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Abstract—Schwann cells (SCs) are PNS glia that play nu-
merous support functions including myelination of axons.
After PNS injury, SCs facilitate regeneration by phagocy-
tosing cellular debris and providing physical and biochemical
cues to guide axon growth. This reparative phenotype
suggests SCs could be critical cellular targets for enhancing
nerve regeneration. One method for altering cell morphology
and motility is the application of direct current (DC) electric
fields (EFs). Endogenous EFs have physiologic relevance
during embryogenesis and serve as guidance and polarization
cues. While much literature exists on EFs and CNS and PNS
neurons, the effects of EFs on SCs have not been extensively
studied. In this work, cell alignment, migration, and mor-
phology of rat SCs were measured in response to several
EF stimulation regimes including constant DC, 50% duty
cycle DC and oscillating DC. SCs were found to re-orient
perpendicular to field lines and respond to DC EFs as low as
75 mV/mm. EF exposure promoted directed migration, with
travel towards the cathode at a mean rate of 7.5 yum/h. The
data highlight the utility of EFs in modulating SC morphol-
ogy, alignment and migration. Results may have implications
for using EFs to attract and realign SCs at the site of PNS
trauma.

Keywords—Galvanotaxis, Electrotaxis, Peripheral nerve re-
pair, Voltage gradient, Bands of Bungner.

INTRODUCTION

Each year, an estimated 42,000-74,000 peripheral
nerve injuries (PNIs) occur in the United States,>!
resulting in localized loss of sensation, motor function
and neuropathic pain that significantly impact quality
of life. In PNI pathophysiology, nerve segments distal
to the injury site undergo Wallerian degeneration
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where damaged axons and residual myelin are
decomposed. Treatments for PNI depend on the type
and severity of the injury. In nerve severance, the most
common treatment re-apposes the proximal and distal
ends of the nerve (neurorrhaphy). If PNI results in a
large distance between the proximal and distal nerve
fibers, a nerve graft is used to bridge the gap to mini-
mize tension on the nerve fibers. The current gold
standard for nerve repair is the autologous graft.
However, functional recovery remains low especially
for large gap injuries. Typically, only 20-40% of vic-
tims achieve good sensory and motor function fol-
lowing PNI.** Further, nerve autografts risk donor site
morbidity. Allografts, decellularized xenografts and
synthetic grafts have also been used, though they are
markedly inferior to autologous grafts.”” Recovery of
PNI has advanced little in the previous decades, and
there exists a need for improvement.

Schwann cells (SCs) have emerged as a potential
therapeutic target to enhance axonal regeneration.
Following PNI, denervated SCs de-differentiate to a
repair phenotype; the SCs become elongated and
protein expression changes to support axon regenera-
tion.'"® SCs provide guidance cues by depositing
extracellular matrix, forming Bands of Bungner and
secreting neurotrophic factors.'™"" A significant
reduction in axon regrowth was noted when SC pop-
ulation was depleted in mice.!> Other results suggest
that SCs may be a rate limiting step in axon regener-
ation, especially across the lesion.'*3®

Subsequently, we hypothesize that DC electric fields
(EFs) may be used as a tool to manipulate SC orien-
tation and possibly, recruit more SCs to the injury site.
DC EFs have been shown to influence cell differenti-
ation,'? alignment,'” migration,>® gene expression®'
and growth.?® In vivo, endogenous EFs play a role in
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embryonic development in many species with typical
EF magnitudes ranging from a few mV/mm to
500 mV/mm.'"*® The mechanism(s) in which cells re-
spond to EFs are not well understood. Prevailing
theories suggest an electrophoretic phenomenon
whereby the imposed fields induce asymmetric redis-
tribution of various charged membrane molecules such
as cell adhesion proteins, receptor proteins, and ion
channels.> Additionally, EFs may initiate a host of
downstream signaling events that alter the cytoskele-
ton dynamics.*

Several studies have investigated the effects of con-
tinuous DC EFs on Schwann cells.'”?**! However,
constant DC stimulation is problematic to apply in vivo
due to electrochemical byproducts generated at the
electrode interfaces.* In this work, we propose using
alternative stimulation waveforms. Specifically, we
assessed: (i) constant DC, (ii) 50% duty cycle DC where
the EF was on for 15 min then off for 15 min, and (iii)
oscillating DC where the EF was applied constantly but
the polarity was reversed every 15 min. Magnitudes of
the EFs ranged from 10 to 500 mV/mm. These wave-
forms have been previously shown to promote axonal
extension and regeneration in vitro as well as in animals
subjected to CNS injury.”® However, the outcomes of
discontinuous waveforms on glia are unknown. Using
rat RT4 Schwann cells as a model, we monitored cel-
lular morphology, orientation and migration with time-
lapse microscopy and digital image tracking.
Cytoskeletal arrangement and cell adhesion proteins
were observed with fluorescent microscopy. The
experimental results provide guiding parameters that
may aid in developing implantable stimulators for
enhancing nerve regeneration post-PNI.

EXPERIMENTAL METHODS

SC culture and EF Setup

Immortal RT4 rat SCs (ATCC) were used in this
study. Primary SCs used for validation of the RT4 SC
line were obtained from Sprague Dawley rats used in a
separate study in accordance with regulations set forth
by the Purdue Animal Care and Use Committee. In
preparation for EF experiments, cells were detached
from culture flasks using 0.25% Trypsin EDTA, cen-
trifuged, and resuspended in penstrep media [basal
media + 1% penicillin/streptomycin (Sigma-Aldrich)]
to a concentration of 1 x 10 cells/mL. Cell suspension
containing 10,000 cells (100 uL) was pipetted into the
channel of an IBIDI u-channel Slide 1. Penstrep media
(1 mL) was added to each well of the channel slide.
Each well was covered with plastic caps, then the slide
was incubated at 37 °C and 5% CO, overnight.

After a 16-h incubation period, slides were placed
under an Olympus IX81 microscope with a Weather-
station temperature control system (Precision Control)
to maintain constant temperature and CO, levels. DC
EFs were applied through the media using a custom
constant current generator. One end of a salt bridge
(2% agar/penstrep media in 0.4 cm ID glass tubes,
15 cm length) was placed in each well of the slide. Two
glass vials containing the opposing end of the salt
bridges and penstrep media (13 mL) were placed next
to each well. An electroplated silver/silver chloride
electrode was inserted into each vial, and the electrodes
were connected to the positive and negative terminals
of the current generator. The EF setup (Fig. l1a)
allowed for application of EFs of varying strengths
without producing cytotoxic byproducts in the channel
or wells of the slide. EF strengths of 10, 75, 200 and
500 mV/mm were tested, and SCs without EF expo-
sure (0 mV/mm) were used as controls. The dimen-
sions of the channel slide were constant, so the EF
strength was controlled by adjusting the current sup-
plied to the system. Currents used were 0.03 mA
(10 mV/mm), 0.24 mA (75 mV/mm), 0.64 mA
(200 mV/mm) and 1.60 mA (500 mV/mm).

Three waveforms were used in this study: constant
DC EF (Con EF), 50% duty cycle DC EF (50% d.c.
EF), and oscillating DC EF (Osc EF) (Fig. 1b). The
50% d.c. EF waveform was achieved by switching the
current generator on for 15 min then off for 15 min. In
the Osc EF waveform, the field polarity was reversed
every 15 min. For all waveforms, the duration of the
experiment was 6 h. The current was monitored
throughout the experiment (2 Hz sampling frequency).
Following EF exposure, the media was aspirated, and
cells were fixed with 4% paraformaldehyde solution
(1 mL) for 20 min.

Migration
Time-Lapse Image Collection

Phase contrast images were taken during EF expo-
sure using an Olympus IX81 microscope. MetaMorph
Premier Version 7.7.4.0 (Molecular Devices) was used
to automate image collection at five random positions
on each slide every minute. Once images had been
collected, time-lapse videos were rendered using Adobe
Premier Pro 2017.

Migration Tracking

To track cell migration, every 10th image was loa-
ded into FIJI Version 1.52b, and the Manual Tracking
plugin was used (Fig. 1c). The center of each nucleus
was manually selected at each timepoint, and the
coordinates were used to calculate distance, X-dis-
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FIGURE 1. (a) Schematic of experimental setup used to apply an exogenous EF through the media to the SCs. (b) Schematic
showing three EF waveforms. (c) Phase contrast image of SCs for tracking migration. Previous cell locations are marked with
colored lines. (d) Diagram showing definitions of distance, X-displacement and Y-displacement. (e) Fluorescent image of SC
nuclei, showing angles measured from horizontal. (f) Diagram showing measurement of the angle of the axis of mitosis.

placement and Y-displacement for each cell. X-dis-
placement and Y-displacement were calculated by
subtracting the final position coordinates from the
initial position coordinates of each cell. Distance was
calculated as the sum of the linear distances between
each timepoint (Fig. 1d).

Proliferation rate and angle of the axis of mitosis
(referred to as the angle of mitosis) were quantified
from the time-lapse image sequences. Proliferation rate
was defined as the number of cell divisions in the field
of view divided by the number of cells at time 0. The
angle of mitosis data was collected from the first image
where two daughter cells were apparent (Fig. le). In
FIJI, a line defined as the axis of mitosis was drawn
between the center of both daughter cells, and the
angle between this axis and the horizontal was mea-
sured (0-90°).

Cell Alignment
Fluorescent Imaging

Cell alignment and morphology data were collected
from fluorescent images of fixed SCs after EF expo-
sure. After removing the paraformaldehyde, cells were
washed — all washing procedures consisted of rinsing
the cells three times with 1x PBS. Next, cells were
permeabilized using 0.1% Triton X-100 (Sigma-Al-
drich) for 5 min. Cells were again washed and 100 ug/
mL RNAase solution was added for 20 min to digest
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RNA. Following another wash, propidium iodide
(Invitrogen; 1:30) or DAPI (Biotium; 300 nM) in
addition to Alexa Fluor 488 Phalloidin (Life Tech-
nologies; 1:50) were added to the channel and mixed
using a micropipette. After 5 min, the channel slide
was washed, and images were captured using the same
microscope setup.

Immunofluorescence of Integrin f1 was performed
in SCs exposed to 500 mV/mm Con EFs and controls.
Cell were fixed, permeabilized and washed as described
above; however, 0.1% Tween 20 (Sigma-Aldrich) was
used for the wash. The anti-integrin 1 primary anti-
body (EMD Millipore; 1:100) was mixed in the channel
and left overnight. The primary antibody was aspi-
rated and washed. Blocking buffer (5% FBS in 0.1%
Tween 20) was added for 1 h, then the cells were gently
rinsed. Alexa Fluor 488 labelled secondary antibody
(Jackson Immunoresearch: 1:1000) was added for 1 h
and washed again.

Quantifying SC Alignment and Morphology

Fluorescent images of cell nuclei (Fig. 1f) were up-
loaded to FIJI and a macro was written to extract the
alignment data. The macro applied a bandpass filter to
the image, then used the AutoThreshold command
using the “minimum dark” setting. The stained pixels
were converted to a mask and an ellipse was fit to each
stained area with an area greater than 200 pixels. FIJI
then exported the angle of the ellipses’ major axis.
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Ellipses touching the border of the image were auto-
matically discarded. Finally, FIJI-rendered images
displaying ellipses were compared with original fluo-
rescent images to correct errors such as overlapping
nuclei. Angles of the long axis were measured (0—180°)
with respect to horizontal. Angles larger than 90° were
mirrored across the Y-axis such that all measurements
of cell alignment were between 0 and 90°.

SC morphology was analyzed using the elongation
calculation, which is defined as the ratio of max feret/
min feret. Fluorescent images of SC’s actin cytoskele-
ton were analyzed in NIS Elements AR (Version
5.02.00) through a macro utilizing the automated
measurement tool. The macro set lower bound
threshold values such that only objects with intensity
levels above 10-19 and pixel size above 50 were con-
sidered. The processing setting, “fill holes™, was set to
“on”. All circularity levels (0—1) were considered. The
macro did not use measurement frames or ROI; under
this condition, the measurement options were changed
to exclude objects touching the edge of the image. Once
the macro processed the image, the elongation for each
identified object was automatically measured. Mea-
surement results for objects that contained more than
one cell were manually excluded. Therefore, only the
elongation results for objects that were singular, iso-
lated cells were considered.

Statistical Analysis

SC alignment and migration data was collected
from three trials (n = 3) for all EF waveforms and EF
strengths. Migration and alignment data were collected
for approximately 100-200 cells for each experimental
trial. Fluorescent images (10) of cell nuclei were taken
at random locations on the channel slide and used for
cell alignment measurements. Overlapping or incom-
plete nuclei were excluded from the data set. Five
random positions were imaged throughout the EF
exposure, and the resulting time-lapse image sequences
were analyzed to collect migration data.

Statistical significance was determined by compar-
ing the different EF strengths using either ANOVA
(for Con EF distance) or nonparametric Kruskal
Wallis tests (50% d.c. EF and Osc EF distance, and all
EF waveform alignment, X-displacement and Y-dis-
placement) followed by a Bonferroni multiple com-
parison post-hoc adjustment which compared all EF
strengths to controls. Passage number did not have a
significant effect on the alignment or migration of the
SCs and was removed from the model. A significance
level of o = 0.05 was used for all statistical analyses.

RESULTS
SC Migration

Exposure to DC EFs was shown to influence
mammalian SCs in vitro. Changes in SC migration,
alignment and morphology were analyzed following 6-
h DC EF exposure and were dependent upon EF
strength and EF waveform. Each experiment was set
up with the voltage gradient oriented horizontally
(along the X-axis) with the cathode to the left. Hence
X-displacement, or net migration along the X-axis, was
either toward the cathode or anode. The Y-direction
was perpendicular to the EF. Controls (cells not ex-
posed to EFs) were expected to have a mean X-dis-
placement and Y-displacement of 0 um.

Migration in Con EF

The mean X-displacement of SCs exposed to Con
EFs of 500 mV/mm was 45.0 £+ 60.4 um toward the
cathode, while control SCs had a mean X-displacement
of 3.0 £ 42.7 um toward the cathode (Fig. 2a). SC X-
displacement in 500 mV/mm EFs was statistically dif-
ferent than control SCs (p < 0.001). SC X-displace-
ment in 10 and 75 mV/mm Con EFs was small but was
also statistically different from the X-displacement of
control SCs (p < 0.01, p < 0.001 respectively). Statis-
tical analysis revealed that Y-displacement (perpen-
dicular to the EF) was not explained by EF strength,
and was very close to the expected mean Y-displace-
ment of 0 um for all EF strengths tested (Fig. 2b). Con
EF exposure was shown to influence SC motility (dis-
tance). As field strength increased, distance also tended
to increase. The distance traveled by cells exposed to
Con EF of 10 (p <0.001), 200 (p <0.001) and
500 mV/mm (p < 0.001) were statistically different
from control trials (Fig. 2¢). Figure 2d shows overlaid
traces of cell position during EF exposure, starting
from the origin at time = 0 h. A majority (78.7%) of
the SCs tracked in 500 mV/mm Con EFs had a
cathodal X-displacement. Observation of time-lapse
videos revealed many SC projections oriented parallel
to the EF were often resorbed shortly after beginning
EF stimulation.

Migration in 50% d.c. EF

In 50% d.c. EFs, SCs moved slightly toward the
anode at all field strengths with mean X-displacements
of: 6.3 £44.7 ym at 10 mV/mm, 6.2 + 43.6 yum at
75 mV/mm, 234 4+ 522 ym at 200 mV/mm and
7.7 £ 48.6 ym at 500 mV/mm. X-displacement was
significantly different than control SCs for each EF
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FIGURE 2. SC migration during constant 6-h EF exposure. (a) The mean X-displacement of SCs exposed to 500 mV/mm Con EF
was 45.0 = 60.4 um toward the cathode compared to 3.0 + 42.7 um toward the cathode for controls. At the highest field strength
78.7% of SCs moved toward the cathode, while 56.6% of control SCs moved toward the cathode. (b) Little Y-displacement was
observed at any of the field strengths tested. (c) Mean distance traveled by SCs during EF exposure. The distance travelled tended
to increase as field strength increased. Significant increase in distance was observed at 10, 200, and 500 mV/mm compared to the
control (p<0.01, p<0.001, p<0.001 respectively). (d) Polar plots showing the migration of 50 cells at each EF strength tested. Error
bars represent standard deviation.
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FIGURE 3. SC migration during 50% d.c. EF exposure (15 min on/off). (a) X-displacement was significantly different than controls
for SCs in EFs of strengths 10-500 mV/mm (p<0.01, p<0.01, p<0.001, p<0.001 respectively), though the magnitudes of migration
were smaller than those observed in 500 mV/mm Con EF. (b) Little Y-displacement was observed at the field strengths tested. (c)
Mean distance traveled by SCs during EF exposure. Distance travelled by SCs in 200 and 500 mV/mm 50% d.c. EF was elevated
(140.4 £+ 65.0 um, 127.2 = 51.7 um respectively) as compared to controls (115.9 = 51.0 um). (D) Polar plots of the migration of 50
cells at each EF strength tested. Error bars represent standard deviation.

strength (10 mV/mm, p < 0.01; 75 mV/mm, p < 0.01; strength in the statistical model, and the mean Y-dis-
200 mV/mm, p <0.001; 500 mV/mm, p < 0.001) placement was very close to the expected value of 0 um
(Fig. 3a). Y-displacement was not explained by field for all field strengths tested (Fig. 3b). An increase in
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SC distance was observed at the higher field strengths were additionally measured from time-lapse images.
of 200 and 500 mV/mm (p < 0.001; p < 0.01) (Fig. 3c). The mean proliferation rate was 37.9 4+ 12.1% for the

controls, and no change in proliferation rate was
Migration in Osc EF observed with EF exposure (p > 0.05 for all EF
strengths) (Supplemental Materials Fig S3). Not sur-
prisingly, the axis of mitosis was biased toward per-
pendicular with increasing EF strength and appeared
consistent with cell alignment data.

SCs exposed to Osc EFs showed little directional
response. Directed migration in the X direction was
not expected in the Osc EF waveform as there was no
permanent cathode or anode. Cells exposed to Osc EFs
of 75 mV/mm showed a slight X-displacement of

11.1 + 39.9 um to the left that was significantly dif- Alignment and Morphology in Con EF

ferent than control SCs (p < 0.01) (Fig. 4a). Little bias Upon application of Con EFs, SCs displayed a bias
in Y-displacement was seen in the Osc EF waveform toward perpendicular alignment (Figs. Sa—5¢). In the
(Fig. 4b). There was a statistically significant increase range of EF strengths tested, increase of perpendicular
in distance traveled for cells exposed to Osc EFs of 10 SC alignment correlated with increased Con EF
(» <0.001), 200 (p<0.001) and 500 mV/mm strength (Fig. 51). The greatest perpendicular align-
(» < 0.001) compared to control SCs (Fig. 4c). ment was observed at 500 mV/mm which had a mean

angle of 69.9 £ 19.0° compared to 45.3 + 26.1° of
control SCs. After Con EF exposure, SCs exhibited
statistically significant changes in alignment at 75 mV/
SC angle was measured from 0 to 90° with respect to mm (p < 0.05) and larger (200 mV/mm, p < 0.001;

SC Alignment and Morphology

the EF or X-axis. Cells were considered to have near- 500 mV/mm, p < 0.001) compared to controls. Over
perpendicular alignment if they were oriented within 39% of SCs exposed to 500 mV/mm Con EF had near-
10° of perpendicular (80-90°). Cells not exposed to perpendicular alignment, while 10.7% of control SCs
EFs were expected to be oriented randomly and exhibited near-perpendicular alignment. Near-perpen-
therefore have a mean cell angle of 45°. Plotted dicular alignment of the other field strengths was
alignment data was binned every 10°, thus 11.1% of 25.2% of SCs at 200 mV/mm, 15.0% at 75 mV/mm
randomly oriented cells would be expected to have and 10.8% at 10 mV/mm. Cells exposed to 500 mV/
near-perpendicular alignment (10/90 = 0.111). The mm Con EFs had more elongated morphologies than
rate of cell proliferation and angle of cell division data control SCs (p < 0.001) (Fig. 5j). Mean elongation for
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FIGURE 4. SC migration during oscillating EF exposure (field polarity reversed every 15 min). (a) Little X-displacement was
observed at the field strengths tested. (b) Little Y-displacement was observed at the field strengths tested. (c) Mean distance
travelled by SCs during EF exposure. The distance travelled by SCs increased slightly with increasing Osc EF strength. SCs
exposed to Osc EFs of 10, 200, and 500 mV/mm had mean distances (127.7 = 47.2 um, 125.0 + 48.8 um, 130.2 *+ 46.3 ym
respectively) greater than control SCs (115.9 = 51.0 um). (d) Polar plots of the migration of 50 cells at each EF strength tested.

Error bars represent standard deviation.
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FIGURE 5. SC alignment after 6-h Con EF exposure. EFs ranging from 0 to 500 mV/mm were tested. (a—e) Representative images
of SCs after EF exposure. Scale bar 200 xm. Magnified images of (f) control SCs and (g) SCs after exposure to 500 mV/mm Con EF;
note the aligned actin fibers in (g) and a less organized fiber orientation in (f). Scale bar 50 um. (h) Many SCs showed perpendicular
alignment within the first 2 h of 500 mV/mm Con EF exposure. Scale bar 100 um. (i) Histogram of cell alignment at the different EF
strengths. Bins for frequency distribution were 10° wide. The angle of cell alignment increased toward perpendicular (90°) as EF
strength increased. In constant EF, SCs exhibited significant perpendicular bias at EF strengths of 75, 200, and 500 mV/mm
(p<0.05, p<0.001, p<0.001 respectively). (j) SCs exposed to 500 mV/mm Con EF had higher mean cell elongation than control
SCs, reflecting the elongated morphology observed after EF exposure (p<0.001). (k) Significant perpendicular orientation of the
axis of mitosis was observed in 200 and 500 mV/mm Con EFs (p<0.001 in both). Actin shown in green, nucleus in red.

SCs exposed to 500 mV/mm Con EFs was 2.56 £+ 0.97,
while mean elongation of control SCs was 1.93 £ 0.63.
The angle of mitosis also exhibited significant per-
pendicular orientation in 200 (60.5 + 23.8°) and
500 mV/mm EFs (64.9 £ 22.1°) (p < 0.001 in both)
(Fig. 5k).

No changes in intracellular symmetry or
localization of 11 were observed in EF stimulated SCs
vs. controls (Fig. 6). Regardless of 500 mV/mm Con
EF exposure time (15 min—6 h), If1 staining was dif-
fuse and had no apparent cathodal or anodal bias.

Alignment and Morphology in 50% d.c. EF

SC alignment in 50% d.c. EFs followed a similar
trend to the alignment of SC in Con EFs with per-
pendicular cell alignment correlating with higher field
strength (Figs. 7a—7f). The greatest alignment was
observed at the highest EF strength, with a mean cell

BIOMEDICAL
ENGINEERING
SOCIETY

angle of 63.4 4+ 22.4°. There was statistically signifi-
cant alignment at field strengths of 75 (p < 0.001), 200
(p <0.001), and 500 mV/mm (p < 0.001) compared to
control SCs. 27.6% of SCs exposed to a 500 mV/mm
50% d.c. EF had near-perpendicular alignment. The
percentage of cells with near-perpendicular alignment
at the remaining field strengths was: 20.5% at 200 mV/
mm, 12.2% at 75 mV/mm and 13.0% at 10 mV/mm.
No significant changes in morphology were observed
in SCs exposed to 50% d.c. EFs compared with control
SCs (p > 0.05) (Fig. 7g). Perpendicular orientation of
the angle of mitosis was observed in 200 (52.5 + 27.4°)
and 500 mV/mm EFs (59.5 +24.9°) (p <0.05;
p < 0.001) (Fig. 7h).

Alignment and Morphology in Osc EF

During Osc EF exposure, SCs again aligned per-
pendicular at high field strengths (Figs. 8a—8f). Sig-
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1 Hour Con EF Exposure No EF Exposure

FIGURE 6. Representative images of Integrin 1 distribution in SCs after (a) 1-h exposure in 500 mV/mm Con EF and (b) no EF
exposure. Asymmetry in the 151 distribution was not detected after EF exposures of 15 min, 30 min, 1 h, 3 h or 6 h. 181 shown in
green, DAPI shown in blue. Scale bar 50 ym.
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FIGURE 7. SC alignment after 6-h 50% d.c. EF exposure. EFs ranging from 0 to 500 mV/mm were tested. (a—e) Representative
images after 50% d.c. EF exposure show perpendicular alignment. (f) Histogram of cell alignment by EF strength. Bins used in the
frequency distribution were 10° wide. The angle of cell alignment increased toward perpendicular (90°) as EF strength increased. In
50% d.c. EF SCs exhibited significant perpendicular bias at EF strengths of 75, 200, and 500 mV/mm (p<0.001, p<0.001, and
p<0.001 respectively). (g) SCs exposed to 50% d.c. EFs showed little change in cell morphology compared with control SCs
(p = 0.28). (h) Significant perpendicular orientation of the axis of mitosis was observed in 200 and 500 mV/mm 50% d.c. EFs
(p<0.05, p<0.001). Error bars represent standard deviation. Scale bar 200 um. Actin shown in green, nucleus in red.

nificant perpendicular alignment was only observed at EFs was 2.28 + 0.71 compared to 1.93 + 0.63 for
500 mV/mm (p < 0.001). SCs in this group had a mean control SCs (p < 0.001) (Fig. 8g). The angle of mitosis
cell angle of 54.3 4+ 25.4°. 18.3% of SCs exposed to had a slight perpendicular orientation in 500 mV/mm
500 mV/mm 50% d.c. EFs were near-perpendicular. EFs (Fig. 8h). The mean angle of mitosis was
The percentage of cells that had near-perpendicular 53.7 £ 24.7° (p < 0.001).

alignment in the remaining field strengths were close to

the expected value of 11.1% (12.3% of SCs at 200 mV/ DISCUSSION

mm, 12.9% at 75 mV/mm and 10.8% at 10 mV/mm).

There was a significant change in cell morphology in In this work, we studied the role of DC EFs and
SCs exposed to 500 mV/mm Osc EFs; the mean elon- their variant waveforms on RT4 SC migration, orien-
gation observed in SCs exposed to 500 mV/mm Osc tation and morphology. The impetus for screening

BIOMEDICAL
ENGINEERING
SOCIETY



0 mV/mm A

N

200 ym ).

500 mV/mm
Cell Angle (Osc EF)

04 0 mVimm
s++ 10 mVimm

0.3 =+ 75 mV/imm
== 200 mV/imm
— 500 mVimm

Relative Frequency

14

BunN et al.

(d) 200 mV/mm

(h)
Cell Elongation (Osc EF)

sl

Angle of Mitosis (Osc EF)

°
ES

0 mVimm
+++ 10 mVimm
034 =-- 75mV/imm
- = 200 mV/imm

024 — 500 mV/imm

Elongation
Relative Frequency

0.1

0 10 20 30 40 50 60 70 80 90

Cell Angle (degrees)

o 0 10 20 30 40 50 60 70 80 90

° o & $
8 « S o

L

EF Strength (mV/mm) Angle of Mitosis (degrees)

FIGURE 8. SC alignment after 6-h Osc EF exposure. EFs ranging from 0 to 500 mV/mm were tested. (a—e) Representative images
of SCs after Osc EF exposure; note the slight bias toward perpendicular cell alignment in (e). (f) Histogram of cell alignment by EF
strength. Bins used in the frequency distribution were 10° wide. The angle of cell alignment increased toward perpendicular (90°)
as EF strength increased. In Osc EFs, SCs exhibited significant perpendicular bias at 500 mV/mm (p<0.001). (g) SCs exposed to
Osc EFs displayed changes in morphology at field strengths of 500 mV/mm (p <0.05). (h) Significant perpendicular orientation of
the axis of mitosis was observed in 500 mV/mm Osc EFs (p<0.001). Error bars represent standard deviation. Scale bar 200 um.

Actin shown in green, nucleus in red.

these stimulation regimes was to obtain exploratory
data to justify these waveforms for implantable devices
targeted for PNS regeneration. Previous experiments
have only examined SCs in constant DC fields. How-
ever, constant DC may induce cytotoxicity in vivo due
to the accumulation of electrochemical byproducts
near the electrodes. A 50% duty cycle DC was a logical
choice for both reduced power consumption and for
eliciting unidirectional responses. A similar duty cycle
was tested in cats with spinal injuries.*” We also em-
ployed a unique oscillating DC stimulation protocol
that was modeled from the oscillating field stimulator
(OFS), a technology developed by Borgens et al. for
promoting axon regeneration after spinal cord
injury.®*> The oscillating field stimulation is constant
DC, except the polarity reverses every 15 min. It was
found that if polarity reversal occurred at less than 60-
min intervals, cathodal attraction would not be ne-
gated by anodal repulsion during polarity switching.?*
The effective outcome of this oscillatory field is bidi-
rectional growth. This polarity change further negates
the pH changes at the electrodes.” The EF magnitudes
selected in our experiments (10-500 mV/mm) are
physiologically relevant and consistent with previous
cellular EF studies.'%3°

Changes in cellular orientation during EF stimula-
tion were striking and rapid (Video 1). SCs displayed
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highly perpendicular alignment to the field vector, and
the degree of alignment was proportional to the EF
strength. At high strength EFs of 500 mV/mm, SC
reorientation was observed within the first hour of EF
exposure with continuous current (constant and oscil-
lating waveforms). SC processes oriented parallel to
the EF upon start of the stimulation often retracted, a
phenomenon also described in neurons.”’ This
response timeframe corroborates findings in mouse
3T3 fibroblasts, which reoriented perpendicular to an
applied 550 mV/mm EF within 2 h.® Not surprisingly,
the constant waveform resulted in the most pro-
nounced cellular reorientation, but bias toward per-
pendicular alignment was also noted in the 50% duty
cycle and oscillating waveforms. Almost 40% of cells
exposed to 500 mV/mm Con EF had complete per-
pendicular alignment (80-90°). Near perpendicular
alignment decreased to 24.2% in 50% d.c. EF and
18.3% in Osc EF. The degree of alignment was less in
the 50% duty cycle scenario but perpendicular align-
ment was still observed at EFs as low as 75 mV/mm.
The oscillating waveform resulted in the weakest cel-
lular reorientation with the highest EF strength of
500 mV/mm inducing realignment. Interestingly, the
rate of cell proliferation was not statistically significant
between groups (Fig S3) but the axis of mitosis was
orthogonal to the field vector at higher EF strengths
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(Figs. 5k, 7h, 8h). Zhao et al. reported oriented mitosis
in corneal epithelial cells and suggested EFs affect the
alignment of the mitotic spindles, which determine the
orientation of the cleavage plane.*’ The morphology of
EF stimulated SCs were also more eclongated, and
exhibited a bipolar configuration. This effect was
dependent on EF strength. Overall, the morphological
characteristics were similar to mouse fibroblasts, often
displaying large cathode-facing lamellipodia which
facilitated migration.'®

EF exposure induced distinct cathodal migration
only in 500 mV/mm Con EFs. In 500 mV/mm con-
stant DC stimulation, cathodal galvanotaxis was
measured to be 7.5 £ 10.1 um/h. Weaker EF magni-
tudes as well as 50% duty cycle and oscillating stim-
ulation resulted in minimal cell displacement. Cells
exposed to 50% d.c. EFs tended to move slightly to-
ward the anode. EF exposure also tended to enhance
cell motility, and SCs exposed to 500 mV/mm Con
EFs showed a 47% increase in migration compared to
controls.

EF-induced migration, growth and reorientation are
well-known phenomena which occur in many cells
types originating from the ectoderm.®*'*** Cellular
reorientation perpendicular to the applied EFs has
been observed in hippocampal neurons,> astrocytes®
and neural derived crest cells.'*?** Primary chick
sympathetic and dorsal root ganglia neurons also ex-
tend neurites orthogonal to the EFs when using the
same uncoated polyethylene channel slides and field
intensities.?° However, this is the first demonstration
of rapid perpendicular alignment in SCs. In earlier
studies, Koppes et al. did not find any SC morphology
or alignment changes at fields less than 100 mV/mm.*
Only at 12 h post-stimulation was some parallel
alignment observed (25-75 mV/mm range)."” In an-
other report, Yao et al. found directed migration to-
wards the anode in rat SCs.*! We speculate differences
in substratum charge and cell seeding may explain the
conflicting data. For instance, Koppes et al. used a
much higher cell density (32,000 vs. 4,000 cells/cm?). A
higher cell density can affect alignment via contact
inhibition or biochemical gradients generated by
neighboring cells. A delayed observation time could
have permitted cellular reorientation. Here, we
observed an almost immediate perpendicular realign-
ment after EF exposure, especially in fields above
200 mV/mm. The anodal migration reported by Yao
et al. was observed on positively charged poly-L-lysine
(PLL) substrates. It has been previously shown that
substrate charge can influence or even reverse cellular
orientation in the presence of an EF.*> We mitigated
substratum related effects by using uncoated poly-
ethylene-based slides (net negative charge per conver-
sations with manufacturer). However, we also assessed

substratum related effects by culturing SCs on the
polyethylene slides coated with positively charged
PLL. Using 500 mV/mm constant DC stimulation, we
found that X-displacement of SCs towards the cathode
was much smaller on PLL (4.3 £ 39.4 um) vs. un-
coated polyethylene slides (45.0 £+ 60.4 um) (Supple-
mental Materials Fig S2A). The net distance traveled
was also noticeably less on the positively charged PLL
(Fig S2C) but perpendicular alignment was maintained
on both substrate types (Fig S2D). Competing charge
effects between the substrate and charged membrane
proteins may dampen/enhance the EF-induced elec-
trophoretic effect, ultimately affecting cell motility.
Thus, when interpreting and comparing data, the
substrate charge/type is an important variable to con-
sider.

The underlying mechanisms of signal transduction
are not well understood. One purported explanation
for cellular reorientation is the asymmetric redistribu-
tion of charged surface receptors induced by the
applied DC fields.” Evidence of this electro-osmotic
effect moving charged moieties within the cell has been
shown in concanavalin A receptors’' as well as
acetylcholine receptors.?” In non-neuronal cells, Brown
and Lowe showed more diffuse yet asymmetric distri-
bution of the integrin «5 subunit in murine fibroblasts
exposed to EFs.” Other theories describing molecular
mechanisms of EF signal transduction include the
polarization of ion transport proteins or changes to the
transmembrane potential.”® However, we did not de-
tect any changes in the spatial expression of 11 in SCs
subjected to the highest levels of constant DC stimu-
lation (Fig. 6). Because of the strong alignment
response seen in SCs, future work may analyze the
distribution of membrane receptor proteins that have
displayed responses to EFs in other cell types.

A limitation of the study was the use of the RT4 SC
line rather than primary cells. The appropriateness of
the RT4 as a model was validated against primary SCs
obtained from rats (Supplemental Materials Fig S1).
We found primary SCs were comparably responsive to
EFs, with cell motility being increased compared to
RT4 line. Perpendicular alignment was also observed
in primary SCs with the mean cell angle (64.9 £ 20.3°)
being marginally less than RT4 SCs (69.9 £+ 19.0°)
(p < 0.05). We suspect the muted motility of the RT4
line may be attributed to phenotypic changes that oc-
cur from prolonged 2-D in vitro culture even though
the RT4 cells expressed typical SC markers (data not
shown). Primary SCs also de-differentiate after injury
and take on a more reparative role.> Such phenotypic
adaptations may explain a more migratory state.
However, the overall differences, while detectable,
were relatively small between the cell line and primary
cultures. These results suggest that RT4 cells may be a
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suitable surrogate for characterizing EF-mediated ef-
fects while providing a more homogeneous population
of cells.

Our experimental results show EF-induced migra-
tory, alignment, and morphological changes in SCs are
dependent on field intensity and waveform properties.
SC responses were most dramatic in constant DC
fields, but notable alignment was also observed with
50% duty cycle and oscillating EFs. This is the first
report of discontinuous or alternating DC fields having
an effect on SC motility and orientation. While the
biological significance of these findings is unclear, there
is strong evidence to support further in vivo experi-
ments with EFs. For instance, in neuron-SC co-cul-
tures, neurons seeded with EF stimulated SCs show
enhanced neurite outgrowth and faster neurite exten-
sion.”” Neurites also follow the local cellular topogra-
phy when grown atop SC monolayers.** EF stimulated
SCs produce more growth factors'” and upregulate
specific genes associated with focal adhesion and actin
cytoskeleton signaling pathways, both of which influ-
ence cell motility.*' Adult SCs also divide along an axis
that is parallel to the nerve.”® Thus, it is foreseeable
that strategic application of EFs after PNI may en-
hance SC migration into the lesion and encourage the
formation of an aligned cellular “template” (i.e., sim-
ilar to bands of Bungner) to facilitate axon pathfinding
and regeneration. Implantable devices may be devel-
oped to deliver these EFs, and we have outlined find-
ings from stimulation regimes that have proven to be
safe in vivo. However, additional stimulation profiles
(such as alternating current) may also be explored. The
presented methods provide a framework for manipu-
lating waveform parameters to further modulate SC
behavior.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/10.
1007/s10439-019-02259-4)  contains supplementary
material, which is available to authorized users.
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