placement of the animal on treadmill 

 

Assessment Based on Density of Alpha Motor Neurons 

Method of Sampling and Preparing Tissue 

After 49 days, Sampling was done from the lumbar spinal cord with a perfusion technique. For equality of samples, the spinal cord 

was removed from the spine to the end and an 8-millimeter piece of it was sampled in the injured area. After fixation by formalin 

(salinity of 10%), samples entered the tissue passage stages. After watering with ethanol and clearing stage, serial sections of 7 

microns from the obtained paraffin blocks were prepared with microtome and the slices transmitted onto the slides and were 

entered the staining stages as follows: First, de-paraffin depletion was performed by Xylan and then they were fed by alcoholic 

descending series. After transferring the slides to a Toluidine blue color solution for 10 minutes and washing in a solution of tampon 

(containing 1 cc of normal acetic acid plus 1 cc sodium acetate, which reached the volume of 100 cc), the slides containing the tissue 

samples were placed in Ammonium Molybdate solution 4% for 10 minutes. Matrix staining was performed by erythrosine 1% for 1 

minute. 

 

The Method of Counting Neurons 

At this stage, a random sampling method was used. Moreover, Disector method was applied for counting particle, i.e. the alpha 

motor neurons. Disector method consists of two parallel cuts which have a specified distance. In the reference framework, particles 
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are counted. If the particle is located in the reference frame but it is not placed in the second cut of next frame, it can be said that 

the particle is in the space between the two sections and it is counted. If there is a particle in both frameworks, it is not counted. The 

reference space is derived from the product of the frame area in the distance between the two sections. The particles that are placed 

on the dashed lines of the frame are ignored but particles that are on continuous lines are considered during counting. For analysis 

of raw data, some parameters such as Σ Q, Σ frame, V dissector, Mean ± SE etc. are required. These parameters are introduced as 

below (Behnam et al., 2000). 

∑Q: Total neurons counted in a sample 

A Frame: Area of sampling frame     

∑frame: Total sampling times 

H: The distance between two cuts or the thickness of each cut 

V dissector: The size of the sampling frame that is equal to: Vdissector =A Frame × H 

 

To examine the data using the t-test program, another parameter namely ND (Numerical Density) or the density of the number 

of neurons is needed which can be calculated through the following formula: 

 

𝑁𝐷 =
∑Q

∑frame × Vdisector
 

In this study, the area of the sampling frame on the monitor was 25 × 25 mm. 

 

To get the real size of this area on the sample, a micrometer slide was used and since the micrometric slide had an image of 72 

mm, the magnification rate was 72 times. 

V dissector =A Frame × H 

V dissector =
25

72
×

25

72
× (7 × 10-3mm) = 0/84394290 ×10-3mm3 

 

Statistical Analysis 

Data were analyzed by, ANOVA, and t-test using Minitab v.16. A p≤0.05 was considered significant. 

 

 

Figure 4 A: Test recording using locomotion-Photo beam activity system.  B: Test recording using the Rota-Rod Rat 

 

Assessment of Motor Behavior 

One of the issues that matters in the treatment of spinal cord injuries is the amount of motor activity and dynamic balance. It can be 

claimed that motor rehabilitation has been achieved in a desirable manner, when two mentioned parameters have significant 

amounts. For this purpose, two tests have been taken from animals to evaluate the real time reporting of activity and motor 

coordination, which are two important factors for the assessment of motor behavior. In these tests, the direct observation of animal 

behavior and how to maintain balance during walking were addressed. Motion assessments were performed one day after surgery 

and then on weekly basis for 7 weeks. There was a similar sequence of tests performed on each test day (figure 4). 

 

Real Time Reporting of Activity 

In order to directly observe animal behavior and evaluate its motor activity, the locomotion-photo beam activity system was used 

which is an open transparent box whose bottom is divided into several squares by some lines. The transparent cage allows easily 

investigations of the trajectories of animal and its activities. All movements of the animal is tracked and recorded by sensors 
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mounted on the different sides of the device. Each experiment was performed for 15 minutes. To do the test, the animal was placed 

slowly and randomly in one of the four corners of the device and it was allowed to explore the device environment for free for 15 

minutes. During this time, the behavior of the rat was recorded through the sensors of the device. After the test, the rats were 

transferred to their cages, the floor and walls of the device were cleaned by a 70% Alcohol-impregnated cotton pad to prevent the 

effects of the remaining odor from the previous animal and it was allowed to be dried between each test. During the 7 consecutive 

weeks, the test is repeated and the rate of crossing the lines was recorded. The entire distance traveled was considered as an 

indicator of motor activity. 

 

Motor Coordination 

Another test which was used to investigate motor behavior is the Rota-Rod Rat. It is used to investigate motor ability in rat which 

evaluates various parameters such as running time and endurance, balance and motor coordination. During the test, the animal was 

positioned on a rotating Rod. The height of the device is designed not to be too high so that the animal does not suffer from 

damage due to its falling. It is also not short enough to cause the state of consciousness of the animal being induced in case of 

falling. A rodent instinctively tries to stay on the cylinder and not to fall. The amount of time the animal remains on the rotating Rod 

is considered as a marker of balance, muscular coordination and physical conditions of the animal. 

 

3. RESULTS 

Outcomes of Counting Neurons 

The statistical comparison of the mean density of alpha motor neurons is shown between the groups (IES + BM-MSCs), (BM-MSCs) 

as well as (IES), Sham and the control group. The mean density of alpha motor neurons in the group (IES + BM-MSCs), which is 

based on intra-spinal electric stimulation with stem cells is (1839 ± 56), which is more than sham group with mean neuronal density 

(550 ± 67) (p <0.05). This study indicates that the group (IES + BM-MSCs) has been able to prevent the degradation of alpha motor 

neurons (Figure 5).  

 

 

Figure 5 I. Comparison of the density of alpha motor neurons of the horn of spinal cord in all groups (n = 6). In each group, 

numbers indicate the average neuron density ± standard error (***Significant difference between control groups andsham group 

p≤0.001. ### Significant difference between treatment groups and sham group (p≤0.001). II. Cross section of right side of the spinal 

cord including groups A: IES, B: BM-MSCs, C: IES + BM-MSCs, D: Sham group, respectively Magnification (×200), blue erythrosine 

toluidine staining. Bold points are alpha motor neurons. 
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Results of Motor Behavior Analysis 

Real Time Reporting of Activity 

Figure 6 shows the results of investigation and a direct observation of the animal behavior in allgroups. The group (IES + BM-MSCs) 

has had a significant increase in behavioral scores relative to the groups (IES) and (BM-MSCs). As it is seen in the Figure6, motor 

activity in this group has increased significantly over time for several consecutive weeks. Therefore, it can be concluded that motor 

recovery can lead to augmented motor activities. It is seen in the results that motor activity in the group (ISMS + BM-MSCs) has had 

gradual increase more than other groups. This test was repeated for 7 consecutive weeks. The passagerate from the recorded lines 

and the total traveled distance has been considered as indicators of motor activity. 

 

Motor Coordination 

In Figure 6, the test results indicate the time it takes for the animal to remain on the Rotating Rod which has been considered as a 

marker of balance, muscular coordination and physical conditions of the animal. As it has been shown in Figure 6, the group (IES + 

BM-MSCs) has been able to stay longer on the Rotating Rod. This suggests that the animal has been able to make a better muscular 

coordination to balance and stay on the rotating rod. As a result, motor recovery in this group has been better than other groups. 

 

 

Figure 6 Evaluation of motor performance improvement A: by measuring the amount of motor activity in the rat. B: using balance 

measurements of the rate of balance 

 

4. DISCUSSION 

As noted previously, a combination of intra-spinal electrical stimulation and stem cell transfusion was used for motor recovery in this 

study and the effect of each method was studied independently. By examining the results, it can be deduced that performing 7 

weeks of training on Treadmill with weight support for animals suffering from incomplete spinal cord injury and using interventional 

techniques such as intra-spinal electrical stimulation and injection of stem cells have led to improvement of balance, muscular 

coordination and in general resulted in motor recovery in animals after induction of spinal cord injury. Further specific aspects of the 

results will be examined more deeply in the following: 

 

Impact of Combinational Intervention 

In order to treat spinal cord injuries, it is required to regenerate damaged nerve cells by electrical stimulation or replace them with 

stem cells. In both methods alone, there is a possibility of motor recovery (Zhu et al., 2018; Rascoe et al., 2018), but the possibility of 
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motor recovery is increased in case of combination of mentioned methods. The connection of the spinal cord with the brain is via 

electrical signals from the brain to the spinal cord. The muscles contract through the electrical pulses that receive from the central 

and peripheral nervous system. In spinal cord injury, transmission of these signals is impaired. The connection can be established by 

using intra-spinal electrical stimulation (Hardin et al., 2007; Ichihara et al., 2009). In general, the use of a weak electrical current can 

increase the repair of damaged axons and lead to the growth of nerve fibers throughout the lesion. Intra-spinal electrical stimulation 

can be beneficial by activating neural cells around the site of the lesion and restoring the function of damaged parts (Mercier et al., 

2016; Ievins and Moritz, 2017). 

However, in order to regain the ability of patients with spinal cord injury, we need to look for a method that can lead to motor 

recovery without any special requirement for continuous electrical stimulation. To this end, the use of combined protocols such as 

intra-spinal electrical stimulation along with transfusion of stem cells seems more efficient, since simultaneous use of these two 

techniques can accelerate the recovery time. In fact, stem cells produce and secrete Neurotrophic factors and immune modulating 

molecules that cause axon restoration, ductility and growth of neurons (Gazdic et al., 2018; Sabelström et al., 2013). They can be 

differentiated into neurons and form new circuits to fill the area of the lesion.These cells can replace the lost glial cells (astrocytes) 

and provide conditions for repairing axons and Oligodendrocytes (Gazdic et al., 2018; Sabelström et al., 2013). In this study, stem 

cells were injected into the cerebrospinal fluid (CSF) and were stimulated to grow. According to the obtained results, it can be 

concluded that the combined protocol of stem cell transfusion along with intra-spinal electrical stimulation and exercise therapy has 

been able to have better motor recovery than other groups due to the simultaneous use of both methods which has been able to 

affect the process of recovery and tissue reconstruction faster than other groups. 

 

Density of Alpha Motor Neurons 

Regarding the obtained results, it can be observed that spinal cord injuries in animals have had a destructive effect on the cellular 

structure of their motor neurons in the spinal cord. Such effects are transferred to the cellular body by transporting retrograde axons 

and cause central degeneration. Since neurons are unrecoverable cells, the central degeneration of the nervous system leads to 

irreversible lesions. In order to reduce the degeneration of the central nervous system, intervention methods including intra-spinal 

electrical stimulation and stem cell injection have been used alone and in combination with each other. The results of this study have 

shown that neural reconstruction and axon regeneration was done in the groups using the interventional methods so that neural 

density in such groups indicated a significant increase compared to Sham group (p <0.05). The maximum and minimum increase in 

density of neurons was observed in (IES + BM-MSCs) and Sham groups, respectively. 

 

Recovery of Motor and Sensory Functions 

According to direct observation of the behavior of animals after each week of training, it was seen that animals that use the 

combination of both methods (intra-spinal electrical stimulation and stem cell transfusion) had a better balance and coordination 

during walking in n addition to increasing rate of their activities. In fact, targeted movements require the integration and connection 

among the central nervous system (CNS), other organs and body systems that the spinal cord plays in this particular relationship 

(Formento et al., 2018; Ganzer et al., 2018). CNS should be able to identify and understand the senses for implementation of a 

movement in the environment, and make the right decisions and execute intended action in proper timing and coordination. Doing 

coordinated and balanced movements while walking is indicative of communication and interaction between the complex nervous 

and muscular system. Such communications and interactions are either eliminated or insignificant in animals with induced spinal 

cord injuries. By assessing the balance during walking, the amount of motor recovery as well as rate of establishment of these 

interactions can be measured. As it was revealed in the results gained of Figure 6, the amount of motor activity, balance control 

during gait, running time and motor coordination have increased over the course of weeks by the use of interventional methods for 

motor recovery. Balance control, coordination of movements and increased rate of motor activity require participation in three areas 

of information processing by somatosensory nerves, central integration in the brain and motor response. Any defect in the system 

above may be one of the factors of inability of the animal to maintain its balance and fall or it can be the cause of its immobility. 

Spinal neural circuits transmit sensory information to the brain through sensory neurons and receive movement responses from the 

brain for doing a movement. Increasing the rate of doing activity and balance indicate that recovery has been performed in spinal 

cord nerves that have been damaged and the paths have been re-established and interactions are carried out between the brain and 

the spinal cord. For this reason, harmonious movements in the legs, dynamic balance during walking, and increased amount of 

movements in animals over some weeks have been augmented due to the equilibrium-motor recovery. 
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5. CONCLUSION 

In this paper, the effect of intra-spinal electric stimulation with bone marrow mesenchymal stem cells along with the movement 

training on the Motion Recovery in Rats with Induced Incomplete Spinal Cord Injury has been studied. The experimental studies 

have been conducted on Wistar rats with induced spinal cord palsy. The mice allocated in three groups. One group only received 

intraspinal electrical stimulation along with movement training, one group got stem cell injection treatment and movement training, 

and one group received both of them. Though the amount of motor activity, balance control during gait, running time and motor 

coordination have increased over the course of weeks by the use of interventional methods for motor recovery, but improvement in 

the third group which received intracranial electrical stimulation with stem cells was much better. In addition, the density of alpha 

Motor neurons was analyzed. It was also observed that the mean density of alpha motor neurons in the third group was significantly 

more than sham group which received no treatments. This study can be a prelude to the prospective human studies. 

 

Conflict of interest 

Authors declare no conflicts of interest. 

 

Acknowledgements 

This work was supported by the Department of Medical Engineering, Faculty of Engineering, Islamic Azad University, Mashhad 

Branch.  

 

Financial resources of the study 

Funded by Islamic Azad University, Mashhad Branch, Iran. 

 

RREEFFEERREENNCCEE  

1. Azuma K, Yamanaka S. Recent policies that support clinical 

application of induced pluripotent stem cell-based 

regenerative therapies. Regenerative Therapy. 2016; 4:36-47. 

2. Behnam, Rasouli Morteza, Shirin Mahdavi, M. Tehranipour, 

and M. R. Nikravesh. Post-operative time effects after sciatic 

nerve crush on the number of alpha motoneurons, using a 

stereological counting method (Disector). Iranian Biomedical 

Journal. 2000; 4:45-49. 

3. Capogrosso M, Milekovic T, Borton D, et al. A brain–spine 

interface alleviating gait deficits after spinal cord injury in 

primates. Nature. 2016; 539:284. 

4. Fitch MT, Silver J. CNS injury, glial scars, and inflammation: 

Inhibitory extracellular matrices and regeneration failure. 

Experimental neurology. 2008; 209:294-301. 

5. Formento E, Minassian K, Wagner F, et al. Electrical spinal 

cord stimulation must preserve proprioception to enable 

locomotion in humans with spinal cord injury. Nature 

neuroscience. 2018; 21:1728. 

6. Franz M, Richner L, Wirz M, et al. Physical therapy is targeted 

and adjusted over time for the rehabilitation of locomotor 

function in acute spinal cord injury interventions in physical 

and sports therapy. Spinal cord. 2018; 56:158. 

7. Ganzer PD, Darrow MJ, Meyers EC, et al. Closed-loop 

neuromodulation restores network connectivity and motor 

control after spinal cord injury. Elife. 2018; 7:e32058. 

8. Gashmardi N, Edalatmanesh MA. Cellular and Molecular 

Mechanisms of Mesenchymal Stem Cell Transplantation in 

Spinal Cord Injury. The Neuroscience Journal of Shefaye 

Khatam. 2017; 5:51-61. 

9. Gazdic M, Volarevic V, Harrell CR, et al. Stem cells therapy 

for spinal cord injury. International journal of molecular 

sciences. 2018; 19:1039. 

10. Hardin E, Kobetic R, Murray L, Corado-Ahmed M. Walking 

after incomplete spinal cord injury using an implanted FES 

system: a case report. Journal of rehabilitation research and 

development. 2007; 44:333. 

11. Ichihara K, Venkatasubramanian G, Abbas JJ, Jung R. 

Neuromuscular electrical stimulation of the hind limb 

muscles for movement therapy in a rodent model. Journal of 

neuroscience methods. 2009; 176:213-24. 

12. Ievins A, Moritz CT. Therapeutic stimulation for restoration 

of function after spinal cord injury. Physiology. 2017; 32:391-

8. 

13. Ma YH, Zeng X, Qiu XC, et al. Perineurium-like sheath 

derived from long-term surviving mesenchymal stem cells 

confers nerve protection to the injured spinal cord. 

Biomaterials. 2018; 160:37-55. 

14. Mercier LM, Gonzalez-Rothi EJ, Streeter KA, et al. Intra spinal 

micro stimulation and diaphragm activation after cervical 

spinal cord injury. Journal of neurophysiology. 2016; 

117:767-76. 

15. Pearse DD, Bunge MB. Designing cell-and gene-based 

regeneration strategies to repair the injured spinal cord. 

Journal of neurotrauma. 2006; 23:437-52. 



                                                                                                                      

 

© 2020 Discovery Publication. All Rights Reserved. www.discoveryjournals.org     OPEN ACCESS 

 
 

P
ag

e7
1

6
 

ARTICLE RESEARCH 

16. Ragnarsson KT. Functional electrical stimulation after spinal 

cord injury: current use, therapeutic effects and future 

directions. Spinal cord. 2008; 46:255. 

17. Raineteau O, Schwab ME. Plasticity of motor systems after 

incomplete spinal cord injury. Nature Reviews Neuroscience. 

2001; 2:263. 

18. Rascoe A, Sharma P, Shah PK. Development of an Activity-

Dependent Epidural Stimulation System in Freely Moving 

Spinal Cord Injured Rats: A Proof of Concept Study. Frontiers 

in neuroscience. 2018; 12. 

19. Richard-Denis A, Thompson C, Mac-Thiong JM. Quality of 

life in the subacute period following a cervical traumatic 

spinal cord injury based on the initial severity of the injury: a 

prospective cohort study. Spinal cord. 2018; 3:1. 

20. Sabelström H, Stenudd M, Réu P, et al. Resident neural stem 

cells restrict tissue damage and neuronal loss after spinal 

cord injury in mice. Science. 2013; 342:637-40. 

21. Sivaramakrishnan A, Solomon JM, Manikandan N. 

Comparison of transcutaneous electrical nerve stimulation 

(TENS) and functional electrical stimulation (FES) for 

spasticity in spinal cord injury-A pilot randomized cross-over 

trial. The journal of spinal cord medicine. 2018; 41:397-406. 

22. Street T, Singleton C. A clinically meaningful training effect 

in walking speed using functional electrical stimulation for 

motor-incomplete spinal cord injury. The journal of spinal 

cord medicine. 2018; 41:361-6. 

23. Thuret S, Moon LD, Gage FH. Therapeutic interventions after 

spinal cord injury. Nature Reviews Neuroscience. 2006; 

7:628. 

24. Zhu Y, Uezono N, Yasui T, Nakashima K. Neural stem cell 

therapy aiming at better functional recovery after spinal cord 

injury. Developmental Dynamics. 2018; 247:75-84. 


