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SUMMARY

Selective stimulation and conduction block of specific nerve fibers has been a major area
of research in neuroscience. The potential clinical and neurophysiological applications related to
spasticity suppression, pain management, bladder control and graded motor control for neural
prostheses have warranted reliable techniques for transiently blocking conduction through
nerves. High Frequency Alternating Current (HFAC) waveforms have been found to induce a
reversible and repeatable block in peripheral nerves; however the effect of these waveforms on
the neural activity of individual fiber types is currently unknown. Understanding this effect is
critical if clinical applications are to be pursued. This dissertation work utilized extracellular
electrophysiological techniques to characterize the activity of different fiber type populations in
peripheral nerves during application of HFAC waveforms. First, we investigated the
phenomenon in the homogeneous unmyelinated nerves of the sea-slug, Aplysia californica.
Although complete reversible block was demonstrated in these nerves, a non-monotonic
relationship of block threshold to frequency was found which differed from previously published
work in the field. We then investigated the effect of HFAC waveforms on amphibian mixed
nerves and studied the response of specific fiber types by isolating different components of the
compound action potential. We validated our results from the Aplysia nerves by determining the
block thresholds of the larger diameter, myelinated A-fibers and comparing them with those of
the smaller diameter, unmyelinated C-fibers, at different frequencies. We also showed that block
threshold behavior during application of the HFAC waveform depends on the nerve fiber type,
and this property can be used to selectively block specific fiber types at certain frequencies.

Finally, we examined the recovery time after block induction in unmyelinated nerves and found

XVi



that recovery from block was dependent on the duration of application of the HFAC waveform.
The time-dependent distribution of the recovery time and the non-monotonic threshold behavior
in the smaller diameter unmyelinated nerves indicate that multiple mechanisms are involved in
block induction using HFAC waveforms, and these mechanisms are dependent not only on the
blocking stimulus but also on the characteristics of the nerve fiber. Overall, this work
demonstrates that HFAC waveforms may enable inherent peripheral nerve properties to be

exploited for potential clinical applications related to the treatment of unwanted neural activity.
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CHAPTER 1

INTRODUCTION

Defects in the nervous system resulting from accidents, damages inflicted during
medical procedures and autoimmune diseases can lead to a loss in control of motor
systems and/or to the improper functioning of sensory systems. These disruptions in the
neural communication pathways are difficult to treat because functionality is not often
restored even if complete regeneration of the nerve occurs (Chen et al., 2007). Neural
interface systems have emerged as viable solutions for use in various debilitating
conditions to restore or supplement nerve functionality and thus enhance the quality of
life (Hatsopoulos & Donoghue, 2009). The ultimate goal of most neural interface
systems is to electrically bridge the gap in neural signaling after nerve transection and
replicate normal behavior (Prochazka et al., 2001) . Natural behavior can be mimicked by
providing an appropriate electrical stimulus to the severed nerve after deciphering the
neural activity of the response to a know behavior. Isolating the right neural activity for a
desired action and stimulating specific fibers in an appropriate order to obtain a
physiologically analogous behavior has been extremely challenging for researchers in the
field of neural interfaces (Rushton, 1997; Lertmanorat et al., 2006).

Selective activation of specific fibers of the transected nerve is essential to
replicate the normal behavior and restore functionality. Selective stimulation can be
achieved either by spatial selectivity or fiber diameter selectivity, but they are difficult to

realize using extracellular electrical stimulation. Spatial selectivity of nerve fibers is only



possible by modulation of stimulation procedures and parameters due to the complex
anatomical intermingling of sensory and motor fibers (Peng ef al., 2004). Fiber diameter
selectivity is also difficult to achieve, particularly due to the reverse recruitment order of
nerves during extracellular stimulation. Physiologically the smaller motor units are
recruited before the larger ones, as described by the ‘size principle’. This graded
recruitment enables dexterous control of motor systems and prevents muscle fatigue
(Henneman & Olson, 1965; Mendell, 2005). But neural prostheses and external
stimulation devices, like functional electrical stimulation (FES) systems, recruit
individual fibers in the reverse physiological order (Baratta et al., 1989). Larger diameter
fibers are recruited first and then the smaller diameter fibers due to the lower resistivity
and in turn lower activation threshold of the larger diameter fibers (Blair & Erlanger,
1933) . This reverse recruitment order during external stimulation often leads to a poor
grading of muscle force, rapid muscle fatigue and an inefficient stimulation system
(Baratta et al., 1989; Lertmanorat et al., 2006).

Developing techniques that could enable the activation of the smaller diameter
fibers first while preventing excitation of the larger diameter fibers would be critical for
generating a physiologically relevant stimulus. Transient conduction block would also be
advantageous for neurophysiological studies involving complex neural circuitry.
Reversible block of specific pathways within a neural circuit (consisting of multiple
feedback loop pathways) would enable the detachment of specific components of the
circuit to study its function in isolation or its effect on the entire system (Tanner, 1962;

Solomonow, 1984). Hence, besides enhancing control in neural prosthetic systems,



selective blocking of specific nerve fibers would also provide a useful neurophysiological
tool for investigating the behavior of specific neurons or pathways.

Application of high frequency alternating current (HFAC) waveforms on
peripheral nerves has been found to be a potential clinical method for blocking
conduction of action potential through nerves (Tanner, 1962) and achieving selective
stimulation (Baratta et al., 1989). However, most experimental work in the field has been
focused on motor block applications where the progression of block in each fiber type
population within whole nerves is difficult to detect. Characterizing the behavior of
individual fiber types during HFAC stimulation is critical for the clinical implementation
of this technique. It is the objective of this work to evaluate the effect of HFAC
waveforms on individual fiber type populations in peripheral nerves and determine the

feasibility of this technique to selectively stimulate specific fibers.

1.1 Specific Aims

The overall goal of this work is to characterize neural activity in different fiber
type populations during application of HFAC waveforms for the development of a
clinical technique that might enable selective stimulation of specific fibers. High
Frequency Alternate Current (HFAC) waveforms have been known to induce a local,
reversible conduction block in motor nerves but their effect on isolated fiber types and
the biophysical mechanism through which block induction occurs is currently debated.
Direct monitoring of neural activity using extracellular electrophysiological techniques

should enable us to study the effect of the HFAC waveforms on different fibers and gain



a better understanding of the phenomena. To achieve our objective, three studies were

undertaken as outlined below and detailed in subsequent chapters of this work.

Specific Aim 1: Characterize the effect of HFAC waveforms on unmyelinated

nerves. High Frequency Alternate Current (HFAC) waveforms have been shown to block
the conduction of action potentials in motor nerves but the response of isolated
unmyelinated nerves in isolation has not been previously studied. We investigated the
effect of sinusoidal HFAC waveforms on the purely unmyelinated nerve fibers of Aplysia
californica. In this aim, we varied the frequency and amplitude of the HFAC waveform
and monitored the response before, during and after application of the HFAC waveform.
Neural activity during these phases was characterized by monitoring the propagation of
the compound action potential along the nerve and the block thresholds were determined
for various frequencies. This was the first study to specifically investigate the effect of
HFAC waveforms on unmyelinated nerves. A unique behavior not previously observed in

literature was found in these nerves. The results for this study are discussed in Chapter 2.

Specific Aim 2: Characterize the effect of HFAC waveforms in mixed nerves and

specifically investigate selective stimulation. Results of Specific Aim 1 indicated that

the threshold behavior of unmyelinated nerves to HFAC stimulation differed from
published literature on the threshold behavior of myelinated nerves during application of
HFAC waveforms, especially for higher frequencies. This disparity in the behaviors of
myelinated and unmyelinated nerves could potentially enable selective stimulation of
specific fiber types. In order to validate our results from Aiml, we investigated the

difference between myelinated and unmyelinated nerves by studying the effect of HFAC
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stimulation on the compound action potential of mixed nerves of frogs and cats. We
specifically investigated the A- fiber and the C-fiber components of the compound action
potential, which corresponds to the signal propagating through the myelinated and the
unmyelinated fibers respectively. We expected the threshold behavior of the
unmyelinated C-fibers to be analogous to that of the Aplysia fibers, while the A-fibers
were expected to have a linear threshold behavior, as observed in previously published
studies on motor fibers. The results of this study are further elaborated and the clinical

implications discussed in Chapter 3.

Specific Aim 3: Investigate the physiological mechanism of inducing block induction

using HFAC waveforms. In this aim, we attempted to understand the physiological

mechanisms that impede action potential propagation through nerve fibers during
application of HFAC waveforms by exploring the recovery time from block induction.
Simulation studies aimed at identifying the ionic mechanisms of block induction by
HFAC waveforms have provided inconclusive results with block being attributed to a
variety of mechanisms, depending on the type of computational model used.
Physiological experiments with animal nerves have not been previously employed to
identify HFAC induced blocking mechanisms. In this study, the frequency of the
waveform and the duration of application of the HFAC waveforms were varied to discern
if these factors played a role in block induction. This aim identifies factors of block
induction using HFAC waveforms that were never previously considered. These results

are elaborated and discussed in Chapter 4 of this dissertation.



1.2 Background and Significance

This section provides a brief introduction to conduction block induced by HFAC
waveforms and a review of previous work that provides both the foundation and the

motivation for the stated specific aims.

1.2.1 Conduction block

Neuromuscular pathologies commonly involve neuronal hyperactivity that cause
undesirable sensations and hinder dexterous motor control. Undesired motor activity
occurs in spasticity conditions and affects patients suffering from spinal cord injuries
(Levi et al., 1995), multiple sclerosis (Beard et al., 2003), cerebral palsy (Flett, 2003) and
stroke (O'Dwyer et al., 1996). Dystonia, choreas, tics and intractable hiccups are other
conditions that result from extraneous motor neural activity. Unwanted afferent activity
also occurs in various conditions associated with chronic pain, like neuromas, neuralgias
etc. Arresting or blocking these kinds of superfluous activity through peripheral nerves
can be useful for alleviating the disease symptoms and eliminating the debilitating nature
of these conditions.

Current methods of blocking the conduction of neural activity include pressure
application (Perot & Stein, 1956; Perot & Stein, 1959), local changes in temperature
(Franz & Iggo, 1968; McMullan et al., 2004) and various surgical and pharmacological
methods (Strichartz, 1976; Ashburn & Staats, 1999; Abbruzzese, 2002; Guven et al.,
2005; Martinov & Nja, 2005; Guven et al., 2006). But these methods have several

disadvantages in that they are not quick acting and quick reversing and possibly



irreversible, are non-specific and cause serious side-effects with possible nerve
destruction. Though used for selective blocking they are unsuitable for chronic clinical
applications. Their low success rates have warranted alternate methods of effectively

blocking nerve conduction.

1.2.2 Electrical current stimulation

For almost a century now, high frequency electrical currents have been known to
affect action potential conduction (Cattell & Gerard, 1935; Reboul & Rosenblueth,
1939; Rosenblueth & Reboul, 1939). High frequency alternating currents (AC) and
direct currents (DC) have been used as method of inducing block in whole nerves
(Tanner, 1962; Woo & Campbell, 1964; Bowman & McNeal, 1986; Petruska et al.,
1998; Bhadra & Kilgore, 2004; Kilgore & Bhadra, 2004). One study on DC induced
conduction block (Petruska et al., 1998), even demonstrated the ability of the DC
stimulation technique to selectively block the conduction in peripheral myelinated A-
nerve fibers while allowing propagation only in the unmyelinated C- fibers. However
methodological problems related to polarization, inability to reproduce effective
separation in larger nerves and generation of undesired synchronous and asynchronous
activity by the polarization itself, limited the method’s usefulness. High frequency AC
stimulation, on the other hand, has been shown to be physiologically better then DC
stimulation since it does not causes polarization of the electrode and the nerve after a few
minutes of continuous application and has been employed in various chronic clinical
applications (Woo & Campbell, 1964; Ishigooka et al., 1994; Bhadra & Kilgore, 2005;

Tai et al., 2005; Bhadra et al., 2006; Tai et al., 2006)



Electrical currents have also been used to block conduction in other
neurophysiological applications. In the Deep Brain Stimulation (DBS) field, frequencies
in the 100-500 Hz range are used to block conduction through the central nervous system
fibers (Durand & Bikson, 2001; Jensen & Durand, 2007). In these studies, extracellular
stimulation at frequencies less than 500Hz are termed ‘high frequency’ stimulation and
are used to reset the firing of neurons when unwanted neural activity is detected. In
invertebrates, conduction block in axonal branches has been observed when the firing
frequency of the neuron (Smith, 1983) or the frequency of the applied extracellular
stimulus (Grossman et al., 1979) is in the range of 30-100 Hz. This differential block of
conduction is useful for transmitting information along axons that branch. Though these
stimuli have been termed ‘high-frequency’ in literature, the mechanism involved in
inducing conduction block in these fields differs from the local block observed in

peripheral nerves where the frequency of stimulation is typically above 3 kHz.

1.2.3 High Frequency Alternating Current

High frequency alternating current (HFAC) waveforms, typically in the range of
3-30kHz, have been shown to induce a completely effective, repeatable, relatively
localized and quickly reversible conduction block in various amphibian and mammalian
animal models (Tanner, 1962; Ishigooka et al., 1994; Kilgore & Bhadra, 2004; Tai et al.,
2004; Bhadra & Kilgore, 2005; Tai ef al., 2005; Williamson & Andrews, 2005; Bhadra
et al., 2006; Tai et al., 2006). A schematic of the phenomena of locally blocking the
conduction of action potentials along a nerve using HFAC waveforms is depicted in

Figure 1.1. For frequencies below 1 kHz it is possible to induce a fatigue type block



caused by muscle fatigue or neurotransmitter depletion at the neuromuscular junction
(Solomonow et al., 1983). However, for frequencies above 3kHz, it has been
demonstrated that the block obtained is not caused by nerve fatigue, but is a true neural
block occurring around the local area of application of the high frequency waveform,
since action potentials were shown to propagate at a distance away from the site of block
(Kilgore & Bhadra, 2004). Figure 1.2 depicts a typical experimental setup used in
published studies where the muscle force, measured by a force transducer, was used as an
output measure of block status. A distal stimulator was used to verify that the nerve could
be excited even when proximal stimulation could not activate the nerve. This distal
stimulation technique indicated that the block induced by HFAC waveforms was a local

block around the site of stimulation.

1.2.3.1 Block threshold

Even though conduction block induced by HFAC waveforms has been
demonstrated on nerves from different species, the ideal frequency for block induction is
still debated. This disparity can be attributed to the difference in the experimental
conditions used to induce block in these investigations. The optimum frequency of block
was found to be anywhere in the range of 3 kHz to 30 kHz. The experimental conditions
of the different published studies where conduction block could be induced using HFAC

waveforms are summarized in Table 1.1.
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Figurel.l: Schematic of local conduction block induced by application of HFAC
stimulation. A triggered action potential propagates along the length of the axon when no
HFAC waveform is applied. Application of HFAC waveforms induces a local block at
the site of stimulation preventing the action potential from propagating beyond the HFAC
stimulating site.
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Figure 1.2: A typical experimental arrangement used to investigate the effect of HFAC
waveforms in inducing conduction block. The proximal stimulator was used to activate
the sciatic nerve and neural activity was monitored using force transducer measurements
of the gastrocnemius muscle. Distal stimulating electrode was used in some experiments
to verify continued function of the neuromuscular junction. (Adapted from (Bhadra &
Kilgore, 2005)
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Table 1.1: Summary of different animal studies demonstrating conduction block induced
by HFAC waveforms.
*The bottom two rows list studies that were undertaken as part of this dissertation.

Author / Year Species | Waveform Block Proof of
frequency conduction
(kHz) block

rl(“i‘;lélze)l' Frog Sine 20 reljoerr?/dieng

Woo al(lld 9gjl)mpbell Frog /Cat Sine 20 re?ggiig
BN s 40 e
Kilgor‘z;{;‘(ﬁ‘?hadra Frog Sine 1-20 stinIililsltailion
T ol e S
Williams0(121 (?(g(; Andrews Rat Sine 10-20 Stirlr)nilsl;ilion
B s ww PR
Bhi;g(l;?)g)t.al. Cat Sine 1-30 stir]r)uilslilion
Mi(IZeg 0e7tial. Rat Sine 10-30 stinlililsl?clion
J?ng(l));l) 21(22](3)333? SR RUE >-30 recI:\(I)er:gilzgs
Josepl(lzz(l)lllg)Eutera Frog S el recI:\(I)er:gilzgs
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In some cases, block could not be observed below 6 kHz (Tai et al., 2004) while physical
limitations of the equipment bounded the maximum frequency to 30 kHz (Bhadra &
Kilgore, 2005; Bhadra et al., 2006). Various experimental factors including the species
and nerve studied, electrode characteristics, electrical parameters used and the outcome
measures used to identify block could affect the mechanism and efficiency of conduction
block.

Block threshold, defined as the minimum amplitude of the HFAC waveform
below which complete block cannot be obtained, was found to increase linearly with an
increase in the waveform frequency in the myelinated animal model systems considered
(Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005; Williamson &
Andrews, 2005; Bhadra et al., 2006). Block thresholds obtained at different frequencies
in one such study is shown in Figure 1.3. Of the various waveforms studied, sinusoidal
and rectangular biphasic waveforms have been found to be the most efficient and useful;
however the linear block threshold trend exists regardless of the waveform type. One
study (Williamson & Andrews, 2005) demonstrated that after block induction, a
reduction in the amplitude of the HFAC waveform to a level that was initially insufficient
to initiate block, could subsequently be used to sustain block. This hysteresis type effect

could potentially be useful during clinical applications.
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Figure 1.3: Relationship of block thresholds to frequency. Each dot is the average of 18
block threshold trials from 6 animals. (Adapted from (Bhadra & Kilgore, 2005).
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1.2.3.2 Onset response

Prior studies have found that application of HFAC waveforms cause repetitive
stimulation followed by a local block of the propagation of action potentials in single
axon simulations (Tai et al., 2005; Tai et al., 2005; Williamson & Andrews, 2005; Zhang
et al., 2006; Zhang et al., 2006; Bhadra et al., 2007). The observed HFAC response had a
variable period of repetitive firing, just prior to block induction, that increased initially
and then decreased as the amplitude or frequency of the waveform increased
(Rosenblueth & Reboul, 1939; Bhadra & Kilgore, 2005; Miles et al, 2007).
Application of the HFAC waveform resulted in an onset response consisting of several
summed muscle twitches with a peak of 1-8 times the normal muscle twitch, a variable
period of repetitive firing and a final steady state of complete or partial block (Bhadra &
Kilgore, 2005). The first two phases had a characteristic relationship in the amplitude-
frequency space where the repetitive firing was minimized at the highest frequencies and
highest amplitudes. The magnitude of the onset response has been found to be dependent
on the experimental variables or conditions including the amplitude and frequency of the
HFAC waveform (Rosenblueth & Reboul, 1939; Bowman & McNeal, 1986; Bhadra &
Kilgore, 2005; Bhadra et al., 2006; Joseph & Butera, 2007; Joseph et al., 2007; Miles et
al., 2007; Gaunt & Prochazka, 2009).

Elimination or reduction of the onset response and the transient repetitive firing
behavior observed prior to block induction will be critical if clinical applications utilizing
HFAC waveforms for conduction block are to be pursued. Various investigations are
currently underway to develop methods to circumvent this response, either by coupling

DC with AC waveforms for block induction or by changing the temperature of the nerve
15



(Ackermann et al., 2009; Bhadra et al., 2009; Foldes et al., 2009; Kilgore et al., 2009;
Ackerman, 2010; Ackermann et al., 2010). For the purpose of this dissertation work we
will assume that eventually a clinically feasible solution, to reduce or eliminate the
transient onset response during conduction block induced by HFAC waveforms, will be

developed.

1.2.3.3 Computational studies

Computational models based on the Hodgkin-Huxley (HH) model or the
Mclntyre, Richardson and Grill model (MRG) model have been used to characterize the
effect of HFAC waveforms on peripheral nerves and identify potential ionic mechanisms
of conduction block induced by HFAC waveforms (Kilgore & Bhadra, 2004; Tai et al.,
2005; Tai et al., 2005; Williamson & Andrews, 2005; Zhang et al., 2006; Zhang et al.,
2006; Bhadra et al., 2007; Haeffele & Butera, 2007; Miles et al., 2007; Wang et al.,
2008) . The frequency and amplitude of the waveform, axon diameter, electrode-to axon
distance, polarity of stimulation and the position of the block electrode longitudinally
over the axon were individually modulated in simulations to understand the various
factors affecting conduction block induced by HFAC waveforms. Simulation results from
these studies show that the block threshold is inversely proportional to axon diameter
similar to the reverse recruitment order observed with extracellular stimulation. Block
threshold was also found to be linearly increase with the frequency of the HFAC
waveform and was found to be directly proportional to the distance of the electrode from

the axon. These results are depicted in Figure 1.4.
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Computer simulations of nerve membrane models, coupled with in vivo
experiments have failed to identify the mechanism and principle of nerve conduction
block. (Kilgore & Bhadra, 2004; Tai et al., 2005; Tai et al., 2005; Williamson &
Andrews, 2005; Zhang et al., 2006; Zhang et al., 2006; Bhadra et al., 2007). The
membrane voltage, ionic currents and gating potentials near the high frequency current
source were examined in the various simulation studies, to understand how the high
frequency current could produce either rapid excitation of the axon or localized block but
no conclusive mechanism was found. Inconsistencies appear in literature regarding
whether the block is produced by net membrane hyperpolarization, depolarization caused
by the activation of potassium channels (Tai et al., 2005; Tai et al., 2005; Zhang et al.,
2006; Zhang et al., 2006), the deactivation of sodium channels (Kilgore & Bhadra,
2004; Williamson & Andrews, 2005; Bhadra et al, 2007) or through some other

mechanism.

1.2.4 Limitations of published work

Computational studies investigating HFAC induced block have been based on
models that are perhaps not valid for the frequencies studied and hence cannot be used to
reliably predict the physiological mechanisms of block induction. Some studies (Bhadra
& Kilgore, 2005) have used the MRG (Mclntyre et al., 2002) mammalian axon model to

simulate the response of nerves to HFAC conduction block.
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Figure 1.4: A: A simple HH cable model commonly used to investigate the mechanism
of HFAC block. (B-D) The relationship between block threshold and frequency, axon
diameter and electrode-to axon distance was studied in various computational studies. B:
Block threshold was found to linearly increase with frequency. C: Block threshold was
inversely proportional to axon diameter. D: Block threshold was proportional to the
electrode-to-axon distance. Adapted from (Tai et al., 2005; Bhadra et al., 2007)
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The model was able to demonstrate similar behavior as seen in motor fibers during
application of the HFAC waveforms. Although the MRG model is a topologically
detailed mammalian model based on human, cat and rat data, it was found to give reliable
responses for frequencies in the 100 Hz range (Richardson et al., 2000; Bhadra et al.,
2007). Studies based on the HH model are also not valid for determining the
physiological mechanism of block induction using HFAC waveforms. The HH model
assumes that capacitance is constant even at higher frequencies, when actually
experimental data from the giant squid axon shows that capacitance decreases as
frequencies increase (Haydon & Urban, 1985). No model used for investigating HFAC
induced conduction block has been validated for frequencies in the kHz range. In
addition, since the HH model was developed for large axons (500-1000 um in diameter),
it ignores ionic fluxes across the membrane and ionic pumps that are essential for
maintaining the differential concentration across the membrane in small unmyelinated
fibers (<100um in diameter) (Scriven, 1981). Furthermore, causality of the proposed
block induction mechanisms using HFAC waveforms was never shown in any of the
models used to simulate nerve behavior during application of HFAC waveforms.

Animal experiments investigating HFAC induced block have been conducted on
mixed nerves that contain different types of fiber populations including myelinated and
unmyelinated nerves but only the motor nerve properties have been monitored in these
studies. The isolated response of a particular fiber type has not been experimentally
investigated even though the simulation studies have been based on nerve models of
either only myelinated or unmyelinated nerves. Significant differences exist between the
excitation properties and ion channel distribution of myelinated and unmyelinated nerve
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fibers. The active membrane properties as well as the effects of surrounding extracellular
environment may also account for the disparity in the ideal frequency range suggested
and the hypothesized mechanisms of block induction in the different experimental and
computational studies (Rosenblueth & Reboul, 1939; Tanner, 1962; Woo & Campbell,
1964; Bowman & McNeal, 1986; Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005;
Tai et al., 2005; Tai et al., 2005; Williamson & Andrews, 2005; Zhang et al., 2006;
Zhang et al., 2006; Bhadra et al., 2007) .

Failure of action potential propagation during repetitive stimulation with
frequencies less than 1000 Hz, has been reported in central and peripheral axons of both
vertebrates and invertebrates (Grossman et al., 1979; Smith, 1983; Gu, 1991; Jensen &
Durand, 2007). In the crayfish, differential conduction block was observed in the
branches of axons, where propagation of action potentials was seen in one branch of the
axon and not in the other (Grossman et al., 1979). Conduction block in these studies was
found to be caused by the accumulation of K™ in the extracellular space, while the
differential nature of action potential conduction was attributed to the early activation of
the Na™-K" electrogenic pump and increased an intracellular Ca>" concentration in the
thinner branch of the axon. In the small sensory fibers of the leech, the large increase in
internal sodium concentration [Na'];, strongly activated the Na'-K" electrogenic pump
and prevented axonal firing (Grossman & Kendig, 1987). The above studies indicate
that during extracellular stimulation, a variety of physiological mechanisms can alter the
membrane voltage and gating variables, to prevent action potential propagation along the

nerve.
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Block induction using HFAC waveforms in peripheral nerves could possibly be
attributed to any of above mechanisms. In addition, it is possible that conduction block
using HFAC stimulation in mixed nerves of varying diameter is produced by a
combination of different mechanisms that are indirectly influenced by the nerve studied,
the electrode type, the size and shape of the electrode and the amount of chloride on the
silver wires. Published studies in literature have failed to quantify these extraneous
factors that could potentially affect the block thresholds and the ionic mechanisms of
block induction. Obtaining a better understanding of the mechanisms underlying HFAC
block induction would enable the design and development of a clinically feasible

technique for effectively managing or eliminating various nervous disorders.

1.3 Summary

Disparate results in published literature make it difficult to determine the
physiological mechanism of HFAC induced block or its potential for clinical
applications. Differences between the axon diameters, myelination properties and the
surrounding extracellular environment affect the conduction and blocking mechanisms in
nerves. Experimentally testing only the motor nerve response indirectly through a force
transducer hides the effect on the different fiber type populations in peripheral nerves.
Characterizing the behavior of each fiber type population under HFAC stimulation, and
specifically of the smaller-diameter pain conducting unmyelinated nerve fibers, is critical
if clinical applications are to be pursued.

This dissertation work investigates the fundamental characteristics of different

nerve population types during application of HFAC waveforms. Extracellular
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electrophysiological techniques will be used to examine some of the assumptions and
predictions from computational modeling of conduction block induced by HFAC
waveforms. These studies will improve our understanding of using HFAC waveforms as
a technique for selective stimulation or selective blocking. Arresting the propagation of
superfluous signals through specific nerve fibers, using HFAC waveforms, will be useful
for various neuroprosthetic and neurophysiological studies, and will be significant in
alleviating disease symptoms such as blocking chronic peripheral pain and stopping

pathological hyperactivity of neuronal signals.
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CHAPTER 2

HFAC INDUCED BLOCK IN UNMYELINATED NERVES '

Fundamental mechanisms of nerve conduction are known to be highly conserved
across different species (Kandel ef al., 2000). However, the properties of electrically
excitable membranes depend on the properties of the ion channels present in the
membrane. High Frequency Alternating Current (HFAC) waveforms have been shown to
reversibly block the conduction of action potentials through amphibian and mammalian
myelinated nerve fibers (Tanner, 1962; Woo & Campbell, 1964; Ishigooka et al., 1994;
Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005; Williamson &
Andrews, 2005; Bhadra et al., 2006; Tai et al., 2006). Most experiments demonstrating
HFAC induced conduction block have been conducted on mixed nerves that contain both
myelinated and unmyelinated nerve fibers, but only the motor nerve response has been
reported. Experimentally testing only the motor nerve response hides the effect on the
unmyelinated nerves, which is critical if clinical applications are to be pursued.

We know that significant differences exist between the excitation properties of
myelinated and unmyelinated nerve fibers and these differences along with the
surrounding extracellular environment could affect the nerve activity around the HFAC

stimulus regimes. Experimental data observing the motor response from mixed nerves

! Most of the work described in this chapter has been published in Joseph L and Butera R J. 2009.
Unmyelinated Aplysia nerves exhibit a nonmonotonic blocking response to high-frequency stimulation.
IEEE Transactions on Neural Systems and Rehabilitation Engineering, 17:537-544.
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have previously been used to validate computational models based on unmyelinated
nerve models (even when they consider ion channels found in myelinated nerves) with
limited success. The active membrane properties as well as the effects of myelination
may account for the disparity in the ideal frequency range suggested and the
hypothesized mechanism of block induction in the different experimental and
computational studies (Rosenblueth & Reboul, 1939; Tanner, 1962; Bowman &
McNeal, 1986; Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005; Tai
et al., 2005; Williamson & Andrews, 2005; Zhang et al., 2006; Zhang et al., 2006;
Bhadra et al., 2007). To complete our understanding of the phenomena of conduction
block using HFAC waveforms, we must be able to understand the effect of high
frequency waveforms on isolated fiber types and especially on the smaller diameter,
unmyelinated nerve fibers.

The goal of this study was to determine whether complete nerve conduction block
could be consistently and repeatedly obtained in purely unmyelinated nerves using HFAC
stimulation and to characterize the effect of HFAC waveforms on the homogenous
unmyelinated nerves by varying the amplitude and frequency of the blocking waveform
and monitoring the neural activity. Some molluscan species have individually identifiable
cells and easily identifiable axons that make them amenable for direct
electrophysiological analysis at a resolution unapproachable in other species (Kandel,
1979; Meems, 2005). The sea-slug Aplysia californica has been widely used to
understand the various functions and mechanisms involved in the nervous system
(Kandel, 1979; Kandel et al., 2000). It has large identified neurons and long easily

accessible nerve connectives from the pleural-pedal ganglia to the abdominal ganglion
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that allow for the monitoring of neural activity at various points along the nerve and
served as an ideal preparation for our experiments. We acknowledge that though these
experiments were not conducted on mammalian unmyelinated fibers, the results will

provide insight into the effect of high frequency stimulation on small diameter axons.

2.1 Material and Methods

2.1.1 Animal preparation

In vitro experiments were performed on the unmyelinated nerves of Aplysia. The
propagation of impulses along the nerve was used as an output measure to monitor block
status. The animals were dissected according to standard protocol where the animals are
anesthetized with isotonic MgCl, (30% of body weight). The body cavity was incised to
expose the nerve connectives leading from the abdominal ganglion. The nervous system,
including the circumesophageal ring or head ganglia and the abdominal ganglion, was
isolated and pinned to a petri dish with a Sylgard base (Dow Corning). Acute
experiments were performed on the left or right pleuroabdominal connectives, which are
usually about 4-6 cm in length and provide ample distance for the placement of four
suction electrodes. Care was taken to ensure that the nerves of interest were not stretched
or damaged during dissection. Spontaneous bidirectional neural activity was present
between the ganglia. A high-magnesium, low-calcium saline solution was used in the
bath to synaptically isolate the neurons in the ganglia (Nowotny et al., 2003) and
suppress the spontaneous activity. The preparation typically allowed for 3-4 hours of
experimentation time. Experiments were also conducted on the isolated nerve preparation

(excluding the ganglia to prevent neuronal effects) with normal ASW (artificial sea
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water) in the bath, but this preparation was typically viable for only about an hour or less.

All experiments were conducted at room temperature.

2.1.2 Electrophysiological setup

Suction electrodes, commonly used for extracellular recording and stimulation,
were used in our experiments. Glass electrodes with tip diameters about the same as that
of the nerve fiber (200-500 um) were pulled and attached to an electrode holder. Typical
electrode impedances for suction electrodes are in the kOhms range. A 400um tip
electrode was found to have an impedance of 30 kOhm. The suction electrodes were
positioned along the nerve by micromanipulators (SD Instruments, Narishige). Negative
pressure was applied via a syringe mechanism to draw the nerve into the electrode for en
passant recording and stimulation. Bath solution drawn into the electrode maintained
electrical contact and minimized noise in the recordings. Suction electrodes allow for the
continuous immersion of the nerve in the saline solution, thus preventing the nerve from
drying out. These electrodes also allow localized stimulation and a higher signal to noise
ratio for recording. A total of four electrodes were used in our experiments. Two suction
electrodes were used for the continuous monitoring of the propagation of action
potentials (APs) along the nerve. One suction electrode, placed between the recording
electrode and the head ganglia, was used to trigger an action potential in the nerve.
Another electrode positioned between the two recording electrodes, was used to provide
the block-inducing HFAC stimulus. The distance between each of the suction electrodes

was 5-10 mm. A schematic of the experimental setup is shown in Figure 2.1.
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A healthy and viable preparation was identified as one in which the activity
observed in one electrode was reflected in the other with a delay proportional to the
conduction velocity. We used a 10k gain on the amplifier and the bandwidth was limited
from 100Hz-1 kHz to filter out the noise that would arise from the high frequency
stimulation without affecting the unmyelinated nerve signal. This range of band pass
filtering also allowed for recording of traces that did not require any averaging or post-
data digital filtering. Our experimental set up had the advantage of providing direct
access to monitor the neural activity along the nerve, unlike other studies where the
activity of the innervated muscle was used as an indicator of nerve block (Kilgore &
Bhadra, 2004; Bhadra & Kilgore, 2005; Williamson & Andrews, 2005).

The input stimuli were transmitted through battery-powered stimulation
isolation units (AM Systems-Analog Stimulus Isolator, Model 2200, Carlsborg, WA) that
provided voltage controlled current waveforms. We verified the apparatus response and
found that it matches with the advertised specifications, including at frequencies up to 50
kHz (above the specs of 40 kHz).1-3 dB attenuation was found at frequencies above 30
kHz. For the range of parameters in our experiments, the output was not limited by the
slew rate. A suprathreshold stimulus pulse of 2V for 0.4ms, converted to current
stimulation through the stimulus isolation unit (0.1mA/V), was used to trigger an action

potential.
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Figure 2.1: Schematic of the experimental setup used for studying HFAC induced
conduction block in the unmyelinated nerves of Aplysia. The pleura-abdominal nerves
along with the attached ganglia were transferred to a saline filled petri-dish. Four suction
electrodes were placed along the triggered neural activity was monitored using the
depicted apparatus.
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Based on previously published work, current-controlled, sinusoidal or biphasic
rectangular waveforms in the frequency range of 3 kHz-20 kHz were hypothesized and
found to produce the most effective block (Kilgore & Bhadra, 2004). Higher frequencies
had not been previously tested due to physical limitations of the instrument. In our study,
sinusoidal waveforms in the frequency range of 5-50 kHz, generated by a function
generator (Stanford Research Systems, Model DS345) were used to induce block. These
waveforms were sent to a similar stimulus isolation unit (ImA/V) to produce current
waveforms which were found to be more effective in inducing block than voltage
waveforms. This experimental set up (Figure 2.1) was used to investigate the effect of

HFAC waveforms in the unmyelinated pleuro-abdominal nerves of Aplysia.

2.1.3 Block Threshold

For each frequency, the amplitude of the waveform was varied until the
propagation of action potentials could not be observed. A range of amplitudes was tested
to identify the threshold at which block was observed, beginning at lower amplitudes and
incrementing the amplitude in discrete steps of 0.1-0.5mA. Our method differs from other
studies where the amplitude of the HFAC waveform was initially at its maximum value
and was then linearly decreased until action potentials appeared in the fiber (Kilgore &
Bhadra, 2004; Bhadra ef al., 2006). We chose this approach to avoid potential unknown
remnant effects of stimulating the nerve at higher amplitudes of current or voltage.

In our experiments, after the HFAC stimulus was applied on the nerve, a test
pulse was injected at the proximal end near the head ganglia to trigger an action potential

in the nerve. If the amplitude of the HFAC waveform was at or above the threshold for
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inducing conduction block, the action potentials were arrested at the site of injection of
the blocking stimulus. The minimum amplitude of the HFAC waveform at which an
action potential was not observed in the distal recording electrode, though observed in the
proximal recording electrode, was identified as the threshold for inducing block and
termed as the ‘block threshold’. By monitoring the arrival of action potentials at the distal
end, axonal conduction block was detected and the minimum threshold for blocking
propagation was determined for a particular frequency. This procedure of identifying
block threshold was repeated for different frequencies. The order of frequency tested was
randomized to avoid any cumulative effects of fatigue or time. The nerve was allowed to
rest for at least a minute between individual trials.

The response of the nerve before, during and after high-frequency block was
recorded in individual trials. Based on the neural activity when the high frequency
waveform was applied, the nerve response was further classified as ‘No change’,
‘Repetitive firing’, ‘Partial Block’ and ‘Block’. ‘Repetitive firing” was identified as the
amplitudes below the block threshold where the nerve spontaneously and repetitively
fired. ‘Partial block’ was identified as the amplitudes below the block threshold where
part of the compound action potential appeared to be blocked or distorted. Multiple trials,
for each randomly chosen frequency, were performed on every nerve to evaluate the
repeatability and reversibility of applying the HFAC stimulus. These multiple trials
enabled the complete characterization of the response of the nerve to different HFAC

waveforms.
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2.2 Results

2.2.1 Verification of normal conduction properties

All experimental preparations were initially tested for normal conduction
properties to determine if action potentials could be repetitively triggered and transmitted
along the axon. The nerve preparations in which either an action potential could not be
triggered successively or in which the triggered action potential could not be observed in
both the recording electrodes, were terminated and the preparation discarded. The
triggered action potential appeared in the recording electrodes with a small latency
between them, due to the propagation delay. As shown in Figure 2.2, the stimulus artifact
also appeared in the recording traces but was usually well separated from the action
potentials due to the slow conduction velocity in unmyelinated nerves.

The distance between the two recording electrodes was noted for determining
the conduction velocity. The conduction velocity in the Aplysia nerves was in the range
of 0.4-1m/s, typical of most unmyelinated nerves (Kandel et al., 2000). The conductive
properties of the preparation were also constantly tested during the experiment in the
absence of the HFAC stimulus to determine whether the preparation was healthy and
viable. The nerve was tested prior to each application of the HFAC stimulus and block
was determined by comparing with the recording taken prior to switching on the HFAC
stimulus. If a dramatic change in the AP amplitude or shape was observed or if the AP
could not be observed in both the recording electrodes or if recovery of the AP did not
occur to its pre-block amplitude and shape, the experiment was terminated and the last

dataset deleted.
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waveform is applied above a certain threshold, conduction is blocked as evidenced by the
absence of the action potential in the second recording electrode. The right panel shows a
schematic of the experiment with and without application of the high frequency stimulus.
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2.2.2 Complete reversible block

Axonal conduction block induced by high frequency stimulation was
demonstrated in nerves from 20 animals. In 14 animals, the threshold for inducing block
was identified for at least 6 different frequencies ranging from 5-50 kHz. The other
animals produced data for only 2 or 3 different frequencies, after which the recording in
one electrode stopped echoing the recording in the other electrode even in the absence of
the high frequency stimulus. Data from all 20 animals were pooled for analysis of block
threshold. Complete and reversible block was achieved in all the 20 animals tested and
for all the frequencies in the range of 5-50 kHz. In the absence of the high frequency AC
current and for stimulus intensities below the block threshold, normal conduction of the
action potential i.e. propagation of the action potential from the electrode proximal to the
head ganglia (1% recording electrode) to the distal recording electrode (2™ recording
electrode) closer to the abdominal ganglion was observed. Action potentials were
intermittently triggered and axonal propagation along the nerve was monitored to identify
whether conduction was blocked or not as the amplitude of the HFAC waveform was
varied.

For current intensities at and above the identified blocking thresholds, the action
potential appeared only in the proximal recording electrode and not in the distal recording
electrode as seen in Figure 2.2. This was indicative of local conduction block. Only the
stimulus artifact could be observed in the trace obtained from the distal electrode for
amplitudes greater than the blocking threshold. A trial showing complete block when the
high frequency stimulation is applied while normal conduction can be observed before

and after application of the high frequency waveform is displayed in Figure 2.2. The
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current for inducing complete block across all frequencies was in the range of 1-6 mA
peak. Action potential conduction returned within 5 s of switching off the high frequency
current and was instantaneous in some cases. Lower frequencies had greater delays in the

reversibility of nerve conduction after the HFAC stimulation was stopped.

2.2.3 Block onset and repetitive firing

The initiation of the HFAC stimulus usually triggered multiple transient
bidirectional action potentials in the nerve fiber that propagated away from the site of the
HFAC stimulating electrode. Figure 2.3 shows that as the amplitude of the high
frequency waveform was increased, spontaneously generated action potentials with
varying firing frequencies are observed just before the onset of conduction block. The
range of the amplitude of the HFAC waveform for generating spontaneous action
potential firing was found to vary inversely with frequency as shown in Figure 2.5.
Higher frequencies had a smaller range below the block threshold, where spontaneous

firing of action potentials was observed compared to lower frequencies.

2.2.4 Partial block

In some cases a decrease in the amplitude or a notable change in the shape of the
compound action potential was observed, suggesting conduction block of some of the
axons in the nerve fiber. This was noted as partial block of the nerve fiber. The partial
block response and the spontaneous firing of nerve activity occurred at amplitudes of the
high frequency waveform that were immediately below the threshold for inducing block

as can be seen in Figure 2.4.
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Figure 2.3: Response of an unmyelinated nerve recorded for 600ms before, during and
after the application of the sinusoidal HFAC waveform. A. Spikes indicate the time
instant when the stimulus to trigger an action potential in the nerve was given and appear
as stimulus artifacts in other panels. B. Extracellular voltage recordings of the electrode
proximal to the head ganglia. C. Extracellular voltage recordings of the distal electrode.
D. Amplitude of the sinusoidal HFAC stimulation. The dark brown region of the HFAC
waveforms, indicate amplitudes below block threshold where tonic firing was observed.
The red region of indicates amplitudes of the HFAC waveforms where complete block of
the triggered action potential was observed.
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The nerve fiber was said to be totally blocked when the triggered compound action
potential and the spontaneously generated spikes completely disappeared in the second
recording electrode. In most cases, partial block occurred simultaneously as the
spontaneous tonic firing in the nerve. When the HFAC amplitude of the waveform was
about 0.5-0.9 times the block threshold, the nerve exhibited spontaneous firing and the
triggered action potential appeared to be partially blocked, evident by the absence of the
large amplitude peak in the compound action potential. The neural activity of the nerve

changed depending on the amplitude and frequency of the HFAC waveform.

2.2.5 Block thresholds

The minimum thresholds for inducing block using HFAC sinusoidal waveforms were
obtained for frequencies in the range of 5-50 kHz and amplitudes varying from 1-6 mA.
Unlike previous results utilizing mixed nerves of amphibians (Kilgore & Bhadra, 2004)
and mammals (Bhadra & Kilgore, 2005; Williamson & Andrews, 2005), the minimum
amplitude of the high frequency waveform required to block axonal conduction in
unmyelinated nerves did not linearly increase with an increase in frequency as depicted in
Figure 2.6. The current intensity required to block conduction through these
unmyelinated nerves increased until about 12 kHz and then decreased until 50 kHz,
which was the maximum frequency tested. These frequencies were tested in a random
order, indicating that this non-monotonic frequency-amplitude relationship is not a time-

dependent phenomenon.
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Figure 2.4: The response of the nerve to application of high frequency waveforms as the
amplitude of the waveform is changed. Pooled data obtained from all experiments is
shown. The black dots indicate no change to the shape or amplitude of the CAP
compared to that prior to application of the HFAC waveform. The blue dots indicate
when repetitive firing and partial block were seen. The red dots indicate when conduction
was blocked and the CAP did not appear in the second recording electrode, though it was
present in the first recording electrode. Repetitive firing and partial block always
occurred at amplitudes below block threshold.
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Figure 2.5: Range of partial block as a percentage of the block threshold for different
frequencies. As frequency increased the range of amplitudes for observing repetitive
firing and partial block decreased.
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Figure 2.6: Block thresholds in Aplysia nerves. Each point indicates the blocking
threshold for a particular frequency obtained from the unmyelinated nerves of Aplysia.
Different symbols and colors indicate data from different animals. The blue solid trace
indicates the average extrapolated block threshold at each frequency. The error bars
indicate the standard deviation of the block thresholds at a particular frequency.
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2.3 Discussion

The phenomenon of conduction block induced by high frequency waveforms has
been shown in several preparations of mixed nerves. However it has not been studied by
direct measurements of neural activity on homogeneous nerves for a wide frequency
range. In the present study, purely unmyelinated nerves of Aplysia were used to
investigate the changes in the excitability of the nerve during high frequency activation.
This study has shown that 5-50 kHz HFAC waveforms can reversibly block the
conduction of action potentials in unmyelinated nerves. Although it has been previously
demonstrated that the mechanism of HFAC conduction block is not due to a distal effect
at a neuromuscular junction or muscle, such as neurotransmitter depletion or muscle
fatigue but is due to a local neural block at the site of stimulation (Kilgore & Bhadra,
2004) , our experiments provide conclusive evidence of the same since we use an isolated
nerve preparation with no muscle attached.

Conduction block was obtained for all frequencies tested between 5 and 50 kHz at
stimulation strengths varying from 1-6 mA peak. The block induction was reversible and
repeatable at all the frequencies tested. No other study has tested for frequencies above
30 kHz. Our experiments reveal that in Aplysia fibers, for frequencies above 12 kHz, the
minimum HFAC amplitude for block decreases as frequency increases which differs
from the frequency-amplitude relationship seen in other modeling and experimental
studies (Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005; Tai et al.,
2005; Zhang et al., 2006; Bhadra et al., 2007). The non-monotonic relationship was

found in all the animals tested where the entire frequency range was randomly spanned.
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This non-monotonic relationship is possibly a unique property of these unmyelinated
nerves that has not been formerly observed.

All other features of HFAC induced block, like the onset response and repetitive
firing observed just prior to the conduction block, were consistent with published
literature even though we used suction electrodes unlike other studies on HFAC block.
Most invertebrate neurophysiologists use suction electrodes since they provide highly
localized stimulation along with providing a high signal to noise ratio. Also, high
resolution recordings of the neural activity can be obtained with them. Since the
preparation is always immersed in saline solution, suction electrodes maintain the
viability of the preparation for longer durations by preventing the nerves from drying out.
They also enable good tubular contact which is essential for achieving neural block.

HFAC block was almost always preceded by a period of asynchronous tonic
firing of the nerve which appeared at intensities that were just below the block thresholds.
The duration of asynchronous firing varied inversely with frequency. Higher frequencies
(>35 kHz) had minimal asynchronous firing and appeared to have the quickest onset of
block. Lower frequencies had greater delays in reversibility of nerve conduction after the
HFAC stimulation was stopped. For current intensities at and above the blocking
thresholds, the action potential appeared only in the proximal recording electrode and not
in the distal recording electrode as depicted in Figure 2.3, which was indicative of block.

The onset activity produced when the HFAC waveform is initiated can be a
significant disadvantage for clinical applications. Miles et. al. (Miles et al., 2007), looked
into the effect of using ramped waveforms to suppress the transient onset response when

the HFAC waveform is turned on and found that the transient onset response was not
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eliminated with slowly ramping HFAC waveforms. Unlike the long periods of transient
activity observed with ramped waveforms (Miles et al., 2007), we found that when the
HFAC amplitude was stepped from an amplitude of zero to an amplitude above the block
threshold, on average, only about 1-3 spikes occurred within the first 30ms of switching
on the HFAC waveform. Hence, clinical applications using HFAC waveforms to block
conduction would warrant the use of a step waveform to an amplitude above the block
threshold for that frequency. Based on our experimental results, frequencies above 30
kHz might be ideal for clinical applications since they have lower thresholds for block
induction and have a smaller range for the steady-state repetitive firing activity. We
cannot state with certainty whether our results are unique to the Aplysia preparation or to
unmyelinated nerves in general, however, we also note that this is the first experimental
study of this phenomena using purely unmyelinated nerves.

Modeling studies, to date, have been based on single fiber type axon models,
where the models have not been extensively tested with high frequency signals. It is
unknown how well these existing axon models correlate to the physical axon behavior at
these higher frequencies that are above the normal electrophysiological range. This could
also explain the disparity in results of published studies about the ideal frequency range
and hypothesized mechanism. Modeling studies were conducted in our lab to investigate
the possible mechanisms for the observed non-monotonic behavior at higher frequencies.
The Hodgkin-Huxley (HH) model assumes that the membrane capacitance is constant at
all frequencies. However, measurements of membrane capacitance taken on squid axons
show that the membrane capacitance decreases for frequencies above 1kHz (Haydon &

Urban, 1985), as shown in Figure 2.7. Incorporating this frequency-dependent membrane
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capacitance into the HH model rectified the frequency-threshold relationship in the
model while still preserving the standard characteristics of action potential propagation
(Haeffele & Butera, 2007). Figure 2.8 shows that the blocking thresholds of the FDC
model were similar to the HH model at low frequencies, up to 12 kHz, but deviated
significantly from the HH model at higher frequencies. These results suggest that the
classical HH model is insufficient to describe the effect of HFAC waveforms on
unmyelinated nerves. A non-linear capacitance may partially account for the
experimentally observed non-monotonic behavior at the higher frequencies in Aplysia
nerves. Further experiments along with modifications of the HH model are required to
comprehensively understand the non-monotonic threshold behavior observed in the

unmyelinated Aplysia nerves.

2.4 Feather duster worm experiments

The above study on the unmyelinated nerves of the sea-slug Aplysia, showed that
HFAC waveforms can reversibly and repeatedly block nerve conduction in purely
unmyelinated nerves. The minimum amplitude to induce block proportionately increased
with frequency in these nerves until 12 kHz. For frequencies above 12 kHz, the blocking
threshold for these nerves was inversely proportional to frequency. This behavior
contradicts the frequency-threshold relationship reported in published literature (Kilgore
& Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005; Tai ef al., 2005; Tai et al.,
2005; Bhadra et al., 2006; Tai et al., 2006; Zhang et al., 2006; Zhang et al., 2006; Bhadra

et al.,2007).
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Figure 2.7: Capacitance measurements for different frequencies in a giant squid axon.
Adapted from (Haydon & Urban, 1985)
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In order to validate our results obtained from the Aplysia fibers and investigate whether
the non-monotonic behavior is unique to Aplysia or is a property of all unmyelinated
fibers, we attempted to replicate the experiments in the unmyelinated nerve fibers of the
feather-duster worm.

The giant axons of the marine polychaete feather duster worm, Myxicola
infundibulum, are known to be upto 900 um in diameter, and are usually about 500-700
um (Binstock & Goldman, 1967; Binstock & Goldman, 1969). Most of the nerve cord is
the giant axon which dominates the dorsal aspect of the cord. This preparation has been
shown to have similar conduction properties as the squid giant axon (Binstock &
Goldman, 1967; Binstock & Goldman, 1969) and since it is available year round at most
pet stores in the US, unlike the seasonal nature of the giant squid, the featherduster worm
was found to be a useful animal to study nerve activity and conduction block using
HFAC waveforms.

We wanted to repeat the experiments, previously performed on the unmyelinated
Aplysia nerves, to characterize the effect of HFAC waveforms on the nerve of the
featherduster worm. If the threshold behavior in these nerve fibers is similar to the trends
seen in the Aplysia nerves, then we can conclusively state that the observed non-
monotonic behavior in the Aplysia nerves is a characteristic of all unmyelinated nerves
that could potentially be significant for clinical applications related to pain management.
If the results obtained on Aplysia nerves during HFAC stimulation can be obtained in
another unmyelinated nerve preparation, then the study would also prove that the
classical Hodgkin-Huxley model does not adequately describe nerve behavior at higher

frequencies. Sufficient modification of the HH model will then be required to investigate
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the physiological mechanisms of block induction using HFAC waveforms. If the
blocking characteristics of the worm are not similar to the Aplysia results then we can
conclude that the non-monotonic frequency-amplitude behavior is a property specific to
the nerve bundle of Aplysia that could be attributed to its unique ion channel distribution
or its surrounding extracellular environment.

Unfortunately we could not use the feather duster nerve model to validate our
results. After dissecting the worm and testing its conduction properties, we found that in
the feather duster nerve cord, even though action potentials could be triggered,
‘sputtering decline’ in the conduction properties occurred along the length of the nerve
(Bullock & Turner, 1950). Several discontinuities in action potential propagation were
observed along with random responses to successive stimulation that prevented detection
of the triggered action potential. This preparation could not be used to validate our results
from the Aplysia nerve since faithful reproduction of the action potential propagation
could not be observed in the two recording electrodes. We could not conclusively state
whether the absence of the action potential in the second recording electrode was solely
due to the local conduction block induced by the HFAC waveforms or due to other
changes in the conduction properties along the length of the nerve and hence had to
abandon the study. Future experiments aimed at replicating the results in other

unmyelinated nerves are described in Chapter 5.

2.5 Conclusion

The study described in this chapter, characterizing the effect of HFAC waveforms

on the unmyelinated nerves of Aplysia, demonstrated that sinusoidal HFAC waveforms
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from 5-50 kHz can successfully induce a local, reversible and repeatable block in
unmyelinated nerve fibers. This study also demonstrated that extracellular compound
action potential recordings can be a useful technique for monitoring and investigating
nerve behavior during application of HFAC waveforms. The isolated response of
unmyelinated nerves to HFAC stimulation had not been previously studied, though many
computational models investigating the mechanism of the conduction block were based
on the unmyelinated nerve model by Hodgkin-Huxley. This study is the first to
investigate the effect of HFAC waveforms on purely unmyelinated nerves. It is also the
first to investigate such a broad range of frequencies and including higher frequencies in
the 30-50 kHz range.

We found that unlike myelinated nerves, the block threshold in Ap/ysia nerves did
not have a monotonically increasing relationship with frequency. The block threshold
increased linearly until 12 kHz and then exponentially decayed until 50 kHz. This
difference in the response of unmyelinated nerves could not be validated in another
unmyelinated nerve due to the lack of an easily accessible and amenable unmyelinated
nerve preparation. In the following chapter, we intend to quantify the effect of the HFAC
waveforms by observing the compound action potential of mixed nerves and isolating the
components of the myelinated and unmyelinated nerve activity. Studying the different
components of the compound action potential should enable us to compare our results
with published literature. If our results in Aplysia nerves can be validated in another
nerve preparation, then HFAC induced conduction block may potentially be
advantageous in various neurophysiological and clinical applications related to pain

management and selective stimulation.
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CHAPTER 3

HFAC INDUCED BLOCK IN MIXED NERVES

High frequency alternating current (HFAC) waveforms in the range of 1-40 kHz
have been shown to induce complete and reversible local block in whole nerves with
minimum side effects (Tanner, 1962; Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005;
Williamson & Andrews, 2005; Bhadra et al., 2006; Joseph & Butera, 2009). The block
threshold, defined as the amplitude of the HFAC waveform below which complete block
did not occur, was found to monotonically increase with frequency in myelinated animal
model systems of frog, rat and cat nerves, where muscle force was used as an indirect
measure of block status (Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Williamson
& Andrews, 2005; Bhadra et al., 2006). The block threshold was found to be dependent
on the electrode design, nerve type and the frequency of the HFAC waveform (Bhadra et
al.,2007; Ackermann et al., 2009).

Traditionally only the myelinated response of the nerve and its effect on muscle
force has been studied, while the effect on the smaller diameter, slower conducting
unmyelinated nerves has not been experimentally considered. Simulation studies have
shown that smaller diameter axons have higher blocking thresholds than the larger
diameter axons at the same frequency (Bhadra & Kilgore, 2005; Tai et al., 2005; Tai et
al., 2005; Williamson & Andrews, 2005; Bhadra et al., 2007). Prior studies have also
shown that for certain amplitudes of the HFAC waveform below block threshold, the

nerve shows repetitive firing activity (Kilgore & Bhadra, 2004; Bhadra & Kilgore,
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2005; Tai et al., 2005; Williamson & Andrews, 2005; Bhadra et al., 2006; Bhadra et al.,
2007; Joseph & Butera, 2009). Therefore, if HFAC block induction of the larger
diameter fibers causes activation of the smaller diameter pain fibers, this method of
conduction block would be clinically inapplicable. Hence, understanding the response of
the unmyelinated nerves to HFAC stimulation is critical if clinical applications are to be
pursued.

Previous experimental work in our lab on the unmyelinated nerves of the sea-slug,
Aplysia californica, showed that HFAC stimulation could induce complete and
reversible conduction block for frequencies in the range of 5-50 kHz (Joseph & Butera,
2009). The minimum HFAC amplitude for block (called the blocking threshold) was
between 1 mA and 6 mA in our experiments. Although, the characteristics of the neural
activity during HFAC stimulation in these unmyelinated nerves mimicked the
characteristics of the myelinated nerves, the minimum amplitude for inducing block in
these nerves decreased for frequencies above 12 kHz. This nonmonotonic behavior of
unmyelinated nerves differed from published experimental and modeling studies on the
response of myelinated nerves to high frequency stimulation (Ishigooka et al., 1994;
Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Tai ef al., 2005; Tai et al., 2005; Tai
et al., 2005; Williamson & Andrews, 2005; Bhadra et al., 2006; Tai ef al., 2006; Zhang
et al., 2006; Zhang et al., 2006; Bhadra et al, 2007). If this disparity to HFAC
stimulation exists in all myelinated and unmyelinated nerves, then the ability to block the
smaller diameter pain fibers while allowing conduction though the larger diameter
myelinated nerves would provide a novel means for selective blocking of specific fibers,

especially for applications related to pain management.

50



To further investigate this difference in the response of myelinated and
unmyelinated nerves to conduction block induced by HFAC stimulation, we decided to
characterize the effect of high frequency stimulation on mixed nerves comprising of both
myelinated and unmyelinated nerves. The sciatic nerve of frogs, composed of myelinated
and unmyelinated fibers, is frequently used in nerve conduction studies. Supramaximal
stimulation of the sciatic nerve should produce a compound action potential consisting of
the A-fiber and C-fiber response corresponding to the myelinated and unmyelinated

nerve fibers’ response.

3.1.1 Compound Action Potential of mixed nerves

Peripheral nerves are composed of many fibers of varying diameters and
conduction velocities and serve different functions as shown in Table 3.1 and detailed in
Figure 3.1. The Roman numeral (Lloyd-Hunt) system is mostly used for sensory fibers
while the alphabet (Erlanger and Gasser) system is used for sensory and motor fibers.
Conduction velocities of peripheral nerves are measured clinically using compound
action potential (CAP) recordings. Electrically stimulating a peripheral nerve at different
intensities activates different populations of nerve fibers. The action potentials of all the
nerves activated by a particular current stimulus, when summed produce the compound
action potential. The conduction velocity of each fiber group is then computed by
dividing the latency of the peaks by the distance along the nerve between the stimulating
and the recording electrodes.

Larger diameter fibers have lower axonal resistance and hence have a lower

activation threshold during extracellular stimulation than the smaller diameter fibers. For
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this reason, during application of an extracellular stimulus, the larger diameter fibers are
recruited first and then the smaller diameter fibers which is opposite of the normal
physiological recruitment order (Blair & Erlanger, 1933). As the stimulus strength
increases, the largest axons are first activated followed by the other smaller axons as
shown in Figure 3.2. This causes the compound action potential (CAP) to display a
graded nature as opposed to the all-or-none nature of action potentials. It is also known
that conduction velocity is directly proportional to fiber diameter. Consequently, the
response of the smaller diameter axons occurs after a longer latency than the larger
diameter axons. This latency enables the response of the smaller diameter fibers to be
well separated in time from the larger diameter axons, if the nerve response is recorded at
a sufficient distance from the stimulating electrode. The above stated characteristic
features of the CAP make it an attractive technique for studying the response of different
fiber type populations to HFAC stimulation. Figure 3.2 shows sample traces of CAP
where the A-fibers response corresponds to the myelinated nerve fibers while the slower
unmyelinated fibers are responsible for the C-wave. In our experiments, the C-fiber
response and the A-fiber response to HFAC stimulation will be compared. We
hypothesize that there exists a difference in the behavior of myelinated and unmyelinated
nerves to high frequency stimulation and the C-fiber response to HFAC stimulation will
be similar to that seen in the unmyelinated nerve fibers of Aplysia. Our hypothesis will be
validated if the block thresholds of the C-fibers display the non-monotonic behavior with
frequency while the A-fibers display the monotonically increasing threshold behavior as

shown in Figure 3.3.
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Table 3.1: Classification of peripheral nerve fibers according to their diameters.
Adapted from (Kandel et al., 2000)

Fiber diameter  Conduction General function
(um) Velocity (m/s)
Alpha-motoneurons,
Aa muscle spindle
i dings
Large primary endings,
myelinated 12-20 72-120 golgi tendon organs,
touch
AP Touch, kinesthesia,
: Muscle spindles
Me(.hum 6-12 36-72 secondary endings
myelinated
Ad
Pain, crude touch,
Small 1-6 4-36 pressure, temperature
myelinated
B
Preganglionic
Thinly 1-3 3.15 autonomic
myelinated
Pain, touch, pressure,
C temperature,
Unmyelinated 0.2-1.5 0.2-2.0 postganglionic
autonomic
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Figure 3.1: Detailed classification of peripheral nerve fibers based on fiber diameter and
conduction velocity. (Personal communication with Dr. T. Richard Nichols)
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Figure 3.3: Hypothesized block threshold behavior for myelinated and unmyelinated
nerves at different frequencies based on data from Aplysia nerves and amphibian and
mammalian nerves. The brown dots indicate the region where A-fibers can be selectively
blocked while conduction in C-fibers persists. In the region with green dots, the C-fibers
can be blocked while conduction through the A-fibers exists.
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that specific components of the CAP might be selectively blocked with HFAC
waveforms.
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If validated, this property of differential thresholds for inducing block in myelinated and
unmyelinated nerves can be extremely advantageous for various clinical applications, as
we could potentially find two regions where one component of the CAP could be
selectively blocked while the conduction of action potential is maintained in the other
types of fibers. Figure 3.4 demonstrates the hypothesized results where specific
components of the CAP can be selectively blocked using HFAC waveforms. HFAC
waveforms can be used to selectively block conduction through the unmyelinated pain
fibers and thus reduce or eliminate the sensation of pain. HFAC block can also be utilized
for selective stimulation of specific fiber types, especially in motor prosthetic
applications, to achieve the normal recruitment order of nerve fibers. For example, slow
variation of the stimulation frequency can cause the blocking and unblocking of the
larger diameter fibers while allowing conduction trough the smaller diameter fibers. This
mechanism would provide more control on the extracellular stimulation used to restore

functionality and can thus improve the current state of motor prostheses.

3.1.2 Preliminary data from cat nerves

Preliminary experiments conducted on the sciatic nerve of cats, using the same
equipment as that used for the unmyelinated Aplysia nerves, demonstrated that
conduction block can be induced in the nerve fiber using 10-30 kHz HFAC waveforms.
Only the larger diameter motor nerve response of the compound action potential was
studied in these nerves. Partial block and complete block of the compound action
potential was observed when high frequency sinusoidal waveforms with frequencies of

10 kHz, 20 kHz and 30 kHz sinusoidal were applied. Hook electrodes were used in these
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experiments and so complete encapsulation of the nerve fiber was not possible. Figure
3.5A depicts two such trials of application of HFAC waveforms on the nerve and Figure
3.5B shows the relationship of block threshold to frequency for these mammalian nerves.
A linear relationship of block threshold to frequency was observed in these nerves even at
higher frequencies (above 20 kHz). These experiments proved that the non-monotonic
behavior observed in the Aplysia nerves was a property of the unmyelinated nerves and
not an experimental artifact.

To validate our results from the Aplysia fibers and investigate whether the
nonmonotonic response is unique only to the Aplysia nerves or is applicable to all
unmyelinated nerves, we studied the effect of HFAC stimulation on the compound action
potential (CAP) of amphibian mixed nerves. The sciatic nerve of frogs, frequently used in
experimental studies, is composed of myelinated and unmyelinated fibers. Investigating
the effect of HFAC waveforms on the different components of the CAP would enable us
to detect the progression of block in each fiber type population within the whole nerve. In
this paper, we describe the in vitro experiments performed on the sciatic nerve of the frog
where neural activity was directly observed to determine the block status. For simplicity,
we grouped the fast-conducting myelinated fibers with conduction velocities greater than
20m/s as the A-fiber response and the slow-conducting unmyelinated fibers with
conduction velocities less than 1m/s as the C-fiber response. If the A-fiber and C-fiber
components are found to have different blocking threshold behaviors at high frequencies,
then this method of block induction could be significant for a variety of clinical and

neurophysiological applications.
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Figure 3.5: A: Block of the compound action potential obtained during application of
10, and 30 kHz, sinusoidal waveforms on the sciatic nerve of cats. CAP recording during
application of 20 kHz is not shown but displayed similar properties. B: Plotting
thresholds at the 3 different frequencies demonstrated that the CAP nerves displayed a
linear block threshold to frequency relationship. Hook electrodes were used in these
experiments.
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3.2 Materials and Methods

3.2.1 Animal preparation

In vitro acute experiments were performed on the sciatic nerve of 14 leopard
frogs, Rana pipiens. Prior to surgery, the frogs were anestheized with tricaine
methanesulfonate (MS-222, 1 g/L) and then the frogs were double pithed. The sciatic
nerve was exposed along its entire length through a dorsal incision and cut at the level of
the spinal cord as shown in Figure 3.6. The nerve, usually about 5 cm long, was ligated at
both ends with silk threads. The threads were pinned to a petri dish with a Sylgard base
(Dow Corning), and the dish was filled with normal frog Ringer’s solution ( NaCl
83.89mM, NaHCO3 28.11 mM, KH2PO4 1.2mM, KCI 1.5mM, MgSO4 1.2mM, CaCl2
Dihydrate 1.3mM, Glucose 10 mM, pH adjusted to 7.4) . The frogs were decapitated at
the end of the dissection. All experiments were conducted at room temperature and all
protocols involving animal use were approved by the Georgia Tech Institutional Animal

Care and Use Committee.

3.2.2 Electrophysiological setup

Glass suction electrodes, with tip diameters about the same as that of the nerve
fiber (0.5-1mm), were used in our experiments. Figure 3.7 illustrates the experimental
setup used for recording CAPs triggered in the sciatic nerve. This experimental setup was
similar to that previously used for the Aplysia nerves (Joseph & Butera, 2009). Two
electrodes were used for recording the propagation of the CAP along the nerve. One

electrode was used to trigger a CAP while another electrode, placed between the two
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Figure 3.6: Anatomical features of the frog leg highlighting the sciatic nerve used for
our experiments. The yellow double lines indicate the positions where the sciatic nerve
was severed.
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recording electrodes, was used to provide the block-inducing HFAC waveform. The
distance between the electrodes was optimized for maximizing separation between the
stimulus artifact and the recorded CAP without temporally dispersing the signal, and was
usually about 5Smm. The propagation of impulses along the nerve was used as an output
measure to monitor block status. A suprathreshold bipolar stimulus pulse of 10V for
0.2ms, converted to current stimulation (0.1mA/V), through a stimulus isolation unit
(AM Systems-Analog Stimulus Isolator, Model 2200, Carlsborg, WA) was used to
trigger the CAP. High frequency sinusoidal waveforms generated by a function generator
(Stanford Research Systems, Model DS345) and sent through a similar stimulus isolation
unit (0.1mA/V) were used to produce HFAC waveforms for block induction.

Each trial consisted of an average of 20 runs. The signal was differentially
amplified (gain=1000) and the bandwidth was restricted to 100Hz-5 kHz for recording
the A-fiber response. Similarly, an amplifier gain of 10K and bandwidth of 100Hz-1 kHz
was used to record the C-fiber response. In 5 animals where both the A-fiber and C-fiber
components were recorded, a gain of 1000 and bandwidth of 100 Hz-5 kHz was used.
Additional post-data filtering in Clampfit (bandpass filter = 100Hz-3 kHz), enabled
detection of block status of the C-fiber components. These optimal settings filtered out
the noise from the high frequency waveforms and enabled identification of the different
components of the CAP. Our experimental set up had the advantage of providing direct
monitoring of the neural activity along the nerve, unlike other published studies where

muscle force or sphincter pressure was used as an indirect measure of nerve block.
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3.2.3 Experimental procedures

Repeated, randomized trials were conducted for various frequencies in the range
of 5-50 kHz and amplitudes in the range of 0.1-1 mA. For each frequency, the amplitude
of the waveform was varied until the propagation of APs could not be observed. A range
of amplitudes was tested to identify the threshold at which block was observed. The
amplitude was incremented in discrete steps initially of 0.1-0.3mA and then of 0.01-
0.05mA closer to block threshold. After the HFAC stimulus was applied on the nerve, a
test pulse was injected to trigger an AP in the nerve. If the amplitude of the HFAC
waveform was at or above the threshold for inducing conduction block, the CAP was
arrested at the site of injection of the blocking stimulus. The minimum amplitude of the
HFAC waveform at which the CAP was not observed in the distal recording electrode
was identified as the ‘block threshold’.

The procedure of identifying block threshold was repeated for different
frequencies in a random order. The response of the nerve before, during and after high-
frequency block was recorded in individual trials. Based on the recorded CAP when the
high frequency waveform was applied, the nerve response was further classified as ‘No
change’, ‘Partial Block’ and ‘Block’. This classification was done for both the C-fiber
and A-fiber components of the CAP. ‘No change’ was identified as the amplitudes of
HFAC stimulation when the CAP component was similar to the CAP prior to switching
on the HFAC waveform. ‘Partial block’ was identified as the amplitudes below the
block threshold where part of the CAP appeared to be blocked or distorted and the CAP
component was less than 50% of the amplitude of the component prior to switching on
the HFAC waveform. ‘Block’ was identified as the amplitudes of the HFAC waveform
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when the component of the CAP was less than 10% of the CAP component prior to
switching on the HFAC waveform. Multiple trials, for each randomly chosen frequency,
were performed on every nerve to evaluate the repeatability and reversibility of applying
the HFAC stimulus. These multiple trials enabled the complete characterization of the

response of the nerve to different frequencies and amplitudes.

3.3 Results

All experimental preparations were initially tested for normal conduction
properties to determine if a CAP could be repetitively triggered and transmitted along the
axon. The triggered CAP appeared in the recording electrodes with a small latency
between them, due to the propagation delay. The conduction velocities were greater than
20m/s for the A-fiber component and in the range of 0.4-1m/s for the C-fiber
components. The stimulus artifact also appeared in the recording traces but was usually
well separated from the A-fiber component of the CAP in the second recording electrode
due to the longer distance from the stimulating electrode. The C-fiber component of the
CAP due to the slower conduction velocity appeared at a latency greater than 20 ms after
the A-fiber response. Detection of these waveforms was essential for determining the A-
fiber and C-fiber block thresholds. A sample recording from which the A-fiber and C-
fiber component are extracted is shown in Figure 3.8.

Conduction block induced by HFAC stimulation was demonstrated in all the
nerves tested for at least 2 different frequencies in the range of 5-50 kHz. In the absence
of the high frequency AC current and for stimulus intensities below the block threshold,

normal conduction of the CAP was observed.
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Figure 3.8: Sample recording from which the A and C-fiber components can be

extracted.
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The nerve was tested before each application of the HFAC waveform and block
was determined by comparing with the recording taken prior to switching on the HFAC
stimulus. The presence or absence of the different components of the CAP was used to
determine block status. Figure 3.9 shows two different trials where the A-fiber or the C-
fiber component of the CAP could be separately blocked. The nerve fiber was said to be
blocked when the CAP completely disappeared or was smaller than 10 % of the
amplitude of the pre-block CAP. 100 % block of A-fiber could not be obtained in some
cases due to incomplete encircling of nerve fiber (Petruska et al, 1998; Bhadra &
Kilgore, 2005).

In cases where conduction block could be observed, CAP conduction returned
within a few seconds of switching off the high frequency current and was instantaneous
in some cases. The neural activity of the nerve changed depending on the amplitude and
frequency of the HFAC waveform. A decrease in the amplitude or a notable change in the
shape of the CAP, during application of the HFAC waveform, was indicative of block of
only few axons in the nerve fiber and was noted as ‘partial block’. Figure 3.10 shows a
sample trace of the C-fiber component where partial block was observed. The CAP
components prior to, during and after application of the HFAC waveform are also
displayed for comparison. We also note, as in Figure 3.11, that partial block always
occurred at amplitudes of the HFAC waveform that were immediately below the block
thresholds. If a dramatic change in the amplitude or shape of the CAP was observed, or if
recovery of the CAP did not occur to its pre-block amplitude and shape after the HFAC

stimulus was switched off, the experiment was terminated and the last dataset deleted.
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Figure 3.9: Selective block of A fibers and C-fibers. Two different trials showing
selective block of the components during application of HFAC waveforms A: The
topmost trace shows the CAP before application of HFAC waveforms. Application of a 5
kHz waveform blocked the A-fiber and not the C-fiber component. B: Application of a
35 kHz waveform blocked the C-fiber and not the A-fiber component.
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Figure 3.10: Sample traces showing the C-fiber response, before, during and after
application of HFAC waveforms. Partial block (blue trace) was noted in certain cases
when the amplitude of the component of the CAP was less than that prior to application
of the HFAC waveform (black trace). Changing the amplitude or the frequency
eliminated the response completely and this was noted as complete block (red trace).
After switching off the HFAC waveform, the C-fiber component of the CAP could again
be observed.
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Failure of these trials was attributed to improperly constructed electrodes, electrodes that
had a degraded AgCl coating, a weak battery in the stimulus isolator or degrading health

of the nerve preparation.

A mapping of the neural activity of the A and C-fiber components for different
frequency and amplitude combinations is shown in Figure 3.12. The amplitudes of the
HFAC waveform required to induce block in the A-fiber component of the CAP appeared
to linearly increase with frequency as shown in Figure 3.12 A. In contrast, as observed in
Figure 3.12 B, the amplitudes of the HFAC waveform required to block conduction of the
C-fiber component of the CAP did not monotonically increase with frequency. The
current intensity required to block conduction through the unmyelinated nerves increased
until about 20 kHz and then decreased until 50 kHz, which was the maximum frequency
tested. The minimum amplitude of the HFAC waveform for inducing block at a
particular frequency was termed the block threshold. Figure 3.13 compares the average
block thresholds obtained for the A and C-fiber components at different frequencies in

the range of 5-50 kHz.

3.4 Discussion

This paper is the first study to demonstrate that the unmyelinated and myelinated
components of the mixed nerve can be consistently, repeatedly and separately blocked in
peripheral amphibian nerves. It is also the first to experimentally investigate the
frequency-amplitude relationship of the different components of the CAP of a mixed
nerve to HFAC stimulation. Block induced through HFAC waveforms can be obtained in

whole nerves for frequencies from 5-50 kHz and amplitudes from 0.1-1 mA.
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Figure 3.11: Partial block occurs at amplitudes below block. Trials on two different
nerves showing amplitudes when partial block and block occurred. The red points
indicate amplitudes at which conduction was blocked and the blue points indicate
amplitudes at which partial block was observed.
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Figure 3.12: The A-fiber and the C-fiber response for different frequencies and
amplitudes. A: The A-fiber response shows a monotonically increasing trend for
blocking amplitudes. B: The C-fiber response demonstrates a non-monotonic trend
for blocking amplitudes. The red squares indicate amplitudes at which the
component was blocked. The black triangles indicate amplitudes at which the
amplitude and shape of the CAP was similar to the CAP prior to application of the
HFAC stimulus
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The block threshold was a repeatable measure both within animals and between animals
and showed a strong linear relationship with frequency for the A-fiber component of the
CAP and a nonmonotonic relationship with frequency for the C-fiber component of the
CAP. Published models have shown that the block threshold using HFAC waveforms is
inversely proportional to axon diameter (Bhadra & Kilgore, 2005; Tai et al., 2005; Tai et
al., 2005; Williamson & Andrews, 2005; Bhadra ef al., 2007). However, in our
experiments a pure diameter dependence of threshold on frequency was not observed. A
nonmonotonic relationship was found in the smaller diameter unmyelinated fibers, with
block thresholds decreasing as frequency increased above 30 kHz. These results are
consistent with the results previously obtained from the purely unmyelinated nerves of
the sea-slug Aplysia (Joseph & Butera, 2009) . Since the frequencies were tested in a
random order and the nonmonotonic relationship was observed only in the C-fiber
component of the CAP and not in the A-fiber component, it can be concluded that the
negative slope relationship observed at higher frequencies was an inherent property of the
unmyelinated nerves and was not due to fatigue over time or an artifact of the

experimental set-up.

Simulation work in our lab has attempted to understand this decrease in block
thresholds at higher frequencies and a modified Hodgkin-Huxley model with a
frequency- dependent capacitance was able to partially account for the nonmonotonic
behavior (Haeffele & Butera; Joseph ef al., 2007). Previous work in the field has
indicated that the frequency of the waveform, the computational model used, and the
possible interactions between the nodes of Ranvier, are key issues in achieving the

localized electrical nerve block (Tai et al., 2005; Williamson & Andrews, 2005; Zhang
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et al., 2006; Bhadra et al., 2007; Ackermann et al., 2009). We hypothesize that the active
and dielectric membrane properties as well as the effects of myelination may account for
the disparity in the behavior between the two types of nerve fibers. Additional
experimental and simulation studies will be required to completely understand the
mechanisms of block induction and future work in our lab is aimed at understanding this
difference. The average block thresholds for different fiber types are markedly distinct at
certain frequencies, as evident in Figure 3.13. Our study conclusively demonstrates that
selective block of either the A-fiber component of the CAP (Figure 3.9A) or the C- fiber
component of the CAP (Figure 3.9B) can be obtained by choosing the right frequency
and amplitude combination, shown in Figure 3.13. In our experiments block thresholds
for certain frequencies could not be precisely determined due to physical limitations of
the equipment that restricted the maximum current output to 1mA, but other features of
nerve activity, like partial block or no change in the features of the CAP for amplitudes
below 1mA helped deduce that the block thresholds at those frequencies were above
ImA. Nerve block might also be obtainable over a wider frequency range for amplitudes
that could not be tested with our apparatus.

Our experimental set-up, using direct measures of nerve activity through
compound action potential recordings, offers a powerful technique to investigate the
effect of HFAC waveforms on the different types of nerves fibers and identify regions
where specific fiber types can be blocked. Selective blocking of conduction through the
pain fibers has been the goal of many researchers and our study has conclusively shown
that HFAC waveforms can be used to selectively and reversibly induce block in the C-

fibers, thus decreasing or eliminating the sensation of pain through these fibers.
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Figure 3.13: Plot of the trend lines and average block thresholds for the A and C-fiber
components of the CAP for different frequencies. The block thresholds for the A-fibers
directly increased with frequency while the block thresholds for the C-fibers increased
and then decreased above 35 kHz. Average block thresholds at certain frequencies could
not be denoted since they were above 1 mA, the maximum amplitude tested. We note that
there are two regions with different frequency-amplitude combinations, where one fiber
type can be selectively blocked. For frequencies from 5-15 kHz, and amplitudes from
0.5-0.8 mA, only the A-fibers can be blocked without blocking the C-fibers and for
frequencies from 35- 50kHz and amplitudes from 0.8-1mA, only the C-fibers can be

blocked without affecting the A-fibers.
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Future studies in our lab are aimed at understanding how A-delta fibers, respond to high
frequency stimulation. This study is also significant for the field of selective stimulation
as it demonstrates that HFAC waveforms can be used in neural prosthetic applications to
achieve graded block. Block induced by HFAC waveforms could facilitate functional

recruitment of nerve fibers, thus enabling dexterous control of muscle activity.

3.4 Conclusion

This study characterizing the effect of HFAC waveforms on individual fiber type
populations of mixed nerves has demonstrated that larger diameter myelinated fiber and
smaller diameter unmyelinated nerves fibers have different blocking thresholds at
different frequencies and the threshold behavior is non-uniform across the frequency
range. This is the first study on animal nerves to describe the effect of HFAC waveforms
on different types of fibers using compound action potential recordings. It is also the first
study to demonstrate that unmyelinated nerves can be selectively blocked using HFAC
waveforms, while maintaining conduction in the myelinated fibers. The nonmonotonic
threshold behavior of the unmyelinated nerves compared to the linear threshold behavior
of myelinated nerves offers distinct frequency-amplitude combinations where specific
fiber types can be selectively blocked or stimulated. These results are significant for
potential clinical applications related to blocking C-fiber conduction while stimulating
the larger diameter myelinated fibers. Future studies in our lab are aimed at identifying
the response of other nerve fiber types, especially the A-delta and B fibers to gain an

appreciation of the non-monotonic behavior displayed by the C-fibers.
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CHAPTER 4

EFFECT OF DURATION OF APPLICATION OF HFAC WAVEFORMS *

High frequency alternating current (HFAC) electrical waveforms are capable of
inducing a fully reversible conduction block in myelinated and unmyelinated axons
(Rosenblueth & Reboul, 1939; Tanner, 1962; Richardson et al., 2000; Bhadra &
Kilgore, 2005; Tai et al., 2005; Tai et al., 2005; Tai et al., 2005; Williamson & Andrews,
2005; Bhadra et al., 2006; Tai et al., 2006; Zhang et al., 2006; Zhang et al., 2006; Bhadra
et al., 2007; Joseph & Butera, 2007; Joseph et al., 2007; Ackermann et al., 2009; Joseph
& Butera, 2009). This ability to temporarily block the propagation of action potentials
along an axon using electrical current can be significant for various neurophysiological
applications. However, the ionic mechanism underlying block induction using HFAC
waveforms is not well understood.

Several computational studies investigating HFAC waveforms have proposed
various mechanisms of block induction. Some modeling studies have attributed the
mechanism to the constant activation of the potassium channels (Tai et al., 2005; Tai et
al., 2005; Zhang et al., 2006; Zhang et al., 2006) while others have claimed that a
depolarizing mechanism brought about by the deactivation of the sodium gate is

responsible for block induction (Kilgore & Bhadra, 2004; Bhadra et al., 2007). Modeling

2 Most of the work described in this chapter has been published in Joseph, L. and R. J. Butera (2009).
"Unmyelinated Aplysia nerves exhibit a nonmonotonic blocking response to high-frequency stimulation."
IEEE Transactions on Neural Systems and Rehabilitation Engineering 17(6): 537-44.
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studies investigating the ionic mechanisms and the gating variables affected by HFAC
waveforms have attributed block induction to different mechanisms that are subject to the
model used and the frequency range studied. Many of these studies have been based on
axon models that have not been extensively tested with high frequency signals. Since
experimental data from axons at these high frequencies has not been used to validate the
behavior of the models used in published literature, it is possible that significant
discrepancies might exist between simulation results and experimental measurements.
Most of these studies have only looked into the ion channel gating mechanisms that
prevent action potential propagation during application of HFAC waveforms. The
surrounding extracellular environment might play a significant role in block induction but
it has been ignored in published literature. It is quite possible that depending on the fiber
type, frequency and the amplitude of the HFAC waveform, different or multiple
mechanisms might be responsible for inducing block.

Prior experimental work related to conduction block induced by HFAC
waveforms have only looked into whether action potential propagation can be blocked or
not. The physiological mechanisms that induce block have not been experimentally
investigated. It is known that the conduction of impulses dynamically change the extra-
and intracellular ionic microenvironment which feeds back in to the axonal activity.
Hence by monitoring the axonal activity we should be able to deduce potential

mechanisms of block induction.
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4.1 Material and Methods

4.1.1 Animal preparation

In vitro experiments were performed on the unmyelinated nerves of Aplysia. The
propagation of impulses along the nerve was used as an output measure to monitor block
status. The animals were dissected according to standard protocol where the animals are
anesthetized with isotonic MgCl, (30% of body weight). The body cavity was incised to
expose the nerve connectives leading from the abdominal ganglion. The nervous system,
including the circumesophageal ring or head ganglia and the abdominal ganglion, was
isolated and pinned to a petri dish with a Sylgard base (Dow Corning). Acute
experiments were performed on the left or right pleuroabdominal connectives, which are
usually about 4-6 cm in length and provide ample distance for the placement of four
suction electrodes. Care was taken to ensure that the nerves of interest were not stretched
or damaged during dissection. Spontaneous bidirectional neural activity was present
between the ganglia. A high-magnesium, low-calcium saline solution was used in the
bath to synaptically isolate the neurons in the ganglia (Nowotny et al., 2003) and
suppress the spontaneous activity. The preparation typically allowed for 3-4 hours of

experimentation time. All experiments were conducted at room temperature.

4.1.2 Electrophysiological setup

Suction electrodes, commonly used for extracellular recording and stimulation,
were used in our experiments. Glass electrodes with tip diameters about the same as that

of the nerve fiber (200-500 um) were pulled and attached to an electrode holder. Typical
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electrode impedances for suction electrodes are in the kOhms range. A 400um tip
electrode was found to have an impedance of 30 kOhm. The suction electrodes were
positioned along the nerve by micromanipulators (SD Instruments, Narishige). Negative
pressure was applied via a syringe mechanism to draw the nerve into the electrode for en
passant recording and stimulation. Bath solution drawn into the electrode maintained
electrical contact and minimized noise in the recordings. Suction electrodes allow for the
continuous immersion of the nerve in the saline solution, thus preventing the nerve from
drying out. These electrodes also allow localized stimulation and a higher signal to noise
ratio for recording. A total of four electrodes were used in our experiments. A schematic
of the experimental setup is shown in Figure 2.1. Two suction electrodes were used for
the continuous monitoring of the propagation of action potentials (APs) along the nerve.
One suction electrode, placed between the recording electrode and the head ganglia, was
used to trigger an action potential in the nerve. Another electrode positioned between the
two recording electrodes, was used to provide the block-inducing HFAC stimulus. The
distance between each of the suction electrodes was 5-10 mm.

A healthy and viable preparation was identified as one in which the activity
observed in one electrode was reflected in the other with a delay proportional to the
conduction velocity. We used a 10k gain on the amplifier and the bandwidth was limited
from 100Hz-1 kHz to filter out the noise that would arise from the high frequency
stimulation without affecting the unmyelinated nerve signal. This range of band pass
filtering also allowed for recording of traces that did not require any averaging or post-
data digital filtering. The input stimuli were transmitted through battery-powered

stimulation isolation units (AM Systems-Analog Stimulus Isolator, Model 2200,
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Carlsborg, WA) that provided voltage controlled current waveforms. We verified the
apparatus response and found that it matches with the advertised specifications, including
at frequencies up to 50 kHz (above the specs of 40 kHz).1-3DB attenuation was found at
frequencies above 30 kHz. For the range of parameters in our experiments, the output
was not limited by the slew rate.

A suprathreshold stimulus pulse of 2V for 0.4ms, converted to current
stimulation through the stimulus isolation unit (0.1mA/V), was used to trigger an action
potential. Based on previously published work, current-controlled, sinusoidal or biphasic
rectangular waveforms in the frequency range of 3 kHz-20 kHz were hypothesized and
found to produce the most effective block (Kilgore & Bhadra, 2004). Higher frequencies
had not been previously tested due to physical limitations of the instruments. In our
study, sinusoidal waveforms in the frequency range of 5-50 kHz, generated by a function
generator (Stanford Research Systems, Model DS345) were used to induce block. These
waveforms were sent to a similar stimulus isolation unit (ImA/V) to produce current
waveforms which were found to be more effective in inducing block than voltage
waveforms. This experimental set up was used to investigate the effect of HFAC

waveforms in the unmyelinated pleuro-abdominal nerves of Aplysia.

4.1.3 Block Thresholds

For each frequency, the amplitude of the waveform was varied until the
propagation of action potentials could not be observed. A range of amplitudes was tested
to identify the threshold at which block was observed, beginning at lower amplitudes and

incrementing the amplitude in discrete steps of 0.1-0.5mA. In our experiments, after the
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HFAC stimulus was applied on the nerve, a test pulse was injected at the proximal end
near the head ganglia to trigger an action potential in the nerve. If the amplitude of the
HFAC waveform was at or above the threshold for inducing conduction block, the action
potentials were arrested at the site of injection of the blocking stimulus. The minimum
amplitude of the HFAC waveform at which an action potential was not observed in the
distal recording electrode, though observed in the proximal recording electrode, was
identified as the threshold for inducing block and termed as the ‘block threshold’. By
monitoring the arrival of action potentials at the distal end, axonal conduction block was
detected and the minimum threshold for blocking propagation was determined for a
particular frequency. This procedure of identifying block threshold was repeated for
different frequencies. The order of frequency tested was randomized to avoid any
cumulative effects of fatigue or time. The nerve was allowed to rest for at least a minute

between individual trials.

4.1.4 Recovery time

20 animals were used to investigate the minimum amount of time required for
normal action potential propagation to recover from conduction block induced by HFAC
waveforms of different frequencies. In these 20 animals, block thresholds at different
frequencies were first determined as described above. Once the block threshold for a
particular frequency was determined, HFAC waveforms with an amplitude greater than
the block threshold were applied for randomized durations of 30s, 60s, 90s and 120s.
Action potentials were triggered at intervals of 10ms, 20ms, 50ms,100ms, 200ms, 500ms,

Is, 2s and 3s after the HFAC signal was turned off and propagation along the nerve was
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monitored to determine recovery time. The electrical activity along the nerve was
continuously monitored during this entire procedure. A schematic of the protocol used to

measure recovery time is shown in Figure 4.1.

4.2 Results

Normal conduction properties of the nerves were verified and the block
thresholds at different frequencies were determined for the Aplysia unmyelinated nerve as
detailed in chapter 2. All experimental preparations were initially tested for normal
conduction properties to determine if action potentials could be repetitively triggered and
transmitted along the axon. The conduction properties of the preparation were also
constantly tested during the experiment in the absence of the HFAC stimulus to
determine whether the preparation was healthy and viable. If a dramatic change in the AP
amplitude or shape was observed or if the AP could not be observed in both the recording
electrodes or if recovery of the AP did not occur to its pre-block amplitude and shape, the

experiment was terminated and the last dataset deleted.

4.2.1 Partial and complete recovery

Experiments were conducted to determine the recovery time for action potential
propagation after the blocking stimulus was switched off. Action potentials were
triggered at intervals of 100ms, 200ms, 500ms, 1s, 2s and 3s and complete recovery time
was identified as the time when the observed compound action potential was similar in
shape, size and latency to the compound action potential observed prior to application of

the HFAC waveform.
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Figure 4.1: The experimental protocol used to determine the recovery time of AP
propagation along the nerve after block induction by high frequency stimulation.
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Partial recovery of the nerve was observed in certain cases, prior to complete
recovery. Partial recovery times were identified as the time when some components of
the compound action potential were missing or the amplitude of the compound action
potential was smaller than that of the pre-block compound action potential, as depicted in
Figure 4.2. Since the nerve connective is made up of axons of varying diameter, it is
possible that some of the axons have a longer recovery time compared to others due to
the difference in the blocking thresholds of the individual axons. Complete recovery was
determined when the shape, latency and amplitude of the compound action potential were
comparable to that of the CAP prior to application of the HFAC stimulus and the
response in the second recording electrode was similar to the response in the first

recording electrode (but with a time delay).

4.2.2 Duration dependence of recovery time

Recovery times were found to be dependent on the duration of application of the
HFAC block. In all trials, when the HFAC waveform was applied for a duration of less
than 60s, partial recovery occurred within 10-40 ms while complete recovery occurred
within 20-225 ms for 67 of 74 trials conducted at different frequencies in the 20 animals.
In the remaining 7 trials, complete recovery was seen within 0.5s-3.35s. The pooled data
for these 20 animals is plotted in Figure 4.3. Each trial was repeated to verify the
recovery time. We can observe that when the extreme outliers (greater than double the
median) are removed, as shown in the bottom graph of Figure 4.3, complete recovery

always occurred within 225ms with a mean of about 100ms.
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Figure 4.2: Sample trace showing partial and complete recovery of the compound action
potential. The top trace shows the CAP recording from the 1% recording electrode
between the AP triggering electrode and the block electrode, while the bottom trace
depicts the CAP recording in the 2™ recording electrode after the block electrode. Only
partial recovery can be seen in the CAP at 0-0.1 s, while complete recovery has occurred
in the CAP at 0.8-0.9s.
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When the HFAC waveform was applied for a duration longer than 60s, complete
recovery occurred within 225ms-5s for 51 of 60 trials, while in the remaining 9 trials
complete recovery occurred almost instantaneously within 30ms-150ms. The average
recovery time was 1.137s when the HFAC waveform was applied for greater than 60s.
Figure 4.4 represents the pooled recovery times at different frequencies when the HFAC
waveform was applied for less than 60 seconds (Figure 4.4A) and greater than 60 s
(Figure 4.4 B). Figure 4.5A shows a box plot comparison of the data for less than 60 s
and greater than 60 seconds and Figure 4.5 B shows the average recovery times.

Statistical analysis of the pooled data reveal that a significant difference in the
recovery time exists depending on the duration of application of the HFAC stimulus
(p<0.0001) as shown in Table 4.1. However, recovery time, was found to be independent
of the frequency of HFAC waveform (p>0.1). The same number of data points for all
frequencies in the range of 10-50 kHz could not be obtained, making statistical analysis
of the dependence of recovery time on the frequency of the HFAC waveform difficult.
However, as observed in Figure 4.6 and 4.7, we do note that at higher frequencies
duration of application of HFAC waveform significantly affected the recovery time.
Multiple trials for different durations of application of a 30 kHz waveform were
conducted to determine the average recovery time as shown in Figure 4.6. Figure 4.7
represents the recovery time data from single trials at different frequencies and different
durations of application of the HFAC waveform. We can observe that at higher
frequencies, recovery time significantly increases with the duration of application of the

HFAC waveform.
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Figure 4.3: Recovery for HFAC application for less than 60 s. In the bottom graph,
removing the outliers (possibly due to improper stimulation), we observe that recovery
time was always less than 250 ms.

89



Aw HF duration <60 s

]
[ ] L ]
£ 9
[14]
E e e
et
= o o ¢ 8 .
3 [ ] [ ] L ] [ ]
g’ M S-S S S
14 [ ] . i * [ ] [ ]
* ® [ ]
L ] @ L ]
0.01 . . . :
0 10 20 30 40 50
Frequency (kHz)
Bm HF duration > 60 s
H .
[ ] [ ]
X . i e
w4
GEJ 0 . . . ®
= L ]
& . . . ]
o ®
S 0.1 .
&‘ .
L ]
[ ] [ ]
0.01 . . . .
0 10 20 30 40 50

Frequency (kHz)

Figure 4.4: Recovery time for different frequencies. Recovery times are represented on a
logarithmic scale. A: Recovery time for different frequencies when HFAC waveform is
applied for less than 60s. B: Recovery time for different frequencies when the HFAC
waveform is applied for greater than 60s.
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Figure 4.5: A: Box plot comparisons of the recovery time for different durations of
application of the HFAC waveform. The red filled squares indicate the extreme outliers
while the red hollow squares show mild outlier points. The mean of the data is shown by
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recovery time when the HFAC waveform is applied for less than and greater than 60s.
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Table 4.1: ANOVA analysis of recovery time data for different durations of application

of the HFAC waveform.

ANOVA Summary
Total Sample Size 133
Grand Mean 0.6720
Pooled Std Dev 0.9834
Pooled Variance 0.9670
Number of Samples ?
Confidence Level 95.00%

<60 >60
ANOVA Sample Stats Data Set #2 Data Set #2
Sample Size 14 59
Sample Mean 0.3015 1.137
Sample Std Dev 0.6647 1.276
Sample Variance 04418 1.628
Pooling Weight 0.5573 0.4427

Sum of Degrees of Mean .
F-Ratio p-Value

OneWay ANOVA Table Squares Freedom Squares
Between Variation 22.9047 1 22.9047 23.6862 <0.0001
Within Variation 126.6774 131 0.9670
Total Variation 149 5821 132
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Figure 4.6: Average recovery time of 3 trials for different durations of application (30s,
60s, 90s, 120s) of a 30kHz HFAC waveform. For durations greater than 60s, recovery
time was significantly greater.
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Figure 4.7: Single trial recovery times during application of different frequencies of the
HFAC waveform for different durations.For frequencies above 30 kHz, recovery time is
significantly greater when HFAC is applied for a duration greater than 60s.
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4.3 Discussion

Although no previous study has actually measured the exact time for recovery
from nerve block, previously published animal experiments conducted on amphibians
and mammalian nerves have shown that normal conduction of action potentials or muscle
contraction returns within 1s after the termination of the high frequency blocking
stimulus (Rosenblueth & Reboul, 1939; Kilgore & Bhadra, 2004; Williamson &
Andrews, 2005). To date, the mechanisms of block induction using HFAC waveforms
have only been evaluated through computational modeling studies. In some studies, the
inactivation of the sodium channel were found to be responsible for block induction
(Kilgore & Bhadra, 2004; Bhadra et al., 2007), while in others the activation of the
potassium channels (Tai et al., 2005; Tai et al., 2005) has been credited to block
conduction through the peripheral nerves using HFAC waveforms. Simulation studies
investigating the mechanisms of block induction have never looked at the effect of
duration on the physiological mechanisms of block induction. This study demonstrated
that recovery time is dependent on the duration of application of the high frequency
stimulus. No other study, experimental or simulation, reported in literature has quantified
the recovery time after block induction and the duration effects of the application of the
high frequency waveforms.

In our experiments, the recovery time in the unmyelinated nerves of the sea-slug
Aplysia , was found to be in the range of 20-225 ms for different frequencies, when the
HFAC waveform was applied for less than 60s. This indicated that an ion channel gating
mechanisms could potentially be responsible for block induction. However, longer

recovery times were observed when the duration of application of the HFAC waveform
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was above 60s. This bimodal distribution of the recovery times and the non-monotonic
response of the block threshold with respect to frequency cannot be explained by a simple
ionic mechanism, suggesting that other secondary mechanisms might also be involved in
block

Electrical currents have been used to block conduction for various other
electrophysiological applications. It should be noted that the term ‘high-frequency block’
has been used in other fields, like the Deep Brain Stimulation (DBS) field for blocking
conduction through the central nervous system fibers (Durand & Bikson, 2001; Jensen
& Durand, 2007), and in invertebrate neurophysiology for differential conduction along
bifurcating axons (Grossman et al., 1979; Smith, 1983). Modulation of the extracellular
potassium concentration has been shown to cause the depolarization block in these
studies. (Grossman et al., 1979; Durand & Bikson, 2001). The recovery time after
cessation of the blocking stimulus, in these cases, was in the order of several seconds to
several minutes. Though these stimuli have been termed ‘high-frequency’ in literature,
the mechanism involved in inducing conduction block in these fields probably differs
from the local block observed in peripheral nerves where the frequency of stimulation is
typically above 3 kHz and recovery time is faster.

Nonetheless, as shown in our experiments, application of HFAC waveforms for
longer durations (above a minute) increased the average recovery time to the order of
several seconds, indicating that some additional mechanisms , analogous to those seen
DBS and invertebrate neurophysiology field, might be involved in block induction in
peripheral nerves. Computer simulations demonstrating block induction via HFAC

waveforms have shown that during application of the HFAC waveforms, the membrane
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voltage increases dramatically beyond the physiological range and most models have not
been validated for those regimes. The drastic change in the membrane voltage during
application of the HFAC waveform could lead to imbalances in the Na+-K+ pumps,
which could lead to an accumulation of K+ in the extracellular environment and impede
action potential propagation. The models used in computational models of HFAC block
induction, cannot account for these extracellular changes due to which previous studies
have ignored the effect of duration of application of HFAC waveforms on the nerve.
Monitoring the changes in the extracellular environment during application of the HFAC
waveforms and characterizing the recovery times after block induction in different fiber
type populations may enable us to gain an understanding of the physiological
mechanisms of block induction using HFAC waveforms.

Our experimental setup serves as an amenable preparation for investigating the
ionic mechanisms of high frequency induced conduction block and future studies are
aimed at identifying these mechanisms. Our technique also provides the advantage of the
directly monitoring neural activity to determine the recovery of the different components
of the compound action potential at a resolution not possible with force transducers
measurements of muscle force which is conventionally used in high frequency block
experiments. In this study we used an unmyelinated nerve preparation to identify
recovery times. Future studies are aimed at investigating the recovery times of different
components of the compound action potential in a mixed nerve to gain a better
understanding of the effect of different nerve properties on block induction during

application of HFAC waveforms.
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4.4 Conclusion

This study investigated the recovery time after block induction to understand the
physiological mechanisms preventing action potential conduction. Most simulation
studies have hypothesized an ion channel mechanism, but out experiments reveal that
other secondary mechanisms are also involved. We found that conduction block is
dependent on the duration of application of the HFAC waveform and even though
initially an ionic mechanism may be responsible for block induction, secondary
mechanisms prevent instantaneous recovery after removal of the HFAC waveform. No
other study has previously looked into the effect of duration of application of the HFAC
waveform. Our experimental techniques involving direct measurements of neural activity
via compound action potential measurement provide a convenient method for future
biological experiments related to understanding the physiological mechanisms of block
induction. Our work also highlights the need for modifying existing computational
models and developing extensive models that can account for changes in the extracellular

space and capacitance, during application of the HFAC waveforms.
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CHAPTER 5

CONCLUSIONS & FUTURE DIRECTIONS

The human nervous system and its complex communication mechanisms have
mystified scientists for ages. Accurate transmission of information through the nervous
system via electrical and chemical signals is critical for the proper functioning of the
human body Even though various chemical, electrical and mechanical techniques have
been developed to observe behavior, the underlying mechanisms causing those behaviors
are often unknown or are difficult to characterize. Electrophysiological techniques have
been frequently used to gain insight into the signals and communication pathways
between neurons. In this dissertation I have demonstrated that studying the neural activity
of the nerve by observing extracellularly recorded compound action potentials can be a
useful technique for understanding the behavior of the nerve and specifically of
individual fiber types during application of HFAC waveforms.

A major challenge in designing effective neural prosthetic systems is stimulating
specific fibers analogous to the physiological recruitment order without affecting the
extraneous nerves. Reversible conduction block using high frequency alternating current
(HFAC) stimulation has been shown to be completely effective, repeatable and quickly
reversible in various amphibian and mammalian animal models (Tanner, 1962; Kilgore &
Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005; Williamson & Andrews, 2005;
Bhadra et al., 2006). Voltage controlled waveforms from 1-30 kHz induced a complete
and reversible motor block at all frequencies. The block threshold defined was found to

increase linearly with frequency in frog, rat and cat nerves.
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The experimental conditions used to induce block varied considerably in these
investigations producing inconsistencies in the hypothesized ideal frequency for block
induction. Computer simulations coupled with in-vivo studies have failed to identify the
ideal frequency range or the ionic mechanism of block induction, primarily because the
models used were not developed for the nerves and frequencies being studied. Also, only
the effect on motor nerve fibers has been traditionally studied while the effects on the
smaller diameter, unmyelinated fibers have been ignored. Understanding the effect of
HFAC waveforms on whole nerves and specifically on individual fiber type populations
is essential if HFAC waveforms are eventually to be used in clinical applications. In this
dissertation we characterized the neural activity of individual fiber type populations in
whole nerves during application of HFAC waveforms and showed that HFAC stimulation
can potentially be used to exploit innate attributes of peripheral nerves for applications

related to pain management and neural prostheses.

5.1 Effect of HFAC waveforms on unmyelinated nerves

In Chapter 2, we characterized the effect of applying HFAC waveforms on purely
unmyelinated nerves and found a unique behavior never previously reported in literature.
This was the first study to investigate the effect of HFAC waveforms in homogenous
nerves and in unmyelinated nerves even though models based on an unmyelinated nerve
(HH model) have been widely used for understanding the mechanism of block induction
by HFAC waveforms. Our experiments revealed that a reversible, local block can be
induced in unmyelinated nerves but unlike published studies on myelinated nerves, these
nerves demonstrated a non-monotonic block threshold relationship with frequency. This

behavior has never before been reported in literature and contradicts findings from
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various computational studies based on the Hodgkin-Huxley model. Incorporating a
frequency-dependent capacitance (based on experimental data from squid axons), into a
HH model caused the threshold to frequency behavior to deviate at higher frequencies
away from the linear trend observed in a normal HH model. Though this FDC model
could not completely replicate the results from Aplysia nerves, it provided evidence that
current models were insufficient to explain neuronal behavior during application of
frequencies in the kilohertz range. Significant modifications to existing models will have

to be made before they can be used to investigate the mechanisms of block induction.

5.2 Effect of HFAC waveforms on mixed nerves

In order to validate our results from the unmyelinated nerves of Aplysia we repeated our
experiments on the frog sciatic nerve, composed of both myelinated and unmyelinated
nerve fibers, as detailed in Chapter 3. Examining the larger diameter myelinated or A-
fiber response and the smaller diameter unmyelinated or C-fiber response by extracting
the corresponding components of the compound action potential, revealed that the A-
fibers had a linearly increasing relationship between block threshold and frequency of the
waveform, as previously reported in literature. But contrary to simulation work on
unmyelinated nerves, the C-fibers demonstrated a non-monotonic relationship of block
threshold to frequency analogous to that seen in the invertebrate nerve preparation. This
study not only established the unique behavior of unmyelinated nerves to HFAC
waveforms at higher frequencies, but also demonstrated the potential of using HFAC
waveforms for selective stimulation, by selectively blocking conduction through specific
fiber type populations in mixed nerves. Our results revealed that two distinct regions exist

in the HFAC space, where one type of nerve fiber can be selectively blocked over another
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type of nerve fiber. We demonstrated that only the A-fibers can be stimulated while
keeping the C-fibers blocked and vice-versa. This method of selective stimulation can be

extremely useful for various neurophysiological and neuroprosthetic applications.

5.3 Effect of duration of application of HFAC waveforms

In Chapter 4, we again used the unmyelinated Aplysia nerve preparation to explore
recovery time after block induction using HFAC waveforms. This is the first
investigation to utilize data from animal nerves to understand plausible mechanisms of
block induction using HFAC waveforms. Estimating the recovery time after the HFAC
waveform was switched off provided insight into the physiological mechanisms of block.
The recovery times were found to be time be dependent on the duration of application of
the HFAC waveform. These results show that a simple ion-channel gating mechanism, as
described by several previous computational studies, cannot explain the phenomena of
block induction using HFAC waveforms in entirety. Significant modifications to existing
models along with additional computational and biological studies are needed to gain a
complete understanding of the physiological mechanisms of block induction via HFAC

waveforms.

5.4 Future work

Besides contributing to the scientific understanding of the effect of HFAC
waveforms on specific fiber type populations, this body of work has also laid the
foundation for several future studies that would aid in the development of a clinically
implementable technique. We know that experimental and computational studies are

complementary methodologies that provide a thorough understanding of wvarious
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scientific phenomena. Modeling studies provide us with the flexibility to isolate
important parameters while experimental data from animals are essential to give us a
realistic view of physiological behavior and validate the modeling results. Though this
dissertation work focused mainly on animal experiments, many computational modeling
studies are being concurrently carried out in our lab and at other labs to gain insight into
the mechanisms of block induction using HFAC waveforms. Several interesting
questions related to HFAC block induction are yet unanswered and the following studies

outline some methods of addressing them.

5.4.1 Development of physiologically accurate computational models to investigate the

mechanism of HFAC induced conduction block.

Qualitative differences exist between myelinated and unmyelinated nerve fibers
which can account for the differences observed in the response of different nerve fibers to
HFAC stimulation (Kilgore & Bhadra, 2004; Bhadra & Kilgore, 2005; Tai et al., 2005;
Williamson & Andrews, 2005; Joseph & Butera, 2009). Membrane models like the
Hodgkin-Huxley model (Hodgkin & Huxley, 1952) provide an easy understanding of the
physiological mechanism and membrane behavior during electrical excitation of the
nerve. Prior modeling studies in the field have found that HFAC waveforms cause
repetitive stimulation and a local block of the transmission of action potentials in axon
simulations (Tai ef al., 2005; Tai et al., 2005; Williamson & Andrews, 2005; Zhang et
al., 2006; Zhang et al., 2006; Bhadra et al., 2007). These studies, however, have not been
able to provide a conclusive mechanism for the induction of block.

A group from the University of Pittsburgh (Tai et al., 2005; Tai et al., 2005;

Zhang et al., 2006; Zhang et al., 2006) worked with different models including the
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Hodgkin-Huxley model (Hodgkin & Huxley, 1952) and the Frankenhaeuser-Huxley
model (Frankenhaeuser & Huxley, 1964) to understand the physiological mechanisms
underlying HFAC induced block. They concluded that the accumulation of potassium due
to the sustained activation of potassium channels causes a shift in the average membrane
potential preventing the propagation of action potentials. Another group from Case
Western Reserve University (Kilgore & Bhadra, 2004; Bhadra et al., 2007), modeled the
nerve using the Mclntyre and Grill myelinated nerve model in the NEURON simulation
environment (Hines & Carnevale, 1997). They found that block is caused by the failure
of the inactivating sodium channels to close causing a depolarizing shift in the average
membrane potential that prevents conduction. Though most of these models have claimed
to have found a mechanism that induces block, they are simply model based observations
and causality of the supposed mechanisms was not shown in any of the models.

Our experimental results obtained from the unmyelinated fibers of Aplysia are the
closest work that are similar to the Hodgkin-Huxley model (based on an unmyelinated
nerve) yet show a different behavioral relationship for block threshold with frequency
compared to the simulation studies. This difference in behavior could be because the
Hodgkin-Huxley model assumes that membrane capacitance is constant at all frequencies
while experimental measurements of membrane capacitance show that it actually
decreases for frequencies above 1kHz (Haydon & Urban, 1985). Modifying the
Hodgkin-Huxley model by incorporating a frequency-dependent capacitance (FDC)
altered the linear threshold behavior of the classical HH model, but did not completely
account for the biologically observed behavior (Haeffele &  Butera, 2007). We

hypothesize that since the HH model has not been tested for frequencies from 5-50 kHz,
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and since changes in the extracellular factors are not accounted for in the classical HH
model, other extracellular factors might contribute to changes in the conduction
properties of the axon at higher frequencies causing the experimentally observed non-
monotonic behavior. Future work in our lab aims at further modifying the FDC model to
explain the experimentally observed behavior and then investigate the ionic mechanisms
and gating variables affected when HFAC waveforms are applied.

Recent studies have highlighted the effect of glial cells on neuronal signaling
(Coles & Abbott, 1996; Inoue et al., 2002) via glutamate, that increases the K" channel
activity (Coles & Abbott, 1996; Kane et al., 2000; Inoue et al., 2002). The effect of the
extracellular environment and the surrounding glial cells on neuronal activity during
HFAC application has not been previously studied. Accumulation of ions in the
extracellular environment has often been attributed to causing conduction block. This
effect has not been simulated in existing models studying HFAC mechanisms.
Incorporating features of the extracellular environment, including Na"-K" pumps, into the
model may help explain the trend seen in unmyelinated fibers. Modeling nerve
conduction block will enable us to investigate the physiological mechanism that induces
HFAC block and ultimately identify optimum conditions for clinical implementation of

the technique.

5.4.2 Development of biological experiments to investigate characteristic features of

specific fiber types to HFAC induced conduction block.

This dissertation work employed some characteristic animal preparations that
were amenable for electrophysiological investigation. Besides revealing unique and

significant properties of specific fiber type populations during HFAC stimulation, this
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work established the use of CAP recordings as a reliable method to monitor neural
activity and determine block status during application of HFAC waveforms. These
extracellular electrophysiological techniques can be used with other animal nerve
preparations to augment our understanding of the phenomena. Some animal experiments
that could help answer key questions are detailed below.

Intraaxonal impalements of nerve axons from various animals can be used to
understand the effect on ion channels during application of HFAC waveforms. The giant
axon of the squid would be an ideal preparation for these studies. Unfortunately, the
seasonal and geographical availability of the squid axon make it inconvenient for use in
our lab. Cultured single axons of the Lymnaea could serve as amenable preparations for
testing the ionic mechanisms of block induction via HFAC waveforms. Preliminary
results show that structurally and functionally viable axons of Lymnaea can be obtained
in culture even when the axon is severed from the cell soma. Lymnaea neurons can be
successfully cultured to obtain electrophysiologically active axons with lengths greater
than 1 cm (Meems, 2005). The procedure is described in Appendix A. The cultured axons
will enable intracellular measurements of the membrane potential at any point along the
axon as shown in Figure 5.1 and should enable us to characterize the effect of high
frequency AC stimulation on an unmyelinated nerve. The effect of high frequency
stimulation on an individual axon has not been previously studied, though similar
modeling studies exist. Hence, application of HFAC waveforms on the cultured Lymnaea
axon preparation should provide us with a better understanding of the phenomena. This
preparation should also enable us to investigate the ionic mechanisms of block induction

using intracellular recordings along different points of the axon.

106



Various pharmacological methods including using specific channel blockers and
ion channel toxins are commonly used to test the role of specific ions (Catterall ef al.,
2007) and have been suggested as plausible methods for determining the physiological
mechanisms of block induction using HFAC waveforms. However, changing the
concentration of the local environment around the block site or selectively blocking
specific ion channels may affect the conduction of action potentials along the axon which
in turn can affect the block thresholds and other characteristic features of HFAC induced
block, making it difficult to conclusively demonstrate causality between a mechanism
and the induction of HFAC block. If stable electrophysiological recordings can be
obtained from single axons via intra-axonal impalements, then pharmacological agents
might be able to provide some insight into the ionic mechanisms of conduction block and
would be an interesting area for future work.

This dissertation work has described differences in block thresholds between the
larger diameter myelinated A-fibers and the smaller diameter unmyelinated C-fibers, at
different frequencies. One interesting future line of research would be to specifically
investigate whether the observed non-monotonic behavior is function of axon diameter or
of myelination. Additional experiments using longer amphibian or mammalian
(rat/rabbit) nerves with higher averaging and data sampling rates would enable detailed
observations of the different fiber type populations in mixed nerves. Specifically,
characterizing the threshold behavior of the A-delta and B-fibers at higher frequencies
might explain whether the non-monotonic threshold behavior observed in the
unmyelinated Aplysia nerves and C-fibers is a property of smaller axon size or absence of

myelination.
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Figure 5.1: Intraaxonal impalement of the culture Lymnaea axon can aid in
investigations related to mechanism of block induction using HFAC waveforms.
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The earthworm has been found to have giant nerve fibers with diameters in the
range of about 90-160 um in diameter (Gunther, 1976; Roberts, 1986). These nerves have
also been found to be myelinated with average conduction velocities of 30-45 m/s
(Gunther, 1976; Drewes et al., 1978; Roberts, 1986). Repeating our experiments in the
myelinated nerves of earthworms may provide insight into whether the non-monotonicity
can be attributed to myelination. The earthworm giant axon would also be a convenient
preparation to investigate intracellular neural activity for myelinated nerves during
application of HFAC waveforms, analogous to the proposed studies on the unmyelinated
Lymnaea axon. Comparing the neural activity of the earthworm giant axon and Lymnaea
axon should provide insight into the intracellular ionic changes in different fiber types

during application of HFAC waveforms.

5.5 Conclusion

High frequency waveforms in the range of 5-50 kHz, used for reversible
conduction block have numerous applications in the treatment of unwanted peripheral
neural activity. Arresting the propagation of superfluous signals will be useful in
alleviating disease symptoms such as blocking chronic peripheral pain and stopping
pathological hyperactivity of neuronal signals. Varying the frequency of stimulation may
allow the selective blocking and unblocking of certain fibers of varying diameters and
provide more control on the type of stimulation given to restore functionality, and thus
improve the current state of extracellular stimulation in neural prostheses. Selective
blocking of specific fibers would also enable the blocking of specific peripheral paths in

multiple feedback loops circuits and provide a useful neurophysiological tool for
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understanding the behavior of various neural pathways. This dissertation work has shown
that dissimilar fiber type populations have different behaviors to HFAC waveforms
which can be exploited to selectively stimulate specific fibers. In particular, we found
that unmyelinated nerves demonstrate a non-monotonic threshold behavior that can be
potentially useful for applications related to pain management. Another finding of this
work is that the mechanism of block induction is dependent on duration of application of
the stimulus which was never previously studied. The bimodal distribution in recovery
time indicates that a simple ion channel gating mechanism, as proposed in current
literature, cannot sufficiently explain the phenomena of block induction via HFAC
waveforms. Computational and biological experimental studies can be used collectively
to decipher complex phenomena. Future studies in our lab and as proposed in this
dissertation are aimed at using these techniques to gain a complete understanding of the
phenomena of block induction using HFAC waveforms. This dissertation work has set
the stage for future computational and biological investigations into the application of
HFAC waveforms to develop a clinically feasible technique for selective stimulation and

selective conduction block in peripheral nerves.
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APPENDIX A

CULTURING LYMNAEA AXONS TO STUDY

MECHANISMS OF HFAC INDUCED CONDUCTION BLOCK

Conventional cell culture techniques make neurons more accessible and provide a
method for directly studying the conduction properties of individual cells and isolated
nerve fibers. Lymnaea stagnalis has proven to be a useful model for studies related to
synaptic and axonal electrophysiology because functionally well-defined neurons can be
identified in vivo and their synapses reconstructed in cell culture (Ridgway et al., 1991).
The ability of Lymnaea neurons to regenerate their axonal and synaptic connections
makes it advantageous as it enables the direct measurement of intracellular features at a
resolution not possible in other species. Another advantage of the Lymnaea system is that
their axons can function both structurally and functionally for some time in the absence
of their cell body, thus allowing us to explore the role of various extrasomal
compartments in different phenomena (Meems et al., 2003).

We are interested in the conduction blocking effect of HFAC waveforms.
Culturing individual nerve axons will enable us to develop a stable preparation to
electrophysiologically investigate the conduction properties of an individual
unmyelinated axon under high frequency stimulation and use the corresponding data to
modify the HH model. The procedure involves 4 main steps: (1) Isolating the central

ganglionic ring from the snail, (2) isolating individual cells from the brain, (3) culturing
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individual cells and then (4) obtaining electrophysiological recording from the cultured

axons. These are depicted in Figure 5.1.

Figure A.1: (a) Isolating a single cell from the Lymnaea ganglion (Syed et al., 1999) (b)
a cultured Lymnaea neuron (c) a Lymnaea axon severed from the soma ( 40X
magnification) . Data obtained from work done at Dr. Syed’s lab, University of Calgary.

Neuronal activity along the cultured axon can be monitored using conventional
intracellular recording techniques. After obtaining stable cultured axons, we will then
determine whether complete nerve conduction block can be consistently and repeatedly
obtained in the unmyelinated axon using HFAC waveforms. The experimental setup will
be similar to that used for the Aplysia nerve fibers. Once reversible block can be
consistently obtained, we will determine the block thresholds for the nerve for
frequencies ranging from 5-50 kHz and compare them with the results obtained in the
Aplysia nerves. This study should shed some light on the role of the extracellular
components on the non-monotonic threshold behavior observed in the unmyelinated
nerve fibers. This preparation can also be used for future studies related to investigating

the ionic mechanisms of block induction using HFAC waveforms.
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