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Endogenous electric fields are instructive during embryogenesis by acting to direct cell migration, and post-
natally, they can promote axonal growth after injury (McCaig 1991, Al-Majed 2000). However, the mechanisms
for these changes are not well understood. Application of an appropriate electrical stimulus may increase the
rate and success of nerve repair by directly promoting axonal growth. Previously, DC electrical stimulation at
50 mV/mm (1 mA, 8 h duration) was shown to promote neurite outgrowth and a more pronounced effect was
observed if both peripheral glia (Schwann cells) and neurons were co-stimulated. If electrical stimulation is
delivered to an injury site, both the neurons and all resident non-neuronal cells [e.g., Schwann cells, endothelial
cells, fibroblasts] will be treated and this biophysical stimuli can influence axonal growth directly or indirectly
via changes to the resident, non-neuronal cells. In this work, non-neuronal cells were electrically stimulated, and
changes in morphology and neuro-supportive cells were evaluated. Schwann cell response (morphology
and orientation) was examined after an 8 h stimulation over a range of DC fields (0–200 mV/mm, DC 1 mA), and
changes in orientation were observed. Electrically prestimulating Schwann cells (50 mV/mm) promoted 30%
more neurite outgrowth relative to co-stimulating both Schwann cells with neurons, suggesting that electrical
stimulation modifies Schwann cell phenotype. Conditioned medium from the electrically prestimulated
Schwann cells promoted a 20% increase in total neurite outgrowth and was sustained for 72 h poststimulation.
An 11-fold increase in nerve growth factor but not brain-derived neurotrophic factor or glial-derived growth
factor was found in the electrically prestimulated Schwann cell-conditioned medium. No significant changes in
fibroblast or endothelial morphology and neuro-supportive behavior were observed poststimulation. Electrical
stimulation is widely used in clinical settings; however, the rational application of this cue may directly impact
and enhance neuro-supportive behavior, improving nerve repair.

Introduction

Hundreds of thousands of injuries to the peripheral
nervous system (PNS) are reported annually in Europe

and in the United States and are often caused by traumatic
events (e.g., car accidents) or disease.1–3 Severe injuries may
require surgical intervention with 50,000–200,000 performed
annually.4,5 Injuries leaving small gaps in a nerve (< 3 cm;
small gap injury) are often able to spontaneously re-grow
with or without surgical intervention; however, re-growth is
limited in large-gap injuries > 2–4 cm.6–8 Autografts are the
current standard treatment for large-gap injuries, but only
50% of autograft-treated patients achieve full functional re-
covery and are at increased risk of co-morbidity.7–9 For large
gap injuries ( > 4 cm), there are limited options and even
autografts have low recovery rates, which may be partially
attributed to a nonoptimal scaffold (e.g., the use of a sensory
nerve graft for mixed or motor nerve repair).7,10 Due to

limited functional recovery for large-gap injuries as well as a
lack of available donor tissue, nerve guidance channels have
been investigated since the 1800s.11 These guidance channels,
however, remain inferior to natural autografts, highlighting
the need for further research.11

To restore function, injured neurons should extend axons
through the injury site to reach proper innervation targets.
This repair is often impeded by scarring, apoptosis, and an
unsupportive microenvironment at the injury site.9 Poor re-
generation in large-gap injuries is accompanied by little or no
Schwann cell (SC) re-population, supporting the hypothesis
that Schwann cell participation and presence at the wound
site is a rate-limiting factor in large-gap PNS repair.7,12–14

Schwann cells support re-growing axons through the release
of soluble neurotrophic factors, removal of inhibitory myelin
debris, expression of neuro-supportive surface ligands, and
re-myelination of the re-grown axons.15–18 Due to the noted
importance of Schwann cell participation in peripheral nerve
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repair, increases in neuro-supportive factors secreted by the
Schwann cells may serve to enhance axonal growth through
a large-gap injury.

Axonal re-growth is influenced by a multitude of exoge-
nous factors (e.g., controlled release of neurotrophic factors,
external mechanical or biophysical forces, and topographic
features).9,19–21 In vivo, both neurons and non-neuronal cells
are exposed to a naturally occurring endogenous current
(biophysical cue) created by the epithelium during devel-
opment and postnatally after injury.21,22 In the developing
embryonic chick, electrical cues are known to be instructive
to cell migration and tissue formation, and if disrupted, they
can lead to abnormal limb bud formation.22 Furthermore, if
sensitivity to this cue is retained postnatally, electrical stim-
ulation may serve to enhance nerve repair.22–29

Application of exogenous electrical stimuli to peripheral
nerves in adult rats in vivo have been shown to accelerate the
rate of axonal regeneration, but not overall functionality, in
both animal and human nerve injury models. In axotomized
and repaired rodent nerve hind limb models, 1 h to 2 weeks of
continuous electrical stimulation (20 Hz, 100mS duration; 0.5–
5 V amplitude) resulted in accelerated axonal regeneration.30–34

Electrical stimulation for longer than 1 h did not accelerate
neuron regeneration, indicating an indifference to the duration
of the biophysical cue.33 In these model systems, axonal re-
generation is accompanied by increases in neurotrophins such
as brain-derived neurotrophic factor (BDNF) and BDNF re-
ceptor (TrkA).30,33,34 It is not clear in these complex in vivo
studies how electrical stimulation impacts non-neural support
cells (Schwann cells, fibroblasts, and endothelial cells) that will
also be resident in the injury site and may be influencing neu-
ronal extension. While the effects of electrical stimulation to
influence neuronal growth have been well characterized,
changes to non-neuronal cells have not been explored.

When translated to treat human carpal tunnel syndrome
(CTS) after surgical release of the transverse carpal ligament,
bipolar electrical stimulation with similar parameters (20 Hz,
100 100 mS duration, and variable amplitude) was found to
accelerate sensory and motor nerve regeneration with BDNF
signaling, indicated as a major player in neuronal exten-
sion.35,36 However, the unstimulated control populations
also recovered similar levels of functional recovery, but at a
slower rate. While promising, this study utilized variable
amplitudes to stimulate the median nerve, making it difficult
to deduce the definitive local stimuli experienced by not only
the neurons but also the resident support cells. Furthermore,
these crush injuries are known to spontaneously regenerate
without intervention due to the presence of intact guidance
cues such as basal lamina and the presence of Schwann cells.
It is unclear whether this method will translate to humans for
large-gap or more complex nerve injuries. Large-gap injuries
may have differences in wound size, influencing local signal
attenuation within the tissue, intrinsic differences in cell re-
sponsiveness due to age, type and species, and/or nonopti-
mal presentation due to a limited mechanistic understanding
of the downstream cellular changes after electrical stimula-
tion.13,27,30–33,37

We recently reported a two-fold increase in neurite out-
growth after the exogenous application of a low-level DC
electrical stimulation of 50 mV/mm (1 mA), with neurite
extension similar in magnitude to unstimulated neurons
grown in co-culture with growth-supportive Schwann

cells.38 Furthermore, a 3.2-fold enhancement in outgrowth
was found after the co-presentation of both electrical stim-
ulation and Schwann cells relative to unstimulated neuron
controls.38 There are no gross changes to Schwann cell
morphology immediately after stimulation. At higher non-
physiological stimulations of 500 mV/mm (AC, 1 Hz),
Huang et al. reported that electrically stimulated neonatal rat
Schwann cells released a 1.6-fold greater amount of nerve
growth factor (NGF) than unstimulated controls,39 and
supplementation of NGF alone did not completely explain
the increased outgrowth observed.38 Rather, it is likely that
exogenous electrical stimulation alters the Schwann cell
phenotype, potentially impacting growth factor(s) produc-
tion (and/or release), changes to cell adhesion molecules
presented to re-growing axons, and/or improved support
cell migration and repopulation of the injury site. Moreover,
it raises the question, are these changes Schwann-cell specific
or does electrical stimulation have a global impact on other
resident non-neuronal cell phenotypes?

To address this question, non-neural cells (Schwann cells,
endothelial cells, and fibroblasts) were electrically stimulated
(50 mV/mm, DC, 8 h, and 1 mA), and changes to both
morphology and neuro-supportive behavior were quanti-
fied. A constant DC stimulus was applied to examine whe-
ther field and/or cathodal/anodal bias impacts support cell
orientation. Electrically stimulated, non-neural cells sup-
porting increased neurite outgrowth were evaluated by both
the temporal collection of cell-conditioned medium for (1)
quantitative analysis of neurotrophin release and (2) changes
in neurite outgrowth after exposure to cell-conditioned me-
dium. The characterization and mechanistic understanding
of electrically induced, neuro-supportive changes in non-
neuronal cells will aid the rational application of electrical
stimulation to assist nerve repair.

Materials and Methods

Isolation and culture of non-neural cells

Schwann cell isolation and purification. Primary
Schwann cells were isolated from Sprague—Dawley post-
natal day 2 (P2) neonatal rat sciatic nerves as previously
described.38,40,41 Schwann cells migrating out of the explant
tissue were purified using an anti-mitotic agent (10 - 5 M
cytosine arabinoside [Sigma Aldrich]) and complement-
mediated cell lysis.38,42 Purified Schwann cells were ex-
panded in growth medium (Dulbecco’s-modified Eagle’s
medium [DMEM; Mediatech, Inc.], 10% fetal bovine serum
[Hyclone], 2 mM l-glutamine [Hyclone], and 50 U/mL pen-
icillin/streptomycin [Mediatech, Inc.] supplemented with
6.6 mM Forskolin [Sigma Chemical] and 10mg/mL Bovine
Pituitary Extract [BD Biosciences]). The Schwann cells were
determined to be 98%–99% pure, assessed by im-
munostaining with S100 (rabbit anti-S100 primary antibody
(1:400 v:v in 2.5% goat serum [GS, CellGrow]; Dako North
America, Inc.), a Schwann cell-specific marker. The cells are
cryopreserved at 1 · 106 cells/mL in freezing medium (base
medium supplemented with 10% dimethyl sulfoxide [Sigma
Aldrich]) for use on demand. Schwann cells ranging from
passage 4 to 10 were used for all experiments.

Fibroblasts. Primary fibroblasts were isolated from P2
neonatal rat skin from pups utilized for Schwann cell

ELECTRICAL-STIMULATION SC PROMOTES SUSTAINED NEURITE OUTGROWTH 495



described earlier. The skin isolated from the torso was placed
in Ham’s F-12 in 150 mm Petri dishes (Mediatech, Inc.), was
minced using sterile instruments to *2 · 2 mm pieces, dis-
sociated in a trypsin-collagenase solution (0.1% trypsin
[Mediatech, Inc.], and 1 mg/mL collagenase A in 1 · Hanks
Balanced Salt Solution [HBSS]) for 50 min at standard culture
conditions (37�C, 5% CO2) with light mixing every 15–
18 min. The tissue was pelleted and digested a second time in
0.1% trypsin for 10 min, rinsed in DMEM before mechanical
trituration using a flame-polished pasture pipette. The dis-
sociated cells were seeded in base medium and expanded
before cryopreservation in freezing medium at 5 · 105 cells/
mL. The cultures are purely fibroblasts, as any keratinocytes
are not supported due to their relatively slow proliferation
and absence of essential growth factors within the medium.
Fibroblasts from passage 4 to 10 were utilized for experi-
ments in this study and grown in base medium in standard
culture conditions as described earlier.

Endothelial cells. A microvascular endothelial cell line
(m.Bend.3) was purchased (American Type Culture Collec-
tion). All endothelial cells were used from passage 5–10 and
grown in base medium in standard culture conditions. Pri-
mary endothelial cells are difficult to isolate and maintain.
Endothelial cell lines are routinely used in both tissue engi-
neering and vascular biology.

For all support cell types utilized in experiments, passage
numbers were selected from 4–10 to allow expansion of both
primary Schwann cells and fibroblasts as well as purchased
endothelial cells while minimizing changes to cellular phe-
notype.

Neuron isolation

Neurons were isolated from P2 neonatal rat dorsal root
ganglion (DRG) (Sprague—Dawley, P2; Taconic Farms, Inc.)
as previously described.38,41,43 The collected DRG were di-
gested in trypsin and collagenase solution (0.1% trypsin
[Mediatech, Inc.] and 1 mg/mL collagenase A [Sigma Al-
drich] solution diluted in 1 · HBSS [Fisher Scientific]). The
tissue was further digested in 0.1% trypsin and mechanically
triturated in base medium. The dissociated cells were cryo-
preserved at a concentration of 1 · 106 cells/mL in freezing
medium.43

Culture chamber design and construction

The custom electrical stimulation culture chambers uti-
lized in this work are described in Koppes et al.38 based on
previously described chambers used in McCaig and Rajni-
cek,21 Pedrotty et al.44 In brief, a nonconductive Sylgard 184
poly (dimethylsiloxane) base and curing agent (PDMS; Dow
Corning) were mixed (10:1 wt./wt.) and allowed to cure in
rectangular polystyrene plates (Thermo Fisher Scientific).
Two separate chambers (7 · 30 · 1.5 mm) were excised from
the PDMS to act as both the experimental and control
chambers. Salt bridges (2% agarose in Steinberg’s solution)45

flank each culture chamber on the plate to minimize cell
exposure to any electrical byproducts or pH changes. An
external agar salt bridge was applied to the anodal side of
the chamber to add resistance in the system.46 Two biologi-
cal-grade platinum electrodes (one anode, one cathode; 1 mm
ID each; Sigma Aldrich) were inserted to apply voltage to the

experimental chamber from a bench-top DC power supply
(Marlin P. Jones & Assoc., Inc.). Biological-grade platinum
wire electrodes were placed in each chamber, serving to
measure the voltage drop across as detected by SCC-FT01
feed through components continuously using LabView
(National Instruments). To minimize external noise during
data collection, the system is grounded and lead shielding
encases the instruments. The signal is continuously pro-
cessed during stimulation via a moving average low-pass
filter sampled at a frequency of 10 Hz, averaged once per
second, and plotted using LabView software. The stimula-
tion is checked and if voltage spikes or drops > 2% of the set
point, the sample is not used as a part of the data set.

Electrical stimulation of non-neural cells

Acid-etched glass coverslips (Belco Glass) were coated
with 100 mg/mL of poly-l-Lysine (Sigma Aldrich) to allow
cell attachment, and rinsed with sterile 1 · Phosphate-
Buffered Saline (PBS; Cambrex). Schwann cells, endothelial
cells, and fibroblasts were seeded at 32,000 cells/cm2 in six-
well tissue culture dishes and incubated for 12 h in growth
medium at standard culture conditions. The sub-confluent
population of cells permits visualization of individual cel-
lular morphology and orientation. Before stimulation, the
cell-seeded coverslips were placed in each chamber (experi-
mental and control) containing warm growth medium, and
incubated (37�C, 5% CO2) for 30 min.

The experimental chamber was stimulated with a constant
current DC voltage (1 mA) to generate field strengths from 0
to 200 mV/mm for 8 h to treat Schwann cells. The control
chamber remains unstimulated (0 mV/mm) for the duration
of the experiment. The nonconductive polymer insulates the
control unstimulated samples from any potential current
leakage. Immediately, postelectrical stimulation, the power
supply is disconnected from the stimulation chambers and
samples are moved to fresh growth medium under standard
culture conditions. Thus, current leakage is not a factor in
our experimental stimulation device. To characterize any
changes in cell morphology due to electrical stimulation,
Schwann cells were visualized immediately after stimulation
or 12 h poststimulation. The samples were fixed with a 4%
paraformaldehyde, 4% sucrose (Sigma Aldrich) in 2 · PHEM
buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM
MgSO4, pH 7.0 with KOH in DI H2O; Sigma Aldrich) for
30 min.

Based on an optimized response of neurons (maximum
neurite outgrowth) Koppes et al.38 and Schwann cell align-
ment (see results), endothelial cells and primary fibroblast
cultures were stimulated with 50 mV/mm for 8 h. Changes
in morphology were investigated as described earlier.

Neurite outgrowth on electrically stimulated cells

To investigate neurosupportive phenotypic changes,
Schwann cells, fibroblasts and endothelial cells were electri-
cally stimulated with 50 mV/mm for 8 h and placed in fresh
medium for an additional 12 h (37�C, 5% CO2). This treat-
ment was based on maximal outgrowth for neurons and
Schwann cell-neuronal co-cultures previously reported.38

Twelve hours poststimulation, primary dissociated DRG
neurons were seeded at 13,000 cells/cm2 on electrically
prestimulated cells or on the unstimulated paired controls.
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This density of neurons allowed visualization of individual
neuronal morphology. The medium was changed 4 h post-
seeding to remove any nonadherent neurons and was re-
placed with fresh growth medium supplemented with
25 ng/mL NGF. The neurons were cultured for an additional
8 h (12 h in total poststimulation) before fixation, as described
earlier in section Electrical stimulation of non-neural cells.

Neurite outgrowth in electrically stimulated Schwann
cell conditioned medium

Immediately poststimulation, the medium was changed
for both the stimulated and paired controls. Cell-conditioned
medium was collected in full at 12 h intervals and replaced
with fresh medium until 84 h poststimulation. The collected
Schwann cell-conditioned medium was centrifuged at 100g,
aliquoted, and stored at - 20�C for no more than 1 month for
cell culture experiments or ELISA analysis.

To determine the contribution of any Schwann cell-
produced soluble factors impacting neurite outgrowth, dis-
sociated DRG neurons were seeded at a density of 13,000
cells/cm2 on laminin-coated coverglass (50mg/mL of lami-
nin; BD Biosciences) cultured in growth medium supple-
mented with 25 ng/mL NGF. Neurons were allowed to
adhere for 4 h before a gentle rinse with warm, 1 · PBS to
remove nonadherent cells. Schwann cell-conditioned me-
dium with no supplemental NGF was collected from either
the experimental, electrically stimulated cells (8 h; 50 mV/
mm) or control, unstimulated cells (0 mV/mm). Conditioned
medium collected immediately poststimulation (0 h), 0–12 h,
or 60–72 h intervals poststimulation was used to treat the
neurons to determine whether any temporal differences in
neurotrophic soluble factors secreted by the Schwann
cells existed. Neurons were cultured in the Schwann cell-
conditioned medium in the absence of any supplemental
NGF for 8 h before fixation.

ELISA assay of growth factor secretion

Schwann cells were plated and stimulated as described
earlier (Electrical stimulation of non-neural cells). 50 mV/
mm was chosen, as it maximized neurite outgrowth and
poststimulation promoted the greatest re-alignment of
Schwann cells.38 Medium was collected from Schwann cells
immediately postelectrical stimulation (0 h) and in 12 h in-
tervals until 84 h poststimulation (3.5 days). The Schwann
cell-conditioned medium was stored at - 20�C for no more
than 30 days and used on demand.

Common Schwann cell-produced neurotrophins NGF,
BDNF, and Glial-Derived Growth Factor (GDNF) were
measured to determine changes in release by the Schwann
cells in response to the electrical stimulus. ELISA kits were
utilized as per manufacturer’s instructions (Rat GDNF ELI-
SA Kit, Rat BDNF ELISA Kit, Rat NGF ELISA Kit; Insight
Genomics). The plates were read at 450 nm and analyzed
using an InfiniteM200 (Tecan). The total amount of NGF,
BDNF, and GDNF per mL secreted by Schwann cells was
calculated based on a plate standard curve.

Immunofluorescent staining

Fixed samples were rinsed thrice with warm PBS and
permeabilized for 5 min with 0.1% Triton X-100 (Sigma

Chemical) in PBS. All samples were then blocked to prevent
background staining with 2.5% GS in PBS (Invitrogen) for 1 h
at room temperature.

Neurons. To visualize neurons, the samples were in-
cubated for 1 h at room temperature with mouse anti-b-III-
tubulin primary antibody (1:500 in 2.5% GS) and later rinsed
thrice for 5 min each in HBSS. Samples were incubated for 1 h
at room temperature with goat-anti-mouse Alexa Fluor 488
IgG2b secondary antibody (Invitrogen) at room temperature
(1:1000 v:v in 2.5% GS).

Non-neural cells and co-cultures. After blocking, the
neuron and support cell (Schwann cells, fibroblasts, and en-
dothelial cells) co-cultures were incubated with mouse-anti-b-
III-tubulin primary antibody for 1 h to label neurons. After
primary antibody incubation, the co-culture samples were
rinsed thrice in HBSS for 5 min. Goat-anti-mouse IgG2b Alexa
Fluor 488 (Invitrogen; 1:1000 v:v in 2.5% GS) secondary anti-
body and rhodamine phalloidin (1:1000 in 2.5% GS) were then
applied for 1 h at room temperature to visualize all cells.

All labeled samples were rinsed thrice for 5 min in PBS
before mounting on a glass slide (Fisher) with Prolong Gold
Anti-fade containing 4¢,6-diamidino-2-phenylindol (Invitrogen)
to label all cell nuclei; mounted slides were stored at - 20�C
before imaging.

Microscopy and image analysis

Samples were imaged using an Olympus IX81 inverted
microscope (Olympus) with a 10 · dry objective as previ-
ously described, and images were acquired with Metamorph
image acquisition software38 (Molecular Devices). For the
non-neural cell samples, five images were taken at evenly
spaced, predetermined locations across both the experimen-
tal and control chamber, avoiding edges. For the neurons
and neuron-support cell co-cultures, 20 individual neurons
(not contacting adjacent neurons) were imaged using a 20 ·
dry objective.38

Support cell orientation for sub-confluent cultures was
approximated by measuring the orientation of nuclei using
NIH ImageJ 1.41 (National Institutes of Health) as previously
described.41,47 Images of nuclei were inverted, thresholded,
and best-fit ellipses were assigned to each nucleus. The major
and minor axis for each ellipse was determined, and the re-
sultant nuclear orientation was calculated. Nuclear orienta-
tion angles were binned every 10�, and the frequency
distribution was plotted between 0� and 180�, with 90�, re-
presenting the direction of the electric field.48 The frequency
distributions were generated per experiment. Cell number
was quantified by counting nuclei per image using ImageJ.
Neuronal morphology was quantified using Neurolucida
software (MBF Bioscience) as previously described in de-
tail.43 This software allows quantification of neuronal mor-
phometrics, including total neurite outgrowth, number of
primary neurites, number of branch points, length of longest
neurite, and directionality of neurite outgrowth.

Statistics

Schwann cell morphology data were calculated from three
separate experiments (n = 3) for each treatment condition (0,
10, 50, 100, 150, and 200 mV/mm), with five images per
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sample, and three samples per experiment. Fibroblast and
endothelial cell experiments were also collected from three
separate experiments (n = 3) at a field strength of 50 mV/mm.
Neuron-support cell co-culture electrical stimulation data
were collected from three separate experiments (n = 3) with
10 neurons per condition per experiment randomly selected
from all the individual neurons imaged. ELISAs were re-
peated in triplicate for each growth factor (NGF, BDNF, and
GDNF), with duplicates of each time point (m = 2, n = 3).

Statistical significance was determined using Excel to
perform a two-tailed ANOVA. p-values < 0.05 were consid-
ered statistically significant. A minimum of 10 neurons
per experimental treatment was calculated using a Student’s
t-test in order for each experiment to have a 99% power to
detect (a = 0.05) a maximum difference of 251 mm within total
outgrowth of control (unstimulated) neuron populations,
assuming an average variability of 143 mm based on pre-
liminary experiments as previously described.38

Results

Electrical stimulation of non-neural cells induces
morphological changes in Schwann cells
but not endothelial cells or fibroblasts

Application of electric stimulation delivered to an injury
site will influence all resident cells, including neurons and
non-neuronal cells (e.g., Schwann cells, endothelial cells, and
fibroblasts). To investigate cellular changes to the non-neu-
ronal cells, Schwann cells were treated for 8 h with a DC
stimulation ranging from 0–200 mV/mm and exhibited a
varied response to treatment. Schwann cells exposed to
10 mV/mm appeared morphologically similar to the un-
stimulated control cells (0 mV/mm; Fig. 1A, B); however, at

higher stimuli of 25–75 mV/mm, the Schwann cells exhibited
morphological differences that were only manifesting during
the 12 h poststimulation (Fig. 1C–E), but not during stimu-
lation or immediately after treatment.38 The stimulated
Schwann cells exhibited an elongated, bipolar morphology
(Fig. 1C–E). At 50 mV/mm, some of the Schwann cells re-
organized, forming clusters of cells, aligning parallel to the
previously applied electric field (Fig. 1D). These clusters
varied in length and alignment, but were only observed after
stimulation with 50 mV/mm, again only manifesting within
the 12 h poststimulation (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
tea). At higher stimuli ranging from 100–150 mV/mm, no
significant changes in morphology were observed relative to
unstimulated controls (Fig. 1D–G); however, abnormal cell
morphology was observed along with a 37% decrease in cell
number after a stimulus of 200 mV/mm (Fig. 1H, Supple-
mentary Fig. S2). 200 mV/mm represents the upper limits of
previously reported physiologic field strengths measured
during development and wound healing.21–29,37 Based on this
evidence, the magnitude should be maintained at < 200 mV/
mm, and/or duration of stimulus should be < 8 h for viable
Schwann cells (Supplementary Fig. S2).

Due to the observed clustering and reorganization of
Schwann cells relative to the applied field as well as previ-
ously reported increase in neurite outgrowth at 50 mV/mm,
both primary fibroblasts and endothelial cells were examined
at this optimized field strength (50 mV/mm; Fig. 2). Unlike
the Schwann cells (Fig. 1D), both the primary endothelial
cells and fibroblasts did not exhibit any apparent morpho-
logical changes or re-organization either immediately after
stimulation or 12 h poststimulation (Fig. 2). No changes in
cell number or viability were observed.

FIG. 1. Schwann cell response to DC electrical stimulation. Schwann cells were stimulated for 8 h in DC fields of (A) 0 mV/
mm (control), (B) 10 mV/mm, (C) 25 mV/mm (D) 50 mV/mm, (E) 75 mV/mm, (F) 100 mV/mm, (G) 150 mV/mm, and (H)
200 mV/mm (direction of EF is shown in the above image). Significant changes in morphology were observed at 25 and
50 mV/mm with the highest degree of Schwann cell alignment and clustering at 50 mV/mm. In contrast, (H), cells stimulated
at 200 mV/mm appeared abnormal compared with the unstimulated controls (A). Samples were fixed 12 h culture period
poststimulation. Schwann cell cultures were stained with phalloidin to visualize actin (green) cytoskeleton and 4¢,6-diami-
dino-2-phenylindol (DAPI) to visualize the nuclei (blue). Despite the morphological differences in Schwann cells at 50 mV/
mm, similar cell densities were found compared with other electrically stimulated cell populations. At 200 mV/mm, Schwann
cell density is reduced and cells depict an atypical morphology (Supplementary Fig. S2). Arrows denote clusters in (D).
Images were taken at 10 · , bar = 200 mm. Color images available online at www.liebertpub.com/tea
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Schwann cells, but not endothelial cells and fibroblasts
exhibit a directional bias after electrical stimulation

To quantify directional bias after electrical stimulation, cell
orientation was plotted as a frequency distribution and is in
agreement with the qualitative findings.38,49 Results indicate
that at low fields of 0–10 mV/mm or high fields (100–
150 mV/mm), Schwann cells do not exhibit any significant
bias in any direction (Fig. 3A). After stimulation in a mod-
erate field strength of 25–75 mV/mm, Schwann cells ex-
hibited bias parallel to the previously applied electric field
with 50 mV/mm eliciting the most dominant response (Fig.
3A). At 50 mV/mm, 47% of Schwann cells were aligned
parallel to the previously applied electrical stimulus ( + / -
10� of 90�). Interestingly, this bias is only observed in the 12 h

poststimulation, and not during stimulation or immediately
after stimulation (Supplementary Fig. S138). Neither endo-
thelial cells nor fibroblasts exhibited any significant changes
in alignment during or after stimulation (Fig. 3A). Regardless
of the cell type examined (Schwann cells, endothelial cells,
and fibroblasts), all electrically stimulated cultures exhibited
no significant differences in cell density from their paired
controls (Fig. 3B, p > 0.05).

Electrically prestimulated Schwann cells support
greater neurite outgrowth

Poststimulation, Schwann cells exhibit differences in
morphology and alignment, as shown in Figures 2 and 3. In a
previous work, we demonstrated that co-stimulation of

FIG. 2. Representative images of endothe-
lial cells and fibroblasts 12 h post DC stimu-
lation (50 mV/mm). Both the electrically
stimulated endothelial cells (A, C) and fi-
broblasts (B, D) appeared morphologically
similar to unstimulated paired controls.
Samples were fixed and stained with phal-
loidin for actin (red) cytoskeleton and DAPI
for nuclei (blue). Images were taken at 20 · ,
bar = 100 mm, direction of electric field is
shown. Color images available online at
www.liebertpub.com/tea

FIG. 3. Non-neural alignment and number poststimulation. (A) The frequency distribution of Schwann cell orientation
measured using ImageJ after 12 h poststimulation exhibits maximal bias at 50 mV/mm parallel to the previously generated
electric field, while endothelial cells and fibroblasts do not exhibit a directional bias. 90� represents the direction of the
previously applied electric field. (B) At 50 mV/mm, no significant changes were observed in cell density of stimulated Schwann
cells (SC), endothelial cells (EC), and fibroblasts (FB) in comparison to unstimulated paired controls. Thresholded and binarized
cell nuclei were counted before analysis of major angle for each 10 · image captured. n = 3, standard deviation shown.
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neurons and Schwann cells resulted in a significant increase
in outgrowth, presumably due to the stimulus-induced
changes to the neurons and indirectly via changes to the
Schwann cells.38 It is unclear whether this enhancement is
Schwann cell specific or indicative of all non-neural cells lo-
calized within a PNS injury site. To isolate any non-neuronal
electrically induced neuro-supportive changes, non-neuronal
cells (Schwann cells, endothelial cells, and fibroblasts) were
exogenously stimulated (DC 50 mV/mm for 8 h) and placed
in standard culture (0 mV/mm) overnight before the addition
of unstimulated sensory neurons.

After 12 h of growth on prestimulated non-neural support
cells, neurite outgrowth was visualized. Qualitatively,
Schwann cells supported the most robust neurite outgrowth,
regardless of electrical stimulation (Fig. 4A, B, Supplemen-
tary Fig. S3) in comparison to either endothelial cells (Fig. 4C,
D) or fibroblasts (Fig. 4E, F). The electrically prestimulated
Schwann cells supported longer neurites compared with the
already highly supportive, unstimulated Schwann cell con-
trols (Fig. 4A, B). In contrast to the Schwann cells, electrically
stimulated endothelial cells or fibroblasts did not positively or
negatively alter neuronal growth compared with un-
stimulated paired controls (Fig. 4E, F, Supplementary Fig. S3).

To quantify neurite extension from neurons cultured with
electrically prestimulated Schwann cells (Fig. 4), neuron
morphometrics were examined with Neurolucida software.
Results indicate that the prestimulated Schwann cells
(N + 12 h Post Stim SC, Black) supported a significant 3.2-fold
increase in total neurite outgrowth and 2.8-fold longest
neurite relative to paired unstimulated Schwann cells
(N + SC, White) (Fig. 5A, p < 0.05). Interestingly there is a
benefit to prestimulating Schwann cells before co-culture
with neurons compared with our previously reported con-
current stimulation of neurons with Schwann cells, resulting
in a 1.3-fold increase in neurite outgrowth and a 1.7-fold

increase in longest neurite being relative to co-stimulation of
neurons and Schwann cells (N + SC + 50 mV/mm, Grey)38

(Fig. 5). This increased outgrowth occurs without changes in
branching or number of primary neurites (not shown). Un-
like Schwann cells, no significant benefit was observed for
neurons grown on the electrically stimulated endothelial
cells or fibroblasts relative to unstimulated, paired controls
(Supplementary Fig. S3.).

Electrically stimulated Schwann cell-conditioned
medium elicits sustained increases in neurite
outgrowth

Neurite outgrowth is influenced by electrical stimulation38

and a further increase in outgrowth was observed after
contact with either prestimulated or co-stimulated Schwann
cells. Schwann cell-mediated neurosupportive behavior may
be attributed to soluble factor release and/or surface ligand
presentation. To explore changes in soluble factor release as
one possible mechanism, conditioned medium collected
from electrically stimulated and unstimulated Schwann cells
was collected every 12 h poststimulation. Schwann cells are
known to produce neurotrophic factors to support neurite
outgrowth; however, electrically induced changes to the
Schwann cell phenotype may enhance neurotrophin re-
lease.16 Neurons cultured in Schwann cell-conditioned me-
dium collected from prestimulated Schwann cells at either 12
(0–12 h poststimulation) or 72 h (60–72 h poststimulation)
without any supplemental NGF appeared visually larger
than neurons grown in control, paired unstimulated
Schwann cell-conditioned medium (Fig. 6A–C). Figure 6
suggests that the conditioned medium contains neurotrophic
factors and appears for at least 3 days poststimulation. Using
Neurolucida to quantify neuronal morphometrics, there is a
1.5-fold increase in outgrowth and a 1.4-fold increase in the

FIG. 4. Electrically prestimulated Schwann cells support the greatest neurite outgrowth. Neurite outgrowth was investi-
gated in electrically prestimulated support cells (Schwann cells, endothelial cells, and fibroblasts). The non-neural cells were
stimulated in a 50 mV/mm DC field for 8 h and placed in standard culture (12 h @ 0 mV/mm) before co-culture with neurons.
Schwann cells (A, B) supported the greatest outgrowth, irrespective of electrical stimulation. Electrically stimulated Schwann
cells (B) appear to support greater neurite outgrowth in comparison to unstimulated Schwann cell controls (A). In contrast,
no visible differences were evident for neurons on prestimulated endothelial cells (D) or fibroblasts (F) relative to paired controls
(C, E). Direction of the electrical field ( + / - ) is depicted above. Green = anti-b-III-tubulin (neurons), Red = Phalloidin actin
cytoskeleton (all cells), Blue = DAPI (nuclei); bar = 100mm, n = 3. Color images available online at www.liebertpub.com/tea
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longest neurite compared with the unstimulated paired
controls 12 h poststimulation (Fig. 6D, E). Similar increases
are sustained 72 h poststimulation with both a 1.4-fold in-
crease in total outgrowth and longest neurite relative to
medium collected from the unstimulated paired control.

To identify differences in Schwann cell-produced factors
poststimulation, the cell-conditioned medium was analyzed

via ELISA against common neurotrophins (NGF, BNDF, and
GDNF). Both the control and electrically stimulated Schwann
cells secrete these three common neurotrophins. A single 8 h
electrical stimulus (50 mV/mm) was sufficient to elicit a
sustained increase in NGF. This increase manifests 12 h
poststimulation and remains significantly elevated compared
with paired, unstimulated control Schwann cells for more

FIG. 5. Total neurite outgrowth (A) and longest primary neurite (B) are significantly enhanced on electrically prestimulated
Schwann cells relative to their co-stimulated and unstimulated Schwann cell counterparts. The prestimulated Schwann cells
were exposed to 50 mV/mm for 8 h (DC, 0.01 mA) followed by 12 h at 0 mV/mm in co-culture with neurons. Co-stimulated
neuron-Schwann cells were treated with an 8 h electrical followed by 4 h at 0 mV/mm. In all cases, the neurons were allowed
to remain in co-culture with Schwann cells for 12 h to allow a direct comparison between the conditions. *p < 0.05 compared
with N + SC, **p < 0.05 compared with all conditions, n = 3 for all conditions. Error bars represent standard deviation.

FIG. 6. Neurite outgrowth is enhanced in the electrically stimulated Schwann cell conditioned medium. Representative
immunofluorescent images of neurons grown for 12 h in Schwann cell-conditioned medium collected from (A) unstimulated
(control, 0 mV/mm) (B) 0–12 h poststimulation and (C) 60–72 h poststimulation. Medium was changed immediately after
stimulation, replaced with fresh medium, and collected at 12 h intervals to maintain comparable samples. Both total neurite
outgrowth (D) and the longest primary neurite (E) increase in the conditioned medium collected at either the 0–12 or 60–72 h
poststimulation relative to control. *p < 0.05 to control Schwann cell conditioned medium (0 mV/mm), n = 3 for all conditions.
Error bars represent standard deviation. Color images available online at www.liebertpub.com/tea
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than 60 h poststimulation before returning to basal levels by
72 h. (Fig. 7A; p < 0.05). Similar changes in NGF but not
morphology were observed for cells stimulated for only 4 h
(data not shown). Figure 7 presents data from 0–84 h post-
stimulation, as intervals after 84 h did not exhibit changes
from the unstimulated paired controls. We report that the
electrically prestimulated Schwann cells release approxima-
tely 11.1-fold more NGF than in the control, unstimulated
Schwann cells (296.7 pg/mL vs. 26.7 pg/mL; p < 0.05). By
84 h poststimulation, NGF returns to baseline levels. No
differences were observed in either BDNF or GDNF release
as a result of the applied electrical stimulus (Fig. 7B, C).

Discussion

Current treatment options for peripheral nerve repair are
limited and large-gap injuries typically do not regain full
function, motivating the development of new therapies to
promote nerve re-growth. In vivo and in vitro studies provide
evidence of robust growth after electrical stimulation; how-
ever changes to resident non-neuronal cells after electrical
stimulation are not well characterized.30,31,33,36,50 Our goal
sought to evaluate the sensitivity of neural and non-neuronal
cells to electrical cues in vitro that could be translated as one
feature in a novel guidance channel for improved repair of
large-gap injuries. We report that 12 h after exogenous elec-
trical stimulation, Schwann cells, but not endothelial cells or
fibroblasts, exhibit moderate alignment to the applied field,
but no bias is observed during or immediately poststimula-
tion. Significant increases in neurite outgrowth and length are
reported for neurons cultured on exogenously prestimulated
Schwann cells in comparison to neurons and Schwann cells
that are concurrently stimulated. These increases are, in part,
attributed to Schwann cell-secreted factors, including an 11-
fold increase in NGF release poststimulation that remains el-
evated for approximately 3 days. An a priori knowledge of
electrically mediated neurosupportive/inhibitory changes
would be important to guide the rational implementation of
electrical stimulation and motivate temporal delivery of the
exogenous stimulation to treat nerve injury.

The stimuli evaluated in this study (0–200 mV/mm) lies
within the physiological range of endogenous fields mea-
sured (21–140 mV/mm) during embryogenesis and/or after
injury.21–24,28,51 Schwann cells exhibit varied degrees of re-
sponsiveness to the applied stimulus. Twelve hours post-
stimulation, changes to Schwann cell morphology were
readily observed (25–75 mV/mm)38 with Schwann cells ex-
hibiting a moderate bias, with 47% aligning parallel to the
applied field (Figs. 1, 3), but no differences were evident
during or immediately after stimulation. 50 mV/mm elicited
the greatest alignment parallel to the previously applied field
(Fig. 3A) with cells clustering and re-organizing to varying
degrees from an evenly seeded sub-confluent monolayer
(Fig. 2D, Supplementary Fig. S2). Shorter stimulation dura-
tions of 1 and 4 h followed by an unstimulated overnight
incubation were insufficient to elicit any change in alignment
(not shown). In contrast, presentation of lower (10 mV/mm)
and higher (100–150 mV/mm) field strengths had no effect
on alignment or morphology. The biased Schwann cell
alignment may be due to the polarization of positively- and
negatively charged surface ligands and proteins in the cell
membrane, inducing change in cell shape after the applied
stimulus.52,53 DC stimulation was used to see whether an-
odal/cathodal differences existed and none were observed.
Studies are currently underway to understand the underly-
ing mechanism in guiding the electrically mediated changes
of cell alignment and/or re-organization/clustering. Sensi-
tivity to exogenous stimulation is observed in a variety of cell
types, specifically astrocytes (glia from the central nervous
system) align perpendicular to high, nonphysiological fields
of 500 mV/mm, within 24 h.25,54 Control of cellular align-
ment through electrical stimulation in the absence of topo-
graphical cues or chemical gradients would be an important
tool to manipulate cells in vivo.

While the electrically stimulated Schwann cells exhibited a
modest directional bias, aligning parallel to the previously
applied field (Fig. 3), neurons exhibited no significant di-
rectional preference. In these experiments, the Schwann cells
are sub-confluent and only moderately aligned (47%). The
extending neurites respond to local cell orientation as well as

FIG. 7. A significant increase in Schwann cell-produced nerve growth factor was sustained for more than 60 h after a single
8 h stimulation (50 mV/mm) (A). In contrast, no changes in either brain-derived neurotrophic factor (B) or glial-derived
neurotrophic factor (C) were observed. Schwann cell conditioned medium was collected from electrically stimulated cells
(50 mV/mm; 8 h; 1 mA) (T = 0), and every 12 h for approximately 1 week poststimulation. *p < 0.05 to control Schwann cell-
conditioned medium (0 mV/mm); m = 3, n = 3 for all conditions. Error bars represent standard deviation. NGF, nerve growth
factor; BDNF, brain-derived neurotrophic factor.
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the presence or absence of Schwann cells, which is likely too
modest to globally guide all neurites. The ability to manip-
ulate glial orientation with a biophysical cue is exciting, but
further work is needed to more robustly control glial align-
ment. Application of a repeated exogenous electrical stimu-
lation may serve to efficiently direct alignment without the
need to insert a biomaterial containing an oriented topog-
raphy or soluble factor delivery to generate gradients to di-
rect axonal re-growth.

Increases in neurite extension were observed in electrically
prestimulated Schwann cells (50 mV/mm, 8 h, 1 mA, and
12 h recovery) with 1.3- and 3.2-fold greater total outgrowth
compared with concurrently stimulated neurons and
Schwann cells or unstimulated co-culture of neurons and
Schwann cells, respectively (Fig. 5A38). Schwann cells are
known to have a neurosupportive phenotype that appears
from this study to be further enhanced by electrical stimu-
lation.16,38,55 Enhancement of neurosupportive changes trig-
gered by stimulation became more potent with time in
comparison to concurrently stimulated cells. Based on the
conditioned medium collected from prestimulated Schwann
cells, there is either an up-regulation or increased release of
neurotrophic factors to, in part, support the robust out-
growth measured that is sustained for more than 3 days
poststimulation. Huang et al. stimulated Schwann cells with
a high, nonphysiologic AC stimulus (500 mV/mm, 1 Hz) and
reported a 1.6-fold, calcium-dependent increase in NGF re-
lease relative to unstimulated, control Schwann cell.39 In-
creases in both brain-derived growth factor (BDNF) and
BDNF receptor tyrosine receptor kinase B (trkB) mRNA were
reported to increase in neurons after the high, but brief
electrical stimulation of repaired rat and mouse femoral
nerve injuries (100 ms, 0.5–5 V, 20 Hz, 1 h).30,33,34,50 BDNF
increases were observed as early as 1 h post stimulation, with
a significant three-fold increase seen 8 h poststimulation.
Growth factor release increases transiently over time,
reaching 6-fold (BDNF) and 4.5-fold (trkB) levels by 2 days
poststimulation before returning to the unstimulated sham
levels.30 Axonal transection and subsequent repair to the
motor nerve are known to up-regulate BDNF and trkB
mRNA, but the electrical stimulation results in a benefit
observed over multiple days.30,56–61 These studies only fo-
cused on the axonal response to the electrical stimulus, and it
remains unknown whether an altered phenotype, such as
those reported from Schwann cells here, are also playing a
role in the acceleration of axonal extension in vivo.

In our study, we observe increases in neurite outgrowth
on prestimulated Schwann cells as well as in Schwann cell-
conditioned medium isolated 0–72 h poststimulation (Fig. 6).
Our results and previous work together support the hy-
pothesis that electrical stimulation promotes soluble neuro-
trophic factor release. Here, an 11-fold increase in NGF was
observed at 48 h and significant increases were sustained
over 3 days poststimulation, but no significant changes to
BDNF and GDNF were found as measured by ELISA. Both
control and electrically stimulated Schwann cells release
BDNF and GDNF cytokines as expected (Fig. 7). Since all
experiments are paired with controls, electrical stimulation is
responsible for the increased NGF release. The BDNF in-
creases reported in Al-Majed et al. in vivo was an injury of a
motor nerve, and there are noted differences between motor
and sensory Schwann cells.30,31,62 Furthermore, injury itself is

noted to increase growth factor release, including
BDNF.30,31,61,63–65 Schwann cells release all three neuro-
trophins in vitro and in vivo; however, postinjury NGF is up-
regulated first with BDNF reaching a maximum at 4 weeks
postinjury, suggesting that the two growth factors act
through different pathways and are induced differently.66–70

Our observed differences in neurotrophin induction may be
due to the relatively short in vitro experiment or a less
complex response of exogenously stimulated, nonmyelinat-
ing Schwann cells stimulated in the absence of sensory
neurons, or phenotypic differences due to Schwann cell
maturity and/or sensory/motor origin.62 It is unlikely that
NGF is the only factor altered via electrical stimulation, as
medium containing the additional NGF does not promote
the full benefit that we observe with the conditioned me-
dium. Other soluble factors may be at play, and a broader
panel of growth factors will be explored in the future. Dif-
ferences are expected from that of intact nerves where there
is considerable cross-talk between neurons and myelinating
glia.71 Both our results and those by Huang et al. and Al-
Majed et al.30,39 report that neurite outgrowth is mediated, in
part, by soluble factor release; however, cell contact also
likely plays a role in the increased outgrowth. While changes
to surface ligands need to be considered and may play a role,
they are beyond the scope of this study.72–77

Since the electrical stimulation would be nonspecifically
applied to the entire injury site, we extended this study to
briefly evaluate changes to other resident cells (fibroblast and
endothelial cells). A wide variety of cell types such as kar-
atocytes, epithelial cells, avian glia, and hippocampal neu-
rons are sensitive to exogenous electrical stimulation and
exhibit varied responses such as galvanotaxis toward the
cathode or neuronal turning toward the anode or cath-
ode.52,78–86 In this work, primary fibroblasts and an endo-
thelial cell line exhibited no visible changes in morphology
during, immediately after, or poststimulation. Unlike elec-
trically stimulated Schwann cells, these prestimulated non-
neural support cells did not enhance or inhibit neurite
extension (Fig. 2, Supplementary Fig. S3). While it is possible
that the cells may be responsive (alignment or neuro-
supportive phenotype) given a different magnitude or du-
ration of stimulus, our long-term goal is related to nerve
repair; therefore we were only interested in testing parame-
ters known to be neurosupportive of neurite outgrowth.38

In this article, electrical stimulation of Schwann cells
in vitro enhanced an already neuro-supportive phenotype.
Results indicate that a single electrical stimulation of
Schwann cells manifests in extended soluble factor release
which supports increased outgrowth over 3 days poststim-
ulation, and this increase can be reproduced with a second
stimulation at 4 days (data not shown). Therefore, repeated
electrical stimulation within an appropriate range may aid in
the treatment of nerve injuries by causing local cells, pri-
marily mediated by the Schwann cells, to release factors that
promote neurite survival and extension. This model system
allows parameter optimization and provides a framework to
carefully investigate how this biophysical cue serves to pro-
mote re-growth after injury. Investigations are ongoing to
identify how NGF-release is mediated as well as to explore
how altered surface ligands may be up/down-regulated by
exogenous electrical stimulation, resulting in increased
neurite outgrowth. A mechanistic understanding of cellular
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response to electrical stimulation is vital to translate this
developmental cue to the clinic to aid in the repair of nerve
injuries.
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