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Abstract—Applied electric fields (EFs) have previously been
presented as a potential method of inducing functional
recovery after neural trauma. To date, most of this research
has focused on the application of a direct current (DC)
stimulus to produce the desired EF and induce neuronal
growth. We propose that high duty-cycle alternating current
(AC) stimulation is capable of inducing similar EFs within
the spinal cord and eliciting a neural response with the added
benefits of increased field propagation and lower power
consumption. Through ex vivo tissue testing of porcine spinal
columns and Xenopus laevis cell cultures, 80% duty-cycle AC
stimulation was compared to DC stimulation for efficacy in
field generation and induction of neurite growth. Results
from ex vivo measurement show that AC stimulation is
capable of producing EFs of greater magnitudes over an
increased distance in the spinal cord than DC stimulation at
the same current magnitude. Furthermore, stimulation of
Xenopus laevis neuronal cultures with 80% duty-cycle rect-
angular waves indicated a significant increase in neurite
length as compared to non-stimulated controls and cathodal
preference, growth that was statistically similar to DC-
stimulated cells. These results suggest high duty-cycle stim-
ulation modalities to be applicable and perhaps preferable to
DC stimulation in electrically mediated neuronal therapies.

Keywords—Nerve regeneration, Electrical potential gradi-
ents, Oscillating field stimulator, Electric field propagation.

INTRODUCTION

According to the National Spinal Cord Injury Sta-
tistical Center, Birmingham, AL, the annual incidence
of spinal cord injury is 12,000 new cases each year.''
The effect of these injuries is often physically and
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emotionally devastating, affecting not only the lives of
the victims but also of their families. Unfortunately,
less than 1% of injured individuals experience com-
plete neurological recovery, with the remainder suf-
fering from an array of symptoms, including
paralysis."' In an effort to increase neurological
recovery in afflicted patients after injury, and thereby
enhance the quality of life of the individual, numerous
modalities have been identified as possible therapeutic
measures. One of the investigated treatment modalities
has been the application of external electrical fields
across the injury site to drive neurite outgrowth
through the lesion, reestablishing neural connectivity
distal to the injury.

Electric fields (EFs) have long been known to influ-
ence neuronal guidance and developmental growth in
vivo. Experiments injecting Xenopus laevis embryos
with a current sufficient to alter the endogenous blas-
topore current resulted in numerous developmental
abnormalities.® These findings are further supported by
the deformation of chick embryos under similar
experimental parameters.”” Metcalf er al. expanded on
these studies by demonstrating that embryonic EFs
establish the rostral-caudal orientation of the central
nervous system in developing organisms, and disrup-
tion of this field results in deformation of the develop-
ing embryo with defects occurring more frequently at
the cathode.'® Additional evidence for field-directed
development lies in the finding that skin potentials vary
across a developing embryo with electrical potential
gradients presenting in rostrocaudal and mediolateral
orientations.!® On a cellular level, studies conducted
using neurons from Xenopus laevis embryos indicate a
strong galvanotropic response toward the cathode of
an externally applied field with neurons demonstrating
preferential growth and turning.®'?
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Based on these findings, induced EFs were previ-
ously studied as a means for therapeutic neural
regeneration, recovered neurological function and
histological neurite regrowth through an injury site,
with positive results. Borgens et al. applied switched-
polarity direct current (DC) EFs across transected
spinal cord lesions in guinea pigs and naturally
occurring spinal cord injuries in dogs by means of an
implanted stimulator and demonstrated functional
neurological recovery in both animal sets."? Histo-
logical examination of guinea pig spinal tissue revealed
increased axonal growth through the injury site toward
the cathode of the implanted stimulator.! The stimu-
lator used in the previous guinea pig and dog studies
was later adapted for human implantation as the
oscillating field stimulator. A phase one clinical trial of
the device indicated marked recovery of neurological
function in a number of study participants.'”

To date, nearly all research in electrically mediated
neuronal guidance has centered on using DC stimula-
tion in the establishment of EFs, but stimulation with
alternating current (AC) provides certain benefits for
implantable therapeutic devices. Biological tissue is
known to have a capacitive component (from cell
membranes) and a resistive component. Thus, tissue is
often modeled as a series resistor—capacitor circuit in
parallel with a resistor. At higher frequencies, the
capacitance of the tissue is diminished, decreasing the
overall impedance of the tissue. In support of this
notion, lower encountered tissue impedances have
been reported at increased stimulation frequencies.*
According to Ohm’s law, this reduction in impedance
allows better propagation of the injected charge into
the biological tissue enabling the establishment of
stronger EFs and lower power consumption. In a step
toward the use of AC stimulation, Patel et al. dem-
onstrated that it was possible to use pulsatile DC
stimulation to produce a cathodal response similar to
that of the equivalent time-averaged steady DC field.'*
Owing to the additive effect of off duty-cycle waves, we
hypothesize that high duty-cycle AC stimulation is
capable of inducing therapeutic EFs within the spinal
cord and eliciting a neural response with the added
benefits of increased field propagation and lower
power consumption.

In this study, we compare the establishment of
therapeutic EFs utilizing AC and DC stimulation in a
bulk, porcine tissue sample approximating that of
human cervical vertebrae. We then verify the effec-
tiveness of AC stimulation in establishing neurite
outgrowth as compared to DC-stimulated neurons
using unstimulated cells as a negative control. This
experiment is being conducted for the purpose of
advancing the effectiveness of electrically mediated
neuronal therapies.

MATERIALS AND METHODS

Ex Vivo Tissue Testing

Ex vivo tissue testing provides a comparison of in-
duced EFs from applied AC and DC stimulations of a
bulk sample in the context of a therapeutic stimulation
device. Five-vertebral segment sections (~140 mm in
length) of porcine vertebrae from the lower-cervical/
upper-thoracic spine and the surrounding musculature,
chosen for its dimensional similarity to human cervical
vertebrae, were excised immediately following eutha-
nasia to mitigate postmortem change in tissue imped-
ance.” To further preserve tissue impedance from
fluctuations due to temperature,’® the sample was
bathed in a tissue-equivalent saline solution heated to
37 °C. One stainless steel pacemaker electrode (surface
area 12.5 mm®) was inserted into the tissue immedi-
ately adjacent to the spinous process of the sample’s
second vertebral segment (Fig. 1, electrode b), a loca-
tion similar to the placement of electrodes in the
human trial device described by Shapiro et al.'> A
second pacemaker electrode was placed in an equiva-
lent position three vertebral segments (~45 mm) infe-
rior to the top electrode (not visible in Fig. 1).
Stimulation parameters included 200 uA DC (16 nA/
mm?) as in the therapeutic device described above, and
200 uA rectangle waves at 1 kHz and 20 MHz and
80% duty-cycle (pulse width 800 and 40 us, respec-
tively), to explore higher frequency, high duty-cycle
modalities. DC stimulation was via the lower electrode
and established by a constant current stimulator with
the top electrode serving as electrical ground. AC
stimulation was accomplished by utilizing an analog
switch controlled by a waveform function generator

FIGURE 1. Portion of pig spine and musculature used for
ex vivo tissue testing indicating the recording electrode
inserted into the spinal cord (a) and the superior stimulating
electrode penetrating beneath the protruding spinous pro-
cess (b). The inferior stimulating electrode cannot be seen in
this image.
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providing an 80% duty-cycle waveform at the stated
frequencies to switch constant current stimulation and
ground between the electrodes. This circuit allowed the
lower electrode to serve as the stimulating electrode
during 80% of the wavelength before switching to
electrical ground for 20%. The top electrode did the
reverse, thus creating a true biphasic AC stimulus. An
ammeter and oscilloscope provided continuous moni-
toring of amplitude and waveform of the stimuli.

To achieve voltage readings inside the spinal cord, a
stainless steel surgical stereotactic device was employed
to secure a monopolar silver silver-chloride electrode.
By attaching the electrode to an adjustable manipula-
tor arm via a clamp, it was possible to lower the
electrode into the sample and record the voltage at
5 mm intervals to a depth of 60 mm (Fig. 2). Time-
averaged DC voltage was recorded in the spinal cord
through the use of a non-inverting amplifier with a
gain of 100 and a voltmeter with input impedance of
2 MQ. A second monopolar silver silver-chloride
electrode placed in the tissue-equivalent saline served
as the reference electrode throughout the testing. No
filtering was performed. The voltage recorded when the
electrode was placed at depth zero (resting on top of
the intact spinal cord) was considered the offset volt-

FIGURE 2. The recording apparatus employed for ex vivo
stimulation and recording. The central, straight recording
electrode is shown secured to the stereotactic frame by a
stainless steel band around the insulated portion and entering
into the spinal canal. This enables controlled vertical manip-
ulation of the electrode through the spinal cord. The top
pacemaker lead is also seen looping to the right.

age of the recording system and was subtracted from
each subsequent voltage recording of the trial. We then
calculated EF magnitudes by determining the voltage
difference between the peak voltage (near the elec-
trode) and minimum appreciable voltage above the
stabilized baseline on the plot (when existent) and
dividing by the distance between the two points. The
distance between the two points was also recorded as
the effective field distance. Voltage recordings in the
spinal cord were performed six times and averaged.

Neuronal Cell Culture

Xenopus laevis neuronal cell cultures were employed
to determine the effects of AC current stimulation at
the cellular level and compare the response to DC-
stimulated and non-stimulated cells. This protocol was
adapted from those presented by Hinkle ez al.® and
Patel and Poo."’ Sexually mature female Xenopus
laevis frogs were injected with 700 IUs of human
chorionic gonadotropin to induce ovulation. Upon
ovulating, the eggs were collected in a 10% Steinberg’s
solution (5.8 mM NacCl, 0.04 mM Ca(NOs),, 0.07 mM
KCIL, 0.13 mM MgSOy, 0.46 Tris), artificially fertilized,
and allowed to progress to Stage 20 of Xenopus
embryonic development.'? At this time, the vitelline
membrane was removed from the embryos, and the
dorsal portion of the embryo was removed and trans-
ferred to a 1-mg/mL collagenase solution for 20 min.
The neural tube was then dissected from the sur-
rounding tissue and placed in Ca® ", Mg" " free
Steinberg’s solution for 20 min after which the cells
were dissociated in a culture medium consisting of
74% Steinberg’s solution, 20% L-15 media, 2% peni-
cillin-streptomycin, and 4% fetal bovine serum. The
dissociated cells were seeded onto polystyrene petri
dishes containing 30 mm x 10 mm x 0.15 mm rect-
angular chambers constructed of No. 1 glass coverslips
(Corning) fixed to the petri dish. After seeding, the cells
were covered by another coverslip that was affixed to
the chamber with high-vacuum grease (Fig. 3). Vac-
uum grease was also employed to create reservoirs on
either side of the chamber for excess media to prevent
drying. Agar bridges, consisting of Masterflex pulsa-
tile-pump tubing (Cole-Parmer Instrument Co., Ver-
non Hills, IL) filled with 0.5 g of agar in 25 mL of
Steinberg’s solution, were placed at both ends of the
long axis of the chamber. The agar bridges established
electrical connectivity between the cell chamber and
basins of Steinberg’s solution containing 24 gauge
copper wire stimulating electrodes (Fig. 4) while
chemically isolating the cells from the electrodes.

Cell culture stimulation was conducted chronologi-
cally after the bulk ex vivo tissue testing showed sta-
tistically significant similarity in EF production from
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FIGURE 3. Diagram of Xenopus laevis neuronal stimulation chambers.

FIGURE 4. Stimulation chamber with agar bridges and
Steinberg’s solution reservoirs during stimulation.

both 1 kHz and 20 MHz stimulation (see ‘“‘Results”
section). Due to this finding, only 1 kHz, 80% duty-
cycle stimulation was tested in cell culture to determine
neuronal response to AC stimuli. The 1-kHz 80%
duty-cycle AC and DC currents were applied to sepa-
rate groups of chambers (n = three and four neuronal
culture chambers for AC and DC stimulations,
respectively). A third group received no electrical
stimulus, serving as the control (n = three cultures).
Current for each stimulated group was provided via
National Semiconductor LM334 constant current
sources (Santa Clara, CA). As in the ex vivo tissue
testing, the DC stimulus was provided directly from
the current source. Accordingly, the AC waveform was
accomplished utilizing a waveform generator-con-
trolled, analog-switching circuit to AC and ground
between the appropriate electrodes. In this setting,
the “‘cathodal” electrode served as the stimulating

electrode for 80% of the wavelength and as electrical
ground for 20%, while the “anodal” electrode did the
reverse.

To fully test the hypothesis that AC stimulation is
capable of inducing preferential neurite growth to a
comparable degree as DC stimulation, applied field
strengths must be sufficient to induce turning at all.
However, variations in chamber, electrode, and agar
bridge impedance produce subsequent variability in
stimulation-established EFs if current stimulation is
kept at constant amplitude across all trials. To enhance
the probability of observed preferential neurite growth
in this setting and to ensure consistency of EF strength,
the current amplitude was adjusted by potentiometer
at the onset of each experiment to produce a DC EF of
30 mV/mm across the length of the chamber, within
the established effective range for DC-induced turn-
ing,® for both AC- (a time-averaged DC field is made
possible by the high duty-cycle waveform) and DC-
stimulated scenarios. Cells were stimulated for 4 h,
after which stimulation was terminated and the cul-
tures were imaged under 100x magnification with a
Zeiss (Thornwood, NY) Axio Observer.Z1 inverted
microscope.

Growth was analyzed with vector analysis using
Axiovision software from Zeiss Microscopes (Fig. 5).
Since this study was conducted with clinical ramifica-
tions in mind, the neurites were analyzed to determine
longitudinal growth as would be desired to promote
neurite excursion through an injury site in therapeutic
applications. Neurite length was measured and
recorded as a vector from the center of the soma to the
neurite terminus. Although this measurement scheme
may not measure the entire arc length of individual
neurites, it does return clinically relevant informa-
tion regarding the neurite outgrowth away from soma.
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FIGURE 5. Vector analysis of Xenopus laevis neuronal cul-
tures. (a) The approximated growth vector of the neurite. The
circle demarcates the soma of the neuron and origin of the
vector. The neurite terminus serves as the head of the vector.
An angular coordinate system was established with 0° toward
the cathodal end of the chamber. As such, (b) serves as the
field-parallel component of the vector, whereas (c) is the field-
normal component.

The angle of terminal neurite growth was measured
along this vector with respect to the long axis of the
applied field with the direction facing the cathode de-
fined as 0° and that facing the anode as 180°. The
vectors were resolved into their component vectors
parallel and normal to the axis of the EF for com-
parison of cathodal and anodal growth. To measure
asymmetry in neurons, the neurite growth asymmetry
(NGA) index presented by Patel was employed':
NGA = ;:;;:, where X. is the average cathodal neurite
component and X, is the average anodal neurite
component. NGA indices over 0.10 are considered
significantly asymmetric.

RESULTS

Ex Vivo Tissue Testing

Figure 6 displays the average recorded voltages of
the ex vivo tissue testing as a function of recording
depth, with the stimulator residing at ~45 mm. It can
be seen that elevated AC-induced voltages, and there-
fore EFs, were established over a significantly greater
distance than DC-induced fields within the spinal cord
(p <0.05). 20 MHz and 1 kHz rectangle currents
established EFs over distances greater than 40 mm
(41.7 £ 1.0 and 40.8 + 2.7 mm, respectively), while
DC stimulation was effective over a range of
24.2 + 4.7 mm. The effective field distance at 20 MHz
and 1 kHz stimulation was found to be statistically
similar (p = 0.78). It should be noted that the effective
distance may be even greater for AC stimulation as
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FIGURE 6. Voltage recordings in stimulated, excised por-
cine spinal cord as a function of recording depth. The stim-
ulating electrode was placed near 45 mm in all three samples.
200 uA of current was supplied for each stimulation type. Er-
ror bars represent the standard error of the data (n = 6 trials
for all modalities).
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FIGURE 7. Plot of frequency vs. average voltage (n = 6) for
various recording depths in the porcine spinal cord (not to
scale).

some of the voltage recordings did not plateau
throughout the recording range.

In addition to increased effective distance, AC
stimulation of the porcine bulk tissue produced pro-
foundly higher voltages than DC stimulation at various
recording depths (Fig. 7). This corresponded with sig-
nificantly greater calculated EFs in AC stimulation
than DC stimulation using the same stimulus current
magnitude (Table 1, p < 0.05, student’s ¢ test). Evi-
dence of enhanced EF strength can be seen in Fig. 6 as
the increased slope of the voltage curve for both AC
waveforms. The average EF established by 200 pA,
20 MHz, 80% duty-cycle stimulation over the previ-
ously stated effective field distance (41.7 mm) was
found to be 18.3 £ 0.6 uV/mm [mean =+ standard er-
ror of mean (SEM), n = 6]. The average 1 kHz, 80%
duty-cycle, 200 A AC stimulus-induced field over the
effective field distance (40.8 mm) was measured at
15.6 &£ 0.9 uV/mm (n = 6). The field strengths of both
AC stimulation modalities were found to be statistically
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similar (p = 0.47). 200 uA of DC stimulation was only
able to produce an EF of 11.3 &£ 1.3 uyV/mm (n = 6)
over a reduced effective field (24.2 mm) thereby
implying that for the same power consumption, AC
stimulation is capable of producing stronger EFs. Post
hoc analysis utilizing one-way analysis of variance
(ANOVA) and Tukey’s test confirmed that frequency
of stimulation indeed had an effect on both length and
magnitude of EFs with Tukey’s test showing a signifi-
cant difference (z = 0.01) between fields induced by
both AC stimulation modalities and DC fields with no
significant difference between both AC frequencies.

Neuronal Cell Culture

Electrical stimulation of Xenopus laevis neurons by
both AC and DC means produced significantly greater
neurite outgrowth in direct comparison to non-stimu-
lated controls (p < 0.05) as shown in Table 2. Post hoc
analysis of neurite lengths with one-way ANOVA
(p = 0.001) and Tukey’s test (« = 0.01) confirmed a

TABLE 1. Established electric fields in bulk porcine tissue

sample.
Stimulation Electric field Effective distance
(200 pA) («V/mm) (mm)
DC 11.3+1.3 242 + 4.7
1 kHz, 80% duty-cycle 15.6 £ 0.9 40.8 £ 2.7
20 MHz, 80% duty-cycle 18.3 +£ 0.6 417 +1.0

Values represent mean =+ standard error of mean.

statistical difference among stimulated and unstimu-
lated populations with AC- and DC-stimulated neu-
rons showing no statistical difference in average
neurite length. Neurons experiencing no external elec-
trical field (study control) produced neurites of
26.2 &+ 2.4 um in length on average (n = 13 neurons,
three cultures). Neurons stimulated with 80% duty-
cycle rectangle waves, however, exhibited an average
neurite length of 53.9 +£ 4 um (n = 21 neurons, three
cultures) while DC-stimulated neurons were 59.6 +
10.2 ym in length on average (» = 16 neurons, four
cultures). Furthermore, it has been previously reported
that only a subset of stimulated neurons react to
externally applied fields.® In light of this, when disre-
garding all neurites with process lengths not exceed-
ing two standard deviations of the average non-
stimulated neurite length, the average process length of
“responding” neurons increases to 89.5 &+ 6.8 um for
AC stimulation (12 of 21 neurons responding) and
98.9 & 11.2 um DC stimulation (10 of 16 neurons
responding). Again, the average neurite lengths of DC
and AC responding neurons were found to be statis-
tically similar (p = 0.58).

In evaluating field-parallel vector components of
neurites, AC- and DC-stimulated neurons were found
to exhibit preferential growth toward the cathode. As
seen in Table 3, AC-stimulated cells, on average, grew
upwards of 17 ym more toward the cathode than the
anode, while DC-stimulated cells demonstrated a
cathode—anode growth difference of 9.5 um toward the
cathode (see Fig. 8 for micrographs). In contrast,
control cells exhibited a cathode—anode growth dif-

TABLE 2. Neuronal growth response to applied electric fields.

All neurons Responding neurons
Stimulus No. of neurons (Neurites) Neurite length (um) No. of neurons (Neurites) Neurite length (um)
DC 16 (27) 59.6 + 10.2 10 (12) 98.9 + 11.2
1 kHz, 80% AC 21 (39) 539 + 54 12 (15) 89.5 + 6.8
No Stim. (Control) 13 (28) 26.2 + 2.4 - -

Values represent mean + standard error of mean.

TABLE 3. Directional neurite growth in response to applied external fields.

All neurons Responding neurons
No. of neurons Cathodal Anodal No. of neurons Cathodal Anodal Neurite growth
Stimulus (Neurites) growth (um) growth (um) (Neurites) growth (um) growth (um) asymmetry
DC 16 (27) 42.7 £ 171 332+79 10 (12) 78.4 + 39.6 45.2 + 131 0.27
1 kHz, 80% AC 21 (39) 46.1 + 8.6 28.7 £ 6.5 12 (15) 751+ 14.8 47.6 + 14.8 0.22
No Stim. 13 (28) 17.8 + 3.0 16.1 £ 2.9 - - - 0.04

Values represent mean + standard error of mean.

Neurite growth asymmetry calculated from responding neurons for AC and DC stimulations.
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FIGURE 8. Micrographs of Xenopus laevis cell culture with
neurons indicated by an asterisk. (a) Neuron with no external
stimulus exhibiting non-preferential growth. (b) Neuron after
DC current stimulus. The neuron shows pronounced prefer-
ential growth and branching toward the cathode. (c) Neuron
after 80% duty-cycle, AC rectangular-wave stimulus also
demonstrates preferential cathodal growth. Scale bar for all
images is 50 um. (+) indicates anodal direction, (—) indicates
cathodal direction, and arrows represent field-parallel growth
direction.

ference of less than 2 um. When evaluating responsive
neurons alone, the average cathodal neurite growth
component was measured at 78.4 £ 39.6 um in DC-
stimulated cultures and 75.1 £ 14.8 um in AC-stimu-
lated cultures. Anodal growth was considerably less in
both populations (45.2 4+ 13.1 ym and 47.6 + 14.8 um
for DC and AC stimulations, respectively), although
statistically significant differences of preferential neurite

lengths could not be established utilizing Student’s ¢
test nor through post hoc analysis via ANOVA and
Tukey’s test. Nonetheless, DC- and AC-stimulated
cells produced NGA indices of 0.27 (DC) and 0.22
(AC) indicating asymmetrical neurite growth, while
control cells had an NGA of 0.04 indicating symmet-
rical growth. When considering only responding neu-
rons, DC- and AC-stimulated cathodal growth
components were found to be statistically dissimilar to
the control (p < 0.05) with no statistical difference to
each other (p = 0.93).

DISCUSSION

This study was intended to begin exploration of
alternative stimulation modalities, namely high duty-
cycle AC waveforms, in the area of electrically driven
therapeutic neuronal growth as most research to date
has focused primarily on DC stimulation. Stimulation
frequencies of 1 kHz and 20 MHz were chosen as
representative frequencies of moderate and high fre-
quency AC stimulation within the realm of published
tissue impedance data for testing purposes, but we by
no means imply that these are the best frequencies to
stimulate. As it stands, further research must be con-
ducted to determine the optimal frequency, duty-cycle,
and waveform of AC stimulation to maximize both
neuronal response and device efficiency. Nonetheless,
the results from these tests demonstrate potential for
advancement of current therapeutic devices.

Ex vivo testing of porcine spinal column samples
revealed that AC stimulation is capable of producing
significantly higher EFs in the spinal cord than DC
stimulation at the same current magnitudes. In addi-
tion to this finding, the effective distance of the applied
field was found to be more than 66% greater in
AC-stimulated tissue than DC-stimulated tissue. This
increase in field strength and distribution is made
possible due to the lower encountered tissue impedance
at higher stimulation frequencies as described in the
“Introduction” of this paper. As frequency rises, the
capacitive nature of the Helmholtz layer at the elec-
trode site and cell membranes is diminished. However,
different tissues respond to frequency changes at dif-
ferent rates. The differences in decreased impedance
among tissue types allow the current supplied by the
stimulator to better propagate through the tissue to the
spinal cord. This is especially significant in the spinal
canal itself. For instance, approximating DC conduc-
tivity values at 10 Hz due to the limited availability of
DC tissue properties, conductivity of the spinal cord
nearly doubles when stimulation frequency is increased
from DC to 1 kHz (0.017-0.029 S/m), while the con-
ductivity of cerebrospinal fluid (CSF) and dura remain
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unchanged (2 and 0.5 S/m, respectively).* Therefore,
according to Ohm’s law, a greater percentage of the
current entering the spinal column will reach the spinal
cord under AC conditions than DC conditions. Fur-
thermore, although CSF and dura conductivities are
unchanged from DC to 1 kHz, the conductivities of
both muscle and bone do increase allowing further
current propagation into the spinal column.* With this
increase in muscle and bone conductivity, however,
comes a concomitant increase in current dispersion to
other reduced impedance areas outside the spinal col-
umn, limiting the extent of field increase in the target
tissue. We are currently conducting in vivo studies to
determine the extent of this current dispersion and the
electrical field distribution around the stimulation site
at increased frequency. Nonetheless, the overall result
of these frequency changes is the apparent increased
field strength and effective field distance in the spinal
cord.

These benefits of AC stimulation may translate into
a more effective therapeutic device. Increases in effec-
tive field distance, as shown in the bulk tissue trials,
conceivably translate to greater therapeutic coverage
clinically. At the tested current levels, the AC stimu-
lation modalities could be effective clinically in lesions
of about 40 mm in length as compared to lesions of
~24 mm in length by conventional DC stimulation.
These distances may be scaled up or down depending
on the magnitude of current stimulation. Additionally,
it has been shown that neurons in vitro respond more
robustly to greater electrical fields.® It is plausible that
neurons in vivo will react in a similar manner to an
increase in applied EF provided by an implantable AC-
stimulator, possibly resulting in increased functional
recovery. Conversely, since greater EFs are established
by AC stimulation at equal current magnitudes to DC
stimulation, it follows that equal fields can be achieved
with less AC stimulation than DC and therefore less
power. This decrease in power consumption serves two
ends. First, it allows for a decrease in the size of the
implantable device due to smaller battery require-
ments. Secondly, reduced power requirements allow
for longer battery life (if battery capacity of the stim-
ulator remains unchanged) and greater treatment
periods when implanted. Nevertheless, these potential
benefits are contingent on the cellular response of the
neurons.

In cell culture stimulation, AC-stimulated Xenopus
laevis neurons did respond consistently with DC-stim-
ulated neurons in two key aspects: neurite length and
preferential growth. AC- and DC-stimulated neurons
had significantly longer neurites than their non-stim-
ulated counterparts, indicating the induction of growth
in stimulated cells. More importantly, AC-stimulated
cells exhibited preferential cathodal growth under

applied fields to a similar degree as DC-stimulated
cells. Although statistical significance could not be
reached between cathodal and anodal neurite lengths
for either population of stimulated cells using the
Student’s ¢ test, the NGA index indicated cathodal
preference in both DC and AC cultures. No preference
was found for non-stimulated control cells. Based on
these findings, AC stimulation was found to be as
effective as DC stimulation for neuronal guidance
in vitro. At this point, however, questions still remain
as to the safety of the AC stimulation scheme of the
device in vivo. Although DC stimulation of a similar
magnitude has proven safe in human trials,"> high
frequency stimulation of this type for neuronal recov-
ery has yet to be examined. It is possible that AC
stimulation may pose more of a safety concern than
DC stimulation due to the rapid switching of EF
polarity. This is currently an area of ongoing research.

CONCLUSION

The results of the cell culture study, in conjunction
with the ex vivo tissue data, suggest high duty-cycle AC
stimulation to be an attractive alternative to the cur-
rent DC methods of electrically mediated neuronal
therapy. By taking advantage of lower tissue imped-
ances at higher frequencies, implantable devices can be
constructed that consume less power while still pro-
viding appropriate EFs for neuronal guidance. Con-
versely, at the same power levels as DC stimulation,
these devices would be capable of producing greater
EFs, possibly leading to greater neuronal response.
Both scenarios present potential improvements to
existing stimulation modalities and provide an impetus
for further study of AC-stimulating implantable
devices in neuronal therapies.
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