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Abstract 

Purpose: This study aimed to evaluate the effects of electrical stimulation on the proliferation and differentiation of retinal progenitor cells 
(RPCs) and explore the potential mechanism.

Methods: RPCs were got from retinas of postnatal days 0-2 GFP+ C57BL/6 mice. Electrical stimulation (ES) was performed with a biphasic 
current pulse at the pulse width of 2ms and 20Hz pulse frequency. The intensity of the electrical stimulation was 300μA. RPCs were treated with 
or without ES one hour per day for consecutive 3 days in a state of cell proliferation and differentiation. Cell morphology was observed under 
a fluorescence microscope to evaluate RPCs viability. And the proliferation ability of RPCs was evaluated by EdU. Immunocytochemistry and 
western blot analyses were used to observe expression levels of p-Akt, p-Erk, Akt, Erk, rhodopsin, β3-tubulin and PKC-α.

Results: RPCs in ES group exhibited higher cell densities and viability than the cells in control group without ES (p<0.05). The relative 
fluorescence intensity in the ES group was nearly two times that of the control group. Immunocytochemistry and western blot analyses showed 
that expression levels of p-Akt, p-Erk, Akt and Erk in the ES group was significantly higher than that of the control group (p<0.05). And the 
relative protein expression levels of rhodopsin (photoreceptor marker),β3-tubulin (panneuron marker) and Pkc-a (bipolar cell marker) in RPCs 
affected by ES were approximately 1.6-fold, 3.5-fold and 2.4-fold of those in control group, respectively.

Conclusion: ES could improve RPCs proliferation via the activation of the Akt and Erk signaling pathways. Moreover, ES markedly induced RPCs 
differentiation toward retinal neurons. Therefore, ES can be used as a means to modulate the survival, proliferation, and differentiation of RPCs 
before in vivo implantation.
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Introduction

Retinal degenerative diseases (RDDs) are the main reasons 
for irreversible blindness world wild [1]. Currently available 
treatments for RDDs include antioxidants, anti-vascular 
endothelial growth factor (anti-VEGF) agents, neuroprotective 
strategies, laser or surgery therapy [2]. However, the clinical 
efficacy of these treatments is limited. Because RDDs are 
characterized by progressive degeneration of retinal neurons, 
stem cell transplantation to replace and/or rescue degenerative 
cells shows great potential for treating RDD [3,4]. The stem cells 
investigated for RDDs treatment mainly include retinal progenitor 
cells (RPCs), embryonic stem cells (ESCs), induced pluripotent 
stem cells (iPSCs) and mesenchymal stromal cells(MSC).  

 
Each has its own advantages and disadvantages [2,5]. Among 
them, RPCs have many attractive advantages such as avoiding 
ethical issues and relatively low risk of immune rejection and 
tumorigenisis. Therefore, RPCs are a good source of donor cells 
for transplantation therapy of retinal degeneration. And many 
studies have already verified the safety and efficacy of RPCs-based 
transplantation therapy and got some outcomes of improved 
visual acuity in clinical trials [2,6,7]. Unfortunately, the efficacy of 
RPCs transplantation for RDDs therapy is not long-lasting. Even 
the clinical improvement did not persist after 12 months [7,8].

In fact, the fate of implanted stem cells was affected by many 
factors such as glial scarring [9,10], chronic inflammation [11,12], 
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and abnormal metabolic microenvironment [13] in degenerated 
retina. These abnormal situations are often unfavorable for long-
term survival, proper differentiation and functional integration 
into the host neural network. Therefore, the effect of stem cell 
therapy on RDDs could not be maintained for a long time [2,13]. 
If it is difficult to change an already existing abnormal retinal 
structure and microenvironment, further research is urgently 
required for enhance survival, proliferation and differentiation 
ability of RPCs to obtain a longer-lasting treatment effect.

Various biochemical and physical approaches have been 
explored to regulate the stem cell biological activity such as 
survival, proliferation, differentiation, migration and integration 
with the host, among which electrical stimulation has been 
validated as a promising way to affects neural stem cell fate and 
function [14-16]. As a physical means of affecting neural stem 
cell fate and function, electrical stimulation has many advantages 
such as precisely controlling the stimulation time, no chemical 
residuals left in the system and effective biological effects. So, it 
is a relatively safe and effective method in regulating stem cell 
survival, proliferation and differentiation.

Currently, most studies focus on investigating the effect of 
electrical stimulation on behavior of ESC MSC iPSC or NSC. There 
are few relative studies on RPCs [17,18]. So, in our study, electrical 
stimulation was applied to mouse RPCs during culture in vitro. The 
aim is to investigate the influence of electrical stimulation on RPCs 
survival, proliferation, differentiation and explore the potential 
mechanism. These results would provide an experimental basis 
for better using this physical approach to control the biological 
activity of RPCs so as to obtain better transplantation results.

Method

Animals

Adult enhanced green fluorescence protein (GFP+) C57BL/6 
mice were purchased from Cyagen Biosciences, Suzhou, China. All 
the procedures followed the ARVO Statement in using animals for 
ophthalmic and vision research as well as the policies listed in the 
guide of the care and use of laboratory animals issued by the NIH.

RPC Isolation and Culture

 Retinas were isolated from postnatal days 0–2 GFP+ C57BL/6 
mice. The obtained retinas were dissociated by mincing, and 
then digested with 0.1% type I collagenase for 30 min at room 
temperature with intermittent shaking every 10 minutes. At the 
end of the digestion, two volumes of DMEM medium with 10% 
FBS were added to the solution to terminate digestion. The 
solution was passed through a 100 µm mesh filter, centrifuged 
at 1000 rpm for 5 min. The liberated mRPCs were resuspended 
in neurobasal medium containing 20 ng/ mL epidermal growth 
factor (Promega), 2% B-27 (Invitrogen), 1% N2 (Invitrogen), 
100 mg/mL penicillin/streptomycin (Sigma), 2 mM l-glutamine 
(Sigma), and 200 U/mL nystatin (Sigma) and plated into culture 

wells. Cells were cultured in an eight-well plate at 37°C with 
5% CO2 and the medium changed every 2 days. Primary neuro 
spheres formed within the first 2 weeks. These proliferating 
cultures were passaged 1:3 every 7 days. The cell morphologies 
in the proliferation and differentiation media were observed by a 
fluorescence microscope (Nikon, Tokyo, Japan), then Image J was 
used to count cell numbers and analyze fluorescence intensity. 

Electrical Stimulation of RPCs

A multichannel neurophysiology workstation (System 3; 
Tucker-Davis Technologies) was used to apply ES to the cells 
in DMEM. Eight wells of RPCs were stimulated simultaneously 
by immersing microelectrodes connected. Four wells received 
ES, and four wells received sham stimulation in a cell culture 
incubator. Electrical stimulation was performed with a biphasic 
current pulse at the pulse width of 2ms and 20Hz pulse frequency. 
The intensity of the electrical stimulation was 300μA. RPCs were 
stimulated one hour per day for consecutive 3 days.

Edu Assay

Edu assays were used to evaluate the proliferative capacity 
of RPCs. The steps of the Edu assays were performed according 
to recommended procedures. After discarding Edu medium 
mixture, RPCs were fixed with 4% paraformaldehyde for 30 min 
and stained with Apollo Dye Solution, and then nucleic acids were 
stained with Hoechst 33,342 for 30 min. Photographs were taken 
by fluorescent microscope (Nikon). The cell proliferation ratio 
was the (Edu add-in cells/Hoechst-stained cells in the field) × 
100%. EdU-positive cells and total cells were counted within each 
field. EdU-positive cells are expressed as a ratio of EdU-positive 
cells to all cells in a given visual field.

Immunocytochemistry

The immunocytochemistry analyses were carried out to 
evaluate the differentiation abilities and potential mechanism of 
the RPCs in 6-well plates prepared. RPCs were fixed for 30 min 
in 4% paraformaldehyde and then washed 3 times with PBS. 
After that, these cells were blocked, and permeabilized in PBS 
containing 10% normal goat serum and 0.5% TritoX-100 for 2 
hr. Samples were incubated with the primary antibodies: mouse 
monoclonal anti-PKC-α (1 : 200, BD Biosciences), β3-tubulin (1: 
200, Chemicon), rabbit monoclonal anti-P-Erk, P-Akt (1 : 200, Cell 
Signaling Technology), and mouse monoclonal anti-rhodopsin 
(1: 200, Millipore), in blocking buffer at 4°C overnight.The cells 
were incubated with fluorescence conjugated secondary antibody 
(Jackson Immuno Research 1: 100) for 2h at room temperature. 
Lastly, the cell nuclei of the RPCs were stained with DAPI, and 
images were obtained by a fluorescence microscope (Nikon, 
Tokyo, Japan).	

Westerm Blot Analysis

Total proteins were extracted after three days of proliferation 
or seven days of differentiation culture conditions. Proteins 
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were separated by SDS-polyacrylamide gel electrophoresis 
(PAGE) and then transferred to polyvinylidene difluoride 
(PVDF) membranes. The membranes were blocked by 5% 
(w/v) skimmed milk buffer (skimmed milk powder/TBST) for 
2h at 37°C followed by incubation with primary antibodies of 
target proteins at 4°C overnight. The primary antibodies used 
here included the following: mouse monoclonal anti-PKC-a (1: 
1000), nestin, rhodopsin (1: 1000; Millipore), as well as rabbit 
monoclonal anti-vimentin, Akt, P-Akt, Erk and P-Erk (1: 1000; 
Cell Signaling Technology).Then, the membranes were incubated 
with appropriate horseradish peroxidase-conjugated secondary 
antibody (Sigma-Aldrich). The ECL Plus Western Blot detection 
kit (Tanton) was used to detect the protein expression.

Statistical Analysis 

The data were analyzed with GraphPad Prism 5.0 by the 

Student’s t-test. All data were presented as mean ± SEM, and p < 
0.05 was designated as statistically significant.

Results

RPCs Viability

RPCs were stimulated one hour per day for consecutive 3 days. 
Cell morphology was observed under a fluorescence microscope. 
Five fields of view were randomly selected for observation under 
the microscope and counting RPCs number. The value of the 
control group was selected as a reference and the fluorescence 
intensity of the ES group was compared to derive the relative 
fluorescence intensity. As shown by Figure 1 a, b, RPCs in ES group 
exhibited higher viability than the cells in control group without 
ES (p<0.05). The relative fluorescence intensity in the ES group 
was nearly two times that of the control group (Figure 1c). 

Figure 1: Representative photos under fluorescent microscope. Green fluorescence represents RPCs.
(a) RPCs in control group without electrical stimulation.
(b) RPCs in ES group after electrical stimulation for consecutive 3 days.
(c) Relative fluorescence intensity. The value of the control group was selected as a reference and the fluorescence intensity of the ES 
group was compared to derive the relative fluorescence intensity. *P < 0.05. Error bars represent mean ± SD; n = 5. Scale bar: 50μm.

The Effect of Electrical Stimulation on RPCs Proliferation

The proliferation ability of RPCs affected by ES was evaluated 
by EdU, immunocytochemistry and western blot analyses after 
that RPCs were stimulated under proliferation conditions. It was 
found that ES group has higher cell densities than control group 
without ES(p<0.05 Figure 2). Without ES, EdU positive cells 
account for 36% of the total cells in the field of view. However, 
under the influence of ES, EdU positive cells in ES group account 
for 61% of the total cells in the field of view (Figure 2). The 

protein expression levels of undifferentiated retinal progenitor 
cell markers, namely, Vimentin and Nestin, were dramatically 
increased in ES group as compared to those in control group 
(Figure 3). 

Obviously, ES could promote the proliferation and self-
renewal of RPCs. In order to further understand the molecular 
mechanism of the pro-proliferation effect of ES on RPCs, the Akt 
and Erk phosphorylation in RPC proliferation affected by electrical 
stimulation was further investigated through western blot and 
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immunocytochemistry analysis. The results show that ES group 
have more Akt and Erk phosphorylation expression than that of 
control group without ES, (Figure 4), which is in agreement with 
the results of the immunocytochemistry analysis. Figure 5 shows 
immunofluorescent staining of p-AKT and p-ERK in control and 
ES group. p-AKT exhibits red fluorescence throughout the cell, 

while p-ERK exhibits green fluorescence located in the nucleus. 
The relative fluorescence intensity values of p-AKT and p-ERK 
in the ES group was significantly higher than that of the control 
group (Figure 5, p<0.05). Therefore, we speculate that electrical 
stimulation may improve RPCs proliferation by the activation of 
Akt and Erk pathways.

Figure 2: Evaluations of RPC proliferation in control and ES group by Edu analysis. (a) Representative images of EdU assay from retinal 
progenitor cells with or without electrical stimulation. Blue: DAPI, Red: EdU+cells, Pink: EdU+cells in merged image. (b) quantitative 
evaluation of the ratio of Edu-positive RPCs. *P < 0.05. Error bars represent mean ± SD; n = 5. Scale bar: 20μm.

 

Figure 3: Protein expression levels of vimentin and nestin in RPCs with or without ES. (a)Representative Western blot and (b) quantitative 
histogram of the relative vimentin and nestin protein expression levels in control and ES group. GAPDH was used as internal loading control 
for WB normalization. *P < 0.05. Error bars represent mean ± SD; n = 5.
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Figure 4: Protein expression levels of p-Akt, p-Erk and the total protein (Akt and Erk) tested by western blot in control and ES group. 
ES group have more p-Akt, p-Erk and the total protein (Akt and Erk) expression than that of control group without ES. (a)Representative 
Western blot and (b) quantitative histogram of the relative p-Akt, Akt, p-Erk and Erk protein expression levels in control and ES group. 
GAPDH was used as internal loading control for WB normalization. *P < 0.05. Error bars represent mean ± SD; n = 5.

Figure 5: Immunocytochemistry analyses of p-Akt and p-Erk of RPCs in control and ES group.
(a)Immunofluorescent staining of p-AKT and p-ERK in control and ES group. p-AKT exhibits red fluorescence throughout the cell, while 
p-ERK exhibits green fluorescence located in the nucleus.
(b) The relative fluorescence intensity of p-AKT and p-ERK . The relative fluorescence intensity values of p-AKT and p-ERK in the ES group 
was significantly higher than that of the control group. *P < 0.05. Error bars represent mean ± SD, n = 5.
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The Effect of Electrical Stimulation on the RPC Differentiation

Figure 6: Immunocytochemistry analyses of rhodopsin, β3-tubulin and PKC-α of RPCs in control and ES group. (a)Immunofluorescent 
staining of rhodopsin, β3-tubulin and PKC-αin control and ES group. The red fluorescence of rhodopsin is distributed in the cytoplasm and 
cell membrane. The red fluorescence of β3-tubulin is localized in the cytoplasm, and the red fluorescence of PKC-α is found throughout the 
cell. (b) The relative fluorescence intensity of rhodopsin, β3-tubulin and PKC-α. The relative fluorescence intensity values of rhodopsin, β3-
tubulin and PKC-α in the ES group was significantly higher than that of the control group. *P < 0.05. Error bars represent mean ± SD, n = 5.

Figure 7: Protein expression levels of rhodopsin, β3-tubulin and PKC-α tested by western blot in control and ES group. ES group have 
more rhodopsin, β3-tubulin and PKC-αprotein expression than that of control group without ES. (a)Representative Western blot and (b) 
quantitative histogram of the relative rhodopsin, β3-tubulin and PKC-α protein expression levels in control and ES group. GAPDH was used 
as internal loading control for WB normalization. *P < 0.05. Error bars represent mean ± SD; n = 5. 
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The differentiation ability of the RPCs affected by ES was 
evaluated by immunocytochemistry and western blot analyze 
under differentiation conditions (Figure 6,7). The results show that 
the relative protein expression levels of rhodopsin (photoreceptor 
marker), β3-tubulin (panneuron marker) and Pkc-a (bipolar cell 
marker) in RPCs affected by ES were approximately 1.6-fold, 3.5-
fold and 2.4-fold of those in control group, respectively (Figure 
7, p<0.05). The results of immunofluorescence staining were 
consistent with the western blotting. As shown in Fig 6a, the red 
fluorescence of rhodopsin is distributed in the cytoplasm and cell 
membrane. The red fluorescence of β3-tubulin is localized in the 
cytoplasm, and the red fluorescence of PKC-α is found throughout 
the cell. The relative fluorescence intensity of rhodopsin, β3-
tubulin and Pkc-a in ES group were approximately 1.8-fold, 2.3-
fold and 2.4-fold of those in control group, respectively (Figure 6, 
p<0.05).These results suggested that RPCs are more likely to be 
induced to differentiate into retinal neurons after being affected 
by ES.

Discussion 

Currently, ES is used as a physical method to affect the function 
and fate of stem cell and produced a series of positive biological 
effects [19]. Various studies related to the effect of ES have been 
conducted on different stem cells including NSC, MSCs, iPSCs and 
ESCs [6,7]. However, there are few studies on the effects of ES on 
RPCs. In addition, the existing research results show that different 
types of stem cells respond differently to ES [20,21]. Therefore, 
this article used ES during the culture process of RPCs to observe 
the effects of ES on the survival, proliferation and differentiation 
functions of RPCs. At the same time, the underlying mechanism of 
proliferation improved by ES was also investigated. It is hoped that 
could improve RPCs limited ability to proliferate and differentiate 
into specific retinal neurons and promote their application to 
RDDs treatment.

Our results show that ES significantly improves proliferation, 
differentiation, and survival of RPCs. And we obtained similar 
results about higher expression of ßIII-tubulin in ES group 
compared to those previously observed by Nina et al, although the 
electrical stimulation parameter used in studies were different 
[22]. ßIII-tubulin is a protein exsiting throughout retinal neurons, 
which demonstrates that these cells are likely to differentiate 
into retinal neurons rather than into glial cells. In addition. Nina 
et al reported that electrically stimulated mRPCs expressed 
comparable levels of the photoreceptor marker as compared 
to non-stimulated control. What is different is that our results 
significantly increased expression levels of Pkc-a (bipolar cell 
marker) and rhodopsin (photoreceptor marker) in RPCs treated 
with ES. The reason for this difference may be that our results 
were obtained from RPCs treated by ES in a differentiated state. 
However, the results in Nina et al. study were observed in the cell 
proliferation process.

Subsequently, we explored the potential mechanism involved 

in proliferation improved by ES. Many studies showed that Akt 
and Erk signaling pathways play a crucial role in enhancing neural 
proliferation, differentiation and function maturation [23-25]. 
And activation of the pathways is shown by phosphorylation 
of Akt and ERK (p-Akt and p-ERK). Our results showed that ES 
group have more Akt and Erk phosphorylation expression. 
Therefore, we speculated that electrical stimulation may improve 
RPC proliferation by the activation of Akt and Erk pathways. 
And on olfactory bulb neural progenitor cells and injured spinal 
cord, results also showed that electrical stimulation could 
activate PI3K/Akt and Erk signaling pathway to protect against 
NSC apoptosis or promote the recovery of electrophysiological 
function of the injured spinal cord [25,26]. In fact, activation of 
AKT and ERK signaling pathway was usually closed related to 
increased Ca2+ influx induced by ES [23,27]. Additional factors 
may be also involved in the mechanism and still require further 
research.

The electrical stimulation parameters currently used in each 
study were different. Because there are many factors that can 
be changed such as frequency, electrical strength, and duration. 
In this study, we used a biphasic current pulse with varied 
stimulation amplitude, fixed frequency and duration. The results 
show that the relationship between the promotion of cell survival 
and ES intensity is not a simple linear one. Compared with 100μA 
and 500μA, 300μA stimulus intensity exerted the most strongest 
effect on the promotion of RPCs survival. It can be seen that there 
exists optimal stimulus parameters that affect cell function. It is 
even possible that high-intensity stimulation may not necessarily 
have positive effects on cell biological behavior [28]. Therefore, 
we believe that finding the optimal stimulation parameters is a 
critical part of RPCs practical applications in future. At the same 
time, we cannot ignore the determination of stimulus parameters 
that cause harmful damage to cells.

Our results show that biphasic electrical stimulation appears 
to be an effective method for influencing cellular survival, 
proliferation and differentiation of RPCs. In fact, there are still many 
aspects about the influence of ES on RPCs needed to be explored 
in the future. Firstly, effects of different electrical stimulation 
parameters and patterns (electric fields or electromagnetic 
fields) should be explored in order to optimize the stimulation 
parameters. Optimal electrical stimulation not only involved ES 
frequency, duration and intensity, but also included the choice 
of time points to electrical stimulation during cell development. 
How long RPCs should be electrical stimulated before, during, 
or after the implantation would be problems that need to be 
addressed before clinical application in future. Secondly, in order 
to better use electrical stimulation to improve the efficiency 
of RPCs clinical application, an in-depth understanding of the 
underlying mechanism is required. Thirdly, different cells respond 
differently to electrical stimulation. So, comparing the effects of 
ES on different cells also requires our attention.
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Conclusion

ES could be used as an effective method for influencing 
survival, proliferation and differentiation of RPCs. Moreover, ES 
markedly induced RPCs differentiation toward retinal neurons 
and improve RPCs proliferation via the activation of the Akt and 
Erk signaling pathways. In future, there are still many aspects that 
require further investigation in order to better understand and 
use this physical method.
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