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Introduction  

Spinal cord injury (SCI) leads to permanent loss of 

different cells including neurons, oligodendrocytes, 

astrocytes and precursors resulting in sensory and 

motor dysfunctions, urinary infections and mental 

Physiology and 

Pharmacology 

Physiol Pharmacol 24 (2020) 34-45 www.phypha.ir/ppj 

Abstract 

Introduction: Spinal cord injury (SCI) is a condition which can lead to permanent 

loss of neurons, glial and precursor cells. According to the positive influences of 

electrical stimulation in the neurogenesis, we hypothesized that sub-threshold 

electrical stimulation in the presence of exogenous astrocyte may trigger the 

differential regulation of wingless-type3 (Wnt-3) and eukaryotic initiation factor-2α 

(eIF2α) mediators in spinal cord injured rats. 
 

 

Results: The results show that expression of Wnt-3 and eIF2α proteins significantly 

enhanced after 14 days in the electrical stimulation+ SCI+astrocyte group in 

comparison with SCI and SCI+astrocyte groups. Also, the expression of GFAP cells 

was significantly increased after 14 days by electrical stimulation compared with other 

groups. Electrical stimulation had no effect on expression of doublecortin after 14 

days. 
 

Conclusion: This survey demonstrates that sub-threshold electrical stimulation up-

regulates Wnt-3 and eIF2α mediators. Also, GFAP marker expression has been 

increased in animals subjected to electrical stimulation. But there are no evidences 

based on doublecortin expression as a neurogenesis biomarker. 
 

http://dx.doi.org/10.32598/ppj.24.1.30 
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Methods: Forty male Wistar rats (weighing 250-280g) were randomly divided into 

four groups: sham, SCI, SCI+astrocyte and SCI+astrocyte which followed by 

electrical stimulation. We evaluated the glial fibrillary acidic protein (GFAP), 

doublecortin, Wnt-3 and eIF2α proteins by immunofluorescence and immunoblotting 

techniques.
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disorders (Bradbury & McMahon, 2006; Horky et al., 

2006; Thuret et al., 2006b). Approximately, 90 million 

people live with different severities of SCI and more 

than 130000 new cases have been reported per year 

in the world (Jackson et al., 2004; Thuret et al., 

2006b). Following SCI, regeneration of neurons is a 

tremendous challenge (Su et al., 2014b). There are 

some general therapeutic interventions for SCI such 

as cellular, molecular and rehabilitative treatments 

(Thuret et al., 2006a). 

The cellular transplantation aims to replace lost cells, 

create a new guidance structure and a favourable 

condition for axon regeneration and trophic factors 

secretion (Thuret et al., 2006b). However, following 

SCI, the capability to produce new neurons is 

restricted (Horner et al., 2000). Investigations have 

shown that in the presence of some transcription 

factors, differentiated cells can be reprogrammed to 

induced pluripotent stem cell (iPSC) (Takahashi & 

Yamanaka, 2006; Takahashi et al., 2007). Production 

of iPSCs is one of the big achievements throughout 

the history of stem cell biology which may be useful in 

regenerative medicine (Takahashi & Yamanaka, 

2006). Recent studies demonstrated that conversion 

of astrocyte, as differentiated cell, to the neuroblast 

and neurons can be considered for SCI treatment (Su 

et al., 2014b). Given that glial cells can be 

reprogrammed into functional neurons in the spinal 

cord and brain, so, these cells are ideal targets for in 

vivo neuronal conversion after neural injury in adult 

central nervous system (CNS) (Heinrich et al., 2010; 

Torper et al., 2013; Guo et al., 2014). However, the 

mechanisms of reprogramming are approximately 

unclear (Niu et al., 2015). In vitro studies showed that 

astrocytes, as non-neuronal cells, can be converted 

to the stem-like cells and neurons directly by 

expressing a single transcription factor (Heins et al., 

2002; Pfisterer et al., 2011). In vivo study has been 

identified that when the SOX2 gene is expressed, 

conversion of adult astrocytes to neuroblast occurs. 

This conversion confirmed by tracing of doublecortin 

(DCX) protein as neuroblast and immature neuron 

markers which is apparently detectable during 

neuronal development process (Heinrich et al., 2014). 

Furthermore, eukaryotic initiation factor-2α (eIF2α)-

phosphorylation mediates SOX2 up-regulation in 

pancreatic tumor cell repopulation following 

irradiation (Yu et al., 2016). On the other hand, 

wingless-type3 (Wnt-3) as one of the initial 

regulators, activates Wnt/GSK3bb signaling for 

neurogenesis in the neuronal developmental process 

(Berwick and Harvey, 2012). This signaling controls 

self-renewal, cell proliferation and elevates by 

inducting of exogenous electrical stimulation (ES) in 

vitro (Liu et al., 2015b). 

Electrical stimulation is a target to repair the CNS 

degeneration (Huang et al., 2015). According to 

performed study, deep brain stimulation (DBS) 

increases glial fibrillary acidic protein (GFAP) 

expression, so, it has corroborated that the DBS 

could markedly promote astrocyte proliferation 

(Vedam-Mai et al., 2012). Functional electrical 

stimulation is able to increase the formation of 

newborn cells after SCI in animals expressing neural 

progenitor cells-associated markers (Becker et al., 

2010). In addition, an investigation conducted on both 

in patients with schizophrenia and depression 

demonstrated the electrical stimuli, kind of 

electroconvulsive therapy, increases the transcription 

factors, such as OCT4, SOX2, cMyc and Klf4 in 

iPSCs, therefore, promoting the cellular 

reprogramming (Nishiguchi et al., 2015). 

Generally, the positive role of low intensity of 

electrical stimulation in escalating neuronal 

regeneration after nerve injury has been determined 

and suggests that low intensity of electrical 

stimulation could  increase levels of myelin protein 

zero mRNA and protein, extending regeneration at 

injured site (Zhang et al., 2013). In addition, 

significant effect of sub-threshold electrical 

stimulation has been confirmed to accelerate 

neuronal repair in rats-subjected to SCI (Gad et al., 

2013).  

Therefore, the SCI model in Wistar male rats was 

conducted and the green fluorescent protein (GFP
+
) 

labelled human astrocytes injected into the lesion site 

and subsequently electrical stimulation was applied. 

But, choosing the best kind of ES for the stimulation 

was a challenge, and to prevent any adverse effects, 

sub-threshold ES applied at injured site. Astrocyte 

proliferation and neurogenesis were traced by the 

expression of DCX, GFAP, Wnt-3, and eIF-2α factors. 

Materials and methods  

Antibodies and reagents  

Antibodies were purchased from Abcam (Abcam Inc., 

Cambridge, MA, UK): GFAP antibody, DCX antibody, 

goat anti-rabbit IgG H&L Alexa Fluor 594, Wnt3α 
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antibody, p-eIF-2α, total eIF-2α and β-actin antibody. 

Other chemical and reagents were purchased from 

Sigma (Sigma-Aldrich Co, Missouri, US). 

 

Animals 

Forty male wistar rats (weighing 250-280g) were 

obtained from Tabriz University Laboratory animal 

care centre (Tabriz, Iran) and exposed to 12h 

light/dark cycle. Water and standard pellet food ad 

libitum were available under the temperature-

controlled condition 25±2°C. All experimental 

procedures and protocols were approved by the 

veterinary ethics committee of Tabriz University of 

Medical Sciences, Iran (approval number: 1394.1116) 

and animal’s care was performed according to the 

National Institutes of Health Guide (NIH Publications 

No. 8023, revised 1978).  

 

Study design 

Animals were randomly divided into four experimental 

groups (n=10 rats per group) including, 1) sham 

group: laminectomy surgery without contusion injury 

as a control group; 2) SCI group: moderate contusion 

at 10 thoracic segments; 3) SCI+AS (astrocyte) 

group: SCI and astrocyte cell injection and 4) 

SCI+AS+ES group: received sub-threshold electrical 

stimulation following the SCI and astrocyte cell 

injection. The immune system of rats in all 

experimental groups was suppressed by daily 

intraperitoneal injection of 10mg/kg cyclosporine A 

(Novartis) for 7 days prior to interventions up to the 

end of study (Li et al., 2015).  

 

Interventions and SCI model 

To induce SCI model, rats’ surgery was performed 

under anesthesia with isoflurane (4% for induction 

and 2.5% for maintenance) (Girgis et al., 2007) and 

laminectomy procedure was performed at T10 

segment. To some up, after removing paravertebral 

muscles overlying at T9 and T11, transverse 

processes of the vertebra column were stabilized by 

device clamps. Moderate contusion injury was 

induced by an impactor using a 2.5mm diameter of 

the tip and a 150-kilodynes force (Ghorbani et al., 

2018). Following the surgery, in the third and fourth 

groups, 300,000 human astrocytes suspended in 3μl 

of DMEM (Dulbecco's Modified Eagle Medium) and 

were immediately injected around the damaged area 

at a depth of 1.3mm from the dorsal surface using a 

5μl Hamilton syringe held in an electronic syringe 

pump (New Era Pump Systems, Inc). Before injection 

of human astrocyte, the cell counting was performed 

by trypan-blue staining and neobar slide. For 

delivering the beneficial number of astrocytes and to 

prevent reflux from the injection site, the needle was 

maintained over 5 minutes and then withdrawn. 

Following injection, incised muscles, subcutaneous 

tissues and skin were sutured in layers. After surgical 

procedures, animals were kept in a separate cage 

and bladder or bowel dysfunction was checked twice 

a day until detecting normal function of the urinary 

system. All animals were monitored for any pain and 

health condition every day.  

 

Sub-threshold electrical stimulation protocol  

In the group 4, rats received moderate SCI and 

human astrocytes have injected. Immediately, 

unipolar electrodes were implanted carefully in the 

upper injured site of the spinal cord. Then, the wire 

electrodes sutured into the muscles, adjacent to the 

paravertebrate muscles and wires socket was stayed 

out of the skin. Twenty-four hour later, threshold of 

neuronal excitability in the spinal cord was recorded 

from each rat (by revealing to muscle reflex in lower 

limbs). The sub-threshold electrical stimulation 

protocol has been applied from 10:00am by a 2-

channel battery-powered electrical stimulator (WPI; 

A320) every day (Badri et al., 2017). The electrical 

parameters of sub-threshold electrical stimulation 

followed by an amplitude between 0.3-0.6 (mA), 

pulse width: 0.1 (msec) and pulse rate delivered at 

100Hz in the upper site of the injured location 

(Sadighi et al., 2013; Nejad et al., 2015; Badri et al., 

2017). 

 

Human astrocyte culture 

Human astrocytes were obtained (line 1321N1) 

(Brown & Simoni, 1995) and cultured on poly-L-lysine 

(Sigma-Aldrich)-coated flasks which described in 

pervious study (Ghasemi-Kasman et al., 2015). The 

culture medium composed of DMEM (Invitrogen), 

supplemented with 10% fetal calf serum (Invitrogen) 

and 1X penicillin/streptomycin (Invitrogen) which the 

culture medium substituted twice a week. Two days 

after culture process, astrocytes prepared to 

transplant into rat injured site of the spinal cord in the 

groups 3 and 4.  
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Immunohistochemistry investigations  

For fluorescence immunostaining on the spinal cord 

tissue, animals were euthanized by overdose of 

ketamine (100mg/kg) and (5mg/kg) xylazine after 2 

weeks and sequentially fixed by intracardial perfusion 

with 4% (w/v) paraformaldehyde (PFA) in 0.1 M 

phosphate buffered saline (PBS). The animal’s spinal 

cord tissues were dissected carefully and collected 

with 4% PFA overnight at 4°C. The next day, post-

fixed spinal cord immersed for 24-48h in 30% 

sucrose solution. The tissues were cryoprotected at -

22°C and sectioned longitudinally on a cryostat 

embedding at 8μm thickness by a cryostat instrument 

(Histo-Line Laboratories, Italy). Then, sections rinsed 

with 0.2% Triton X-100 and blocked with 10% normal 

goat serum for 1h at room temperature. Blocked 

sections incubated with primary antibodies at least 

24h at 4°C followed by extensive washing with PBS 

buffer. Then sections were subsequently incubated 

with appropriate fluorescent labelled secondary 

antibodies for over 2h at room temperature and after 

that washed again (Ghasemi-Kasman et al., 2015). 

Counted cells were obtained from 15 random 

sections from ten rats in each experimental group. 

Images for immunohistochemistry analysis were 

taken by fluorescence microscope (Olympus BX51) 

and captured using a DP-72 camera.  

 

Immunoblotting assay  

The spinal cord tissues were used to measure the 

phosphorylation of phospho eIF-2α and Wnt-3. All 

tissues were subjected to homogenization in 

radioimmunoprecipitation assay buffer (RIPA buffer) 

[20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM 

Na2EDTA, 1mM EGTA, 1% NP-40, 1% sodium 

deoxycholate, 2.5mM sodium pyrophosphate, 1mM 

b-glycerophosphate, 1mM Na3VO4 and 1µg/ml 

leupeptin including protease inhibitor cocktail 

(Sigma)] and followed by centrifuge at 12000g, 4°C, 

for 20min. Then, the supernatant was collected and 

quantified to protein concentration assay using a 

commercial Bradford kit (Sigma). Total protein 

(30mg) was separated on 10% denaturing acrylamide 

gels. Subsequently, protein bands were transferred to 

polyvinylidene difluoride (PVDF) membranes (Lie et 

al., 2005). The blots probed with primary antibodies 

(Abcam Inc., Cambridge, MA) for phosphorylated or 

total eIF-2α and Wn-t3 overnight at 4°C. The PVDF 

membranes were incubated with the horseradish 

peroxidase-conjugated secondary anti-rabbit antibody 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 

USA) diluted at 1:7000 for 1h at room temperature. 

Enhanced chemiluminescence detection kit (Bio Rad) 

was used to visualize the immunocomplexes. The 

density of bands was quantified using Image J (NIH, 

Bethesda, MD, USA). β-actin was used as internal 

control. The phospho eIF-2α normalized against total 

eIF-2α. All data were expressed as mean±SEM. 

Statistical analysis was performed using one-way 

analysis of variance (ANOVA) and Tukey as post-hoc 

test and P values less than 0.05 considered as 

statistically significant. 

Results 

The effect of electrical stimulation on 

phosphorylation of eIF2-α and expression of Wnt-

3 in rat models of spinal cord injury  

Overall process of the study has shown (Fig. 1A). 

The results of immunoblotting investigations showed 

that electrical stimulation had a significant effect on 

the wnt3 protein expression (Fig. 1B). In the animals-

exposed to ES following the injury and astrocyte cell 

injection, the expression level of Wnt3 protein was 

significantly enhanced versus SCI+AS group 

(P=0.00088). In the other groups, the mean 

differences of Wnt3 proteins were not statistically 

significant (Fig. 1C). Moreover, ES significantly 

increased phosphorylation of eIF-2α protein in the 

SCI+AS+ES group compared to SCI+AS group 

(P=0.025). There were no significant changes in the 

level of eIF-2α phosphorylation in those groups which 

did not received any ES protocol (Fig. 1D).  

 

The effect of electrical stimulation on induction of 

astrocyte proliferation in rat models of spinal 

cord injury 

To investigate the effect of electrical stimulation on 

the proliferation of astrocytes, expression of GFAP 

marker was evaluated at the end of the second week 

at the injured site of the spinal cord (Fig. 2). As 

shown in Figures 2A and a, SCI had no significant 

effect on the astrocyte proliferation compared to the 

sham group. Predictably, in the SCI+AS group, there 

was a significant increase (P=0.011) in fluorescent 

intensity compared to the SCI group. But after 

electrical stimulation induction for two weeks, a 

significant augmentation was seen in the expression 

of GFAP marker (red) versus SCI+AS group 
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(P=0.002) by immunofluorescence staining targeting 

GFAP protein.  

In order to confirm the astrocyte proliferation, GFAP 

expression was also investigated by the 

immunoblotting assay (Figs. 2B and b). The western 

blotting analysis showed that induction of electrical 

stimulation protocol in the injured area of the spinal 

cord led to over-expression of GFAP marker at the 

Fig.1. Western blotting analysis of phosphorylation of eukaryotic initiation factor 2 (eIf-2a) and expression of Wingless-type3 

(Wnt-3) proteins levels after 14 days in four experimental groups. (A) Experimental scheme. (B) Immunoblotting images of 

expression of Wnt-3 protein against ß-actin and phospho-eIf-2a (p-eIf-2a) against total eIf-2a. (C) Bar chart represents the 

quantified Wnt-3 protein bands in all experimental groups. The statistical one-way analysis of variance (ANOVA) of data 

showed the significantly elevated levels of Wnt-3 protein expression in the sub-threshold electrical stimulation (ES) group 

after 14 days. (D) Bar chart represents fold change of p-eIf-2a in all experimental groups. Analysis of results also, showed 

that the levels of eIf-2a phosphorylation in the sub-threshold ES group increased significantly after 14 days.  
*
P=0.025 and 

***
P=0.00088 compared with the SCI+AS group (n= 10 rats per group). 
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end of two weeks’ period of ES in comparison with 

SCI+AS group (P=0.037).  

 

The effect of electrical stimulation on astrocyte 

reprogramming into neural progenitors in rat 

models of spinal cord injury  

Spinal cord sections were examined to detect the co-

expression of DCX and GFP
+
 cells (Fig. 3) and 

possibility of astrocyte cells conversion to neuroblast 

by staining against DCX. According to Figure 3, the 

levels of co-expression of DCX
+
 (red) with GFP

+
 cells 

(green) around the injected site was not statistically 

significant in manipulated by electrical stimulation 

protocol animals after two weeks in comparison with 

group 3 (P=0.834). Also, expression of DCX marker 

in group 3 versus group 2 was not significant 

(P=0.991). To approve these data, the possibility of 

cellular reprogramming was checked by tracing of 

DCX protein expression in immunoblotting studies. In 

the Figure 4B, ANOVA analysis revealed no 

significant changes in expression levels of DCX 

marker among different groups such that group 3 in 

comparison with group 2 and group 4 versus group 3 

had no significant differences (P=0.999 and P=0.999, 

respectively). 

Discussion 

In this study, immunofluorescence and 

immunoblotting results demonstrated that electrical 

stimulation in rat model of spinal cord injury after two 

Fig.2. Glial fibrillary acidic protein (GFAP) expression after two weeks in four experimental groups in immunoblotting and 

immunohistochemical studies. (A) The fluorescent intensity of GFAP labeled cells after applying the sub-threshold electrical 

stimulation (ES) protocol in all experimental groups. Bar=50 microns. (B) Immunoblotting images of GFAP protein in the rat 

spinal cord for all experimental groups. (a) Quantified analysis of immunohistochemical images showed that in animals 

which received two weeks’ period of ES, expression of GFAP marker significantly increased compared with spinal cord 

injury (SCI)+astrocyte (AS) cell group. (b) Bars illustrate fold change of GFAP protein normalized against glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) as an internal standard. As shown, the expression levels of GFAP protein in animals 

that received two weeks’ period of sub-threshold ES was significantly enhanced versus SCI+AS group. 
*
P=0.037 and 

**
P=0.011 compared with the SCI group. 

##
P=0.002 compared with the SCI+AS (n=10 rats per group). Magnification ×40. 
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weeks induced translational regulations and cell 

differentiation modification as well as astrocyte 

proliferation without any evidences in reprogramming 

into neuroblast. 

 Astrocytes as non-neural cells have a potential role 

in the cellular reprogramming process. Generation of 

the neurons from the astrocyte cells in adult spinal 

cord is considered as a new therapeutic window for 

SCI treatment (Su et al., 2014a). Vedam-Mai and 

colleagues examined the role of DBS on the 

astrocyte cell and proved that DBS could increase the 

number of neural progenitor cells as well as the 

proliferation of neurogenic astrocytes in the anterior 

thalamic nucleus of rat (Vedam-Mai et al., 2012). It is 

revealed that direct electrical stimulation not only 

effects on neurons but also has a significant 

proliferative effect on glial cells (McIntyre et al., 2004; 

Giaume et al., 2010). Also, astrocyte could be directly 

stimulated by high frequency stimulation (Pekny & 

Nilsson, 2005; Sofroniew, 2009; DiLorenzo et al., 

2010). Remarkably, previous studies have shown that 

a subset of astrocyte acts as a neural stem cell in the 

adult CNS (Doetsch et al., 1999; Van Den Berge et 

al., 2010), and have stem cell features in the brain 

injury (Buffo et al., 2008). Moreover, previous reports 

revealed that astrocyte-like neural stem cells are able 

to enhance several neurogenesis aspects in 

response to high frequency stimulation (Malatesta et 

al., 2000; Hartfuss et al., 2001; Götz et al., 2002). 

The results of the present study indicated that the 

sub-threshold electrical stimulation induced GFAP+ 

cells as compared to SCI+AS group. This 

augmentation of GFAP marker was also seen in 

SCI+AS group in comparison with SCI group. 

Therefore, it has been shown that electrical 

stimulation had positive role to increase injected 

human astrocyte proliferation in the injured site after 

two weeks. 

Fig.3. Immunohistochemical analysis of doublecortin (DCX) marker after two weeks in all experimental groups. (A) 

Doublecortin
+
 (DCX

+
) cells were not detected after 14 days in animal which received sub-threshold electrical stimulation 

(ES) as well as other groups Bar=100 microns. (B) Quantification analysis of DCX marker showed that there was no 

significant change in expression of DCX marker in all groups (n=10 rats per group). Magnification ×40.  
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Investigations have demonstrated that production of 

GFAP, vimentin, nestin and synemin proteins are 

promoted in response to electrical stimulation (Stock 

et al., 1979; Pilitsis et al., 2008) and accordingly this 

outcome showed in an in vitro study (Jun et al., 

2007). Also, other studies have demonstrated that 

neural progenitors or neurogenic astrocytes are 

enhanced by DBS (Steindler & Laywell, 2003; 

Middeldorp et al., 2010; Khaindrava et al., 2011). 

Hence, it apparently proved that ES could 

significantly increase astrocyte proliferation in vitro 

and in vivo conditions which in our study examined. 

Recent evidence showed that the cellular 

pluripotency is modulated by several complex 

signalling networks involved in the regulation of gene 

expression, translation and even post-translational 

modifications (Cai et al., 2012; Wang et al., 2014). 

Also, it has been reported that neurodevelopmental 

events are associated modification in mRNA 

translation, protein synthesis and neocortical 

development (Wang et al., 2014). Phosphorylation of 

the alpha subunit eIF2 is one of this differentiation-

related post-translational modifications which could 

be catalyzed by a various activated kinases such as 

PERK (protein kinase R [PKR]-like endoplasmic 

reticulum kinase) in stress response to some cellular, 

heat shock, nutrient deprivation, changes in 

intracellular calcium, accumulation of misfolded or 

denatured proteins, iron deficiency and induction of 

apoptosis (Roffé et al., 2013). The exogenous 

Fig.4. Effect of sub-threshold electrical stimulation (ES) on expression of doublecortin (DCX) protein in the spinal cord after 

14 days in all experimental groups. (A) Immunobloting images of DCX protein expression against glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) which considered as an internal standard. (B) Bars represent fold change of DCX 

protein (n= 10 rats per group).  
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electrical stimulation as an inducer of the neural 

activity in the nervous system has a positive influence 

on the different neurogenesis aspects at the cellular 

level which is able to promote the neuronal 

regeneration.  

A recent study showed that ES induced 

phosphorylation of eIF-2α as a marker of continuous 

protein synthesis and expression of Wnt-3 as an 

instructive neurogenesis factor which could be 

secreted by astrocyte cells (Wakabayashi et al., 

2016). So, in the present study, we examined 

phosphorylation of eIF-2α and Wnt-3 level in the 

presence of human astrocyte after applying electrical 

stimulation protocol. Phosphorylated eIF2 inhibits the 

eIF2B and thus prevents effective protein synthesis. 

Hyper phosphorylation of eIF-2α along with strong 

blocking of eIF2B activity led to negative regulation of 

protein synthesis, whereas promote the selected 

translation of preferential transcripts, such as stress 

response related activating transcription factor 4 

(ATF4) (Gu et al., 2017). Stabilized ATF4 mutants 

show diminished β-TrCP (beta-transducin repeat 

containing) degron phosphorylation, β-TrCP 

interaction and ubiquitination, as well as provoke 

early G1 arrest. Given that expression of stabilized 

ATF4 also promote the developing neocortex (Frank 

et al., 2010). Phosphorylated eIF2 modulates 

bradyzoite differentiation through epigenetic 

modifications, promoter-based cis-elements and 

protein translation (Sullivan Jr et al., 2009). In line 

with our findings, stimulation of HeLa (Henrietta 

Lacks) S3 cells by nanosecond pulsed electric fields 

(nsPEFs) quickly induced activation of eIF-2α up-

stream stress-responsive kinases PERK, 

phosphorylation of eIF-2α and general control non-

depressible 2 (GCN2) as well as translational 

suppression (Morotomi-Yano et al., 2012). 

Additionally, Wnt signalling controls and impacts on 

the diverse neurogenesis processes, including cell 

proliferation and self-renewal (Valvezan & Klein, 

2012). During neurogenesis, the Wnt signalling 

pathway has various important roles in the nervous 

system by regulating the cell division, migration of 

neural progenitor cells and proliferation process 

(Berwick & Harvey, 2012). Studies suggest, this 

pathway could be promoted by exogenous ES (Liu et 

al., 2015b). Likewise, in vivo study emphasized that 

neurogenesis can be triggered by astrocyte-derived 

Wnt in the hippocampus. Thus, according to the 

effect of electrical stimulation on the molecular 

signalling, we also examined the expression of the 

Wnt as an early event before cellular reprogramming. 

Our results revealed that expression of Wnt was 

significantly increased in animals-received ES 14-

days (in group 4) compared to other groups. In line 

with our results, Liu et al. showed that functional 

electrical stimulation  after 14 days increases the 

expression of Wnt-3 protein that plays a key role in 

neurogenesis promotion in the ipsilateral 

subventricular zone (SVZ) in rats with ischemia (Liu 

et al., 2013). It has been reported that over-

expression of Wnt-3 protein promotes functional 

recovery after focal ischemia and this event could 

relate to increase immature neurons in the striatum 

and SVZ regions (Shruster et al., 2012). 

 Finally, despite some obvious findings related to pro-

regenerative events such as Wnt3 signaling up-

regulation and eIF-2α hyper phosphorylation which 

support the changes in astrocyte phenotype driven by 

neural activity, significant enhance in GFAP+ cell 

could not be addressed as reactive gliogenesis or 

injected astrocyte proliferation. According the 

analysis of immunofluorescence and immunoblotting 

outcomes, we did not find any significant 

modifications in expression of DCX marker as 

revealing conversion of human astrocyte to 

neuroblast in the fourth group after two weeks. 

However, in 2015, a study showed that electrical 

stimulation  of ventromedial prefrontal cortex 

increased the expression of NeuN, DCX, Angpt2 and 

S100a4 genes in the neurogenic zone (Liu et al., 

2015a). Evaluating expression of DCX has been 

established to reflect changes in adult neurogenesis 

and nowadays used as a common 

immunohistochemical marker to detect newborn 

neurons in brain tissues (Horner et al., 2000; Horky et 

al., 2006). DCX is expressed in dividing neuronal 

precursor cells and is stable for approximately one 

month until the cells integration into the granular cell 

layer be stopped. Nonetheless, DCX-expression  and 

localization to various parts of brain tissues differs 

depending on type of applied DCX-antibodies and 

confirmation methods (Kremer et al., 2013). 

Moreover, recently an evidence for a noticeable "non-

neurogenic" DCX-protein pool suggests caution for 

the interpretation of DCX+/- finding in rodent brain 

(Takahashi et al., 2007).  
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Conclusion 

Undeniably, these data are not enough to clarify the 

effect of electrical stimulation intervention on a direct 

neurogenesis, so we need comprehensive analyses 

to investigate the other neurogenesis biomarkers like 

NeuN, Angpt2 and S100a4. Also, we need other 

investigations to correct interpretations of increased 

GFAP+cells. Of course, electrical stimulation protocol 

including, severity and frequency of ES and even 

adjunctive agents can be improved in the future. 

However, Wnt-3 signaling up-regulation and eIF-2α 

hyper-phosphorylation findings are notable and 

deserve more attentions for CNS regeneration. 

Acknowledgments  

This investigation was supported by Neurosciences 

Research Center (NSRC), Tabriz University of 

Medical Sciences, Iran (Grant number: 94/1-10/9). 

Authors would like to thank Mr. Saeid Feyzizadeh 

and Dr. Saeed Sadigh-Eteghad for guiding the 

animal’s surgery.  

Conflict of interest  

The authors declare no conflict of interest. 

References 

Aragay AM, Collins LR, Post GR, Watson AJ, Feramisco 

JR, Brown JH. G12 requirement for thrombin-stimulated 

gene expression and DNA synthesis in 1321N1 

astrocytoma cells. J Biol Chem 1995; 270: 20073-7. doi: 

10.1074/jbc.270.34.20073 

Badri O., Shahabi, P., Abdolalizadeh, J., Alipour, M. R., 

Veladi, H., Farhoudi, M. & Zak, M. S., Combination 

therapy using evening primrose oil and electrical 

stimulation to improve nerve function following a crush 

injury of sciatic nerve in male rats. Neural regeneration 

research. 12, 458 (2017). doi: 10.4103/1673-5374. 

202927 

Becker D., Gary, D. S., Rosenzweig, E. S., Grill, W. M. & 

McDonald, J. W., “Functional electrical stimulation helps 

replenish progenitor cells in the injured spinal cord of 

adult rats. Experimental neurology. 222, 211-218 

(2010). doi: 10.1016/j.expneurol.2009.12.029 

Berwick D. C. & Harvey, K. (2012) The importance of Wnt 

signalling for neurodegeneration in Parkinson's disease. 

Portland Press Limited. doi: 10.1042/BST20120122  

Bradbury E. J. & McMahon, S. B., “Spinal cord repair 

strategies: why do they work?. Nature Reviews 

Neuroscience. 7, 644-653 (2006). doi: 10.1038/nrn1964 

Buffo A., Rite, I., Tripathi, P., Lepier, A., Colak, D., Horn, A.-

P., Mori, T. & Götz, M., “Origin and progeny of reactive 

gliosis: A source of multipotent cells in the injured brain. 

Proceedings of the National Academy of Sciences. 105, 

3581-3586 (2008). doi: 10.1073/pnas. 

0709002105 

Cai N., Li, M., Qu, J., Liu, G.-H. & Izpisua Belmonte, J. C., 

“Post-translational modulation of pluripotency. Journal 

of molecular cell biology. 4, 262-265 (2012). doi: 

10.1093/jmcb/mjs031 

DiLorenzo D. J., Jankovic, J., Simpson, R. K., Takei, H. & 

Powell, S. Z., “Long‐term deep brain stimulation for 

essential tremor: 12‐year clinicopathologic follow‐up. 

Movement Disorders. 25, 232-238 (2010). doi: 

10.1002/mds.22935 

Doetsch F., Caille, I., Lim, D. A., García-Verdugo, J. M. & 

Alvarez-Buylla, A., Subventricular zone astrocytes are 

neural stem cells in the adult mammalian brain cell. 97, 

703-716 (1999). doi: 10.1016/s0092-8674(00)80783-7 

Frank C. L., Ge, X., Xie, Z., Zhou, Y. & Tsai, L.-H., Control 

of activating transcription factor 4 (ATF4) persistence by 

multisite phosphorylation impacts cell cycle progression 

and neurogenesis, Journal of Biological Chemistry. 285, 

33324-33337 (2010). doi: 10.1074/jbc.M110. 

140699 

Gad P., Choe, J., Shah, P., Garcia-Alias, G., Rath, M., 

Gerasimenko, Y., Zhong, H., Roy, R. R. & Edgerton, V. 

R., “Sub-threshold spinal cord stimulation facilitates 

spontaneous motor activity in spinal rats. Journal of 

neuroengineering and rehabilitation. 10, 108 (2013). 

doi: 10.1186/1743-0003-10-108 

Ghasemi-Kasman M., Hajikaram, M., Baharvand, H. & 

Javan, M., “MicroRNA-mediated in vitro and in vivo 

direct conversion of astrocytes to neuroblasts. PloS 

one. 10, e0127878 (2015). doi: 10.1371/journal. 

pone.0127878 

Ghorbani M., Shahabi, P., Ebrahimi-kalan, A., Soltani-

Zangbar, H., Mahmoudi, J., Bani, S., Sadeghzadeh-

Oskouei, B., Rafiee-Byraami, Y. & Salimi, O., “Induction 

of traumatic brain and spinal cord injury models in rat 

using a modified impactor device. Physiology and 

Pharmacology. 22, 228-239 (2018). 

Giaume C., Koulakoff, A., Roux, L., Holcman, D. & Rouach, 

N., “Astroglial networks: a step further in neuroglial and 

gliovascular interactions. Nature reviews. Neuroscience. 

11, 87 (2010). doi: 10.1038/nrn2757 

Girgis J., Merrett, D., Kirkland, S., Metz, G., Verge, V. & 

Fouad, K., “Reaching training in rats with spinal cord 

injury promotes plasticity and task specific recovery. 

Brain. 130, 2993-3003 (2007). doi: 10.1093/brain/ 

awm245 

Götz M., Hartfuss, E. & Malatesta, P., “Radial glial cells as 

neuronal precursors: a new perspective on the 

correlation of morphology and lineage restriction in the 

developing cerebral cortex of mice. Brain research 

bulletin. 57, 777-788 (2002). doi: 10.1016/s0361-

9230(01)00777-8 

Gu Y.-h., Wang, Y., Bai, Y., Liu, M. & Wang, H.-l., 

Endoplasmic reticulum stress and apoptosis via PERK-

eIF2α-CHOP signaling in the methamphetamine-

induced chronic pulmonary injury. Environmental 



 

 

 

Sub-threshold electrical stimulation and SCI                                                                          Physiol Pharmacol 24 (2020) 34-45   |   44 

toxicology and pharmacology. 49, 194-201 (2017). doi: 

10.1016/j.etap.2017.01.003 

Guo Z., Zhang, L., Wu, Z., Chen, Y., Wang, F. & Chen, G., 

In vivo direct reprogramming of reactive glial cells into 

functional neurons after brain injury and in an 

Alzheimer’s disease model. Cell stem cell. 14, 188-202 

(2014). doi: 10.1016/j.stem.2013.12.001 

Hartfuss E., Galli, R., Heins, N. & Götz, M., 

Characterization of CNS precursor subtypes and radial 

glia. Developmental biology. 229, 15-30 (2001). doi: 

10.1006/dbio.2000.9962 

Heinrich C., Bergami, M., Gascón, S., Lepier, A., Viganò, 

F., Dimou, L., Sutor, B., Berninger, B. & Götz, M., Sox2-

mediated conversion of NG2 glia into induced neurons 

in the injured adult cerebral cortex. Stem cell reports. 3, 

1000-1014 (2014). doi: 10.1016/j.stemcr.2014.10. 

007 

Heinrich C., Blum, R., Gascón, S., Masserdotti, G., Tripathi, 

P., Sánchez, R., Tiedt, S., Schroeder, T., Götz, M. & 

Berninger, B., Directing astroglia from the cerebral 

cortex into subtype specific functional neurons. PLoS 

Biol. 8, e1000373 (2010). doi: 10.1371/journal.pbio. 

1000373 

Heins N., Malatesta, P., Cecconi, F., Nakafuku, M., Tucker, 

K. L., Hack, M. A., Chapouton, P., Barde, Y.-A. & Götz, 

M., Glial cells generate neurons: the role of the 

transcription factor Pax6. Nature neuroscience. 5, 308-

315 (2002). doi: 10.1038/nn828 

Horky L. L., Galimi, F., Gage, F. H. & Horner, P. J., Fate of 

endogenous stem/progenitor cells following spinal cord 

injury. Journal of Comparative Neurology. 498, 525-538 

(2006). doi: 10.1002/cne.21065 

Horner P. J., Power, A. E., Kempermann, G., Kuhn, H. G., 

Palmer, T. D., Winkler, J., Thal, L. J. & Gage, F. H., 

Proliferation and differentiation of progenitor cells 

throughout the intact adult rat spinal cord. Journal of 

Neuroscience. 20, 2218-2228 (2000). doi: 10.1523/ 

jneurosci.20-06-02218.2000 

Huang Y., YeE Li, J. C., Zhou, H. & Tan, S., Electrical 

stimulation elicits neural stem cells activation: new 

perspectives in CNS repair. Frontiers in human 

neuroscience. 9, (2015). doi: 10.3389/fnhum.2015. 

00586 

Jackson A. B., Dijkers, M., DeVivo, M. J. & Poczatek, R. B., 

A demographic profile of new traumatic spinal cord 

injuries: change and stability over 30 years. Archives of 

physical medicine and rehabilitation. 85, 1740-1748 

(2004). doi: 10.1016/j.apmr.2004.04.035 

Jun S. B., Hynd, M. R., Smith, K. L., Song, J. K., Turner, J. 

N., Shain, W. & Kim, S. J., Electrical stimulation-

induced cell clustering in cultured neural networks. 

Medical & biological engineering & computing. 45, 

1015-1021 (2007). doi: 10.1007/s11517-007-0218-6 

Khaindrava V., Salin, P., Melon, C., Ugrumov, M., 

Kerkerian-Le-Goff, L. & Daszuta, A., High frequency 

stimulation of the subthalamic nucleus impacts adult 

neurogenesis in a rat model of Parkinson's disease. 

Neurobiology of disease. 42, 284-291 (2011). doi: 

10.1016/j.nbd.2011.01.018 

Kremer T., Jagasia, R., Herrmann, A., Matile, H., Borroni, 

E., Francis, F., Kuhn, H. G. & Czech, C., Analysis of 

adult neurogenesis: evidence for a prominent "non-

neurogenic" DCX-protein pool in rodent brain. PLoS 

One. 8, e59269 (2013). doi: 10.1371/journal.pone. 

0059269 

Li K., Javed, E., Hala, T. J., Sannie, D., Regan, K. A., 

Maragakis, N. J., Wright, M. C., Poulsen, D. J. & 

Lepore, A. C., Transplantation of glial progenitors that 

overexpress glutamate transporter GLT1 preserves 

diaphragm function following cervical SCI. Molecular 

Therapy. 23, 533-548 (2015). doi: 10.1038/mt.2014.236 

Lie D.C., Colamarino, S. A., Song, H.-J., Désiré, L., Mira, 

H., Consiglio, A., Lein, E. S., Jessberger, S., Lansford, 

H. & Dearie, A. R., Wnt signalling regulates adult 

hippocampal neurogenesis. Nature. 437, 1370 (2005). 

doi: 10.1038/nature04108 

Liu A., Jain, N., Vyas, A. & Lim, L. W., Ventromedial 

prefrontal cortex stimulation enhances memory and 

hippocampal neurogenesis in the middle-aged rats. 

Elife. 4, e04803 (2015a). doi: 10.7554/eLife.04803 

Liu H., Xiang, Y., Yan, T., Tan, Z., Li, S. & He, X., 

Functional electrical stimulation increases neural 

stem/progenitor cell proliferation and neurogenesis in 

the subventricular zone of rats with stroke. Chin. Med. 

J.(Engl.). 126, 2361-2367 (2013). doi: 10.4103/1673-

5374.128215 

Liu J., Zhu, B., Zhang, G., Wang, J., Tian, W., Ju, G., Wei, 

X. & Song, B., Electric signals regulate directional 

migration of ventral midbrain derived dopaminergic 

neural progenitor cells via Wnt/GSK3β signaling. 

Experimental neurology. 263, 113-121 (2015b). doi: 

10.1016/j.expneurol.2014.09.014 

Malatesta P., Hartfuss, E. & Gotz, M., Isolation of radial 

glial cells by fluorescent-activated cell sorting reveals a 

neuronal lineage. Development. 127, 5253-5263 (2000). 

McIntyre C. C., Savasta, M., Kerkerian-Le Goff, L. & Vitek, 

J. L., Uncovering the mechanism (s) of action of deep 

brain stimulation: activation, inhibition, or both. Clinical 

neurophysiology. 115, 1239-1248 (2004). doi: 10.1016/ 

j.clinph.2003.12.024 

Middeldorp J., Boer, K., Sluijs, J. A., De Filippis, L., Encha-

Razavi, F., Vescovi, A. L., Swaab, D. F., Aronica, E. & 

Hol, E. M., GFAPδ in radial glia and subventricular zone 

progenitors in the developing human cortex. 

Development. 137, 313-321 (2010). doi: 10.1242/ 

dev.041632. 

Morotomi-Yano K., Oyadomari, S., Akiyama, H. & Yano, K.-

i., Nanosecond pulsed electric fields act as a novel 

cellular stress that induces translational suppression 

accompanied by eIF2α phosphorylation and 4E-BP1 

dephosphorylation. Experimental cell research. 318, 

1733-1744 (2012). doi: 10.1016/j.yexcr.2012.04.016 

Nejad G. G., Shahabi, P., Alipoor, M. R., Pakdel, F. G., 

Asghari, M. & Alvandi, M. S., Ethosuximide affects 

paired-pulse facilitation in somatosensory cortex of 

WAG\Rij rats as a model of absence seizure. Advanced 

pharmaceutical bulletin. 5, 483-9 (2015). doi: 

10.15171/apb.2015.066  



 

 

 
 45   |   Physiol Pharmacol 24 (2020) 34-45                                                         Ghorbani  et al.

        

 

Nishiguchi M., Kikuyama, H., Kanazawa, T., Tsutsumi, A., 

Kaneko, T., Uenishi, H., Kawabata, Y., Kawashige, S., 

Koh, J. & Yoneda, H., Increases in iPS Transcription 

Factor (Oct4, Sox2, c-Myc, and Klf4) Gene Expression 

after Modified Electroconvulsive Therapy. Psychiatry 

investigation. 12, 532-537 (2015). doi: 10.4306/pi.2015. 

12.4.532 

Niu W., Zang, T., Smith, D. K., Vue, T. Y., Zou, Y., Bachoo, 

R., Johnson, J. E. & Zhang, C.-L., SOX2 reprograms 

resident astrocytes into neural progenitors in the adult 

brain. Stem cell reports. 4, 780-794 (2015). doi: 

10.1016/j.stemcr.2015.03.006 

Pekny M. & Nilsson, M., Astrocyte activation and reactive 

gliosis. Glia. 50, 427-434 (2005). doi: 10.1002/ 

glia.20207 

Pfisterer U., Kirkeby, A., Torper, O., Wood, J., Nelander, J., 

Dufour, A., Björklund, A., Lindvall, O., Jakobsson, J. & 

Parmar, M., Direct conversion of human fibroblasts to 

dopaminergic neurons. Proceedings of the National 

Academy of Sciences. 108, 10343-10348 (2011). doi: 

10.1073/pnas.1105135108 

Pilitsis J. G., Metman, L. V., Toleikis, J. R., Hughes, L. E., 

Sani, S. B. & Bakay, R. A., Factors involved in long-

term efficacy of deep brain stimulation of the thalamus 

for essential tremor. (2008). doi: 10.3171/jns/ 

2008/109/10/0640 

Roffé M., Hajj, G. N., Azevedo, H. F., Alves, V. S. & 

Castilho, B. A., IMPACT is a developmentally regulated 

protein in neurons that opposes the eukaryotic initiation 

factor 2α kinase GCN2 in the modulation of neurite 

outgrowth. Journal of Biological Chemistry. 288, 10860-

10869 (2013). doi: 10.1074/jbc.M113.461970 

Sadighi M., Shahabi, P., Oryan, S., Pakdel, F. G., Asghari, 

M. & Pshapour, A., Effect of low frequency electrical 

stimulation on spike and wave discharges of perioral 

somatosensory cortex in WAG/Rij rats. 

Pathophysiology. 20, 171-176 (2013). doi: 

10.1016/j.pathophys.2013.08.006 

Shruster A., Ben-Zur, T., Melamed, E. & Offen, D., Wnt 

signaling enhances neurogenesis and improves 

neurological function after focal ischemic injury. PloS 

one. 7, e40843 (2012). doi: 10.1371/journal. 

pone.0040843 

Sofroniew M. V., Molecular dissection of reactive 

astrogliosis and glial scar formation. Trends in 

neurosciences. 32, 638-647 (2009). doi: 10.1016/j.tins. 

2009.08.002 

Steindler D. A. & Laywell, E. D., Astrocytes as stem cells: 

nomenclature, phenotype, and translation. Glia. 43, 62-

69 (2003). doi: 10.1002/glia.10242 

Stock G., Sturm, V., Schmitt, H. & Schlör, K., The influence 

of chronic deep brain stimulation on excitability and 

morphology of the stimulated tissue. Acta 

neurochirurgica. 47, 123-129 (1979). doi: 10.1007/ 

bf01404668 

Su Z., Niu, W., Liu, M.-L., Zou, Y. & Zhang, C.-L., In vivo 

conversion of astrocytes to neurons in the injured adult 

spinal cord. Nature communications. 5, 3338 (2014a). 

doi: 10.1038/ncomms4338 

Sullivan Jr W. J., Smith, A. T. & Joyce, B. R., 

Understanding mechanisms and the role of 

differentiation in pathogenesis of Toxoplasma gondii: a 

review. Memorias do Instituto Oswaldo Cruz. 104, 155-

161 (2009). doi: 10.1590/s0074-02762009000200005 

Takahashi K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, 

T., Tomoda, K. & Yamanaka, S., Induction of pluripotent 

stem cells from adult human fibroblasts by defined 

factors. cell. 131, 861-872 (2007). doi: 10.1016/ 

j.cell.2007.11.019 

Takahashi K. & Yamanaka, S., Induction of pluripotent stem 

cells from mouse embryonic and adult fibroblast 

cultures by defined factors. cell. 126, 663-676 (2006). 

doi: 10.1016/j.cell.2006.07.024 

Thuret S., Moon, L. D. & Gage, F. H., Therapeutic 

interventions after spinal cord injury. Nat Rev Neurosci. 

7, 628-643 (2006a). doi: 10.1038/nrn1955 

Torper O., Pfisterer, U., Wolf, D. A., Pereira, M., Lau, S., 

Jakobsson, J., Björklund, A., Grealish, S. & Parmar, M., 

Generation of induced neurons via direct conversion in 

vivo. Proceedings of the National Academy of Sciences. 

110, 7038-7043 (2013). doi: 10.1073/pnas. 

1303829110 

Valvezan A. J. & Klein, P. S., GSK-3 and Wnt signaling in 

neurogenesis and bipolar disorder. Front Mol Neurosci. 

5, (2012). doi: 10.3389/fnmol.2012.00001 

Van Den Berge S. A., Middeldorp, J., Zhang, C. E., Curtis, 

M. A., Leonard, B. W., Mastroeni, D., Voorn, P., Van De 

Berg, W. D., Huitinga, I. & Hol, E. M., Longterm 

quiescent cells in the aged human subventricular 

neurogenic system specifically express GFAP‐δ. Aging 

cell. 9, 313-326 (2010). doi: 10.1111/j.1474-9726. 

2010.00556.x 

Vedam-Mai V., Van Battum, E., Kamphuis, W., Feenstra, 

M., Denys, D., Reynolds, B., Okun, M. & Hol, E., Deep 

brain stimulation and the role of astrocytes. Molecular 

psychiatry. 17, 124-131 (2012). doi: 10.1038/ 

mp.2011.61 

Wakabayashi T., Hidaka, R., Fujimaki, S., Asashima, M. & 

Kuwabara, T., Diabetes Impairs Wnt3 Protein-induced 

Neurogenesis in Olfactory Bulbs via Glutamate 

Transporter 1 Inhibition. Journal of Biological Chemistry. 

291, 15196-15211 (2016). doi: 10.1074/ 

jbc.M115.672857 

Wang Y.-C., Peterson, S. E. & Loring, J. F., Protein post-

translational modifications and regulation of 

pluripotency in human stem cells. Cell research. 24, 143 

(2014). doi: 10.1038/cr.2013.151 

Yu Y., Tian, L., Feng, X., Cheng, J., Gong, Y., Liu, X., 

Zhang, Z., Yang, X., He, S., Li, C. Y. & Huang, Q., 

eIF4E-phosphorylation-mediated Sox2 upregulation 

promotes pancreatic tumor cell repopulation after 

irradiation. Cancer Lett. 375, 31-38 (2016). doi: 

10.1016/j.canlet.2016.02.052 

Zhang X., Xin, N., Tong, L. & Tong, X.-J., Electrical 

stimulation enhances peripheral nerve regeneration 

after crush injury in rats. Molecular medicine reports. 7, 

1523-1527 (2013). doi: 10.3892/mmr.2013.1395 

 


