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Introduction

The long-term goal of our project is to develop a novel neuroprosthetic device to restore
the functions of the urinary bladder for SCI people without further damaging the nervous system.
Advanced technologies in electrical and computer engineering will be applied to design the
novel neuroprosthetic device. Based on our previous studies [1-4], we propose in this project to
use pudendal nerve stimulation and blockade to restore both continence and micturition after
SCI. Our strategy does not require sacral posterior root rhizotomy, preserves the spinal reflex
functions of the bowel and sexual organs, and more importantly provides the opportunity for SCI
people to benefit from any advance in neural regeneration and repair techniques in the future.
During the last year, we have developed the first implantable stimulator and successfully tested it
in both anesthetized animals and awake chronic spinal cord injured animals. Efficient voiding
was induced by the implanted stimulator in awake chronic spinal cord injured animals. These
results indicated that an implantable stimulator for pudendal nerve stimulation/blockade could be
developed for human subjects to restore both continence and micturition functions after SCI.

Body
During the last year, we have made significant progress on both specific aims proposed in
our original grant applications. The specific aims of this project are: Aim #1: Design and develop

an implantable stimulator to activate and/or block the pudendal nerves. Aim #2: Test the
implantable stimulator in awake chronic SCI animals.

Specific Aim #1

The proposed neuroprothetic system as shown in Fig.1 includes an implanted stimulator,
an external control device, and an external charging device. During the last funding year, we
have successfully developed the first prototype of the proposed system including a small (4x 5.5
x 1.4 cm) implantable stimulator that can be wirelessly controlled by an external USB controller
(see Fig.2). This small implantable stimulator can also be charged externally through a wireless

External Control Device
@ .
L Display ¢ Keyboard
]
g
5 Transceiver [¢ » Control Unit
g ~
= Wireless—
E, ~— Underneath Skin
x ~
(i
Transceiver [¢ > Control Unit
-+HAP Rechargeable Power Amplifier
1T Power Supply
e T 7 7
£0 Implanted Output Channels
3 Stimulator #1, #2, #3
= Figure 2: The implantable stimulator and
Figure 1: The proposed neuroprosthetic device. USB controller.
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charging device (not shown in Fig.2). We also developed the software for computer to send
control signal via the USB controller to wirelessly control the output of the implantable
stimulator.

The implantable stimulator has 3 output channels. One channel provides the low
frequency output (1-100 Hz, 0-11 V) for bladder inhibition or excitation [2][4]. The other
channels provide the high frequency output (5k-20k Hz, 0-11 V) for pudendal nerve block [1][3].
We have successfully tested this implantable stimulator in 6 anesthetized cats. Efficient voiding
(>80%, Fig.3) was induced in the 6 cats by wireless control through the USB controller using a
computer. Fig.3 (left) shows that 10 kHz pudendal nerve block combined with 20 Hz pudendal
nerve stimulation induced efficient voiding (88%) in an anesthetized cat, while Fig.3 (right)
shows the summarized results from the 6 cats.

10 kHz
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20 Hz 2 S 2
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Figure 3: Efficient voiding induced in anesthetized cats by the implantable stimulator.

Specific Aim #2

We also successfully implanted this stimulator underneath the skin on the low back of an
awake cat after 2 month SCI and chronically tested the stimulator to induce voiding in a 2-week
period. In this first implantation, only one cuff electrode was implanted on the left pudendal
nerve. Therefore, voiding induced by intermittent stimulation was tested but pudendal nerve
block during voiding was not tested. The output of the implantable stimulator was successfully
controlled by the USB controller through a portable computer in 1-2 meter distance. The external
charging device fully re-charged the implanted stimulator in about 15-20 minutes.
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Figure 4: Voiding efficiency in an awake cat after 2 month SCI  Figure 5: Voided volume in an awake cat after 2 month SCI

During the experiment under awake condition, the cat was lying quietly on a table.
Intermittent stimulation of 10-20 seconds on and 20-30 seconds off (5-6 V, 40 Hz, 0.2 ms)
induced efficient (about 90%) voiding of about 40 ml with a small residual volume (3-5 ml)
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during the 2-week test period (Fig.4). The voided volume induced by stimulation was almost
same as the voided volume induced by manual expression during the 10 day period before the
stimulation experiments (Fig.5).

Finally, during acute experiments
under anesthesia the bladder pressure was

measured during the stimulation-induced %
voiding (Fig.6) Intermittent stimulation of g
10-20 second on and off at 3-4 V induced S
bladder pressure less than 40 cmH,O and e % m moam wm  mam wm 00SEC
failed to induce voiding. Voiding was only 3viav 5V 6V

induced at 5-6 V when large (>40 cmH;0) _
amplitude bladder contraction was induced. E
Voiding occurred intermittently only at the _,_P"-F—_”——— N
time when the short burst stimulation was off

(i.e. post-stimulus voiding). Figure 6: Voiding pressure induced by intermittent stimulation.

Key Research Accomplishments

e Developed the first prototype of a wireless controlled, wireless chargeable, small implantable
stimulator

e Successfully implanted the stimulator in a chronic SCI cat and tested in a 2-week period

e Successfully induced efficient voiding in an awake cat after 2 month chronic SCI

Reportable Outcomes
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Conclusion

Our progress in the first year has produce the first implantable stimulator enabling us in
the next 2 years to further investigate novel nerve stimulation/block strategies to restore bladder
functions in awake cats after chronic SCI. The success of our project will create a novel
implantable neuroprosthesis to restore both continence and micturition functions for SCI people.
It will fundamentally change the current medical treatments for the lower urinary tract
dysfunctions after SCI. Daily urethral catheterization will not be the norm for SCI. Frequent
infection of the lower urinary tract will be eliminated. The quality of life will be improved
greatly for both SCI people and their family.

References

[1] Changfeng Tai, James R. Roppolo and William C. de Groat , “Block of external urethral
sphincter contraction by high frequency electrical stimulation of pudendal nerve”, Journal of
Urology, Vol.172, PP2069-2072, 2004.

[2] Changfeng Tai, Stanley E. Smerin, William C. de Groat and James R. Roppolo, “Pudendal-
to-bladder reflex in chronic spinal cord injured cat”, Experimental Neurology, Vol.197,
PP225-234, 2006.

[3] Changfeng Tai, Jicheng Wang, Xianchun Wang, James R. Roppolo and William C. de Groat,
“Voiding reflex in chronic spinal cord injured cats induced by stimulating and blocking
pudendal nerves”, Neurourology and Urodynamics, Vol.26, PP879-886, 2007.

[4] Changfeng Tai, Jicheng Wang, Xianchun Wang, William C. de Groat, and James R.
Roppolo, “Bladder inhibition and voiding induced by pudendal nerve stimulation in chronic
spinal cord injured cats”, Neurourology and Urodynamics, Vol. 26, PP570-577, 2007.

Appendices

[1] Shouguo Zhao, Jicheng Wang, James R. Roppolo, William, C. de Groat, Changfeng Tai,
“Mechanisms underlying non-monotonic block of conduction in unmyelinated axons by
high-frequency biphasic stimulation”, Journal of Neural Engineering, 2012. submitted

[2] Shouguo Zhao, Jicheng Wang, James R. Roppolo, William, C. de Groat, Changfeng Tai,
“Non-monotonic block of conduction in myelinated axons by high-frequency biphasic
electrical stimulation”, Journal of Computational Neuroscience, 2012. submitted

[3] Changfeng Tai, “An implantable neuroprosthetic device to restore bladder function after
SCI”. Military Health System Research Symposium, Fort Lauderdale, Florida, 2012

[4] Jicheng Wang, Shouguo Zhao, James R. Roppolo, William C. de Groat, Changfeng Tai,
“Mechanisms underlying non-monotonic block of unmyelinated axons by high-frequency
biphasic stimulation”. 42th Annual Meeting of Society for Neuroscience, New Orleans,
2012.

Page 7



Mechanisms Underlying Non-monotonic Block of Conduction in

Unmyelinated Axons by High-Frequency Biphasic Stimulation

Shouguo Zhao ', Jicheng Wang ', James R. Roppolo °,
William C. de Groat °, Changfeng Tai '

! Department of Urology, University of Pittsburgh, Pittsburgh, PA
* Department of Biomedical Engineering, Beijing Jiaotong University, P.R. China
3 Department of Pharmacology and Chemical Biology, University of Pittsburgh, PA

Correspondence to:

Changfeng Tai, Ph.D.
Department of Urology
University of Pittsburgh
700 Kaufmann Building
Pittsburgh, PA15213, USA
Phone: 412-692-4142

Fax: 412-692-4380

Email: cftai@pitt.edu

Page 8



Abstract - Axonal conduction block induced by high-frequency biphasic electrical current
is investigated using a lumped circuit model of the unmyelinated axon based on
Hodgkin-Huxley equations. Axons of different diameters (1 and 2 um) can be blocked
completely when the stimulation frequency is between 5 kHz and 100 kHz. The
non-monotonic relationship between block threshold and stimulation frequency, recently
discovered in unmyelinated axons of sea-slugs and frogs, is successfully reproduced. Our
simulation reveals that complete deactivation of sodium channels by the high-frequency
(> 20 kHz) stimulation is the mechanism underlying the conduction block. The decrease
in block threshold as the frequency increases above 20 kHz is mainly determined by the
passive axonal membrane properties. At a relatively higher frequency (>30 kHz), the
high-frequency blocking stimulation can quickly deactivate the sodium channels at the
beginning of the stimulation, thereby avoiding the generation of initial action potentials.
This simulation study further increases our understanding of conduction block in
unmyelinated axons induced by high-frequency biphasic electrical current, and can guide
future animal experiments as well as optimize stimulation parameters that might be used

for electrically induced nerve block in clinical applications.

Key Words: nerve, block, simulation, high-frequency, model.
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I. INTRODUCTION

Blocking nerve conduction by high-frequency (kHz) biphasic electrical current has
recently been investigated extensively due to its potential clinical applications to treat
obesity [1]-[2], restore lower urinary tract function after spinal cord injury [3], or
suppress chronic pain originating from a site of peripheral nerve injury [4]. However, the
mechanisms underlying this nerve block are still unclear [5][6]. Understanding the
mechanisms of nerve conduction block induced by high-frequency biphasic electrical
current will be very useful in developing new nerve blocking methods, optimizing
stimulation parameters, or improving the efficacy of blocking nerves in different clinical
applications.

Currently there are two hypotheses regarding the possible mechanisms underlying
axonal conduction block using frequencies ranging between 5 kHz and 10 kHz. One
hypothesis [6]-[8] proposes that high-frequency biphasic electrical current induces both
depolarization and hyperpolarization of the axon membrane under the block electrode.
The alternating depolarization and hyperpolarization is so fast that the potassium
channels, which have slower kinetics than sodium channels, are constantly open at a
minimal stimulation frequency of about 5 kHz. Therefore when the axon membrane
under the block electrode is depolarized by the high-frequency stimulation, large
potassium current flows outward at the same time when sodium current flows inward.
Because action potential generation requires an inward sodium current followed by a

delayed outward potassium current, the constantly opened potassium channels eliminate
2
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the delay between sodium and potassium currents, thereby causing a failure in initiating
an action potential at the block electrode by either high-frequency stimulation or an
in-coming action potential (i.e. conduction block). A second hypothesis proposes that
high-frequency biphasic electrical current induces a constant depolarization of the axon
membrane under the block electrode, which causes sodium channel inactivation and
thereby conduction block [5][9].

Due to the difficulties in recording the ion channel activity in axonal nodes during
high-frequency biphasic electrical stimulation, the two hypotheses have been mainly
tested by modeling and computer simulation [5]-[9]. These simulation studies have been
successful in reproducing many phenomena observed in animal experiments, for example
the block threshold intensity monotonically increases as the stimulation frequency
increases [7]-[11]. However, recent animal studies [12][13] discovered that this
monotonic relationship does not hold in unmyelinated axons where the block threshold
intensity only increases with frequency up to about 12-15 kHz and then decreases as the
stimulation frequency further increases. This discovery provides a new challenge and/or
opportunity for testing the different hypotheses regarding the blocking mechanisms.

Base on the hypothesis that high-frequency biphasic electrical current at a minimal
stimulation frequency about 5 kHz induces a constant opening of potassium channels
[6]-[8], it is logical to think that a further increase in stimulation frequency to 12-15 kHz
might drive the sodium channel to a steady state (i.e. constantly activated, deactivated, or

inactivated). Therefore, it is possible that the decrease in block threshold at a stimulation
3
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frequency above 12-15 kHz as observed in recent animal studies of unmyelinated axons
could be caused by a change in sodium channel state induced by the high-frequency
biphasic electrical current. Therefore, in this study we employed an unmyelinated axonal
model (Hodgkin-Huxley model) to simulate the conduction block and determine: 1. if the
model can reproduce the decrease in block threshold at frequencies above 12-15 kHz; 2.
what happens to the sodium and potassium channels when the block threshold starts to
decrease with increasing frequency. Answering these questions will not only test the
hypotheses and reveal the biophysics underlying the nerve conduction block, but may
also facilitate clinical applications of nerve conduction block induced by high-frequency

biphasic electrical current [1]-[4].

II. METHODS

The unmyelinated axon model (Fig.1) consists of a 9-mm-long axon segmented into
many small cylinders of length Ax = 0.25 mm, each of which is modeled by a
resistance-capacity circuitry. The ionic currents passing through the variable membrane
resistance are described by Hodgkin—Huxley equations [14]. Two monopolar electrodes
(with the indifferent electrodes at infinity) are placed at 1 mm distance from the
unmyelinated axon. One is the block electrode at the 6 mm location along the axon,
where the high-frequency biphasic electrical current is delivered. The other is the test
electrode at the 3 mm location, which delivers an uniphasic single pulse (pulse width: 0.1

ms; intensity: 10-15 mA) to evoke an action potential that can propagate through the site

4
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of the block electrode. The test electrode is always the cathode (negative pulse). The
block electrode always delivers the high-frequency biphasic current with the cathodal
phase first.

We assume that the unmyelinated axon is in an infinite homogeneous medium
(resistivity p, =300 Qcm). After neglecting the small influence of the axon in the
homogeneous medium, the extracellular potential Ve, at the n™ segment along the axon

can be described by:

:& Iblock(t) + Itest(t)
4r \/(nAx— X,)’ +2; \/(nAx -x) +12;

e,n

Where lpioek(t) is the high-frequency biphasic current delivered to the block electrode (at
location xo= 6 mm, zo= 1 mm); lex(t) is the single test pulse delivered to the test
electrode (at location x; =3 mm, z; = 1 mm).

The change of the membrane potential V, at the n™ segment of the unmyelinated

axon is described by:

an _ d Vn—l _2Vn +Vn+1 _}_Ve,nfl _2Ve,n +Ve,n+1 ] /c
4pi AXZ AXZ I,n m

dt
Where Vi=Van-Ven-Vriest; Van is the intracellular potential at the n" segment; Ve is the
extracellular potential at the n® segment; Vyegt is the resting membrane potential; d is the
unmyelinated axon diameter; p, is the resistivity of axoplasm (34.5 Qcm); Cp 1s the
capacity of the membrane (1 uF/cm?); I;, is the ionic current at the n"™ segment described
by Hodgkin—Huxley equations (see appendix) [14]-[16].

The model equations were solved by Runge-Kutta method [17] with a time step of

5
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0.2 psec at room temperature (T = 18.5 °C). The simulation was always started at initial
condition V, = 0. The membrane potentials at the two end segments of the modeled axon
were always equal to the membrane potentials of their closest neighbors, which
implemented sealed boundary conditions (no longitudinal currents) at the two ends of the

modeled axon. The block threshold intensity was determined with a resolution of 1 mA.

III. RESULTS

A. Non-monotonic blocking response to high-frequency biphasic electrical stimulation

Fig.2 shows that the Hodgkin—Huxley model can successfully simulate the
conduction block in unmyelinated axons induced by high-frequency (80 kHz) biphasic
electrical current in a small unmyelinated axon of 1 um diameter. In Fig.2 (a) the 80 kHz
blocking stimulation (45 mA) gradually hyperpolarizes [also see Fig.4 (a)] the axon
membrane at the block electrode without generating initial action potentials. At 5 ms after
the start of blocking stimulation, the test electrode delivers a single pulse that generates
another action potential propagating toward the block electrode [see the white arrow in
Fig.2 (a)]. This action potential fails to propagate through the block electrode due to the
presence of the high-frequency biphasic electrical current. However, at a lower
stimulation intensity [44 mA in Fig.2 (b)] the 80 kHz stimulation does not block nerve
conduction and the action potential propagates through the site of block electrode.

Fig.3 shows the intensity threshold for inducing conduction block at different

frequencies (5-100 kHz) for small unmyelinated axons of diameters between 1 um and 2

6
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um. The block threshold increases initially and then decreases with increasing stimulation
frequency, showing a non-monotonic relationship between block threshold and
stimulation frequency. The block threshold peaks between 13 kHz and 16 kHz, which
agrees very well with recent animal studies [12][13] indicating that the block threshold

peaks at a frequency of 12-15 kHz.

B. Mechanism underlying the non-monotonic relationship between block threshold and

stimulation frequency

Our previous simulation studies [7][18] revealed that the monotonic increase in block
threshold at frequencies below 10 kHz is due to a constant activation of potassium
channels by the high-frequency biphasic current. In order to understand why the block
threshold starts to decrease at frequencies above 20 kHz, we further investigated the
changes in membrane potential, ionic currents, and activation/inactivation of the sodium
and potassium channels along a 1-um-diameter axon at different locations near the block
electrode. Fig.4 shows the same simulation as in Fig.2 (a) including more detailed
information for the 5 consecutive axon segments at distances of 0-1 mm from the block
electrode (the location at 0 mm is under the block electrode) during blocking stimulation
at 80 kHz.

At locations approaching the block electrode, the amplitude of action potential
gradually declined [Fig.4 (a)]. Action potential propagation is completely abolished at the

location (0 mm) under the block electrode, where the axon membrane is hyperpolarized

7
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to about -100 mV [(-30 mV) + (-70 mV resting potential), see Fig.4 (a)] and no sodium or
potassium currents are generated by the in-coming action potential [Fig.4 (b) and (c)].
The behavior of the action potential and ionic currents can be explained by the
activation/inactivation of the sodium and potassium channels as shown in Fig.4 (d)-(f).
As the action potential propagates toward the block electrode, the activation (m) of
sodium channels progressively declines at the locations close to the block electrode (0-0.5
mm) and eventually becomes almost zero (i.e. completely deactivated) at the location (0
mm) under the block electrode [Fig.4 (d)]. Meanwhile, inactivation (h) of sodium
channels is minimal (= 1) at the location (0 mm) under the block electrode [Fig.4 (e)].
The combination of activation (m) and inactivation (h) of sodium channels [Fig.4 (d) and
(e)] determines that the amplitude of sodium current gradually attenuates at the locations
close to the block electrode and eventually disappears at the location (0 mm) under the
block electrode [Fig.4 (b)]. Therefore the conduction block is due to a complete
deactivation of the sodium channels under the block electrode [Fig.4 (d)]. The same
blocking mechanism is observed for different diameter axons (1 and 2 um) at the
frequencies greater than 13 kHz and 16 kHz respectively (Fig.3).

Meanwhile, the changes in potassium activation (n) induced by the action potentials
also gradually disappear at the locations close to the block electrode [Fig.4 (f)] because
the potassium channels are also gradually deactivated. The level of potassium channel
activation is minimal at the location (0 mm) under the block electrode, which results in

no potassium current at this location [Fig4 (c)]. Therefore, 80 kHz stimulation completely
8
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deactivates both sodium and potassium channels at the location under the block electrode.

At the blocking threshold intensity, the effect of different stimulation frequencies on
activation and inactivation of sodium and potassium channels at the location under the
block electrode is shown in Fig.5. At the frequency range of 5-10 kHz the sodium channel
activation (m) is still oscillatory during the blocking stimulation [Fig.5 (a)] while the
inactivation (h) is at a level around 0.3-0.6 [Fig.5 (b)]. This allows the sodium channels to
open and generate large pulsed inward sodium currents during blocking stimulation as
has been revealed in our previous studies [7][18]. Meanwhile, at 5-10 kHz the potassium
channel is constantly open with its activation (n) around 0.5 [Fig.5 (c)]. Our previous
studies [7][18] show that the constantly opened potassium channels generate large
outward potassium currents negating the inward sodium currents and causing conduction
block. As the frequency increases from 5 kHz to 10 kHz, a higher stimulation intensity is
required in order to maintain the potassium channel open at the level n = 0.5 [Fig.5 (¢)]
[7][18], thereby resulting in a monotonic increase in block threshold.

However, as the stimulation frequency increases above 20 kHz the sodium activation
(m) becomes almost zero [i.e., completely deactivated, Fig.5 (a)] while the inactivation (h)
is close to one [i.e., minimal inactivation, Fig.5 (b)]. The complete deactivation of sodium
channel during high-frequency stimulation results in axonal conduction block. In addition,
potassium channels are also completely deactivated as the frequency increases above 20
kHz [Fig.5 (c)]. Complete deactivation of sodium channels requires a lower stimulation

intensity as the frequency increases above 20 kHz [Fig.5 (a)], thereby resulting in a

9
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monotonic decrease in block threshold.

At frequencies above 20 kHz, the high-frequency stimulation must drive the sodium
channel to a certain level of deactivation in order to achieve the conduction block (Fig. 6).
At a specific frequency (80 kHz), a stimulation of higher intensity deactivates the sodium
channel more than the stimulation of a lower intensity [Fig.6 (a)]. This explains why a
minimal stimulation intensity (i.e. block threshold) is required at a specific frequency to
block the nerve conduction (Fig.3). Meanwhile, at a specific stimulation intensity (45
mA), stimulation at a higher frequency deactivates the sodium channel more than
stimulation at a lower frequency [Fig.6 (d)]. Therefore, in order to deactivate the sodium
channels to a level (m=0) for inducing a conduction block, the stimulation at a higher
frequency requires a lower intensity (Fig.3). At the block threshold (45 mA at 80 kHz) the
sodium channels are completely deactivated within 2 ms from the beginning of the
stimulation [Fig.6 (a)/(d)], while the sodium channel inactivation [Fig.6 (b)/(e)] and the
potassium channel activation [Fig.6 (c)/(f)] are only changed slightly during this time

period.

C. Response of an axon with passive membrane properties to high-frequency biphasic
electrical stimulation
Since our results indicate that both sodium and potassium channels are completely
deactivated by high-frequency (> 20 kHz) stimulation to induce nerve block, the axonal

membrane becomes a passive membrane under the block electrode. Therefore, it is
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logical to hypothesize that the relationship between stimulation frequency and block
threshold at frequencies greater than 20 kHz (see Fig.3) is mainly determined by the
passive properties of the axonal membrane. To test this hypothesis we removed both
sodium and potassium channels in the Hodgkin-Huxley model but retained the normal
leakage ion channels, i.e. the ionic current at the n™ segment of the axon is now described
byl = gL(Vn —VL) (see Appendix for comparison). The responses of this passive
axonal model to high-frequency stimulation are presented in Fig.7.

When the high-frequency (80 kHz) stimulation of block threshold intensity (45 mA)
is applied to the passive axon, it hyperpolarizes the axonal membrane under the block
electrode (Fig.7 A) and the hyperpolarization oscillates around -98 mV [(-28 mV) + (-70
mV resting potential), see the solid line in Fig.7 B]. A similar response is also induced in
the active axon (Hodgkin-Huxley model) with a slightly greater hyperpolarization
oscillating around -100 mV [(-30 mV) + (-70 mV resting potential), see the dashed line in
Fig.7 B]. This result confirms that the hyperpolarization induced by high-frequency
stimulation under the block electrode is mainly due to the passive properties of the axon
that becomes a distributed passive resistance-capacitance cable model (see Fig.1).

When stimulations of different frequencies (40-100 kHz) are applied at their block
threshold intensities to the passive axon, they produce a hyperpolarization under the
block electrode oscillating around the same potential -98 mV [(-28 mV) + (-70 mV
resting potential), see Fig.7 C]. However, a higher frequency requires a lower intensity in

order to hyperpolarize the passive membrane to the same membrane potential (see the
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legends in Fig.7 C). This explains why the block threshold in Fig.3 decreases with
increasing frequencies greater than 20 kHz.

In summary, the results from passive axon further confirm the hypothesis that the
high-frequency (> 20 kHz) stimulation completely closes both sodium and potassium
channels under the block electrode (Figs.4-6) causing the axon membrane under the block
electrode to be a passive membrane. Therefore, the relationship between stimulation
frequency and block threshold at frequencies greater than 20 kHz (see Fig.3) is mainly

determined by the passive properties of the axonal membrane (Fig.7 C).

D. Initial action potential generation by high-frequency biphasic electrical current

At the block thresholds and frequencies below 10 kHz, the high-frequency biphasic
current always generates initial action potentials before it blocks nerve conduction [6][16].
These initial action potentials are also observed at 20 kHz [Fig.8 (a)], but not at 40 kHz
[Fig.8 (b)]. This is because at the block thresholds and frequencies above 30 kHz the
sodium channels at the location under the block electrode are quickly deactivated [m=0,
Fig.9 (a)] once the blocking stimulation starts. This quick and complete deactivation of
sodium channels eliminates the initiation of any action potentials although sodium
inactivation [Fig.9 (b)] and potassium activation [Fig.9 (c)] are only changed slightly at
the beginning of high-frequency (>30 kHz) stimulation. This result further confirms that
the complete deactivation of sodium channels is the cause of nerve conduction block

because it also blocks the generation of action potential that is supposed to be induced by
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the high-frequency stimulation at the initiation of the stimulation.

IV. DISCUSSION

This study employed the Hodgkin—Huxley axonal model to simulate nerve
conduction block in unmyelinated axons during high-frequency (up to 100 kHz) biphasic
electrical stimulation (Fig.2) and reproduced the non-monotonic relationship between
block threshold and stimulation frequency (Fig.3), which was recently discovered in
unmyelinated axons of sea-slugs [12] and frogs [13]. In addition, our study revealed that
deactivation of sodium channels by the high-frequency stimulation is the mechanism
underlying the decrease in block threshold at frequencies above 20 kHz (Figs.4-7). This
nerve blocking mechanism has the potential to eliminate the action potentials elicited at
the beginning of blocking stimulation at relatively higher frequencies (>30 kHz)
(Figs.8-9).

This study and our previous studies [7][18] using an unmyelinated axonal model
(Hodgkin—Huxley model) have successfully predicted not only the minimal blocking
frequency (5 kHz) [12][13][19]-[21] but also the frequencies (13-16 kHz) where the
block threshold starts decreasing [12][13]. These results indicate that the kinetics of ion
channel gating plays a major role in the conduction block induced by high-frequency
biphasic electrical current. For example, the kinetics of the potassium channel are slow
compared to the sodium channel, and therefore this channel does not follow

high-frequencies of stimulation. Thus the potassium channel becomes constantly open as
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the frequency increases to the minimal blocking frequency of about 5 kHz. This
potassium channel mechanism governs the monotonic increase in block threshold as the
stimulation frequency is increased up to 10 kHz (Fig.3). As the frequency increases
further, it saturates the faster kinetics of the sodium channel at about 13-16 kHz (Fig.3)
causing the sodium channel to lose its ability to follow the high-frequency stimulation
and becomes completely deactivated [Fig.4 (d) and Fig.5 (a)]. This sodium channel
mechanism is responsible for the conduction block [Figs.4-6 and Fig.9]. The monotonic
decrease of block threshold for frequencies above 20 kHz (Fig.3) is mainly determined by
the passive axonal membrane properties (Fig.7) since the high-frequency stimulation
completely closes both sodium and potassium channels. Therefore, the non-monotonic
relationship between the block threshold and stimulation frequency, which was
discovered recently in unmyelinated axons of sea-slugs [12] and frogs [13] and
reproduced in this stimulation study, can be fully explained by the kinetics of potassium
and sodium channels during high-frequency biphasic electrical stimulation.

This study challenges the hypothesis that the high-frequency biphasic current induces
a depolarization under the block electrode causing sodium channel inactivation and
thereby conduction block [5][9]. It is difficult to explain how depolarization-induced
sodium channel inactivation can produce the observed [12][13] non-monotonic blocking
response to high-frequency biphasic electrical stimulation? What might be changed
during depolarization-induced block that could account for the decreasing block threshold

as the frequencies are increased above 20 kHz?
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Our results show that high-frequency blocking stimulation actually induces a
hyperpolarization rather than a depolarization under the block electrode [Fig.2, Fig.4 (a),
and Fig.7] leading to sodium channel deactivation rather than sodium channel
inactivation that is minimal [n = 1, see Fig.4 (e) and Fig.5 (b)] at frequencies above 20
kHz.

Based on our hypothesis about the role of different ion channel kinetics in
conduction block, it would be logical to predict that a non-monotonic relationship
between the block threshold and the stimulation frequency should also exist in
myelinated axons. However, currently the results obtain from animal studies [10][11][13]
only show that the block threshold monotonically increases as the frequency increases up
to 50 kHz. Since the sodium channel in myelinated axons [22] has a much faster kinetics
than in unmyelinated axons [14], it is possible that a frequency greater than 50 kHz might
be needed in order to drive the sodium channels in myelinated axons to a completely
deactivated state. Our recent simulation study [23] using a myelinated axon model
(Frankenhaeuser-Huxley model) did not observe a decrease in block threshold at
frequencies up to 100 kHz for axons of diameter 10-20 um, suggesting that frequencies
greater than 100 kHz might be required to observe a decrease in block threshold in large
myelinated axons. Clearly, more studies are warranted to investigate nerve conduction
block at frequencies above 50 kHz for myelinated axons.

Understanding the different blocking mechanisms might help to optimize the

blocking stimulation waveforms for different clinical applications. One of the clinical
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requirements in applying the high-frequency nerve block to suppress chronic pain of
peripheral origin is to minimize the initial nerve firing induced by the blocking
stimulation. Both cooling and DC current have been investigated in an attempt to block
the initial firing caused by the high-frequency stimulation [24][25]. However these
blocking methods could cause significant nerve damage in clinical applications. A recent
study [26] also showed that the initial firing can be significantly reduced by first applying
a 30 kHz stimulation and then shifting the stimulation to a lower frequency (10 kHz). Our
current study indicates that in small unmyelinated axons (i.e., the nociceptive C-fibers)
the initial nerve firing can be eliminated at the stimulation frequency above 30 kHz (Figs.
8-9) since the sodium channels can be quickly deactivated within 2 ms from the
beginning of the stimulation [Fig.6 (a)/(d) and Fig.9 (a)]. Meanwhile the stimulation
intensity required to block these axons at the higher frequencies (>30 kHz) may not
necessarily be greater than the intensity at frequencies below 10 kHz due to the
non-monotonic intensity-frequency relationship (Fig.3) [12][13]. These results suggest
that a higher stimulation frequency (30-100 kHz) might be more preferable in clinical
applications aimed at suppressing pain of peripheral origin.

Nerve conduction block induced by high-frequency biphasic electrical current has
many potential applications in both clinical medicine and basic neuroscience research
[1]-[4]. Understanding the mechanisms underlying this type of nerve block could
improve the design of new stimulation waveforms [27][28] and further promote clinical

application [29][30]. Simulation analysis using computer models provides a tool to reveal
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the possible blocking mechanisms and may help to design new animal experiments to

further improve the nerve blocking method.

APPENDIX
The ionic current l;, at the nth segment is described as:
lin = 9’ h(V, =V )+ g,en*(V, =V )+ 9, (v, - V1)
where g,, (120 kO em?), g, (6 kQ'em™?) and g, (03 kQ'em?) are the
maximum conductances for sodium, potassium and leakage currents respectively. V,,
(115 mV), V, (-12 mV) and V, (10.589 mV) are reduced equilibrium membrane
potentials for sodium, potassium and leakage ions after substracting the resting
membrane potential V  (-70 mV). m, h, and n are dimensionless variables, whose
values always change between 0 and 1. m and h represent activation and inactivation of
sodium channels, whereas n represents activation of potassium channels. The evolution

equations for m, h, n are the following:

dm/dt=¢a,(1-m)—- 4. m
dh/dt=a,(1-h)-g,h
dn/dt=ea,(1-n)—-4,n

and
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. 25-0.1,
exp(2.5-0.1V, )1

V
=0 4expl ——
B p( 18}

a. =

V
a, =®-0.07 exp(— 2—8)

D - 1
exp(3-0.1V, )+1
~01(1-0.1v,)
exp(1-0.1V, )-1

By =

a, =0

n

Vv
=®-0.125exp| ——
s, p( 80)
d = 3(T—6.3)/10

where T is temperature (18.5°C). The initial values for m, h and n (when V, = 0 mV) are

0.053, 0.596 and 0.318 respectively.
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FIGURE CAPTIONS

Fig.1. Unmyelinated axon model to simulate conduction block induced by
high-frequency biphasic electrical current. The unmyelinated axon is segmented into
many small cylinders of length Ax, each of which is modeled by a resistance-capacity
circuit based on the Hodgkin—Huxley model. Ra: Axoplasm resistance. Rm: Membrane
resistance. Cm: Membrane capacitance. Va: Intracellular potential. Ve: Extracellular
potential.

Fig.2. Blocking the propagation of action potentials along an unmyelinated axon by

high-frequency biphasic stimulation at different current intensities. High-frequency (80
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kHz) stimulation is continuously delivered at the block electrode. An action potential is
initiated via the test electrode at 5 ms after starting the high-frequency stimulation, which
is propagating towards both ends of the axon. (a). The 80 kHz stimulation blocks the
nerve conduction at the intensity of 45 mA; (b) Conduction is not blocked by the 80 kHz
stimulation at 44 mA. The short arrows mark the locations of test and block electrodes
along the axon. The white arrow indicates the propagation of an action potential. Axon
diameter: 1pum.

Fig.3. The intensity threshold to block nerve conduction changes with the stimulation
frequency. The block threshold peaks at 13-16 kHz for axons of diameters between 1-2
um and then gradually decreases as the frequency increases above 20 kHz.

Fig.4. The changes in membrane potentials, ionic currents and activation/inactivation of
ion channels near the block electrode when conduction block occurs as shown in Fig.2 (a).
The legends in (a) indicate the distance of each axon segment to the block electrode.
Node at 0 mm is under the block electrode. Axon diameter: 1um. (a) Change of
membrane potentials, (b) Na+ current, (¢) K+ current, (d) Na+ channel activation, (e)
Na+ channel inactivation, (f) K+ channel activation.

Fig.5. The state of ion channel under the block electrode changes with stimulation
frequency at the blocking threshold intensity. (a) Na+ channel activation, (b) Na+ channel
inactivation, (c) K+ channel activation. The Na+ channel is completely closed (m=0)
when the frequency is greater than 20 kHz. Axon diameter: 1 um.

Fig.6. Ion channel activation/inactivation under the block electrode changing with
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stimulation intensity (a)-(c) at 80 kHz frequency or changing with stimulation frequency
(d)-(f) at 45 mA intensity. Axon diameter: 1 um. Block threshold is at 80 kHz and 45 mA
as indicated by the arrow in (a) and (d).

Fig.7. Change of membrane potential induced by high-frequency stimulation in a passive
axon without sodium and potassium channels. Axon diameter: 1pm. (a) Change of
membrane potential induced by high-frequency stimulation (80 kHz, 45 mA) after the
stimulation was on for 5.9894 ms, (b) Difference between membrane potentials under the
block electrode induced by high-frequency stimulation (80 kHz, 45 mA) in axons with
passive or active membrane properties, (c) The passive axon membrane under the block
electrode is hyperpolarized to about -98 mV [(-28 mV) + (-70 mV resting potential)] by
stimulation of different frequencies (40-100 kHz) at their corresponding block thresholds
(91-36 mA).

Fig.8. Initial action potential induced by high-frequency stimulation at the block
threshold intensity changes with stimulation frequency. (a) 20 kHz stimulation at block
threshold intensity induces an initial action potential. (b) 40 KHz stimulation at block
threshold intensity does not induce an initial action potential. Axon diameter: 1 pum.

Fig.9. The initial transient state of the ion channels under the block electrode induced by
high-frequency stimulation at the blocking threshold intensity. (a) Na+ channel activation,
(b) Na+ channel inactivation, (c) K+ channel activation. The Na+ channel is quickly
driven into a completely closed state (m ~ 0) when the frequency is greater than 40 kHz.

Axon diameter: 1 pm.
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Fig.2. Blocking the propagation of action potentials along an unmyelinated axon by high-
frequency biphasic stimulation at different current intensities. High-frequency (80 kHz)
stimulation is continuously delivered at the block electrode. An action potential is initiated via the
test electrode at 5 ms after starting the high-frequency stimulation, which is propagating towards
both ends of the axon. (a). The 80 kHz stimulation blocks the nerve conduction at the intensity of
45 mA; (b) Conduction is not blocked by the 80 kHz stimulation at 44 mA. The short arrows mark
the locations of test and block electrodes along the axon. The white arrow indicates the
propagation of an action potential. Axon diameter: 1um.
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Fig.9. The initial transient state of the ion channels under the block electrode induced by high-
frequency stimulation at the blocking threshold intensity. (a) Na* channel activation, (b) Na*
channel inactivation, (c) K* channel activation. The Na* channel is quickly driven into a completely
closed state (m ~ 0) when the frequency is greater than 40 kHz. Axon diameter: 1 um.
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ABSTRACT

This study used the Frankenhaeuser—-Huxley axonal model to simulate nerve
conduction block in myelinated axons during high-frequency (10-300 kHz) biphasic
electrical stimulation. The analysis revealed a non-monotonic relationship between the
minimal intensity of stimulation to produce conduction block (termed block threshold)
and stimulation frequency. Block threshold increases as frequency increases up to a
certain level which varies with axonal diameter and then the block threshold decreases as
frequency increases further. The results indicate that complete deactivation of sodium and
potassium channels by the high-frequency stimulation is the mechanism underlying the
decrease in block threshold. This nerve blocking mechanism has the potential to eliminate
the action potentials elicited at the beginning of blocking stimulation. Although the
non-monotonic block response in myelinated axons still needs to be confirmed in animal
studies, a similar non-monotonic block response has been observed in unmyelinated
axons of sea slugs and frogs. This simulation study further increases our understanding of
conduction block in myelinated axons induced by high-frequency biphasic electrical
stimulation, and can guide future animal experiments as well as optimize stimulation

parameters that might be used for electrically induced nerve block in clinical applications.

Key Words: nerve, block, simulation, high-frequency, model.
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I. INTRODUCTION

High-frequency (kHz) biphasic electrical stimulation has recently been investigated
extensively due to its potential clinical application to block peripheral nerve conduction
(Camilleri et al. 2009; Nashold et al. 1982; Tai et al. 2004; Wattaja et al. 2011). Although
the mechanisms underlying this nerve block are still unclear (Ackermann et al. 2011;
Zhang et al. 2006), previous animal studies of myelinated axons have shown that the
block threshold intensity monotonically increases as the stimulation frequency increases
up to 50 kHz (Bhadra and Kilgore 2005; Graunt and Prochazka 2009; Joseph and Butera
2011). Our recent computer simulation study of large (10-20 um diameter) myelinated
axons further indicates a monotonic increase in block threshold up to 100 kHz (Tai et al.
2011). However, recent animal studies (Joseph and Butera 2009, 2011) revealed that this
monotonic relationship does not hold in unmyelinated axons where the block threshold
intensity only increases with frequency up to about 12-15 kHz and then decreases as the
stimulation frequency further increases. This discovery raises the question about what
causes the difference of high-frequency block between myelinated and unmyelinated
axons. Answering this question will help to understand the mechanisms underlying nerve
conduction block induced by high-frequency biphasic electrical stimulation.

Due to the difficulties in recording ion channel activity in axonal nodes during
high-frequency biphasic electrical stimulation, the mechanisms of nerve block have been
mainly investigated by modeling and computer simulation (Ackermann et al. 2011;

Bhadra et al. 2007; Liu et al. 2009; Tai et al. 2005a,b, 2009, 2011; Zhang et al. 2006).
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These simulation studies have been successful in reproducing many phenomena observed
in animal experiments, for example the minimal block frequency, the influence of
temperature on minimal block frequency, and the relationship between axon diameter and
block threshold. The newly discovered non-monotonic relationship between block
threshold and stimulation frequency was also successfully reproduced in our recent
simulation study of unmyelinated axons (Zhao et al. 2012). This study indicates that the
monotonic decrease in block threshold in unmyelinated axons at frequencies above 15
kHz is due to a complete deactivation of sodium and potassium channels by the
high-frequency (>15 kHz) biphasic stimulation, which causes the axonal membrane to
become a passive membrane resulting in failure to conduct action potentials.

Although our recent simulation study (Tai et al. 2011) of large (10-20 um diameter)
myelinated axons showed a monotonic increase in block threshold with stimulation
frequency up to 100 kHz, the blocking mechanism changes from a constant activation of
potassium channels by high-frequency stimulation at 4-10 kHz to a constant activation of
sodium channels at frequencies of 20-100 kHz. This change of blocking mechanism is
due to the fact that sodium channel has a faster kinetics than potassium channel.
Therefore, as the frequency increases the stimulation first drives the potassium channel to
be constantly open before it drives the sodium channel to be constantly open. These
differences in channel kinetics raise the possibility that the sodium and/or potassium
channels in myelinated axons could be driven to a completely deactivated state if the

stimulation frequency is increased above 100 kHz, resulting in a monotonic decrease in
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block threshold at frequencies above 100 kHz similar to what happens in unmyelinated
axons at frequencies above 15 kHz. It is known that the ion channel kinetics of
myelinated axons is faster than unmyelinated axons (Frankenhaeuser 1960; Hodgkin and
Huxley 1952). Therefore, it is reasonable to expect that a higher frequency would be
required in myelinated axons than in unmyelinated axons to drive the sodium and/or
potassium channels to completely deactivated states.

In this study we employed a myelinated axonal model (Frankenhaeuser—Huxley
model) (Frankenhaeuser and Huxley 1964; Ratty 1998; Ratty and Aberham 1993) to
simulate nerve block and to determine: (1) if a decrease in block threshold can be
produced at frequencies above 100 kHz; (2) what happens to the sodium and potassium
channels when this decrease in block threshold occurs. Understanding the mechanisms of
nerve conduction block induced by high-frequency biphasic electrical stimulation will be
very useful in developing new nerve blocking methods, optimizing stimulation

parameters, or improving the efficacy of blocking nerves in different clinical applications.

II. METHODS
The myelinated axon model used in our study is showed in Fig.1. A 40 mm long,
myelinated axon is modeled with the inter-node length Ax=100d (d is the myelinated
axon diameter). Each node (nodal length: L=2.5 um) is modeled by a membrane
capacitance (C,,) and a variable membrane resistance (R,). The ionic currents passing

through the variable membrane resistance are described by Frankenhaeuser—Huxley
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equations (Frankenhaeuser and Huxley 1964; Ratty 1998; Ratty and Aberham 1993).
Two monopolar point electrodes (with the indifferent electrode at infinity) are placed at 1
mm distance from the axon. One is the block electrode at the 30 mm location along the
axon, where the high frequency biphasic current is delivered (Fig.1). The other is the test
electrode at 10 mm location, which delivers a uniphasic single pulse (pulse width 0.1 ms
and intensity 0.5-2mA) to evoke an action potential and test whether this action potential
can propagate through the site of the block electrode. The test electrode is always the
cathode (negative pulse), and the block electrode delivers a biphasic pulse with the
cathodal phase first.

We assume that the myelinated axon is in an infinite homogeneous medium
(resistivity p, =300 Qcm). After neglecting the small influence of the axon in the

homogeneous medium, the extracellular potential Ve, at the n™ node along the axon can

be described by:

:& Iblock(t) + Itest(t)
4r \/(nAx— X,)’ +2; \/(nAx —-x) +12;

e,n

where lpock(t) is the high-frequency biphasic current delivered to the block electrode (at
location xp = 30 mm, zo= 1 mm); leg(t) is the single test pulse delivered to the test
electrode (at location x; = 10 mm, z; = 1 mm).

The change of the membrane potential V, at the n™ node of the myelinated axon is

described by:
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an _ dAx Vn—l _2Vn +Vn+1 +Ve,n—1 _2Ve,n +Ve,n+1 ] /c
dt 4p.L AX? AX in ! m

where Vn=Van-Ven-Viest; Van is the intracellular potential at the n® node; Ven is the
extracellular potential at the n® node; Viest 1s the resting membrane potential; p, is the
resistivity of axoplasm (100 Q2cm); Cr, is the capacity of the membrane (2 uF/cmz); linis
the ionic current at the n™ node described by Frankenhacuser—-Huxley equations
(Frankenhaeuser and Huxley 1964; Ratty 1998; Ratty and Aberham 1993) (see appendix).

The myelinated axon model was solved by Runge-Kutta method (Boyce and Diprima
1997) with a time step of 0.5 usec. The simulation was always started at initial condition
Vin = 0. The membrane potentials at the two end nodes of the modeled axon were always
equal to the membrane potentials of their closest neighbors, which implemented sealed
boundary conditions (no longitudinal currents) at the two ends of the modeled axon. The
block threshold intensity was determined with a resolution of 0.1 mA. The simulation
was performed for myelinated axons of different diameters (2, 5, 10 and 20 pum) with the

temperature parameter set at 37 °C.

III. RESULTS
A. Non-monotonic block of conduction in myelinated axons
Fig.2 shows that the Frankenhaeuser—Huxley model can successfully simulate the
conduction block induced by high-frequency (120 kHz) biphasic electrical stimulation in

a myelinated axon of 2 um diameter. In Fig.2 (a) the 120 kHz blocking stimulation (19.2
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mA) hyperpolarizes [also see Fig.4 (a)] the axon membrane at the block electrode without
generating initial action potentials. At 5 ms after the start of blocking stimulation, the test
electrode delivers a single pulse that generates another action potential propagating
toward the block electrode [see the white arrow in Fig.2 (a)]. This action potential fails to
propagate through the region of the block electrode due to the presence of the
high-frequency biphasic electrical stimulation. However, at a lower stimulation intensity
[19.1 mA in Fig.2 (b)] the 120 kHz stimulation does not block nerve conduction and the
action potential propagates through the site of block electrode.

Fig.3 shows the intensity threshold for inducing conduction block at different
frequencies (10-300 kHz) for myelinated axons of different diameters (2-20 um). The
block threshold increases initially and then decreases with increasing stimulation
frequency, showing a non-monotonic relationship between block threshold and
stimulation frequency. The block threshold peaks at different frequencies (80-250 kHz)
for axons of different diameters (2-20 um). The peak frequency is higher for a larger

diameter axon.

B. Mechanism underlying the non-monotonic block response

In order to understand why the block threshold starts to decrease when the stimulation
frequency is greater than a certain value (80-250 kHz) for an axon of a certain diameter
(2-20 um) (Fig.3), we further investigated the changes in membrane potential, ionic

currents, and activation/inactivation of the sodium and potassium channels along the

7

Page 49



myelinated axons at different nodes near the block electrode. Fig.4 shows the same
simulation as in Fig.2 (a) for the 2 um diameter axon including more detailed information
for the 4 consecutive axon nodes at distances of 0-1.2 mm from the block electrode (the
node at 0 mm is under the block electrode) during blocking stimulation of 120 kHz.

At axon nodes approaching the block electrode, the amplitude of action potential
greatly declined [Fig.4 (a)]. Action potential propagation completely stopped at the node
(0 mm) under the block electrode, where the axon membrane is hyperpolarized to about
-120 mV [(-50 mV) + (-70 mV resting potential), see Fig.4 (a)] and a very small sodium
current [Fig.4 (b)] and no potassium current [Fig.4 (c)] are generated by the in-coming
action potential. The behavior of the action potential and ionic currents can be explained
by the activation/inactivation of the sodium and potassium channels as shown in Fig.4
(d)-(f). As the action potential propagates toward the block electrode, the activation (m)
of sodium channels significantly declines at the node under the block electrode (0 mm)
[Fig.4 (d)]. Meanwhile, inactivation (h) of sodium channels is minimal (>0.7) at the node
(0 mm) under the block electrode [Fig.4 (e)]. The combination of activation (m) and
inactivation (h) of sodium channels [Fig.4 (d) and (e)] determines that the amplitude of
sodium current is minimal at the node (0 mm) under the block electrode [Fig.4 (b)].
Therefore the conduction block is due to a significant deactivation of the sodium channels
under the block electrode [Fig.4 (d)]. The same blocking mechanism is observed in axons
of different diameters (2-20 um) when stimulation frequency is greater than the

corresponding peak threshold frequency (80-250 kHz, see Fig.3).
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Meanwhile, the change in potassium activation (n) induced by the in-coming action
potential also disappears at the node (0 mm) under the block electrode [Fig.4 (f)] because
the potassium channels are also deactivated, which results in no potassium current at this
node [Fig4 (c)]. Therefore, 120 kHz stimulation deactivates both sodium and potassium
channels at the node under the block electrode.

At the blocking threshold intensity, the effect of different stimulation frequencies on
activation and inactivation of sodium and potassium channels at the node under the block
electrode is shown in Fig.5 for the 2 um diameter axon. At the frequency range of 20-80
kHz the sodium channel is constantly open with its activation (m) oscillating between
0.2-0.7 during the blocking stimulation [Fig.5 (a)] while the inactivation (h) is at a level
around 0.1 [Fig.5 (b)]. Meanwhile, the potassium channel is also constantly open with its
activation (n) around 0.3-0.5 [Fig.5 (c¢)]. Our previous study (Tai et al. 2011) showed that
the constantly opened sodium and potassium channels cause the axon membrane to lose
the ability to regulate the ion currents during action potential generation resulting in
conduction block. Since a higher stimulation intensity is required for a higher frequency
to maintain the ion channels to be constantly open (Tai et al. 2011), a monotonic increase
in block threshold was observed at 20-80 kHz for the 2 um diameter axon (Fig.3).

However, as the stimulation frequency increases above 80 kHz the sodium activation
(m) becomes almost zero [i.e., completely deactivated, Fig.5 (a)] while the inactivation (h)
is close to one [i.e., minimal inactivation, Fig.5 (b)]. The complete deactivation of sodium

channel during high-frequency stimulation becomes the mechanism underlying axonal
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conduction block (Fig.4). In addition, potassium channels are also completely deactivated
as the frequency increases above 80 kHz [Fig.5 (c)]. Complete deactivation of sodium
channels requires a lower stimulation intensity as the frequency increases above 80 kHz
[see legends in Fig.5 (b)], thereby resulting in a monotonic decrease in block threshold.
At frequencies above 80 kHz, the high-frequency stimulation must drive the sodium
channel to a certain level of deactivation in order to achieve conduction block in the 2 um
diameter axon (Fig. 6). At a specific frequency (120 kHz), a stimulation of higher
intensity deactivates the sodium channel more than the stimulation of a lower intensity
[Fig.6 (a)]. This explains why a minimal stimulation intensity (i.e. block threshold) is
required at a specific frequency to block the nerve conduction (Fig.3). Meanwhile, at a
specific stimulation intensity (19.2 mA), stimulation at a higher frequency deactivates the
sodium channel more than stimulation at a lower frequency [Fig.6 (d)]. Therefore, in
order to deactivate the sodium channels to a level (m=0) for inducing a conduction block,
the stimulation at a higher frequency requires a lower intensity (Fig.3). At the block
threshold (19.2 mA at 120 kHz) the sodium channels are significantly deactivated within
0.3 ms from the beginning of the stimulation [Fig.6 (a)/(d)]. The sodium channel
inactivation [Fig.6 (b)/(e)] and the potassium channel activation [Fig.6 (c)/(f)] are also

changed significantly during this time period.
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C. Response of an axon with passive membrane properties to high-frequency biphasic
electrical stimulation

Because our results indicate that both sodium and potassium channels are completely
deactivated by high-frequency stimulation, the axonal membrane becomes a passive
membrane under the block electrode when the block threshold starts to decrease with
increasing frequency. Therefore, it is logical to hypothesize that the decrease in block
threshold (see Fig.3) is mainly determined by the passive properties of the axonal
membrane. To test this hypothesis we removed both sodium and potassium channels in
the Frankenhaeuser—Huxley model but retained the non-specific and leakage ion channels.
The responses of this passive axonal model to high-frequency stimulation are presented
in Fig.7.

When the high-frequency (120 kHz) stimulation of block threshold intensity (19.2
mA) is applied to the passive axon (2 um diameter), it hyperpolarizes the axonal
membrane under the block electrode (Fig.7 A) and the hyperpolarization oscillates around
-115 mV [(-45 mV) + (-70 mV resting potential), see the solid line in Fig.7 B]. The same
response is also induced in the active axon (Frankenhaeuser—Huxley model) (see the
dashed line in Fig.7 B). This result confirms that the hyperpolarization induced by
high-frequency stimulation under the block electrode is mainly due to the passive
properties of the axon that becomes a distributed passive resistance-capacitance cable
model (see Fig.1).

When stimulations of different frequencies (120-250 kHz) are applied at their block
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threshold intensities to the passive axon, they produce a hyperpolarization under the
block electrode oscillating around the same potential -110 mV [(-40 mV) + (-70 mV
resting potential), see Fig.7 C]. However, a higher frequency requires a lower intensity in
order to hyperpolarize the passive membrane to the same membrane potential (see the
legends in Fig.7 C). This explains why the block threshold in Fig.3 decreases with the
increasing frequency.

In summary, the results from the passive axon model further confirm the hypothesis
that the high-frequency stimulation completely closes both sodium and potassium
channels under the block electrode (Figs.4-6) causing the axon membrane under the block
electrode to be a passive membrane. Therefore, the monotonic decrease in block
threshold with increasing frequency (see Fig.3) is mainly determined by the passive

properties of the axonal membrane (Fig.7 C).

D. Initial action potential generation by high-frequency biphasic electrical stimulation

At the block thresholds and frequencies below those causing a decrease in block
threshold, the high-frequency biphasic stimulation always generates initial action
potentials before it blocks nerve conduction (Ackermann et al. 2011; Bhadra et al. 2007;
Liu et al. 2009; Tai et al. 2005a,b, 2009, 2011; Zhang et al. 2006). These initial action
potentials are also observed at 90 kHz [Fig.8 (a)], but not at 120 kHz [Fig.8 (b)] for a 2
um diameter axon. This is because at the block thresholds and frequencies above 100

kHz the sodium channels at the node under the block electrode are quickly deactivated
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[m~0, Fig.9 (a)] once the blocking stimulation starts. This quick and complete
deactivation of sodium channels eliminates the initiation of any action potentials although
sodium inactivation [Fig.9 (b)] and potassium activation [Fig.9 (c)] are only changed
slightly at the beginning of high-frequency stimulation. This result further confirms that
the complete deactivation of sodium channels is the cause of nerve conduction block
because it also blocks the generation of action potential that is supposed to be induced by

the high-frequency stimulation at the initiation of the stimulation.

IV. DISCUSSION

This study using the Frankenhaeuser—-Huxley axonal model simulated nerve
conduction block in myelinated axons during high-frequency (10-300 kHz) biphasic
electrical stimulation (Fig.2) and predicted a non-monotonic relationship between block
threshold and stimulation frequency (Fig.3). The results revealed a complete deactivation
of sodium and potassium channels by the high-frequency stimulation, which is the
mechanism underlying the decrease in block threshold (Figs.4-7). A larger axon requires
a higher frequency to induce a decrease in block threshold (Fig.3). This nerve blocking
mechanism has the potential to eliminate the action potentials elicited at the beginning of
blocking stimulation (Figs.8-9). These results have significant implications for future
animal experiments and for clinical applications of the nerve block methods.

This study predicts in myelinated axons that the block threshold will reach a peak

and then gradually decrease when the stimulation frequency increases above 80 kHz
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(Fig.3). Although this prediction still needs to be confirmed by animal studies, a similar
non-monotonic block response has been observed in unmyelinated axons of sea slugs and
frogs with the block threshold peaks ranging between 12-15 kHz (Joseph and Butera
2009a,b). Previous animal studies that examined block of myelinated axons only tested
frequencies up to 50 kHz (Bhadra and Kilgore 2005; Graunt and Prochazka 2009; Joseph
and Butera 2011). The present study suggests that higher frequencies (50-300 kHz)
should be tested in myelinated axons to block the nerve conduction. One of the
advantages of using higher frequencies such as 300 kHz (see Fig.3) to block the
myelinated axons is that the initial nerve firing induced by the high-frequency stimulation
can be eliminated (see Figs. 8-9), which is very desirable for clinical applications
(Camilleri et al. 2009; Gerges et al. 2010; Nashold et al. 1982; Tai et al. 2004; Wattaja et
al. 2011).

This study and our previous studies (Tai et al. 2011; Zhang et al. 2006) using the
myelinated axonal model (Frankenhaeuser—Huxley model) have revealed several
different blocking mechanisms for different stimulation frequencies. These studies
indicate that the kinetics of ion channel gating plays a major role in the conduction block
induced by high-frequency biphasic electrical stimulation. The kinetics of the potassium
channel is slow compared to the sodium channel (Frankenhaeuser 1960; Hodgkin and
Huxley 1952), and therefore this channel does not follow high-frequencies very well.
Thus the potassium channel becomes constantly open as the frequency increases to the

minimal blocking frequency of about 4 kHz (Liu et al. 2009; Zhang et al. 2006). This
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potassium channel opening mechanism governs the monotonic increase in block
threshold at the frequency range of 4-10 kHz (Liu et al. 2009; Zhang et al. 2006). As the
frequency increases further (>20 kHz), it saturates the faster kinetics of the sodium
channel causing the channel to be constantly open and lose its ability to regulate sodium
current during action potential generation resulting in a conduction block (Tai et al. 2011).
This sodium channel opening mechanism governs the monotonic increase in block
threshold from 20 kHz to the frequency at which the block threshold peaks (Tai et al.
2011). Further increasing the stimulation frequency above the peak threshold frequency
will completely deactivate both sodium and potassium channels [Figs.4-6] causing the
axon membrane to become passive (Fig.7) and conduction to fail (Fig.2). This sodium
and potassium channel deactivation mechanism is responsible for the monotonic decrease
in block threshold (Figs.2-7). These ion channel kinetic mechanisms are supported by
evidence from animal studies that the minimal blocking frequency is about 4 kHz
(Bowman and McNeal 1986; Reboul and Rosenblueth 1939; Rosenblueth and Reboul
1939) and that the block threshold monotonically increases in the frequency range of 4-50
kHz (Bhadra and Kilgore 2005; Graunt and Prochazka 2009; Joseph and Butera 2011).
Currently, no animal study of myelinated axons has tested frequencies above 50 kHz to
observe a monotonic decrease in block threshold. However, animal studies of
unmyelinated axons have shown a monotonic decrease in block threshold (Joseph and
Butera 2009, 2011). Our recent simulation study using the Hodgkin-Huxley model

successfully reproduced the monotonic decrease in block threshold of unmyelinated axon
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and revealed a complete deactivation of both sodium and potassium channels as the
underlying mechanisms of block (Zhao et al. 2012). Therefore, it is probable that future
animal studies of myelinated axons will find a monotonic decrease in block threshold at
frequencies above 50 kHz.

Our simulation results also show that the frequency at which the block threshold
peaks is higher for a larger diameter axon (Fig.3). This indicates that a higher frequency
is required for a larger diameter axon to completely deactivate the sodium and potassium
channels. This phenomenon is also observed in our simulation study of unmyelinated
axons (Zhao et al. 2012). It might be difficult for animal studies to identify the different
peak threshold frequencies in unmyelinated axons due to the small range of the axon
diameters (0.5-2 um) that can only produce a small difference between the different peak
threshold frequencies (12-15 kHz). However, it might be possible for animal studies to
observe different peak threshold frequencies in myelinated axons because the large range
of the axon diameters (2-20 um) can produce a large difference between the different
peak threshold frequencies (80-250 kHz, see Fig.3).

Nerve conduction block induced by high-frequency biphasic electrical stimulation
has many potential applications in both clinical medicine and basic neuroscience research
(Camilleri et al. 2009; Nashold et al. 1982; Tai et al. 2004; Wattaja et al. 2011).
Understanding the mechanisms underlying this type of nerve block could improve the
design of new stimulation waveforms (Roth 1994,1995) and further promote clinical

application (Leob 1989; Song et al. 2008). Simulation analysis using computer models
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provides a tool to reveal the possible blocking mechanisms and may help to design new

animal experiments to further improve the nerve blocking method.

APPENDIX

.. th . .
The ionic current lj, atn™  node is described as:

I =1+l s+

in

EF*[Na], —[Na],e®'""

1_eEF/RT

5 EFZ [K]O —[K]-eEF/RT

RT l—eEF/RT
, EF? [Na], —[Na]ieEF/RT

i, =P,Mm’h

lp =P RT | — EF/RT
i = gL(Vn _VL)
E :Vn +Vrest

where Pna (0.008 cm/s), Pk (0.0012 cm/s) and Pp (0.00054 cm/s) are the ionic
permeabilities for sodium, potassium and nonspecific currents respectively; ¢, (30.3
kQ"' cm™) is the maximum conductance for leakage current. Vi (0.026 mV) is reduced
equilibrium membrane potential for leakage ions, in which the resting membrane

potential V _ (-70 mV) has been subtracted. [Na]; (13.7 mmole/l) and [Na], (114.5

rest
mmole/l) are sodium concentrations inside and outside the axon membrane. [K]; (120
mmole/l) and [K], (2.5 mmole/l) are potassium concentrations inside and outside the axon
membrane. F (96485 c¢/mole) is Faraday constant. R (8314.4 mJ/K/mole) is gas constant.
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m, h, n and p are dimensionless variables, whose values always change between 0 and 1.
m and h represent activation and inactivation of sodium channels, whereas n represents
activation of potassium channels. p represents activation of non-specific ion channels.
The evolution equations for m, h, n and p are the following:

dm/dt =[e,,(1-m)— S, mk,

dh/dt =[e, (1-h) - B,hk

dn/dt =[e,(1-n)— g nk

dp/dt=[a,(1- p)-B,plk

and
o - 0.36(V, —22)
me 22-V,
l—exp(T)
04313V,
Pn = VvV, —13
1—exp( 20 )
o - 0.1(V, +10)
e V, +10
1—exp( P )
4.5
e 1+exp(45 _V")
10
° - 0.02(V, —35)
" 35-V,
1—exp( 0 )
_0.05(10-V,)
P = vV, -10
1 —exp( 0 )
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~0.006(V, —40)

“p 40—V
1—ex n

p( 10 )

P 0.09(V, +25)

" exp(nt
P00

kK —1.87-29%/10

Kk = 3(T-2939)/10

where T is the temperature in °Kelvin. The initial values for m, h, n and p (when V,=0

mV) are 0.0005, 0.0268, 0.8249 and 0.0049 respectively.
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FIGURE CAPTIONS
Fig.1. Myelinated axonal model used to simulate conduction block induced by
high-frequency biphasic electrical current. The inter-node length Ax = 100d; d is the axon
diameter. L is the nodal length. Each node is modeled by a resistance-capacitance circuit
based on the FH model. R,: inter-nodal axoplasmic resistance; Ry: nodal membrane

resistance; Cp: nodal membrane capacitance; V,,: intracellular potential at the nth node;
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Ven: extracellular potential at the nth node.

Fig.2. Blocking the propagation of action potentials along an myelinated axon by
high-frequency biphasic stimulation at different current intensities. High-frequency (120
kHz) stimulation is continuously delivered at the block electrode. An action potential is
initiated via the test electrode at 5 ms after starting the high-frequency stimulation, which
is propagating towards both ends of the axon. (a). The 120 kHz stimulation blocks the
nerve conduction at the intensity of 19.2 mA; (b) Conduction is not blocked by the 120
kHz stimulation at 19.1 mA. The short arrows mark the locations of test and block
electrodes along the axon. The white arrow indicates the propagation of an action
potential. Axon diameter: 2 um.

Fig.3. The intensity threshold to block nerve conduction changes with the stimulation
frequency. As the frequency increases the block threshold reaches its peak and then
gradually decreases. The peak frequency is larger for larger diameter axon.

Fig.4. The changes in membrane potentials, ionic currents and activation/inactivation of
ion channels near the block electrode when conduction block occurs as shown in Fig.2 (a).
The legends in (d) indicate the distance of each axonal node to the block electrode. Node
at 0 mm is under the block electrode. Axon diameter: 2 pum. (a) Change of membrane
potentials, (b) Na" current, (c) K* current, (d) Na" channel activation, (¢) Na" channel
inactivation, (f) K" channel activation.

Fig.5. The state of ion channel under the block electrode changes with stimulation

frequency at the blocking threshold intensity. (a) Na" channel activation, (b) Na" channel
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inactivation, (c) K™ channel activation. The Na" channel is completely closed (m=0) when
the frequency is greater than 90 kHz. Axon diameter: 2 um.

Fig.6. Ion channel activation/inactivation under the block electrode changing with
stimulation intensity (a)-(c) at 120 kHz frequency or changing with stimulation frequency
(d)-(f) at 19.2 mA intensity. Axon diameter: 2 um. Block threshold is at 120 kHz and 19.2
mA as indicated by the arrow in (a) and (d). Note: Na" channel activation (m) is presented
in log scale in (a) and (d).

Fig.7. Changes of membrane potential induced by high-frequency stimulation in a passive
axon without sodium and potassium channels. Axon diameter: 2 1 m. (a) change of
membrane potential in the passive axon induced by high-frequency stimulation (120 kHz,
19.2mA) after the stimulation was on for 9.5045 ms; (b) No difference between
membrane potential under the block electrode induced by high-frequency stimulation
(120 kHz, 19.2mA) in axon with passive or active membrane properties. (c) The passive
axon membrane under the block electrode is hyperpolarized to about -110 mV
[(-40mV)+(-70mV resting potential)] by stimulation of different frequencies (120-250
kHz) at their corresponding block thresholds (8.4-19.2 mA).

Fig.8. Initial action potential induced by high-frequency stimulation at the block
threshold intensity changes with stimulation frequency. (a) 90 kHz stimulation at block
threshold intensity induces an initial action potential. (b) 120 KHz stimulation at block
threshold intensity does not induce an initial action potential. Axon diameter: 2 pum.

Fig.9. The initial transient state of the ion channels under the block electrode induced by
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high-frequency stimulation at the blocking threshold intensity. (a) Na" channel activation,
(b) Na" channel inactivation, (c) K" channel activation. The Na" channel is quickly driven
into a completely closed state (m ~ 0) when the frequency is greater than 100 kHz. Axon

diameter: 2 pm.
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Fig.1. Myelinated axonal model used to simulate conduction block induced by high-
frequency biphasic electrical current. The inter-node length Ax = 100d; d is the axon
diameter. L is the nodal length. Each node is modeled by a resistance-capacitance
circuit based on the FH model. R,: inter-nodal axoplasmic resistance; R _: nodal
membrane resistance; C: nodal membrane capacitance; V, : intracellular potential
at the n™ node; V,;: extracellular potential at the n™ node.
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Fig.2. Blocking the propagation of action potentials along an myelinated axon by high-frequency
biphasic stimulation at different current intensities. High-frequency (120 kHz) stimulation is
continuously delivered at the block electrode. An action potential is initiated via the test electrode
at 5 ms after starting the high-frequency stimulation, which is propagating towards both ends of
the axon. (a). The 120 kHz stimulation blocks the nerve conduction at the intensity of 19.2 mA; (b)
Conduction is not blocked by the 120 kHz stimulation at 19.1 mA. The short arrows mark the
locations of test and block electrodes along the axon. The white arrow indicates the propagation of
an action potential. Axon diameter: 2 um.
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Fig.4. The changes in membrane potentials, ionic currents and activation/inactivation of ion

channels near the block electrode when conduction block occurs as shown in Fig.2 (a). The

legends in (d) indicate the distance of each axonal node to the block electrode. Node at 0 mm is

under the block electrode. Axon diameter: 2 um. (a) Change of membrane potentials, (b) Na*
current, (¢) K™ current, (d) Na* channel activation, (¢) Na* channel inactivation, (f) K* channel

activation.
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Fig.7. Changes of membrane potential induced by high-frequency stimulation in a passive
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potential in the passive axon induced by high-frequency stimulation (120 kHz, 19.2mA) after
the stimulation was on for 9.5045 ms; (b) No difference between membrane potential under the
block electrode induced by high-frequency stimulation (120 kHz, 19.2mA) in axon with
passive or active membrane properties. (c) The passive axon membrane under the block
electrode is hyperpolarized to about -110 mV [(-40mV)+(-70mV resting potential)] by
stimulation of different frequencies (120-250 kHz) at their corresponding block thresholds
(8.4-19.2 mA).
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Military Health System Research Symposium, Fort Lauderdale, Florida, 2012

AN IMPLANTABLE NEUROPROSTHETIC DEVICE
TO RESTORE BLADDER FUNCTION AFTER SCI

Changfeng Tai, PhD
Assistant Professor, University of Pittsburgh

PURPOSE/AIMS: The purpose of this research is to design and develop an implantable
neuroprosthetic device to restore urinary bladder function after spinal cord injury (SCI).

DESIGN: We hypothesize that bladder function can be normalized by electrical
stimulation and/or blockade of pudendal nerves after chronic SCI using an implantable
neuroprosthetic device. Experiments were conducted in cats under both anesthetic and
awake conditions to validate our hypothesis. A small (4x5.5x1.4 cm), wireless controlled,
wireless chargeable, implantable stimulator was developed for this purpose.

POPULATION/SAMPLE STUDIED: Total 7 cats with chronic SCI were used under a-
chloralose anesthesia in this study. One of the cats was also tested under awake condition
with the stimulator implanted chronically.

METHODS: Under anesthesia, bladder infusion and pressure measurement was
performed via a catheter inserted through the bladder dome. Voiding was induced by
slow infusion (0.5-4 mi/min) of the bladder or by electrically stimulating/blocking the
pudendal nerves. Under awake condition, bladder empting was performed either by
manual expression or by the chronically implanted pudendal nerve stimulator.

DATA ANALYSIS: Voiding efficiency (voided volume/total bladder volume) was
compared between bladder distention-induced voiding and pudendal nerve stimulation-
induced voiding under anesthesia, and between manual expression and chronically
implanted stimulator-induced voiding under awake condition.

FINDINGS: Voiding induced by bladder distention had a very low efficiency (7.3+0.9%)
in chronic SCI cats. Electrically stimulating/blocking the pudendal nerves induced
efficient (80-90%) voiding under both anesthesia and awake condition.

CONCLUSIONS/RECOMMENDATIONS: Electrically stimulating/blocking the
pudendal nerves in cats can successfully restore bladder functions after chronic SCI.

IMPLICATIONS: This animal study indicates that an implantable stimulator might be
developed to restore bladder function after chronic SCI in human subjects by electrically
stimulating/blocking the pudendal nerves.

FROM/TO TIME PERIOD OF STUDY: September 22, 2011 — October 21, 2014

FUNDING: This study is funded by DOD Spinal Cord Injury Research Program (SCIRP)
under contract number W81 XWH-11-1-0819.
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42nd Annual Meeting of Society for Neuroscience, New Orleans, 2012.

Mechanisms Underlying Non-monotonic Block of

Unmyelinated Axons by High-Frequency Biphasic Stimulation

J.Wang ', S. Zhao *?, J. R. Roppolo *, W. C. de Groat *, C. Tai *

! Department of Urology, University of Pittsburgh, Pittsburgh, PA
? Department of Biomedical Engineering, Beijing Jiaotong University, P.R. China
3 Department of Pharmacology and Chemical Biology, University of Pittsburgh, PA

Axonal conduction block induced by high-frequency biphasic electrical current is
investigated using a lumped circuit model of the unmyelinated axon based on
Hodgkin-Huxley equations. Axons of different diameters (1 and 2 um) can be blocked
completely when the stimulation frequency is between 5 kHz and 100 kHz. The
non-monotonic relationship between block threshold and stimulation frequency,
recently discovered in unmyelinated axons of sea-slugs and frogs, is successfully
reproduced. Our simulation reveals that complete deactivation of sodium channels by
the high-frequency blocking stimulation is the mechanism underlying the decrease in
block threshold as the frequency increases above 20 kHz. At a relatively higher
frequency (>30 kHz), the high-frequency blocking stimulation can quickly deactivate
the sodium channels at the beginning of the stimulation, thereby avoiding the
generation of initial action potentials. This simulation study further increases our
understanding of conduction block in unmyelinated axons induced by high-frequency
biphasic electrical current, and can guide future animal experiments as well as
optimize stimulation parameters that might be used for electrically induced nerve
block in clinical applications.

Key words: nerve, block, simulation, high-frequency, model.

Supported by: DOD Spinal Cord Injury Research Program (SCIRP) under contract
number W81 XWH-11-1-0819.
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