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Abstract—New therapies are desperately needed for human
central nervous system (CNS) regeneration to circumvent the
lack of innate regenerative ability following traumatic
injuries. Previously attempted therapies have been stymied
by barriers to CNS regeneration largely because of protective
mechanisms such as the blood brain barrier, inhibitory
molecules, and glial scar formation. The application of
electric stimulation (ES) has shown promise for enhancing
peripheral nervous system regeneration, but is in its infancy
in CNS regeneration. The objective of this study is to better
understand how short duration ES can be harnessed to direct
adult neural stem progenitor cell (NSPC) neurogenesis,
neurite extension, and maturation. Herein, NSPCs were
exposed to physiological levels of electrical stimulation of
0.53 or 1.83 V/m (applied power supply setting of 1.2 and
2.5 V) of direct current (DC) for 10 min/days for 2 days with
a total differentiation time of 3 days. Culturing conditions
consisted of either mitogenic growth factors or the neuronal
differentiation factor interferon-y (IFN-y). Stimulated
NSPCs showed lengths that were over five times longer than
unstimulated controls (112.0 4+ 88.8 um at 0.53 V/m vs.
21.3 £ 8.5 um for 0 V/m with IFN-y) with the longest
neurites reaching up to 600 um. Additionally, ES resulted
in mature neuronal morphologies and signs of differentiation
through positive SIII tubulin, neuronal nuclei (NeulN), and
better organized filamentous-actin (f-actin) staining with
growth cone formation. Additionally, the neurites and soma
of stimulated NSPCs showed increases in intracellular Ca>*
during stimulation, signifying the presence of functional
neurons capable of electrical conductance and communica-
tion with other cells. Our study demonstrates that short
stimulation times (10 min/ day) result in significant neurite
extension of stem cells in a quick time frame (3 days). This
ES modality is potentially advantageous for promoting axon
re-growth at an injury site using delivered adult stem cells;
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however, significant work still remains to understand both
the delivery approach of cells as well as ES application
in vivo.
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INTRODUCTION

Traumatic brain and spinal cord injuries affect over
2 million people in the US annually and are generally
irreversible.! Failure to heal central nervous system
(CNY) injuries is largely due to intrinsic inhibition of
both axonal re-growth and interconnection past the
site of injury.®!-1448:51 Many approaches are being
tested to heal CNS injuries; however, a completely
successful methodology generating functional restora-
tion has yet to be discovered. For example, electric
fields occur endogenously and have long been used for
both healing and pain management in medical
practice.® Additionally, neural stem progenitor cells
(NSPCs) are an attractive cell source for tissue regen-
erative purposes because of their ability to differentiate
into the three primary cell types of the CNS: astro-
cytes, oligodendrocytes and neurons.”®*>*” While re-
cent studies have demonstrated an impact of electrical
stimulation on stem cells,** little is known about the
influence of electrical stimulation (ES) on NSPCs.

Endogenous electrical fields in the CNS promote
cell migration, cell death, limb growth, and are vital
during initial developmental stages.'®*'-*>3% Bioelec-
tricity in the brain is due to spatial changes of small ion
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secretions from individual cells, driving extracellular
flow of ions and establish voltage gradients in tissues.*
EFs are also present in the native injury response,
where endogenous levels of 42-150 V/m have been
recorded.”” Based on the literature, applied EFs can
range up to a maximum of 33 V/m to 437 V/m
depending on the animal model chosen and specific cell
type of interest.>'***3¢ During development, and to a
limited degree in adulthood, stem cells migrate in the
brain from their origin to their site of maturation, due
in part to bioelectricity.”® Without normal electrical
fields in the brain, developmental abnormalities are
more likely to form.>"*** Ultimately, the physiological
currents that exist in the CNS play a key role in cell
function and likely affect stem cell responses.

In addition to bioelectricity, cytokines such as inter-
feron gamma (IFN-v), epidermal growth factor (EGF),
and fibroblast growth factor (FGF) play an important
role in innate immunity and in the development, pres-
ervation, and regeneration of the brain. Previous studies
have revealed that IFN-y can be used as a differentiation
factor for NSPCs and functions to significantly enrich
neuronal populations over oligodendrocytes or astro-
cytes.”® ?® EGF and FGF are commonly used to expand
NSPCs in number due to their mitogenic capacity.'®**
However, it is difficult to pinpoint an exact range that
should be applied to facilitate neuronal maturation and
axon extension after CNS trauma.

The combined treatment of NSPCs with ES and
known differentiation molecules has not been thor-
oughly studied. By utilizing both mitogenic and dif-
ferentiation cues, we aim to determine if DC ES can
override and/or provide synergistic responses by
directing both neurite extension and the cell fate of
NSPCs in culture. Therefore, the primary objective of
this study was to determine the ability of DC ES to
enhance neurite extension and guidance of NSPCs and
their differentiation into neurons with the addition of
IFN-y or in the presence of EGF and FGF.?*?® This
regime can potentially be used in the future in com-
bination with other current tissue engineered therapies.
Based on previous work with both primary neurons
and stem cells, we hypothesized that short DC ES
would enhance outgrowth of NSPC neurites, cause
alignment, and increase maturation as evidenced by
mature axon/growth cone formation and expression of
neuronal proteins.

MATERIALS AND METHODS

Cell Culture and Isolation

NSPCs were isolated from the subventricular zone
(SVZ) of 6 wk old adult female Wistar rat (Charles

River, Wilmington, MA, USA) forebrains and
expanded as neurospheres in growth medium con-
taining neurobasal (NBM; Life Technologies, Grand
Island, NY, USA), 100 pug/mL penicillin streptomycin
(PS; Life Technologies), 2 mM L-glutamine (L-glut;
Life Technologies), B-27 (Life Technologies), 0.02 ug/
mL heparin (Sigma-Aldrich, St. Louis, MI, USA),
20 ng/mL of EGF (Sigma-Aldrich) and 20 ng/mL
FGF (Peprotech, Rocky Hill, NJ, USA) as described
previously.>

NSPC Stimulation Regime

ES chambers consisted of a 63 mm long non-con-
ductive open silicone rectangular box with a
75 x 25 mm glass slide bottom. Platinum electrodes
were adhered to the silicone frame and connected to a
DC power source (MPJA, West Palm Beach, FL,
USA). The platinum electrodes had a width
7.0 £ 1.0 mm and height of 11 £ 0.48 mm with a
separation of 54 + 0.88 mm between each electrode.
Glass coverslips in 24-well culture plates were used as
controls. Before experimentation, control coverslips
and stimulation chambers were coated with 50 ug/mL
poly-p-lysine (PDL; BD Biosciences, Bedford, MA,
USA) and 5 ug/mL laminin (Life Technologies,
Carlsbad, CA). Cells were seeded at 40,000 cells/cm2
in growth medium overnight and cultured in either
differentiation or growth medium the following day.
Differentiation media contained NBM, 150 ng/mL
IFN-y for neuronal specification (Peprotech), 100 ug/
mL PS, 2mM r-glut and B-27. Stimulation was
performed in a copper-lined humidified CO, incuba-
tor (HERAcell 150i; Thermo Scientific, Sunnyvale,
CA, USA) at 37 °C and 5% CO, providing effective
shielding from any external interference. After about
10 h in differentiation medium, cells were stimulated
in PBS (pH=7.4) at 0.53 or 1.83 V/m (applied
power supply setting of 1.2 and 2.5 V) for 10 min/
days for 2 days (3 days total differentiation), followed
by replacement of the proper medium. The EFs we
selected for this study was finalized after preliminary
cell studies (Suppl. Figs. 1, 2), as well as the fact that
an electrochemical reaction occurred above 1.83 V/m.
EF strength was calculated by measuring the voltage
in the stimulation media and dividing it by the dis-
tance between the measuring electrodes. The platinum
plates did demonstrate some capacitance response, so
the voltage used for calculations was the equilibrium
value after 10 min. The measured voltage was used to
calculate current (using the resistivity of PBS) as
0.040 mA for the 0.53 V/m and 0.14 mA for 1.83 V/
m. Resistivity was calculated by utilizing a VWR
Digital Conductivity Meter (VWR, Radnor, PA,
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NSPCs Length, Polarity and Differentiation Analysis

Live phase contrast images were obtained 24 h after
the final stimulation (at 3 days) to allow quantification
of neurite outgrowth and polarity. Images were
obtained at random areas throughout the culture area,
and approximately 6-10 images were taken per group.
All primary neurites of cells in each image taken were
included in analysis. Images were analyzed with
ImageJ software. The length of each neurite and angle
was determined by measuring from the soma to the
end of each process, or measured to the termination of
a neurite at a neighboring cell. After imaging, cells
were fixed with 3.7% paraformaldehyde for 5 min, and
then permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) in PBS (pH = 7.4) for 5 min for immuno-
histochemistry. In PBS, a 10% goat serum (Sigma)
block was applied for 1 h at room temperature (RT).
Samples were again washed with PBS and primary
antibody monoclonal mouse anti-SIII tubulin (1:500;
Covance, Princeton, NJ, USA) or mouse anti-nestin
(1:10; Developmental Studies Hybridoma Bank, lowa
City, 1A, USA) was left on overnight at 4 °C. Cells
were washed three times in PBS for 15 min each wash,
then the secondary antibody goat anti-mouse IgG
Alexa-Fluor 546 (1:400; Life Technologies) was incu-
bated for at least 1 h at RT. Samples were washed for
15 min in PBS three times then blocked again with
10% donkey serum (Sigma) in PBS for 1 h at RT.
After rinsing samples with PBS, primary antibody
rabbit anti-neuronal nuclei (NeuN; 1:800; Millipore,
Billerica, MA, USA) was incubated with anti-fIII
tubulin samples and Alexa-Fluor 488 phalloidin (for
filamentous-actin (f-actin); 1:200; Life Technologies)
was co-stained with anti-nestin samples overnight at
4 °C. After 15 min PBS washes, secondary antibody
donkey anti-rabbit IgG Alexa-Fluor 488 (1:400; Life
Technologies) was added to anti-NeuN samples for at
least 1 h at RT. Following three more 15 min PBS
washes, all nuclei were stained with Hoechst 33342
(10 uM; Life Technologies) for 10 min. Coverslips
were mounted with prolong gold (Life Technologies)
and imaged with an Olympus IX81 florescent micro-
scope (Tokyo, Japan).

Live Time-Lapse Imaging

Additional live brightfield imaging was performed
using AxioVision software with an incubated Zeiss
microscope (San Diego, CA, USA) held at 37 °C at
time points before, during, and after ES on day 2. Cells
were seeded and stimulated as described above. On day
2, chambers were placed on the microscope stage and
imaged for 30 min with voltage turned on at 10 min
and off at 20 min.
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NSPC Metabolic Activity Assay

PrestoBlue reagent (Life Technologies) was used to
assess cell activity before and after stimulation according
to the manufacturer’s instructions. The assay measures
the reducing capacity of cells, which is tied to metabolic
function. Cells were seeded overnight at 40,000 cells/cm?
at day 0; before the first medium change (day 1) and after
the final ES (day 3), PrestoBlue reagent (diluted in the
appropriate media) was incubated with the same NSPCs
at 37 °C for 45 min. Fluorescence intensity (I) was read
(Ex/Em: 555 nm/590 nm)at45 min for cells and controls
using an Infinite M200 spectrophotometer (Tecan,
Mainnedorf, Switzerland). Since PrestoBlue measures the
reducing environment of the cell, dithiothreitol (DTT,
Chem-Impex International, Wood Dale, IL, USA), at
concentrations of 50, 100, and 1000 uM, was used as a
positive control to normalize the data. The fold change in
activity was calculated as /qay0//4ay3. After the incubation
period, cells were washed with PBS and either stimulated
with an EF or fixed for IHC analysis, depending on the
time point.

Calcium Tracking Experiments

NSPCs were seeded at 40,000 cells/cm2 in silicone
isolators (JTR13R-2.0-Press-To-Seal Silicone Isolator;
Grace Bio-Labs, Bend, OR, USA) inside of 60 mm
petri dishes between platinum wires spaced 45 mm
apart. PDL and laminin were adsorbed to the petri
dish prior to cell seeding as described previously. After
overnight culture in growth medium cells were incu-
bated in differentiation media containing 150 ng/mL
IFN-y. No ES was performed until calcium fluctuation
measurements on day 2.

Prior to analysis on day 2, silicone isolators were
removed and Fluo-4, AM (Life Technologies) molecular
probe was prepared at 3 mM in dimethyl sulfoxide
(DMSO; BDH, West Chester, PA USA) and was mixed
with an equal amount of 20 w/v % of Pluronic F-127
(Life Technologies) also dissolved in DMSO. This
solution was added to Hank’s balanced salt solution
(HBSS; Life Technologies) to ensure a final concentra-
tion of 3 uM for Fluo-4, AM and 2 w/v % for Pluronic
F-127. NSPCs were incubated with this mixture for 1 h
and then washed in HBSS for atleast 1 h. During ES and
imaging, Leibovitz media (L-15; Life Technologies)
replaced HBSS. Calcium changes were observed using a
40x objective on an upright Olympus FV1000 micro-
scope with Olympus Fluoview software that included
settings for Fluo-4 acquisition (494 nm excitation,
506 nm emission). The confocal settings were optimized
to reduce photobleaching and potential phototoxic
effects with the laser power kept consistently at 10% and
a 2 microsecond/pixel dwell time. About 10 cells per



Electrical Stimulation of Neural Stem Progenitor Cells 2167

group were examined and a representative video and
images were obtained for each group. Each interval
lasted 5 min and 10 s, with initially no stimulation for
10 s, followed by 3 min of stimulation at 0.04 V/m in
separate experiments, then 2 min of no stimulation.
Additionally, sequential increases from 0.04 to 0.2 to
13.7 V/m (1.1, 2.2, 4.5 V applied) for approximately
1 min each were performed in place of the 3 min stim-
ulation step. In this experimental set-up and during the
short stimulation and culturing time, stimulation at
13.7 V/m did cause an electrochemical reaction at the
electrodes. Fluorescent intensity ratios were determined
and analyzed using the Olympus Fluoview software.
Briefly, straight-line regions of interest (ROI) were
drawn along selected neurites as well as across the soma,
and fluorescent intensity vs. time data was collected.'®
The intensity values were normalized by the starting
intensity values from the same ROI, and then plotted.
Applied EFs were measured again for the calcium
tracking stimulation chamber. Voltage was measured in
the media, and divided by the distance between the
measuring electrodes. Current was calculated, using the
resistivity of L-15 media, as 0.70 pA for 0.04 V/m,
3.02 uA for 0.2 V/m, and 0.25 mA for 13.7 V/m.

Statistical Analysis

Neurite length was tested for normal distribution
using the Shapiro—Wilk test. It was determined that the
data was non-normal, therefore, neurite lengths were
transformed using a log transformation as follows:
transformed length = log¢(length + 1). Factors in-
cluded stimulation levels of (i) 0.53 V/m and (ii)
1.83 V/m or (iii) no stimulation, as well as growth
conditions, either under (i) EGF/FGF or (ii) IFN-y.
JMP 10.0 software was utilized to run a two-factor
ANOVA model assessing the interaction between these
stimulation levels and growth conditions. An o level of
0.05 was used to determine significance. Data is shown
as a mean =+ standard deviation (SD). Statistical ana-
lysis of neurite directionality was performed in Excel
using the Rayleigh Z test. Angular data was doubled
since it was bimodal, and the test was performed also
using an « level of 0.05 to establish significance. Met-
abolic activity fold change data was analyzed in JMP
10.0 using a two-factor ANOVA model (factors and
levels listed above) and an « level of 0.05.

RESULTS

NSPCs Length, Polarity and Differentiation Analysis

Neurite length data was not normally distributed;
therefore, a log transformation was used to fit the data

to a proper distribution for statistical analysis as de-
scribed above. A two-way ANOVA on the transformed
lengths showed the interaction between voltage and
media conditions to be significantly different
(p = 0.0071). Therefore a post hoc, Tukey’s HSD
(honestly significant difference) test was used to analyze
significance between groups. Both 0.53 V/m and
1.83 V/m groups containing IFN-y had significantly
longer extensions (112.0 4 88.8 um, 105.4 + 58.0 um),
compared to the no ES control group (p value
<0.0001) (Figs. 1, 2). The maximum single neurite
length seen in stimulated samples containing IFN-y was
580.0 um at 0.53 V/m, while a maximum length of
280.5 um was measured at 1.83 V/m for the EGF/FGF
stimulated group. The length of each neurite and angle
was determined by measuring from the soma to the end
of each process, or measured to the termination of a
neurite at a neighboring cell. Control groups, receiving
no ES, averaged lengths of 21.2 £ 83 um and
36.2 £ 32.7 um with the addition of INF-y and EGF/
FGF, respectively. The maximum single neurite length
seen in all controls was 141.9 um with the addition of
IFN-y. In preliminary experiments a select number of
neurites reached lengths up to 600 ym with addition of
IFN-y (Fig. 2c). We originally hypothesized that ES
would affect polarity of neurite length, but statistical
analysis rejected this hypothesis revealing that neurites
did not extend significantly in a specific orientation or
alignment to the field (p > 0.05).

Qualitatively studying the maturity of NSPCs with
ES in both medium conditions demonstrated that
groups stimulated at 0.53 V/m and 1.83 V/m had
superior positive neuronal staining compared to
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FIGURE 1. Average neurite lengths after 3 days of culture
(with 10 min/ days ES on day 1 and 2) transformed by
logo(x + 1) for linear statistical analysis. Untransformed val-
ues are included for each group inside each bar (um). Both
media conditions (IFN-y or EGF/FGF) and varying EF stimu-
lation resulted in a significant difference of NSPC length
between groups (p<0.0001). Letters denote significance by
two-factor ANOVA with post hoc Tukey HSD analyses.
Transformed and untransformed values presented as
mean = SD, with n ranging from 50 to 150 neurites.
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FIGURE 2. (a, b) Polar plots presenting neurite lengths of NSPCs stimulated in vitro at 0 (control), 0.53, and 1.83 V/m with addition

of (a) IFN-y or (b) EGF/FGF. No directional bias was detected using radial statistical analyses (p> 0.05). Angles are in degrees and
lengths are shown in um. (¢) Long neurites were especially noticeable in EF stimulated NSPC treatments. Scale bar = 200 ym.

controls (Figs. 3, 4). More specifically, the neuronal
stains, f-11I tubulin and NeuN, indicated differentia-
tion and maturation of NSPCs and was apparent at
both 0.53 V/m and 1.83 V/m (Figs. 3, 4e, 4i, 4h, 4l).
However, nestin-labeling indicated that NSPCs did not
completely differentiate after 3 days in culture (Figs. 3,
4c, 4g, 4k, 40). The presence of f-actin was more visible
and better organized in the ES groups compared to
controls (Figs. 3, 4f, 4j). Phase-contrast images of
NSPCs after ES also reveal morphological differences
and extensive lengths as compared to controls
(Fig. 5). Additionally, mature cytoskeletal growth
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cone structures with actin filopodia-like projections
were seen in these same two ES groups as well (Fig. 6).

Live Time-Lapse Imaging

Live imaging of NSPCs showed that short time
(<2 h) responses were varied. We observed a response
showing initial retraction upon the application of an
electric field followed by elongation of neurites post
stimulation (Suppl. Vid. 1). Supplemental video 2
shows that ES can result in an almost immediate
response and can sometimes result in neurite retrac-
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B-1ll Tubulin Actin Nestin NeuN

0.53 V/m Control

1.83 V/m

FIGURE 3. NSPCs after 3 days in IFN-y differentiation medium. (a—d) Control (no ES) NSPCs display neuronal and cytoskeletal
structures but not as prominent as 0.53 V/m (e-h) and 1.83 V/m (i-l), which show longer interconnected neurites and more mature
neuronal staining (NeuN). All nuclei are stained with Hoechst 33342. Scale bar = 100 ym.

B-l Actin Nestin NeuN

FIGURE 4. NSPCs after 3 days in EGF/FGF growth medium. (a—d) NSPCs that did not undergo ES have very few neurites and little
NeuN staining. (e—h) Cells stimulated at 0.53 V/m show increased neurite outgrowth and mature neuronal staining (e and h). (i-l)
The 1.83 V/m group showed very high number of neurites with mature looking cell processes. All nuclei are stained with Hoechst
33342. Scale bar = 100 um.

0.53 V/m Control

1.83 V/m
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1.83 V/m

0.53 V/m

Control

FIGURE 5. Phase-contrast images of NSPCs stimulated at 0 (control), 0.53, and 1.83 V/m. NSPCs stimulated with addition of IFN-y
(left column) and EGF/FGF (right column). Control neurites are shorter and show less mature characteristics as compared to

stimulated groups. Scale bars = 50 ym.

tion. Overall the NSPC neurites seemed to be very
active during and directly after ES especially compared
to controls (Suppl. Vid. 3).

Cell Metabolism Assay

NSPC metabolic activity was tested before and after
stimulation using the PrestoBlue assay so that the fold
change in cell activity could be determined; these data
are shown in Supplemental Fig. 3. Results revealed
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that cells cultured in IFN-y are less metabolically ac-
tive after the 3 days culture period whether or not they
were stimulated; while NSPCs cultured in EGF/FGF
were significantly more active than the IFN-y groups
(p < 0.0001). The largest decrease in metabolic activity
occurred in the 0.53 V/m group cultured in IFN-y with
a decrease of 0.48 4+ 0.07 fold compared to day 0
(before differentiation factor treatment and electrical
stimulation), followed by the 1.83 V/m group that
decreased by 0.51 + 0.03 fold compared to day 0.
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FIGURE 6. Representative 60x images of NSPC growth cones at day 3. (a) After no stimulation, tubulin structure is most
noticeable. (b—c) After DC ES regime at 0.53 or 1.83 V/m, respectively, f-actin is prominently displayed as the finger-like projections
that are characteristic of growth cones as tubulin is present in the shaft of the axon and center of the growth cone. Scale
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FIGURE 7. Ca?*tracking experiments in DC ES of NSPCs. (a)

250

Graphs and images of Ca?* recordings in the soma and a neurite of a

single selected NSPC (cultured in IFN-y for 3 days) stimulated at 0.04 V/m (b) Graphs and images of Ca®* recordings from soma and
neurite of a selected NSPC cultured in IFN-y for 3 days stimulated at 0.04, 0.2, and 13.7 V/m in a ramping step-wise fashion. Videos
of each experiment (a, b) are included as supplemental data (Suppl. Vids. 4, 5).

Calcium Tracking Experiments

Calcium tracking experiments show that free intra-
cellular calcium in both the soma and the neurite can
increase during ES at 0.04 V/m as compared to periods
where no ES is present (Fig. 7, Suppl. Vid. 4). In a
representative stimulated neurite at 0.04 V/m, the
maximum normalized Ca®>" intensity was seen 68 s
after the voltage was applied, and then began to wane.
Turning off the ES at 180 s did not appreciably change
the rate of decrease as it proceeded back to initial levels.
In the soma, a different response was observed, and the
normalized Ca’" intensity reached a maximum at 110 s
and did not decrease. This observation is partially due
to the fact that more calcium was present in the soma to
begin with and the laser setting was selected such that
we could observe changes in the neurites. In separate

experiments ES was also increased in a step-wise fash-
ion from 0.04 to 13.7 V/m (Fig. 7, Suppl. Vid. 5). In the
soma of NSPCs stimulated with increasing ES, there
was no measureable increase of Ca®" intensity at 10 s
with 0.04 V/m, but Ca’"did increase at 110 s with
0.2 V/m. Most noticeably, we found that when ES was
increased to 13.7 V/m at 210 s, there was a sharp de-
cline in Ca”>". A similar response in the neurite of the
same cell was also seen, but to a lesser extent. One
explanation for this reaction is due to the electro-
chemical response that was observed at the electrodes
when the EF was increased to 13.7 V/m. This drastic
change is believed to be directly tied to the relatively
high current (0.25 mA) that was present at this
time point or could be a result of depletion of calcium
stores.
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DISCUSSION

With our experimental set-up, the stimulation of
NPSCs with direct current EFs of 0.53 or 1.83 V/m
produced mature neurons with extensions almost 3
times greater than controls after a period of only days.
Maximum neurite lengths for stimulated cells were up
to nearly 600 um (for 0.53 V/m) with maximum con-
trol lengths of no greater than 200 um (Figs. 1, 2).

ES did not significantly affect cell activity in our
study (p > 0.05, Suppl. Fig. 3). Groups cultured with
EGF/FGF resulted in a significant increase in meta-
bolic activity, as compared to IFN-y treated groups,
which demonstrated comparably decreased metabolic
activity (p < 0.0001). These results suggest that cells
cultured in differentiation media could be more focused
on neuronal differentiation and neurite extension than
multiplying in cell number. It would be necessary to test
NSPCs over a longer time period to see if the viability
gap between these groups becomes larger or significant
between electrically stimulated cells.

Other groups have shown that short duration DC
ES (10-60 min/day) result in longer neurite outgrowth
in different cell types, such as chick embryo dorsal root
ganglia, possibly due to changes in regulation of
growth factors.*** Combining our results with those
of short duration stimulation regimes, it appears that
short duration ES in the range of 0.53-1.83 V/m
approximately 10-60 min/day, is all that is required to
provide significant benefit in terms of neurite extension
as well as neuronal differentiation and maturation of
NSPCs. Furthermore, stimulating for too long or at
higher field strengths may result in negative effects
such as a reduction in neurite length or unorganized
morphology.

There are several postulated mechanisms for neurite
outgrowth as a result of ES. Patel and Poo suggest that
the promotion of growth cone formation is a result of
changes in the distribution of adhesion receptors, cell
membrane growth factors, neurotrophins, and cyto-
skeletal proteins that could result in the increased
elongation seen after application of ES.*’** Koppes
et al. found that a 1 h stimulation regime resulted in an
increase of growth associated protein 43 (GAP-43) and
brain-derived neurotrophic factor (BDNF) in adult
rats, resulting in significant neurite outgrowth of
DRG.* It would be in the interest of future experi-
ments to observe and trace the production of other
small molecules and proteins after ES of NSPCs,
especially since the root cause of NSPC elongation
may be driven by increased secretion of these signaling
molecules. Another mechanism suggested in the liter-
ature is that gradients of ions and molecules in the
culture media caused by the ES can directly encourage
neurite elongation.*** From our Ca’" recorded
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calcium experiments, we show a change in the intra-
cellular Ca’>" levels in NSPCs upon stimulation. Rate
of outgrowth has been linked to increased voltage
gated Ca®"' activity within the filopodia of growth
cones with addition of an applied field, as supported in
the literature by Freeman ez al.'> Cohan et al. dem-
onstrated that evoked action potentials resulted in an
instant rise of intracellular free Ca®>", as we noted in
our experiments as well.” This further promotes the
idea that Ca®" plays an important role in neurite
outgrowth of NSPCs, and could take part in the yet to
be identified pathways involved.

In this study, one of our goals was to determine if
applied short duration DC ES acts as a differentiation
factor, thus we compared EF stimulation of NSPCs
exposed to a known neuronal differentiation factor
(IFN-y) to cells maintained in expansion medium
(EGF/FGF). Without ES, we have previously shown
that IFN-y stimulation of SVZ-derived NSPCs gener-
ated a population containing greater than 60% neu-
rons, whereas culture in EGF/FGF vyielded a low
percentage of neurons after 8 days.”® The experiments
in this study showed that ES encouraged mature neu-
ronal staining in both differentiation and growth
media, particularly at 0.53 V/m and 1.83 V/m (Figs. 3,
4). These results suggest that ES combined with
appropriate growth factors can be used to both en-
hance and accelerate the actions of known neuronal
differentiation factors, such as IFN-y. Furthermore,
ES alone may provide a non-chemical means of
inducing differentiation as shown by others.”** Our
finding of upregulated positive neuronal staining in
EGF/FGF media plus 0.53 or 1.83 V/m show that DC
ES can help to override mitogen signaling (Fig. 4).
This is especially interesting when contrasting our
findings with those of a recent study where mouse
NSPCs in mitogens were stimulated with a salt-bridge
at 250 V/m (current density not reported) for 8§ h.
Babona-Pilipos et al.* found that NSPCs maintained
progenitor markers in growth conditions regardless of
ES, and preferred to migrate toward the cathode in the
presence of ES. The mechanisms involved in ES-en-
hanced cell differentiation is uncertain and could in-
volve signaling pathways that regulate Ca®" or
modification of proteins.'**' One of the most striking
responses we observed in these experiments was the
morphological difference between control groups
compared to 0.53 V/m and 1.83 V/m groups (Figs. 3,
4, 5, and 6). The emergence of prominent growth cones
in our studies (Fig. 6) after only 20 min of ES over
2 days (3 days total differentiation) may be indicative
of more mature cells generated from adult NSPCs in a
relatively short period of time. Growth cones play an
important role in the function of the neuron by guiding
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it to its synaptic target. Since we know that electrical
fields occur endogenously within the body,® it is quite
possible that this may serve as an initiation cue for the
growth cone. As of yet, our findings are inconclusive as
to whether the ES acted as a differentiation factor
which then pre-disposed the cells to extend longer
neurites or if it simply caused the stem cells to grow
longer processes. The development of better tools is
required to uncouple these responses allowing real-
time quantification of the differentiation state of stem
cells alongside neurite length and constitution.

Also of interest to us in this study was if DC ES would
encourage alignment of NSPC neurites. Many cell types
are known to preferentially migrate towards the cathode
during long duration ES such as in human keratino-
cytes,43 HUVEC cells,> bovine aortic endothelial
cells,*® and hippocampal-derived NSPCs.? Subependy-
mal NSPCs and human embryonic derived NPSCs both
exhibited directed migration toward the cathode when
DC ES was applied for 2.5 and 1 h, respectively, and
galvanotaxis immediately ceased when stimulation was
removed.*'? Others have shown alignment where more
neurites were directed toward the anode, although less
often, such as seen with human granulocytes® and PC-
12 cells.” Our results (Fig. 2) agreed with similar studies
where DRG do not show any conclusive evidence of
alignment, particularly after short durations of ES.*?*#°
Further, reported differences among alignment prefer-
ence between cell types could indicate that different
pathways responsible for galvanotaxis vary according to
the cells under consideration.

To better understand the mechanisms by which cells
use endogenous electrical fields in development and in-
jury models, the intervals at which retraction and growth
occur in neurites must be revealed in future studies to
formulate optimal timing of ES. We have found that
within the first minutes of ES, cells exposed to DC ES
can undergo retraction; however, post-stimulation cells
extend neurites rapidly (Suppl. Vid. 2). This result has
been confirmed in studies with developing amphibians
where neural crest cells show retraction within seconds
of ES followed by accelerated growth.*® In future live
imaging ES experiments, it would be instructional to
monitor the entire culture period to better understand
the dynamics and timing of cellular responses. Overall,
the observed response to EF stimulation from 0.53 to
1.83 V/m is positive based on the extreme lengths and
mature neuronal phenotypes that this ES encourages
after 3 days (Figs. 1,2, 3,4, 5, 6, and 7).

To date, we are unaware of the exact cause of why
ES is beneficial to growing neurons, but there are many
suggested mechanisms by which extension of neurites
occur in response to EFs. More specifically, mobility of
the growth cone and extension/retraction of neurites is
strongly linked to the flow of Ca®* into the cell, caused

by depolarization.® Increased depolarization by DC ES
increased intracellular calcium, as we show in our sys-
tem (Fig. 7). The observed Ca®" fluctuations are pos-
sibly caused by changes due to either Ca*>" leaving and
entering the cell or the result of Ca®" induced Ca®*
release. Even though Ca?" changes were variable and
sometimes small in magnitude in some parts of the cell,
these variations are still important as Ca®>" fluctuations
are known to activate several important downstream
cellular mechanisms including neuron extension, dif-
ferentiation and plasticity.>!” For example, Ca’" is
known to be partially responsible for cadherin-based
cell attachment, transport of organelles, and vesicle
fusion, which all can dramatically affect the outgrowth
of neurites and formation of growth cones.*

In our experiments, we were interested to find if
differentiating NSPCs would exhibit Ca®" signaling in
response to DC ES as would be expected from primary
neurons. Overall the observed Ca®" fluctuations of
stimulated cells demonstrated electrical functionality
(Fig. 7, Suppl. Vids. 4-5). Generation of an action
potential in cells has been shown to be created by an
applied extracellular current.”® We saw that NSPCs
demonstrated immediate Ca®>" increases when ES was
applied (Fig. 7), with the largest change in intensity
occurring in the neurite at 0.04 V/m. The changes in
Ca®" levels are similar in both the soma and the
neurite when the EF was increased from 0.04 to 0.2 V/
m. Previous work has revealed that neuronal somas
contain higher concentrations of Ca®* channels rela-
tive to concentrations found in axons.’ In addition, in
other work the filopodia guiding growth cone move-
ments have been shown to retract initially from an
increase in intracellular Ca>", followed by a recovery
period where normalization of Ca’" levels by cellular
mechanisms occurs.*® This agrees with what we have
seen with initial periods of growth cone retraction
(Suppl. Vid. 2) followed by neurite extension (Suppl.
Vid. 1). With the addition of an outside stimulus, i.e.,
ES of 0.53 and 1.83 V/m it is possible that intracellular
Ca’" was increased to more preferred levels for neurite
extension. As is explained by Kater and Mills, an
optimal level of intracellular Ca®>" is needed for
growth cone function and promotion of neurite
extension.”’ In our ramped stimulation experiment,
increasing the applied voltage from 0.04 to 13.7 V/m
resulted in increasing Ca®’ levels until reaching
13.7 V/m, where an almost immediate drop of Ca®"
was noted (Fig. 7). In compendium, the application of
greater than 1.83 V/m resulted in decreased f-actin and
tubulin organization, and shorter neurite lengths,
suggesting that higher voltage results in cellular dam-
age and could interference with the cell’s ability to
properly regulate Ca”", which is vital to many neu-
ronal signal transduction pathways and processes.>*
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There is great debate over the effectiveness of ES as
a regenerative strategy, largely due to a lack of agreed
upon stimulation type (DC/AC) and regime (exposure
time, voltage, etc.). Thus significant work remains to
be completed to better understand the phenomena to
translate these findings. In our study, we have found
that short duration (<10 min/ days) EFs of 0.53 and
1.83 V/m are beneficial to NSPCs in vitro as seen by an
increase in neurite extension and better neuronal dif-
ferentiation, which could be valuable for nervous sys-
tem tissue engineering type approaches incorporating
stem cells that require axonal extension.

Beyond the role of ES in NSPC lineage commitment,
the primary emphasis of our manuscript, as compared
to other similar studies, was on the short duration ES
we chose to employ. Not only did we employ short
duration ES, but we also observed the effects of EGF/
FGF and IFN-y in combination with the application of
ES. We have not seen in the literature that other groups
have utilized IFN-y as a differentiation factor in com-
bination with ES. Our results varied from other studies
primarily in that the lengths of NSPCs neurites, which
were much longer than other studies that have been
completed. We believe that this finding alone could be a
beneficial aspect to integrate into tissue engineering
approaches or regenerative medicine for future thera-
peutic tools in brain and spinal cord injuries, where
large gaps are currently impossible to bridge.

CONCLUSIONS

The effects of short duration DC ES of NSPCs
in vitro in combination with EGF/FGF or IFN-y pro-
duced morphologically mature neurons with longer
neurite lengths in a relatively short time period
(<10 min/ days for 2 days) compared to no stimula-
tion. We have found that DC ES of neuronally-differ-
entiated NSPCs caused an elevated level of Ca®* in the
cell within seconds, and that there appears to be a
threshold for which these cells can endure. Live imaging
during ES revealed that stimulation caused retraction
before elongation, but cells remain viable and active
during this stimulation regime. This result along with
the appearance of mature markers, growth-cone char-
acteristics, and rapid extension of NSPCs suggests that
using ES could provide a potential new solution to CNS
regeneration. We hope to apply these results to neural
regenerative strategies in the near future.

ELECTRONIC SUPPLEMENTARY MATERIAL
The online version of this article (doi:

10.1007/s10439-014-1058-9) contains supplementary
material, which is available to authorized users.
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