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EDITORIAL
Nearly 1 of every 50 people (approximately 6 million) in the 

United States lives with at least some degree of paralysis. Paralysis 
occurs as the result of various nervous system injuries and/or 
neurological diseases. The research of treatment of paralysis is 
significant for the society. The application of electric fields (Efs) 
as a therapeutic strategy for the treatment of damaged nerves 
has been explored since the early twentieth century [1], with 
primary success to date being observed in amphibian, avian and 
mammalian models of neural injury.

Efs used in neural injuries, especially in spinal cord injury, have 
been studied for decades. In animal models of spinal cord injury, 
researchers found that artificially applied direct current electrical 
fields(DCEfs) increased the growth of axons after the transection 
of spinal cord in the larval lamprey Petromyzonmarinus [2] and 
in guinea pigs after transection of dorsal column axons [3]. The 
above studies suggest Efs play a critical role in the regeneration 
of neural injury. Evidence has showed that DCEfs induced neurite 
growth toward the cathode in Xenpus spinal neurons [4] and rat 
spiral ganglion neurons [5]. Pan and Borgens (2010, 2012) found 
that neurite growth in chick sympathetic neurons and dorsal 
root ganglion (DRG) was directed by DCEfs [6,7]. Neurites in both 
chick sympathetic neurons and DRG that were not perpendicular 
to the DCEfs rapidly began absorbing within minutes of exposure, 
and finished the absorption of the processes into the cell body 
within 1-3 hours. Over the next 3 hours, significant new neurite 
growth occurred, and was patterned perpendicular to the 
DCEfs. Another finding in these two studies was that the neurite 
orientation diminished after Efs were tuned off [6,7], supporting 
neurite outgrowth may be Ef-dependent. In addition to DCEfs, 
alternating current electrical fields (ACEfs) stimulation also 
affected neuronal growth and caused an increase in neurite length 
and better viability in PC12 cells [8]. Oscillating field stimulator 
(OFS), which delivers 500-600µV/mm of direct current and 
switch polarity every 15 minutes, can improve recovery of spinal 
cord injury in dogs [9]. OFS has also been used in a Phase 1 clinical 
trial, in which OFS was implanted into spinal cord injury patients 
and found improved recovery [10]. The results of Phase 1 clinical 
trial of OFS were found that oscillating electric field benefited 
spinal cord injury patients, indicating the efficacy and safety of 

the application of Efs. Asymmetrical alternating electrical fields 
(AACEfs), in which each component of the waveform, including 
the duration of positive and negative stimulation time as well 
as the relative intensity of both polarities can be adjusted, were 
first reported by Pan et al. in 2012 [11]. In this study, the effects 
of AACEfs on chick sympathetic neurons were investigated. 
The authors found that AACEfs induced a rapid retraction of 
neurites that prior to exposure were parallel/ tangential to the 
lines of force. The latter was determined to be less than 15° from 
perpendicular to the long axis of the experimental chamber (or 
alternately, perpendicular to the lines of force of the imposed 
AACEfs). These neurites retract rapidly beginning less than 5 min 
after exposure and began to regrow / re-extending to a preferred 
orientation perpendicular to the lines of force of the given AACEfs. 
The research by Pan et al. (2012) indicates that AACEfs direct 
neurite outgrowth of neurons and may be a potential therapy 
for neural injury. Those above in vivo and in vitro studies have  
built up a great support that Efs, including DCEfs, ACEfs, OFSand 
AACEfs, can benefit nerve system recovery after neural injuries. 

Neural stem cell transplantation as a promising therapeutic 
strategy for promoting tissue repair after neurological diseases 
has been widely studied in both the central and peripheral 
nervous systems. Since NSCs were first isolated, neural stem 
cell transplantation has been broadly used in many neurological 
disease models, e.g. Parkinson’s disease, fimbria-fornix lesions, 
and spinal cord injury [12-14]. In peripheral nervous injury, 
NSC transplantation can induce remyelination and axon 
regeneration [15,16]. Many studies have shown that NSC 
migration, proliferation and differentiation are regulated by both 
external and cell-intrinsic signals, including signalling molecules 
[17], growth factors [18], neurotransmitters [19], transcription 
factors [20,21], epigenetic regulators [22,23], as well as Efs 
[24, 25]. Among these factors, Efs are being studied more and 
more during the last decades [4,8,24,26]. Efs may guide NSCs to 
migrate to their appropriate destination and then induce NSCs 
to differentiate into different neural cells. The applied DCEfs of 
physiological magnitudes (up to 500 mV/mm)can guide neural 
stem cells that are derived from adult rats [24], human embryonic 
stem cells [26], and fetal rats [27] to migrate towards the negative 
pole. Biphasic electric current, a pulsed alternating current 
stimulation, has been reported to increase the proliferation of 
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NSCs and promote the NSC differentiation into neurons [28]. In 
the study of biphasic electric current, the authors found that NSC 
proliferation and differentiation were related to the magnitude 
of the electric current and the duration time of stimulation [28].
Matos & Cicerone (2010) studied the effects of ACEfs with different 
frequency (0.1-10 Hz) and strength (2, 4, and 16V/m) on NSC 
differentiation [20]. They found high frequency (1Hz) induced 
more astrocyte differentiation over neuronal differentiation and 
marked peak in NSC viability, but high field strength (16V/m) 
was more associated with neuronal differentiation, indicating 
NSC differentiation is related to frequency and strength of ACEfs. 
Based on the above literature, the characteristic of Efs (e.g. field 
strength and frequency/pulse) can influence NSC migration, 
proliferation and differentiation. AACEfs were found to direct 
mouse NSC migration in an unpublished study. In this study, three 
different formats of the AACEfs were used. In these three formats 
of AACEfs, the current outputs and the positive polarity duration 
time were same, but the negative polarity duration time and the 
latency, which is prior to reversal of polarity, were different. 
The format of AACEfs, which had the shortest polarity duration 
time and latency, had the optimal effect on NSC migration and 
NSCs migrated towards negative pole dramatically compared to 
other two formats of AACEfs. One of the important advantages 
of AACEfs is that their waveform components can be adjusted 
optimally based on the request of NSC status, such as migration, 
proliferation or differentiation. 

Therefore, adjustable waveform components of the applied 
Efs should be a better strategy for researchers to investigate the 
therapy of neural injury. The combined research of AACEf and 
NSC would serve as a positive impact for a therapy to treat neural 
injuries.

REFERENCES
1. Ingvar S. Reaction of cells to the galvanic current in tissue cultures. 

Proc. Soc. exp. Biol. Med. 1920; 17: 198-199.

2. Borgens RB, Roederer E, Cohen MJ. Enhanced spinal cord regeneration 
in lamprey by applied electric fields. Science. 1981; 213: 611-617.

3. Borgens RB, Blight AR, Murphy DJ, Stewart L. Transected dorsal 
column axons within the guinea pig spinal cord regenerate in the 
presence of an applied electric field. J Comp Neurol. 1986; 250: 168-
180.

4. Patel N, Poo MM. Orientation of neurite growth by extracellular 
electric fields. J Neurosci. 1982; 2: 483-496.

5. Li S, Li H, Wang Z. Orientation of spiral ganglion neurite extension in 
electrical fields of charge-balanced biphasic pulses and direct current 
in vitro. Hear Res. 2010; 267: 111-118.

6. Pan L, Borgens RB. Perpendicular organization of sympathetic 
neurons within a required physiological voltage. Exp Neurol. 2010; 
222: 161-164.

7. Pan L, Borgens RB. Strict perpendicular orientation of neural crest-
derived neurons in vitro is dependent on an extracellular gradient of 
voltage. J Neurosci Res. 2012; 90: 1335-1346.

8. Park JS, Park K, Moon HT, Woo DG, Yang HN, Park KH. Electrical 
pulsed stimulation of surfaces homogeneously coated with gold 
nanoparticles to induce neurite outgrowth of PC12 cells. Langmuir. 
2009; 25: 451-457.

9. Borgens RB, Toombs JP, Breur G, Widmer WR, Waters D, Harbath 
AM, March P, et al.. An imposed oscillating electrical field improves 
the recovery of function in neurologically complete paraplegic dogs. J 
Neurotrauma. 1999;16(7):639-57. 

10. Shapiro S, Borgens R, Pascuzzi R, Roos K, Groff M, Purvines S, Rodgers 
RB. Oscillating field stimulation for complete spinal cord injury in 
humans: a phase 1 trial. J Neurosurg Spine. 2005; 2: 3-10.

11. Pan L, Cirillo J, Borgens RB. Neuronal responses to an asymmetrical 
alternating current field can mimic those produced by an imposed 
direct current field in vitro. 2012; 90: 1522-1532. 

12. Anton R, Kordower JH, Maidment NT, Manaster JS, Kane DJ, Rabizadeh 
S, Schueller SB. Neural-targeted gene therapy for rodent and primate 
hemiparkinsonism. Exp Neurol. 1994; 127: 207-218.

13. Martínez-Serrano A, Lundberg C, Horellou P, Fischer W, Bentlage 
C, Campbell K, et al. CNS-derived neural progenitor cells for gene 
transfer of nerve growth factor to the adult rat brain: complete rescue 
of axotomized cholinergic neurons after transplantation into the 
septum. J Neurosci. 1995; 15: 5668-5680. 

14. McDonald JW, Liu XZ, Qu Y, Liu S, Mickey SK, Turetsky D, et al. 
Transplanted embryonic stem cells survive, differentiate and promote 
recovery in injured rat spinal cord. Nat Med. 1999; 5: 1410-1412.

15. Cui L, Jiang J, Wei L, Zhou X, Fraser JL, Snider BJ, et al. Transplantation 
of embryonic stem cells improves nerve repair and functional 
recovery after severe sciatic nerve axotomy in rats. Stem Cells. 2008; 
26: 1356-1365.

16. Hsu SH, Su CH, Chiu IM. A novel approach to align adult neural stem 
cells on micropatterned conduits for peripheral nerve regeneration: a 
feasibility study. Artif Organs. 2009; 33: 26-35.

17. Qu Q, Sun G, Li W, Yang S, Ye P, Zhao C, et al. Orphan nuclear receptor 
TLX activates Wnt/beta-catenin signalling to stimulate neural stem 
cell proliferation and self-renewal. Nat Cell Biol. 2010; 12: 31-40.

18. Jin K, Zhu Y, Sun Y, Mao XO, Xie L, Greenberg DA. Vascular endothelial 
growth factor (VEGF) stimulates neurogenesis in vitro and in vivo. 
Proc Natl Acad Sci U S A. 2002; 99: 11946-11950.

19. Höglinger GU, Rizk P, Muriel MP, Duyckaerts C, Oertel WH, Caille 
I, et al. Dopamine depletion impairs precursor cell proliferation in 
Parkinson disease. Nat Neurosci. 2004; 7: 726-735.

20. Shi Y, Chichung Lie D, Taupin P, Nakashima K, Ray J, Yu RT, et al. 
Expression and function of orphan nuclear receptor TLX in adult 
neural stem cells. Nature. 2004; 427: 78-83.

21. Kohwi M, Osumi N, Rubenstein JL, Alvarez-Buylla A. Pax6 is required 
for making specific subpopulations of granule and periglomerular 
neurons in the olfactory bulb. J Neurosci. 2005; 25: 6997-7003.

22. Cheng LC, Pastrana E, Tavazoie M, Doetsch F. miR-124 regulates adult 
neurogenesis in the subventricular zone stem cell niche. Nat Neurosci. 
2009; 12: 399-408.

23. Molofsky AV, He S, Bydon M, Morrison SJ, Pardal R. Bmi-1 promotes 
neural stem cell self-renewal and neural development but not 
mouse growth and survival by repressing the p16Ink4a and p19Arf 
senescence pathways. Genes Dev. 2005; 19: 1432-1437.

24. Arocena M, Zhao M, Collinson JM, Song B. A time-lapse and quantitative 
modelling analysis of neural stem cell motion in the absence of 
directional cues and in electric fields. J Neurosci Res. 2010; 88: 3267-
3274.

25. Matos MA, Cicerone MT. Alternating current electric field effects on 
neural stem cell viability and differentiation. 2010; 26: 664-670.

26. Feng JF, Liu J, Zhang XZ, Zhang L, Jiang JY, Nolta J, et al. Guided 

http://www.ncbi.nlm.nih.gov/pubmed/7256258
http://www.ncbi.nlm.nih.gov/pubmed/7256258
http://www.ncbi.nlm.nih.gov/pubmed/3489013
http://www.ncbi.nlm.nih.gov/pubmed/3489013
http://www.ncbi.nlm.nih.gov/pubmed/3489013
http://www.ncbi.nlm.nih.gov/pubmed/3489013
http://www.ncbi.nlm.nih.gov/pubmed/6279799
http://www.ncbi.nlm.nih.gov/pubmed/6279799
http://www.ncbi.nlm.nih.gov/pubmed/20430073
http://www.ncbi.nlm.nih.gov/pubmed/20430073
http://www.ncbi.nlm.nih.gov/pubmed/20430073
http://www.ncbi.nlm.nih.gov/pubmed/20005224
http://www.ncbi.nlm.nih.gov/pubmed/20005224
http://www.ncbi.nlm.nih.gov/pubmed/20005224
http://www.ncbi.nlm.nih.gov/pubmed/22431311
http://www.ncbi.nlm.nih.gov/pubmed/22431311
http://www.ncbi.nlm.nih.gov/pubmed/22431311
http://www.ncbi.nlm.nih.gov/pubmed/19049400
http://www.ncbi.nlm.nih.gov/pubmed/19049400
http://www.ncbi.nlm.nih.gov/pubmed/19049400
http://www.ncbi.nlm.nih.gov/pubmed/19049400
http://www.ncbi.nlm.nih.gov/pubmed/21551899
http://www.ncbi.nlm.nih.gov/pubmed/15658119
http://www.ncbi.nlm.nih.gov/pubmed/15658119
http://www.ncbi.nlm.nih.gov/pubmed/15658119
http://www.ncbi.nlm.nih.gov/pubmed/22504892
http://www.ncbi.nlm.nih.gov/pubmed/22504892
http://www.ncbi.nlm.nih.gov/pubmed/22504892
http://www.ncbi.nlm.nih.gov/pubmed/7518394
http://www.ncbi.nlm.nih.gov/pubmed/7518394
http://www.ncbi.nlm.nih.gov/pubmed/7518394
http://www.ncbi.nlm.nih.gov/pubmed/7643209
http://www.ncbi.nlm.nih.gov/pubmed/7643209
http://www.ncbi.nlm.nih.gov/pubmed/7643209
http://www.ncbi.nlm.nih.gov/pubmed/7643209
http://www.ncbi.nlm.nih.gov/pubmed/7643209
http://www.ncbi.nlm.nih.gov/pubmed/10581084
http://www.ncbi.nlm.nih.gov/pubmed/10581084
http://www.ncbi.nlm.nih.gov/pubmed/10581084
http://www.ncbi.nlm.nih.gov/pubmed/18308951
http://www.ncbi.nlm.nih.gov/pubmed/18308951
http://www.ncbi.nlm.nih.gov/pubmed/18308951
http://www.ncbi.nlm.nih.gov/pubmed/18308951
http://www.ncbi.nlm.nih.gov/pubmed/19178438
http://www.ncbi.nlm.nih.gov/pubmed/19178438
http://www.ncbi.nlm.nih.gov/pubmed/19178438
http://www.ncbi.nlm.nih.gov/pubmed/20010817
http://www.ncbi.nlm.nih.gov/pubmed/20010817
http://www.ncbi.nlm.nih.gov/pubmed/20010817
http://www.ncbi.nlm.nih.gov/pubmed/12181492
http://www.ncbi.nlm.nih.gov/pubmed/12181492
http://www.ncbi.nlm.nih.gov/pubmed/12181492
http://www.ncbi.nlm.nih.gov/pubmed/15195095
http://www.ncbi.nlm.nih.gov/pubmed/15195095
http://www.ncbi.nlm.nih.gov/pubmed/15195095
http://www.ncbi.nlm.nih.gov/pubmed/14702088
http://www.ncbi.nlm.nih.gov/pubmed/14702088
http://www.ncbi.nlm.nih.gov/pubmed/14702088
http://www.ncbi.nlm.nih.gov/pubmed/16049175
http://www.ncbi.nlm.nih.gov/pubmed/16049175
http://www.ncbi.nlm.nih.gov/pubmed/16049175
http://www.ncbi.nlm.nih.gov/pubmed/19287386
http://www.ncbi.nlm.nih.gov/pubmed/19287386
http://www.ncbi.nlm.nih.gov/pubmed/19287386
http://www.ncbi.nlm.nih.gov/pubmed/15964994
http://www.ncbi.nlm.nih.gov/pubmed/15964994
http://www.ncbi.nlm.nih.gov/pubmed/15964994
http://www.ncbi.nlm.nih.gov/pubmed/15964994
http://www.ncbi.nlm.nih.gov/pubmed/20890991
http://www.ncbi.nlm.nih.gov/pubmed/20890991
http://www.ncbi.nlm.nih.gov/pubmed/20890991
http://www.ncbi.nlm.nih.gov/pubmed/20890991
http://www.ncbi.nlm.nih.gov/pubmed/20205161
http://www.ncbi.nlm.nih.gov/pubmed/20205161
http://www.ncbi.nlm.nih.gov/pubmed/22076946


Central

Pan (2014)
Email:  

J Vet Med Res 1(3): 1011 (2014) 3/3

Pan L (2014) The Electric Fields and Neural Stem Cells in the Treatment of Neural Injury. J Vet Med Res 1(3): 1011.

Cite this article

migration of neural stem cells derived from human embryonic stem 
cells by an electric field. 2012; 30: 349-355.

27. Meng X, Arocena M, Penninger J, Gage FH, Zhao M, Song B. PI3K 
mediated electrotaxis of embryonic and adult neural progenitor cells 

in the presence of growth factors. 2011; 227: 210-217.

28. Chang KA, Kim JW, Kim JA, Lee SE, Kim S, Suh WH, et al. Biphasic 
electrical currents stimulation promotes both proliferation and 
differentiation of fetal neural stem cells. 2011; 6: e18738.

http://www.ncbi.nlm.nih.gov/pubmed/22076946
http://www.ncbi.nlm.nih.gov/pubmed/22076946
http://www.ncbi.nlm.nih.gov/pubmed/21092738
http://www.ncbi.nlm.nih.gov/pubmed/21092738
http://www.ncbi.nlm.nih.gov/pubmed/21092738
http://www.ncbi.nlm.nih.gov/pubmed/21533199
http://www.ncbi.nlm.nih.gov/pubmed/21533199
http://www.ncbi.nlm.nih.gov/pubmed/21533199

	The Electric Fields and Neural Stem Cells in the Treatment of Neural Injury
	Editorial
	References

