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Microchannel electrodes have emerged in recent years as promising interfaces for
recording signals in peripheral nerves. Unlike many technologies, microchannels maintain
stable long-term connections and can record activity in individual or small groups of axons.
Unfortunately, a traditional symmetrical mid-channel electrode configuration, designed to
reduce noise artifacts, prevents microchannels from being used to distinguish between
signals traveling in opposite directions. This is a profound limitation given that most
nerves contain a mix of efferent and afferent axons and microchannels were initially
conceived and later used as the basic building block in arrays designed to record bi-

directional neural traffic in regenerated nerve fibers.

Off-center, or “offset”, recording sites have been predicted to record larger signals than

mid-channel locations. Unlike the mid-channel configuration, offset electrode asymmetry

viii



suggests it has the capacity to differentiate between efferent and afferent neural activity.
Despite these apparent advantages, a theoretical basis for signal enhancement at offset
locations has not been identified and, to our knowledge, no efforts to leverage offset
electrodes for signal enhancement or discrimination in microchannels have been

undertaken.

This work provides a theoretical basis to explain signal enhancement at offset electrodes.
The theory is used to explore offset electrode configurations that maximize signal
amplitudes and enhance differences between signals traveling in opposite directions.
Neural recordings are used to validate theoretical predictions and to explore novel
reference configurations that seek to minimize noise artifacts. Key shape differences
between signals recorded for action potentials traveling in opposite directions are
characterized and exploited to further enhance signal discrimination at offset electrodes, as
well as to reduce the rate of overlapping spikes in more complex neural recording
scenarios, including compound action potentials. Overall, this work introduces the offset
electrode configuration as a new paradigm for recording signals in peripheral nerves and
provides a foundation for the development of future devices with enhanced performance

and signal discrimination capabilities.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Peripheral nerves play a central role in creating our human experience. In addition to
supporting the many organ functions that sustain life, distributed networks of peripheral
nerves anchor our awareness in our bodies and the environment around us. One could
argue that without them, there would be no periphery, at least none that could be
experienced - we would exist as insensate bodies cutoff from ourselves and a world that
we could not feel or physically explore. Throughout her life, Hellen Keller relied almost
exclusively on her sense of touch to gain knowledge about the world, learn to talk, read
and write - skills that most individuals acquire mainly through sight and hearing, which

might be considered more dominant sense modalities (Lash and Byers, 1980).

Given the power to influence human perceptions and movements, it is no wonder that many
efforts have been made over the past 50 years to develop devices for interfacing with
peripheral nerves. Recording devices enable one to learn the neural correlates of perception
and movement and to ascertain the state or intended state of different body structures. For
example, neural recordings have been used to provide an indication of bladder fullness

(Chew et al., 2013) and ankle position (Haugland and Sinkjaer, 1995) and enable amputees

to intuitively control motorized hand prostheses (Micera et al., 2010). Devices that

stimulate peripheral nerves can elicit long-lost sensations in missing limbs to enable



amputees to feel objects using motorized upper-limb prostheses (Horch et al., 2011, Tan et

al., 2014).

Ideally, devices for neural recording would be able to relay the activity of every axon in a
peripheral nerve over an individual’s lifespan, as this would provide a complete picture of
the moment-to-moment functional state of the structures innervated by the nerve.
However, most devices able to record from individual or small groups of axons do not
typically remain functionally viable for more than a few months. Those that do, such as
cuff electrodes, typically record aggregate neural activity and do not provide specific
information about the firing state of individual or small populations of axons (Navarro et

al., 2005).

Another significant design challenge for neural recording devices lies in their ability to
reject unwanted non-neural signals. Muscles generate much larger electrical currents than
nerves, and since nerves lie in close proximity to muscles, electromyographic signals
(EMG) from muscles can overwhelm and obscure recorded neural signals. Most cuffs
electrodes employ a mid-channel electrode which is referenced to a terminal created by
shorting a pair of electrodes located near each end of the cuff. Known as the pseudo tripole
configuration, this arrangement aims to preserve neural signals in the presence of much

larger EMG artifacts (Stein et al., 1977).

Over the past decade, microchannel electrodes have emerged as promising devices for
recording signals in peripheral nerves. These devices enclose small groups of axons inside
narrow channels and combine chronic capability with enhanced selectivity. Like cuff

electrodes, microchannel electrodes have the potential to be viable chronic neural



interfaces — the ability to maintain stable long-term connections with small populations of

axons (FitzGerald et al., 2012, Chew et al., 2013, Musick et al., 2015, Srinivasan et al.,

2015). Like many of the penetrating non-chronic neural interfaces, they are highly

selective — able to record signals from individual axons (Dworak and Wheeler, 2009,

FitzGerald et al., 2009, Delivopoulos et al., 2012, Minev et al., 2012).

Perhaps because of a shared architecture that surrounds nerve fibers, most microchannel
technologies have inherited the pseudo tripole electrode configuration characteristic of

their larger cuff precursors (Minev et al., 2012, Delivopoulos et al., 2012, FitzGerald et al.,

2012, Musick et al., 2015, Chew et al., 2013). Unfortunately, the pseudo tripole cannot be
used to distinguish between action potentials traveling in opposite directions (Sabetian et
al., 2017). The mid-channel configuration severely limits the full potential of microchannel

electrode technologies given their innate ability to record activity in individual axons.

Off-center, or “offset”, recording sites represent an attractive alternative to the mid-channel
electrode configuration for two reasons. Offset locations have been predicted to record

larger signals than those at mid-channel (FitzGerald et al., 2008) and recent experimental

work appears to validate this (Gribi et al., 2018). Perhaps more importantly, their

asymmetry in the channel implies offset electrodes could be inherently sensitive to signal
directionality and potentially be used to differentiate between signals traveling in opposite
directions - permitting afferent sensory events to be distinguished separately from efferent

motor commands.



1.2 Rationale

Despite these apparent advantages, to our knowledge, no efforts have been made to
characterize, explore or leverage offset electrode capabilities to enhance neural signals or
to differentiate between signals traveling in opposite directions. A theoretical basis to
understand and predict signal enhancements at offset electrodes remains to be identified
and explored. The pseudo tripole reference terminal, which is suitable for rejecting
external noise artifacts at mid-channel locations, is not optimal for offset recording sites.
Therefore, alternative reference configurations suitable for minimizing noise at offset

electrodes remains to be explored.

1.3 Design goals

The overarching goal of this research was to design microchannels with offset electrodes
and demonstrate their capacity to enhance recorded neural signals as well as discriminate
between signals traveling in opposite directions. An additional goal was to explore suitable
reference configurations able to reject non-neural signals at offset electrodes. To address
the design goals three specific aims were identified. A theoretical framework was
developed and used as a basis for the design of microchannels with offset electrodes.
Microchannels with offset electrodes were fabricated and in vitro experimental studies

were conducted on rodent nerves to validate the designs.



1.4 Specific aims

1.4.1 Specific aim 1
Specific aim 1 is to design and build microchannels with offset electrodes. This aim can

be divided into the following sub-aims:

A. Design a microchannel device capable of demonstrating signal enhancement at
offset electrodes

B. Fabricate and validate the microchannel device

1.4.2 Specific aim 2
Specific aim 2 is to develop a theoretical model to understand and predict signals at offset
electrode locations and to experimentally validate this model. This aim can be divided

into the following sub aims:

A. Develop a model to predict:
a. Neural signals at offset electrode locations
b. Noise artifacts from:
i. External sources
ii. Ambient (i.e. thermal) sources
B. Use the model to identify optimal offset locations that:
a. Maximize amplitudes for action potentials traveling in a given direction
b. Maximize amplitude differences between action potentials traveling in
opposite directions

C. Experimentally validate the model’s ability to predict signals at offset electrodes



D. Experimentally demonstrate reference electrode configurations that reduce

external noise artifacts at offset electrodes

1.4.3 Specific aim 3
Specific aim 3 is to demonstrate the extent to which offset electrodes can be used to
differentiate between signals traveling in opposite directions. This aim can be divided

into the following sub aims:

A. Develop a theoretical criteria to characterize recording scenarios that involve:
a. Mostly discrete, non-overlapping single unit action potentials (SUAPS)
b. Overlapping action potentials whose recorded signals superimpose on one
another
B. Use the theoretical framework and the experimental recordings obtained in SA 2
to:
a. Explore and validate methods that enhance signal differences at offset
electrodes for discrete SUAPSs traveling in opposite directions
b. Explore the extent to which offset electrodes provide a recording
advantage over mid-channel locations when recording more complex,
non-discrete neural activity such as:
i. The electroneurogram (ENG) characterized by tens or hundreds of
axons asynchronously conducting signals in similar and opposite

directions



ii. Compound action potentials (CAPS) characterized by all axons in

the nerve conducting signals in one direction at different speeds

1.5 Organization of the dissertation

This dissertation is divided into six chapters. Chapter 1 discusses the goals and challenges
associated with neural recording, the potential benefits and rationale for using offset
electrodes, the overall goals of this research and the specific aims used to achieve them.
Chapter 2 describes prior efforts and technologies developed for neural recording and the
intended use of microchannels. Chapter 3 describes the rationale for offset electrode
placements and methods used to fabricate microchannels containing offset electrodes.
Chapter 4 presents a theoretical framework for predicting signals at offset electrodes and
provides experimental evidence to validate these predictions. Chapter 5 discusses methods
to utilize offset electrodes to preferentially detect signals traveling in preferred directions
and to discriminate between neural signals having different levels of complexity traveling
in the same or opposite directions. A summary of the work, it’s significance and

limitations as well as future directions are presented in Chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 Historical basis for microchannel electrodes

Neural recording devices can be divided into two categories based on the kinds of neural
activity they are designed to record. Cuff and book electrodes populate the first camp.
These devices are designed to fit around whole nerves and record an aggregate of all the
neural activity occurring inside the nerve at any given moment. These devices proved to
be chronically viable and were useful for observing non-specific neural activity in behaving

animals (Stein et al., 1977, Stein et al., 1980a). In humans, they were useful in providing

limited sensory feedback in closed-loop functional electrical stimulation (FES) systems

(Haugland and Sinkjaer, 1995, Hoffer et al., 1996, Sinkjaer, 2000, Stein et al., 1977,

Popovic et al., 1993).

The other class of neural recording devices, penetrating electrodes, are more invasive than
cuffs, but also more selective. These aimed to record neural activity in individual or small
populations of axons since individual action potentials are surrogate markers of function.
At the most basic level, an AP’s direction of travel can be used to distinguish between
motor and sensory events. However, maintaining viable connections to specific axons over
long periods of time proved to be a formidable challenge and many of the approaches

explored over the past 50 years have yet to demonstrate chronic viability .

One of the earliest approaches involved recording from regenerated axons (Mannard et al.,

1974, Edell, 1986), and sieve electrodes were developed for this purpose. Sieves were thin




planar disks perforated by many holes, some of which were instrumented with ring

electrodes (Rosen et al., 1990, Kovacs et al., 1992, Bradley et al., 1992, Lago et al., 2007).

These were designed to occupy the space between the ends of a severed nerve and interface
with axons that eventually regenerated through the holes. The neural activity recorded by
the fraction of holes containing electrodes was envisioned to be sufficient to provide some
indication of the functional state of the targets innervated by the nerve. However, recorded
neural signals could not discriminate between sensory and motor events during behavior

in animal studies (Mannard et al., 1974). Also, while some recording sites successfully

transduced neural activity, many sites failed to record signals even in cases where axonal

regeneration had occurred and electrodes were functional (Lago et al., 2005). Lack of

signals was speculated to be due to misalignment between electrodes and the nodes of
Ranvier in captured myelinated axons, where action currents are concentrated and

extracellular signals are largest.

Microchannel arrays were conceived to address this limitation with sieves (Loeb et al.,
1977). Originally termed “tubular” electrodes, these were essentially extruded sieves, with
the holes having been transformed into an array of many channels, through which axons
would regenerate. Confining the space around axons increases the extracellular resistance
and therefore the extracellular potential produced by action currents. Extracellular
potentials inside the channel were mathematically shown to be largely independent of

nodal position relative to an electrode situated at mid-channel (Marks and Loeb, 1976). As

long as channel lengths exceeded internodal distances, the action currents of at least one

node were guaranteed to lie somewhere within the channel and a misaligned electrode



would still be able to record a neural signal. While tubular electrode arrays were fabricated,
axons failed to regenerate through the tubes and the microchannel concept was not

experimentally validated (Loeb et al., 1977). The popularity of cuff electrodes and the

emphasis on sieve development dominated research efforts and the microchannel concept

remained unexplored and dormant for about 30 years.

In 2008, a group out of Cambridge, England revisited the tubular electrode concept,

redubbing them “microchannels” (FitzGerald et al., 2008) As before, microchannels were

envisioned as the basic building block for constructing RE arrays. Their ability to enhance
neural signals despite misalignment between recording sites and nodes of Ranvier of active
fibers in the channel were again identified as their hallmark features. The Cambridge group
theoretically and experimentally explored signal enhancement in microchannels

(FitzGerald et al., 2008, FitzGerald et al., 2009), characterized the ability of axons to

regenerate through channels of different dimensions and lengths (Lacour et al., 2009), and

developed planar arrays of microchannels and incorporated them into a closed-loop FES

system for improved bladder control (Chew et al., 2013). The group also developed

microchannel-based RE arrays that successfully recorded neural activity in regenerated

motor and sensory sciatic nerve axons in rats (FitzGerald et al., 2012). This laid the

groundwork for other researchers to develop chronically viable microchannel-based RE

arrays (Srinivasan et al., 2015) capable of recording activity in many axons innervating the

hindlimb structures of rats during treadmill locomotion (Musick et al., 2015).
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2.2 Microchannel capabilities not fully realized

Despite these successes, microchannel technology is impaired by a symmetric electrode
configuration that prevents them from discriminating between motor and sensory traffic.
This is a profound limitation given that many peripheral nerves contain a mix of motor and
sensory fibers and an inability to distinguish between them dramatically increases the
computational burden for spike sorting algorithms used to classify recorded neural signals

(Lewicki, 1998).

The basis for this limitation, however, is understandable. Although RE arrays and cuffs

fall on opposite ends of the invasiveness spectrum (Navarro et al., 2005), they nevertheless
share a common architecture that is probably responsible for their success as chronic
implants, namely, they both surround bundles of nerve fibers. Cuff recordings were
susceptible to large electromyographic (EMG) voltage artifacts arising from muscles
contracting in the vicinity of their host nerve. Because these often obscured the much
smaller neural signals, an electrode configuration known as the pseudo tripole was

developed to reduce these comparatively large EMG artifacts (Stein et al., 1975). The

pseudo tripole configuration is characterized by a recording electrode located at mid-
channel and two reference electrodes close to the ends of the channel that are shorted
together to create a single reference terminal. Neural signals are recorded as the difference
between the mid-channel electrode and the shorted pseudo tripole reference, which

averages external artifacts occurring near the ends of the channel (Struijk et al., 1999).

Since differences in voltage at the ends of the channel are presumably distributed linearly

inside the channel, the mid-channel location also records an average of the external artifacts
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seen at the channel ends. Thus, both the mid-channel electrode and the reference terminal
record equivalent external noise artifact signals that ideally cancel each other out in the
difference. Neural signals are much more prominent at mid-channel compared to the

locations near the ends and, therefore, do not cancel out.

While the configuration does help to reduce external artifacts, because of its bilateral
symmetry, an action potential traveling to the right produces an identical signal as one

having a similar speed traveling to the left (Sabetian et al., 2017). Thus, the pseudo tripole

enhances noise rejection at the expense of signal discrimination, a tradeoff that is warranted
for cuffs that, by design, are typically unable to resolve signals at the level of individual
axons. For microchannels, this tradeoff represents a devastating compromise, which
severely limits their capabilities and prevents their full potential from being realized.
Nevertheless, nearly all microchannel technologies employ pseudo tripole electrode

configurations. This includes all the RE arrays developed to date (Musick et al., 2015,

FitzGerald et al., 2012, Srinivasan et al., 2015) as well as microchannels containing

multiple electrodes (Minev et al., 2012) and planar arrays consisting of multiple channels

(Chew et al., 2013).

2.3 Offset electrodes potentially enhance microchannel capabilities
A finite element model developed by FitzGerald and colleagues to explore extracellular
potentials inside microchannels noted that signals were maximized near one end of the

channel rather than at mid-channel (FitzGerald et al., 2008). Figure 2.1 replicates Figure

9a in their study with red text and markings added for illustration. For a right-bound action

potential traveling in the myelinated fiber, maximum signals (i.e. negative peak
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amplitudes) are expected to occur about 2.3 mm to the right of mid-channel. Mid-channel
amplitudes are about 80% of the maximum and to the left of mid-channel, signals are
progressively attenuated.  Signal amplitudes rapidly decline for recording sites

approaching the channel exit.
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Figure 2.1 Peak signal amplitudes at different longitudinal positions (from FitzGerald
et al 2008). The maximum signal amplitudes for right-bound action potentials traveling in
a small unmyelinated and much larger myelinated fiber. For the 10 um myelinated fiber,
the maximum signal occurs at a location to the right of mid-channel. Mid-channel (vertical
dashed line) and the location where signals are maximum are highlighted in red. Bold
vertical lines on the left and right side of the figure indicate the channel entrance and exit,
respectively.

In general, the analysis suggests that recording sites offset from mid-channel in the
direction of AP propagation are expected to record the largest signals. Furthermore, a
similar action potential traveling to the left would be expected to produce the largest signals
at a location 2.3 mm to the left of mid-channel. Therefore, compared to mid-channel
locations, offset electrodes appear to be superior in two key respects: 1) they record larger

signals and 2) they can be used to preferentially detect APs traveling in a specific direction.
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2.4 Reference configurations for offset electrodes

Given the potential for offset electrodes to enhance signal detection and discrimination in
microchannels, alternative reference configurations are required, since the pseudo tripole
reference terminal is suitable only for canceling artifacts at mid-channel electrodes.
Interestingly, alternative references have been explored for mid-channel electrodes in
cuffs. One approach demonstrated that a single external electrode aligned to the same
axial position as the one in the channel was shown to reject stimulus artifacts and external

EMG as well as the traditional pseudo tripole configuration (Thomsen et al., 1996). Figure

2.2 A shows longitudinal and transverse views of their approach (with additional notation
provided). Here a pseudo-tripolar reference, created by the contacts at “a” is compared to
a single external electrode at “c” that is aligned with but resides outside the tube containing

the recording electrode at “b”. The cross section shows that electrode “c” rests in its own

channel parallel to the inner one while also being isolated from the body environment.

A similar approach could be employed to achieve noise cancellation at offset electrodes.
For example, Figure 2.2 B shows a two-channel configuration, where a channel containing
the nerve lies parallel to an empty reference channel. Since both electrodes have the same
axial alignment inside their respective channels, the signals recorded due to external noise

are expected to be nearly equivalent.
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Figure 2.2 One strategy to reject noise at offset electrodes. In A), a single external
reference electrode “c” situated in its own compartment and axially aligned with the
recording electrode “b” had equivalent noise-rejection capabilities as traditional pseudo-
tripolar configurations (“b”” and the two “a” electrodes connected). B) Approach to reject
noise in an offset configuration.
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CHAPTER 3

DESIGN AND HAND FABRICATION OF MICROCHANNELS WITH OFFSET

ELECTRODES

3.1 Introduction

Microchannels have emerged as promising technologies for neural recording in recent
decades because of their ability to record activity in individual axons and potential for use
as implantable neural interface devices. They were originally conceived as key building

blocks for regeneration electrode arrays (REAS) (Loeb et al., 1977), an extension of sieve

electrodes, where severed axons were encouraged to regenerate through an array of small
holes penetrating a thin plate (i.e. the “sieve”). Electrodes surrounding a few of the holes
recorded neural activity at different locations over the nerve’s cross section (Rosen et al.,

1990, Kovacs et al., 1992), with the activity of individual axons being recognizable.

Unfortunately, many axons failed to grow through the sieve and those that did were often
surrounded by connective tissue layers that walled them off from the electrodes and
prevented their activity from being recorded. In addition, because sieve thicknesses ranged
between 100-250 um, they were typically thinner than the intranodal distances of
regenerating axons (~ 300 um) and neural activity would only be recorded from axons
whose nodes of Ranvier lined up with the electrode. This was speculated to be the reason
for why many sites failed to record neural activity in holes where axonal regeneration had

been successful (Lago et al., 2007, Ramachandran et al., 2006).
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REAs were essentially extruded sieves, so that the wafer-thin holes in sieves were
transformed into long thin microchannels. These were able to record neural activity even
when nodes of Ranvier of active neurons did not line up with electrodes inside each
channel. REAs were envisioned as transformative technologies that could enable chronic
recording from many sensory and motor axons in the nerve’s cross section. It is somewhat
ironic, therefore, that REAs employed mid-channel electrode configurations incapable of
differentiating motor signals from sensory ones, a profound limitation given their intended

use.

Neural recording theory predicts non-central, or “offset”, electrodes would enhance signals
and enable action potentials traveling in one direction to be detected separately from those
traveling in the opposite direction. Offset electrodes can also be used to stimulate and

elicit action potentials that travel in a desired direction (FitzGerald et al., 2009). Therefore,

offset electrodes have the potential to significantly improve the usefulness of future REA

devices for selective bidirectional interfacing with nerves.

A finite element model predicted signal enhancements at an offset electrode (FitzGerald et

al., 2008) and recent experimental work appears to support this (Gribi et al., 2018).

However, these studies do not provide any rational basis to explain this phenomenon nor
has any work been done, to our knowledge, to harness offset electrodes to enhance signals

and signal discrimination in microchannels.

This work describes the design and fabrication of microchannels containing offset

electrodes. A theory previously developed (Stein and Pearson, 1971, Marks and Loeb,

1976) for neural recording in channels is used to intuit optimal recording sites and provide
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a rational basis for why signals are expected to be largest at locations offset from mid-
channel. Action potential waveform shapes reported in the literature are combined with
theoretical predictions to justify electrode placements in fabricated microchannels.
Preliminary efforts to record neural activity in microchannels is used to guide channel
diameters. We provide details for making microchannels, characterize their electrical

properties and demonstrate their capacity to record neural signals.

3.2 Methods

3.2.1 Intuiting optimal offset locations using neural recording theory

The transmembrane currents that characterize action potentials spread out along the axon
over finite distances equal to the product of the time it takes them to dissipate (i.e. duration)
and the speed at which they propagate (i.e. velocity). These generate equal and opposite
intra- and extracellular currents that flow mainly parallel to the axon and produce intra-
and extracellular voltages proportional to the resistance they encounter in- and outside the

axon (Meier et al., 1998a). Because resistance is proportional to cross-sectional area,

extracellular voltages are typically many orders of magnitude smaller than intraaxonal ones
due to the large size differential between an axon’s cross sectional area and the area of the

surrounding extracellular environment (Hodgkin and Rushton, 1946) Microchannels

confine the space around axons which increases the extracellular resistance and voltages
that can be recorded. Any action currents lying outside the channel, such as beyond its
ends, are shunted by the large extracellular volume and therefore cannot contribute to the
extracellular signal. Mathematically, signal loss at the channel ends is characterized by

what Stein and Pearson referred to in their theory as the “2" Difference” term (Stein and
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Pearson, 1971) and which we call simply the “difference” term. Extracellular voltages

inside the channel are proportional to the difference term, given below as:

"dif ference" = Vm(L) Z ¥n(0) x + 03, (0) — v (%)

where “x” is the distance of an electrode from the left end of the channel (at x=0), “L” is
the channel length, vm(X) is the amplitude of the transmembrane voltage at the electrode,
and vm(0) and vm(L) are the transmembrane amplitudes at the left and right ends of the
channel, respectively. The difference term is expressed in words as: “the magnitude of the
signal at any longitudinal location inside the channel is equal to the transmembrane
voltage at that location minus a linear interpolation of the transmembrane voltages at the
ends of the channel.” When transmembrane voltages at the ends of the channel are zero, a
Scenario that we call the “zero-end-voltage condition”, or ZEVC, the above statement
simplifies to: “the magnitude of the signal at any location inside the channel is equal to the
transmembrane voltage at that location.” The ZEVC is satisfied whenever channels are at
least as long as the AP wavelength and peak extracellular signals then coincide with the

location of the AP peak inside the channel.

For illustrating relationships between AP spatial profiles, channel length and optimal
electrode placements, it is useful to represent APs using triangular waveforms, as shown
in Figure 3.1. These are characterized by a steep rising phase and a shallower falling phase
that converge to pointed peaks where the AP is maximum. Triangular approximations have

been used before to accurately reconstruct experimentally recorded compound action
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potentials (Gasser and Erlanger, 1927) and to model extracellular fields generated by

individual action potentials (Plonsey and Barr, 2007).

3.2.1.1 Offset electrodes are always optimal when AP wavelength and channel length are
equal

The minimum channel length that satisfies the ZEVC is when it equals the AP wavelength.
In this case, there will be one instant when the spatial profile of the AP completely fits
inside the channel. Because APs are skewed waveforms with their peaks closer to their
leading edges, the peak extracellular signal will always occur at offset locations to the right
or left of mid-channel, depending on the APs direction of travel. Their rising phase length
determines the distance from the end of the channel where the largest signal is expected to

occur (Figure 3.1 A, ii).

i wi<lL ﬂ m

0 L2 L 0 L2 L
Figure 3.1 Predicted optimal electrode placements. Optimal locations for A)
asymmetrical and B) symmetrical triangular AP waveforms. Four scenarios are
considered: i) wavelength is less than channel length, ii) wavelength and channel length
are equal, iii) wavelength is greater than channel length with rising phase length less than

half the channel length and iv) wavelength is greater than channel length with rising phase
length greater than half the channel length. Red vertical lines denote optimal electrode
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locations where signal amplitudes are predicted to be greatest. Symbols are: wl =
wavelength, rpl = rising phase length, L = channel length.

3.2.1.2 Multiple locations are optimal when AP wavelengths are shorter than the channel

When AP wavelengths are shorter than the channel, the ZEVC is satisfied over a range of
positions starting at one rising phase length from the end of the channel, as above, and
extending inwards towards mid-channel a distance equal to the difference between the
channel length and AP wavelength. If wavelengths are much shorter than the channel (i.e.
falling phase lengths are less than or equal to half the channel length) the range of positions
where maximum signal occurs will include the mid-channel position. In (i) of Figure 3.1,
the falling phase length of the AP is less than half the channel length and the range of
channel positions where signals are maximum includes mid-channel. Nevertheless, the
range is not symmetrical about center. Rather it is skewed to the right, in the AP’s direction

of travel.

3.2.1.3 Offset electrodes are optimal when AP wavelengths are longer than the channel
except when rising phase lengths exceed half the channel length

When AP wavelengths are longer than the channel the ZEVVC will never be satisfied. In
this case, signals are maximized when voltages at the rising phase end of the channel (i.e.
at x=L) are kept as small as possible since the leading edge of the AP increases at a faster
rate than the trailing edge and contributes more substantially to the interpolated value
between the channel ends. Up to a distance of half the channel length, the optimal electrode
position is then still equal to a distance of one rising phase length from the end of the
channel, since its end-voltage will remain zero and the end voltage of the trailing edge will

be as small as possible (Figure 3.1 A, iii). When rising phase lengths of triangular APs
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exceed half the channel length, it can be shown mathematically that maximum signals
always occur at mid-channel (Figure 3.1 A, iv). However, offset locations may still be

optimal for realistic APs with curvilinear, instead of triangular, profiles.

3.2.1.4 Action potential asymmetry underscores signal enhancement at offset electrodes

If APs were symmetrical about their midpoints then their rising and falling phases would
have equal lengths. In this case, scenarios (ii-iv) in Figure 3.1 A would place the optimal
electrode position at mid-channel and, for scenario (i), a range of channel positions
centered about mid-channel would be expected to have the largest signal. Thus, if APs
were symmetrical waveforms, the optimal electrode position would always occur at mid-
channel or in a region centered about mid-channel. Itis only because APs are asymmetrical

waveforms that offset electrode positions are ever optimal.

3.2.1.5 Recording scenarios where offset electrodes are projected to provide signal
enhancement

The above analysis using triangular waveforms suggests that electrodes offset from the
mid-channel are expected to record the largest signals when half the channel length is
greater than the length of the rising phase and shorter than the falling phase. A distance of
a rising phase length from the channel end nearest the leading edge of the action potential

is expected to record the largest signal for a range of APs satisfying these conditions.

Figure 3.2 shows the range of conduction velocities and channel lengths for which offset
electrodes are expected to record the largest signals. Channel lengths reflect those typically

found in the literature for microchannels (6 - 10 mm) and cuff electrodes (16 - 30 mm). As
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shown, offset electrodes would apply over a wide range of channel lengths and conduction
velocities. For channels longer than 20 mm, offset electrodes are expected to record the
largest signals for action potentials having speeds equal to (and beyond) the upper

physiological limit of 120 m/s (vertical dotted line).

Operating ranges over which offset electrodes are
expected to record the largest signals
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Figure 3.2 Channel lengths and conduction velocities over which offset electrodes are
expected to record the largest signals. Channel lengths are 8, 16, 24, and 30 mm. White
circles (O) at 15, 40, 66 and 85 m/s denote APs with a wavelength equal to channel length.
Dashed lines (---) enclose a region of operation for offset electrodes and the vertical dotted
line (...) at 120 m/s represents the upper limit of physiological conduction velocity.

3.2.2 Design specifications

3.2.2.1 Channel length
As mentioned previously, AP wavelengths must fit entirely within the channel for signal

amplitudes to be maximized (Stein and Pearson, 1971). The relationship between AP

durations and their speeds have been carefully documented (Paintal, 1966) and one can
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estimate their wavelengths by taking their product. Typically, the faster these currents
travel, the more space they occupy along the axons, however, for action potentials having
speeds of between 6-12 m/s, wavelengths remain nearly constant at about 8 mm (Paintal,
1967). Preliminary neural recordings we obtained in rat dorsal rootlets showed many
action potentials to have speeds within or close to this range. Therefore, a channel length
of 8 mm was selected as this was the minimum channel length expected to accommodate
the wavelengths of the majority of recorded action potentials. Longer channels would have
sufficed except signals were expected to peak over a range of channel positions that would

include sites closer to mid-channel, as discussed previously.

3.2.2.2 Electrode positions

Action potentials are inherently asymmetric waveforms and peak at a distance of about ¥4
of their wavelength from the leading edge, also known as the rising phase length. Neural
recording theory predicts that peak signals coincide with action potential peaks (Stein and

Pearson, 1971, Marks and Loeb, 1976). When action potentials fit exactly inside the

channel, which occurs when their wavelengths and channel lengths are equal, their peaks
are located at offset locations, equal to a distance of one rising phase from the end of the
channel closest to the peak, where theory predicts the largest signals. In general, if action
potentials are assumed to be triangular waveforms, their rising phase lengths determine
optimal electrode locations. It can be shown that peak signals will always occur a distance
of one rising phase length from the channel end closest to the action potential peak (up
until rising phase lengths equal or exceed half the channel length at which point the largest

signals are expected to occur at mid-channel). A finite element model by FitzGerald and
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colleagues supports this prediction without providing any rationale as to its underlying
cause. Their model predicted the largest signals in a 10 mm long microchannel to occur at
a location 2.7 mm from the right end of the channel, a distance equal to the rising phase

length of their simulated right-bound action potential (FitzGerald et al., 2008).

For speeds of between 6-12 m/s, Paintal showed action potentials peak at approximately 2
mm from their leading edge. Electrodes situated 2 mm from the ends of an 8 mm channel
were, therefore, expected to record the largest signals for APs traveling in either direction.
Thus, we designed channels with optimal offset electrodes situated 2 mm in from both ends
of the channel. An electrode at 4 mm was selected to enable signals at mid-channel to be
compared to those recorded at optimal offset locations. Electrodes situated 1 mm in from
both ends of the channel were included as well. These served as an additional pair of offset
electrodes and provided the option to create pseudo or true tripole references for the inner
electrodes, if desired. Thus, channels contained 5 electrodes located at 1, 2, 4, 6 and 7 mm
(measured from either end) with those located at 4 and 2 mm expected to record the largest

signals for right- and left-bound action potentials, respectively.

3.2.2.3 Electrode material

In preliminary experiments, we used stainless steel electrodes (50 pum O.D. bare, A-M
Systems, WA) to successfully record neural signals in microchannels having inner
diameters of 310 um. However, we found it difficult to control their exposure lengths
inside the channel, which made it difficult to standardize and control their impedance
values since these electrodes extended straight across the lower portion of the channel’s

cross-section. FitzGerald and colleagues described a technique in which gold wire was
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repeatedly wrapped around an inner core, that was removed once the PDMS substrate

around it had cured (FitzGerald et al., 2009). We employed a similar, but modified

approach using silver, which could easily be bent and formed and which we found had
lower impedance than stainless steel after the silver was soaked in bleach to create an
Ag/AgCI chlorinated surface. Therefore, silver wire (75 pum O.D. bare, A-M Systems,
WA) was selected for making electrodes as this material had good impedance and
workability characteristics that afforded opportunities to standardize exposure areas and,

therefore, electrode impedance values.

3.2.2.4 Channel diameter

The selection of channel diameter was based on prior work. Previously, we recorded
signals in teased rat dorsal rootlets using microchannels having inner diameters of 310 um.
For action potentials traveling between 7-20 m/s, peak signal amplitudes ranged between
7-25 pV with a background noise band of about +/- 5 uV peak-to-peak and a minimum
signal-to-noise ratio (SNR) of about 1.4. FitzGerald and colleagues recorded from teased
rat L5 ventral rootlets using microchannels having diameters of 130 um and obtained peak
signal amplitudes of between 10-60 puV with a similar noise band for action potentials

traveling between 6-22 m/s (FitzGerald et al., 2009). Minimum SNR for their data was

about 2. Minimum SNR of between 1.4-2 were considered acceptable. Therefore,
channels were designed with an inner diameter of 200 pm, slightly less than midway

between 130 and 310 pum.
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3.2.3 Fabrication

3.2.3.1 Microchannels

Polydimethylsiloxane (PDSM) microchannels were made by mixing 5 g of PDMS (Sylgard
184, Dow-Corning, MI) using a 10:1 (Part A : Part B) mixture that had been degassed for
about an hour in a desiccator (Scienceware, NJ) to remove air bubbles. Approximately 1
g of PDMS was poured around a 200 um diameter silver wire (A-M Systems) suspended
~500 um above the surface of a glass slide held taught by a pair of copper alligator clips
glued to the slide (Figure 3.3 A). The assembly was placed on a hot plate with a surface
temperature of about 250 °C which produced a cured pool of PDMS in about 1-2 minutes
with dimensions of approximately 1 mm in height and 10 mm x 15-20 mm in width and
length (Figure 3.3 B). A pair of pliers was used to gently extract the wire and a razor was
used to trim the ends of the PDMS block to produce a 200 pm I.D. x 8 mm hollow long
channel (Figure 3.3 C, D). The block was also trimmed parallel to the channel about 1 mm

to one side of it.

3.2.3.2 Electrodes

Ag/AgCl electrodes were prepared by using a pair of fine forceps to remove about 4-5 mm
of insulation from the end of a coated silver wire having a bare silver core diameter of 50
um and an outer diameter of 100 um (Figure 3.3 F). The bare wire tips were left in chlorine
bleach (Clorox) for about half an hour until their color had turned from shiny silver to a

dull gray, indicating that chlorination had occurred.
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Figure 3.3 Microchannel fabrication. Lower-case letters refer to items listed in Table
3.1. A) PDMS is poured around a 200 um Ag wire suspended above the surface of a glass
slide by alligator clips and B) cured on a hot plate for about a minute. C) Removal of the
wire produced a hollow circular channel with an inner diameter equal to the wire and D) a
length of 8 mm after trimming the edges with a razor. E) Electrode sites were prepared by
cutting slits perpendicular to the channel and F) electrode wires were prepared by removing
8-10 mm of insulation from both ends and soaking one end (the recording site) in bleach
for about % hour to chlorinate their surfaces. G) Electrode wires were eased (using a
flossing motion) into the bottom of each slit and H) wrapped around a smaller steel guide
wire that had been inserted into the channel. 1) The slits were sealed with PDMS, cured
over the hotplate and the channel/electrode assembly was attached to the end of a glass
slide that had been glued to a DB-15 female/female adapter. J) Gold-plated DB pins were
crimped to the de-insulated ends of each electrode lead and inserted into appropriate ports
in the DB-15 adapter. A coil of bare 200 um Ag wire was also fitted with a DB pin and

plugged into the adapter to serve as a reference terminal for all the electrodes (labeled “b”
inl.

Electrode sites were prepared by making five short slits in the PDMS block perpendicular

to the channel’s long axis and at longitudinal positions of 1, 2, 4, 6 and 7 mm (Figure 3.3
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E). The slits were about 1.2 mm long and cut completely through the depth of the block
and the edge 1 mm from the channel. The PDMS block was lifted and repositioned on the
slide so that the channel and slits protruded about 2 mm beyond the short edge of the slide.
Using a flossing motion, the bare Ag/AgCl tips made earlier were slid into each of the slits
until the wire touched the inner edge of the slit as far as possible from the 1 mm cut edge
and out of the path of the channel. A 150 um OD steel guide wire was temporarily inserted
through the channel and the bare portion of each silver electrode was wrapped tightly
around the inner guide wire using a single turn. The electrode wires were trimmed even
with the PDMS surface and then coated with PDMS and cured on the hot plate as before,
a process that was repeated until no part of any electrode wire was exposed (Figure 3.3 G,
H). The slits maintained the axial position of each electrode and enable them to be placed
with high precision. Also, the inner walls of each slit pressing against the wrapped wires
created a seal that prevented any PDMS from entering the channel or coating the inner
surfaces of the electrode wires facing towards the center of the channel. The steel guide
wire was gently removed and the PDMS block was glued to the glass slide using a thin
layer of PDMS which was then cured. Completed channels were 200 um 1.D. x 8 mm long
and contained five Ag/AgCI circular electrodes with inner diameters of 150 um precisely

positioned at 1, 2, 4, 6, and 7 mm.

3.2.3.3 External connections and reference
Gold-coated DB-9 pins were crimped to the other end of each electrode wire that had had

about 10-15 mm of insulation removed (Figure 3.3 J). These were inserted into a DB-15
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female/female adapter which had been glued with super glue to the end of the glass slide

opposite to the microchannel (Figure 3.3 1).

Figure 3.4 Assembled devices and external connections. A) Colored amplifier cables
are shown secured to the screw terminals of a 15-pin breakout board connected to a DB-
15 male connector (see item “g” in Table 3.1). A plastic rod glued to the breakout board
connected it to a micromanipulator. B) Microchannel module connected to the amplifier
and ready for a recording session. C) Finished microchannel recording from a teased
rootlet. Glass pipette tips of the suction electrodes used to stimulate the rootlet are labeled

(1)

P

30



A circular coil of bare Ag/AgCl wire placed in the bath behind the microchannel served as
a reference terminal for all electrodes. This was made in a similar fashion to the electrode
wires and had a DB-9 pin crimped to the non-coiled end that was plugged into one of the
pin receptacles on the DB-25 adapter in the electrode assembly (labeled “b” in Figure 3.3
). The screw terminals associated with the negative inputs of the amplifiers were shorted
using jumper wires and connected to the screw terminal associated with the reference coil

(green jumper wires visible in Figure 3.4 A).

3.2.3.4 Modular devices

Assembled devices could be conveniently handled as individual self-contained units and
safely stored when not in use. Prior to a recording session, the unit was plugged into a 15-
pin DB female connector attached to a breakout board where the cables going to the
amplifier inputs were attached (Figure 3.4 B). A plastic rod glued to the breakout board
connected microchannel assemblies to a micromanipulator (Figure 3.4 A). This produced
a modular system that enabled different microchannels to be easily and reproducibly
connected to their respective amplifier channels while permitting channels to be secured
and precisely positioned, an important feature when recording from dorsal rootlets in

anesthetized rats. Figure 3.4 C shows a competed microchannel containing a teased rootlet.

3.2.3.5 Materials and costs

Table 3.1 lists the items used to fabricate microchannels and their associated costs. Lower-
case letters in the left column identify items in the previous figures. Material costs were
$15.04 per device and this included the breakout board (item “g”) which only needs to be

purchased once and is not a “per device” item. Bulk material costs were $376.38. These

31



did not include additional supplies such as a glass cutter for trimming microscope slides
($3.47 Husky, 5 in., Home Depot), super glue ($8 for six 0.1 oz tubes, Walgreens), razor
blades ($3.97 for a 25 pack, Home Depot) and bleach ($4.49, 3.84 gt, Target) which we
estimated totaled $19.93. Including these items would bring the bulk cost to $396.31.
PDSM can be cured using many different heat sources and the cost of our hot plate was not
included nor were the costs of typical laboratory equipment such as surgical tools,

microscope, amplifiers, cables, etc.
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Table 3.1 Microchannel materials and costs

Table 3.1 Materials and costs

Bulk . %/ Units/ 9/
Item Company Purpose Specs cost Qty Unit Unit device device
2 part
a DMS Elsworth el (AB $110.00 500 g $0.22 5  $1.10
(Sylgard 184) Adhesives .
mixture)
channel
. . A-M Syst . .
b bare silver wire YIS quide),  0.008"  $51.00 300 in. $0.17 5  $0.85
(# 782000) !
ref. terminal
0.003"
PFA-coated  A-M Systems bare .
I ! 4. . 28 1 4.2
c silver wire (¢ 785500) electrodes 0.0055" $84.00 300 in. $0.28 15  $4.20
coated
. McMaster-
d igi?;ﬁg”g Carr e"(eclt;gs)es 0.006" $10.67 1200 in. $0.01 1  $0.01
(#8907K88) I
e DBLS mini 7f CablesOnline  connector ~ 15pin  $18.48 10 pcs $1.85 1 $1.85
gender changer
D-sub male B&R old
f . Electronics  connector $10.12 100 pcs $0.10 6 $0.61
pins plated
Supply
DB-15 male .
g breakout board JoJa-US connector 15pin  $1059 2 pcs $5.30 1 $5.30
microscope VWR 25 X 75 X
h . P International base $81.52 72 pcs $1.13 1 $1.13
slide 1 mm

(# 48311-703)

bulk cost $376.38

cost per device $15.04

3.2.4 Bench tests

3.2.4.1 Electrical

To check for signs of exposed electrode wires, the bubble test was performed in a saline

bath with the ends of the channel plugged by short lengths of 200 um OD nylon fishing

line. Any exterior locations which produced bubbles were dried, coated and cured with

33



PDMS, and re-checked until all bubbles tests were negative. Electrode continuity was
checked in a similar fashion except with the ends unplugged and the channel filled with

saline in the bath.

3.2.4.2 Impedance

The resistance of each electrode wire to a 1000 Hz sinusoidal signal was measured prior to
each recording session using an impedance meter (Model IMP-2AMC, MicroProbes for
Life Sciences, MD). The bubble test was always performed on the electrodes and reference

terminal prior to taking any impedance measures.

Two methods were employed — one to measure an electrode’s total impedance in the
channel and another to measure only the impedance of the metal/electrolyte interface. The
first method measured the impedance between the electrode lead wire and the ground wire
in the saline bath. This impedance is the sum of the resistance associated with the

metal/electrolyte interface and the “tube resistance” (Loeb et al., 1977), equal to the

resistance of the portion of saline to the left of the electrode in parallel with that on the

right.

The second method aimed to characterize only the impedance of the metal/electrolyte
interface at each electrode independent of tube resistance. This was done by connecting
the reference terminal of the meter to a 100 um diameter bare tungsten wire and inserting
it into the channel until its tip came within a few hundred microns of the desired electrode,

thus effectively shorting the tube resistances.
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3.2.5 In vitro assessment

Chapter 4 provides a detailed description of the experimental setup and methods used to
record neural signals using the device described here. Briefly, dorsal roots were explanted
from anesthetized adult Sprague-Dawley rats which had been perfused with cold (1-4 °C)
Hanks balanced salt solution (HBSS). Roots were placed in a warm HBSS bath (37 °C)
and surgically divided into smaller strands, or “teased rootlets”, thin enough to be drawn
through the microchannel using a short piece of suture (8-0) tied to one end of the teased
rootlet. Suction electrodes (A-M Systems, WA) connected to the rootlet on either side of
the channel (Figure 3.4 C, label “p”’) were used to elicit action potentials traveling to the
right or left through the channel. Recorded signals were amplified (x 10,000), bandpass
filtered (10-20,000 Hz), notch filtered (60 Hz), sampled (100,000 Hz) and stored on a
computer for offline analysis. Recorded signals were bandpass filtered (100-10,000 Hz)

in Matlab (Mathworks, CA) prior to analysis.

3.3 Results

3.3.1 Total impedance

Table 3.2 shows total impedance values measured in physiological saline at room and other
temperatures at different time points. As expected, impedance values were consistently
lowest at the channel ends (electrodes 1 and 5) and highest at mid-channel (electrode 3).
This was expected since tube resistance is largest at mid-channel and falls off towards the
channel ends. Impedance values were slightly different at different time points, but those
measured on Day 1 and 42 were nearly identical, suggesting the electrical properties of the

electrodes remained stable over time. Electrodes had similar impedance values at different
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temperatures (Days 1 and 42) and different impedance values at similar temperatures (Days

1 and 22) suggesting impedance was unaffected by temperature.

Table 3.2 Total impedance

Table 3.2 Total impedance (kQ)1

Electrode # ]
Day 1 2 3 4 5 2
19 31 38 30 19 22
8 20 36 40 34 20 31.6
12 15 27 36 27 17 35.4
22 22 37 50 37 24 20
36 22 35 46 37 24 215
42 20 32 38 28 20 31
mean 19.7 33.0 41.3 32.2 20.7
std 26 3.7 55 4.4 28 )

Ltests conducted in physiological saline using a 1000 Hz sinusoidal signal

3.3.2 Metal/electrolyte interface impedance

Using the second method previously described, we measured the metal/electrolyte
interface impedance to be 10 kQ at each electrode on Day 1, when the device was initially
fabricated. Metal/electrolyte impedance values were slightly elevated a month later (Day
36) ranging between 11-17 kQ with an average impedance of 15 kQ. A bubble test
revealed electrode 2 had a slight metal exposure. This did not appear to have impacted the
electrical properties of electrode 2 since electrode 4, its fully sealed counterpart on the right
side of the channel, had nearly identical impedances at all prior time points (Table 3.2).
Nevertheless, the site was sealed with PDMS until bubble tests were negative (i.e. produced

no bubbles).
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3.3.3 Neural signals

Examples of recorded signals are shown in Figure 3.5. Stimulus currents ranging between
0-3 A were applied to the left side of the rootlet eliciting action potentials that traveled to
the right. No signals were elicited when stimulating in the 0-0.5 pA range. All-or-none
bursts of activity characteristic of action potentials occurred on all electrodes when current
levels were increased to 1 pA. As predicted by theory, the responses at electrode 4, offset
2 mm to the right of mid-channel, had negative peaks that were at least as large as those at
mid-channel with the mean response (white lines) at 4 being larger than 3. Signals
increased when stimulus current was increased to 2 JA, corresponding to activity in more

than one axon being elicited.
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Figure 3.5 Example of recorded signals. Recorded neural signals when a teased dorsal
rootlet was stimulated on the left side eliciting action potentials traveling to the right.
Responses are taken from Rat 59 (see Chapter 4) in a single 70 second trial where stimulus
amplitudes were increased in increments of 0.5 A every 10 seconds. Signals for electrodes
1-5 appear left to right in each row with “n” spikes aligned to their stimulus pulses and
superimposed on each other. White lines represent mean responses. Horizontal scale bar
represents 0.1 ms.

3.4 Discussion

Based on methods described by FitzGerald and colleagues (FitzGerald et al., 2009), we

developed a hand-based approach to fabricate microchannel devices using low-cost off-
the-shelf components. FitzGerald described having to discard devices where PDMS had
compromised the inner-facing surfaces of the electrodes. We sought to avoid this potential

issue by making the PDMS substrate first and then using it (via the slits) to form a seal that
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prevented additional PDMS from contaminating the inner-facing surfaces of the electrode
wires. This approach also enabled electrodes to be precisely positioned and prevented them
from shifting to the left or right at any time during the fabrication process once they had
been threaded into the slits. We feel these techniques can be readily adapted for making
channels having inner diameters smaller or larger than 200 pum simply by choosing
different diameters for the Ag wire used to construct the channel and the temporary steel
guide wire, which determined the inner diameter of the electrodes (items “b” and “d” in
Table 3.1). Devices were designed to be modular so that microchannels having different
dimensions or electrode configurations could easily be swapped out in a “plug-and-play”

fashion during recording sessions, if desired.

Compared to the standard approach of curing PDMS in an oven for many hours (i.e. 4

hours) (FitzGerald et al., 2009), our technique of flash-curing the PDMS on a hot plate

significantly decreased fabrication times and permitted rapid prototyping of microchannel
devices. Our devices could be made in approximately 4-6 hours and cost about $15 each
in materials. This compares favorably with clean room equipment costs and the time
necessary for learning to use this equipment and to implement the many steps associated
with making devices using photolithography. We obtained an estimate of $2500 to produce
similar devices in batches of 80 using photolithographic techniques in a clean room
environment (Motorola Nanofabrication Research Facility, Florida International

University, Miami, FL).

We never encountered problems with electrodes demonstrating a lack of continuity.

Impedance values were slightly elevated on Days 22 and 36, particularly at electrode 3.
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This suggested tube resistance was higher during this period since the mid-channel
resistance was impacted more than the other electrodes, as one would expect (Figure 3.5).
The reason for this was not clear but it is possible that channels were more constricted due
to less use and, therefore, drying out over this period. Although microchannels were
thoroughly flushed with water and saline following recording sessions, it is also possible
that tissue remnants could have coated portions of the electrodes. This could partly account
for the increase in the metal/electrolyte impedance observed on Day 36. Nevertheless, on
any given day, impedance values for electrodes on the left side were nearly equivalent to
their counterparts on the right. This suggested our methods for situating electrodes inside
the channel had a high degree of reproducibility and produced recording sites with nearly

equivalent electrical properties.

Despite its wide-spread use as an experimental platform for microchannel investigations,
there is evidence that the teasing process damages axons. A study in which rat dorsal roots
were teased apart and inserted into a chronically implantable microchannel array for up to

3 months in rats (Chew et al., 2013) found the proportion of intact axons to be 75% and

60% one and four weeks, respectively, following the initial surgery. We observed the
teasing process significantly elongated rootlets, which can sustain strains of between 15-

25% before axons are irrevocably ruptured (Sunderland and Bradley, 1961). Frequently,

neural responses were only observed at the one or two electrodes near the ends of the
channel closest to the site of stimulation. This suggests the presence of axonal fragments
and a lack of axonal continuity through the channel. A close examination of the negative

peak amplitudes for the 2 pA scenario in the 3™ row of Figure 3.5 shows electrode 1,
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nearest the site of stimulation, had the largest signals. This is not consistent with theory,
which predicts that signals are expected to increase as they approach mid-channel. We
believe this reflects activity in axonal fragments that extend no further than 1 or 2 mm into
the channel. Similar signal patterns can be observed in microchannel recordings using

rootlets prepared using the same teasing process described here (Gribi et al., 2018),

although this was not highlighted or mentioned.

Due to their small size and the need to precisely control electrode and channel geometries,

most microchannel technologies have been fabricated using advanced photolithographic

techniques (Delivopoulos et al., 2012, Minev et al., 2012, FitzGerald et al., 2012, Dworak

and Wheeler, 2009). While these have excellent recording capabilities, their development

is limited to a handful of investigators possessing the expertise and resources (financial,
facilities, collaborators) necessary to construct these devices using photolithography.
The approach described here can serve as a vehicle for a broader group of researchers,
particularly students, to develop, explore and innovate microchannel-based neural

interfaces.
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CHAPTER 4

THEORETICAL FRAMEWORK AND EXPERIMENTAL EVIDENCE FOR SIGNAL

ENHANCEMENT AT OFFSET ELECTRODES

4.1 Introduction

Over the past decade, microchannel electrodes have emerged as promising devices for
recording signals in peripheral nerves. This is because they combine chronic capability
with enhanced selectivity. Like cuff electrodes, microchannel electrodes have the potential
to be chronically viable nerve interfaces — i.e. the ability to maintain stable long-term

connections with small populations of axons (FitzGerald et al., 2012, Chew et al., 2013).

Like many of the penetrating non-chronic neural interfaces, they are highly selective — i.e.

able to record signals from individual axons (Dworak and Wheeler, 2009, FitzGerald et al.,

2009, Delivopoulos et al., 2012, Minev et al., 2012).

Perhaps because of a shared architecture that surrounds nerve fibers, most microchannel
electrodes have inherited electrode configurations from their larger cuff-electrode
precursors where a mid-channel electrode records neural signals relative to a reference
terminal created by shorting together electrodes located near the ends of the channel. This
pseudo tripole arrangement was appropriate for cuffs for two reasons. First, cuffs enclose
many thousands of axons and are typically unable to distinguish signals from individual
axons and, second, because of their size and proximity to muscles, cuffs record large EMG

artifacts which the pseudo tripole helps to minimize (Stein et al., 1975, Stein et al., 1977).

However, the pseudo tripole arrangement cannot effectively be used to distinguish between
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action potentials traveling in opposite directions and significantly limits microchannel

capabilities, as discussed previously.

Off-center, or “offset”, recording sites have been theorized to record larger signals than
those at mid-channel although no mechanism to explain this prediction has been proposed

(FitzGerald et al., 2008). Recent experimental work appears to validate these predictions

without speculation as to their underlying cause (Gribi et al., 2018). Also, due to their

inherent asymmetry, offset electrodes are expected to record different neural signatures for
action potentials traveling in opposite directions. Unlike the symmetric pseudo tripole
configuration, this feature could enable afferent neural signals to be differentiated from

efferent ones.

Despite these apparent advantages, no efforts have been made to our knowledge to explain
the basis for signal enhancement at offset electrodes. A theoretical understanding of this
phenomenon is needed to explore the extent to which offset electrodes could be used to
enhance signals or differentiate between action potentials traveling in opposite directions.
The ubiquitous pseudo tripole reference is unsuitable for rejecting unwanted EMG and
other external noise artifacts at offset electrode locations. Therefore, alternative reference

configurations need to be explored and identified.

Previously, in Chapter 3, we provided a rational basis to explain signal enhancement at
offset electrodes. The “difference” term in a former theory of neural recording was used
to justify the design of a microchannel containing offset electrodes, particularly their

optimal locations, and the analysis assumed simplified APs with triangular spatial profiles.
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In reality, the “difference” term only characterizes spatial relationship in the longitudinal
direction which served to justify optimal electrode placements. However, it ignores cross-
sectional relationships, such as the axon’s diameter relative to the channel’s and differences
in conductivity between axoplasm and the environment surrounding the axon, factors
which play a significant role in determining recorded signal amplitudes. Also, realistic
action potentials travel over a greater range of speeds than what we assumed and have
curvilinear waveforms that may produce different signals than those predicted when APs
are assumed to be triangular. Furthermore, non-neural signals, such as external noise
artifacts outside the channel and ambient background noise arising from sources inside the
channel, significantly impact recorded signals. These factors cannot be ignored if a

complete picture of offset electrode performance is to emerge.

The main goals in this chapter are to present a comprehensive theoretical framework to
predict signals at offset electrodes in microchannels and experimentally validate these
predictions. We hypothesize offset electrodes to record larger signals than the one
positioned at mid-channel and that signal differences could be used as a basis for

differentiating between efferent and afferent neural activity.

To date, a comprehensive theoretical model for neural recording in microchannels is
lacking in the literature. Neural recording theory was originally developed primarily for

recording using cuff electrodes (Stein and Pearson, 1971) although its applicability to

smaller channel cross-sections was recognized early on (Loeb et al., 1977). This theory

predicts neural signals and external noise artifacts, but does not account for signal losses

due to current shunting by the layer of low-resistance saline which fills the space between
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the nerve and inner wall of the channel (Stein and Pearson, 1971). Theoretical models

which incorporate a saline layer typically do not characterize noise artifacts (Struijk, 1997,

Meier et al., 1998a). A finite element (FE) model which included both a saline layer and

external and ambient noise artifacts did not explore signals at offset recording sites

(Sabetian et al., 2017), and one that predicted larger signals at an offset location did not

include a saline layer or noise artifacts of any kind (FitzGerald et al., 2008). Recent

experimental work suggests that offset electrodes have improved SNR over mid-channel

placements (Gribi et al., 2018) in microchannels. Another study demonstrated improved

50 Hz power line noise rejection at mid-channel in a microchannel configured with a

pseudo tripole reference (FitzGerald et al., 2009). However, to our knowledge, no efforts

have been made to provide a theoretical basis for improved SNR at offset electrodes.

The Stein and Pearson model (S&Pm) upon which our model is largely predicated has been
referred to as the “1D model” since signals are assumed to vary only in the longitudinal
direction. While transverse currents would cause signals to decline in the radial direction,

FE models show these currents are negligible (Meier et al., 1998a, FitzGerald et al., 2008)

inside microchannels and even in cuffs with radii less than 2 mm (Struijk, 1997). The
S&Pm also assumes extracellular voltages at the channel ends to be zero, which cannot be
entirely true since this would imply an absence of action currents, and, therefore, a
cessation of the action potential. However, the assumption is valid to the extent that signals
predicted by the S&Pm were in close agreement to those predicted by a FE model that

imposed no restrictions on the signals at the channel ends (Struijk, 1997, Taylor et al.,

2004). Compared to FE models, the S&Pm has the advantage of being readily employed
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to solve the inverse problem, namely, of predicting action potential waveforms shapes
using recorded neural signals as inputs to the model. We demonstrate the potential use of
this by formulating the “difference” term as a matrix that transforms spatial relationships

that change over time into a temporal signal at a single location in space (i.e. an electrode).

Since the S&Pm relies on AP spatial profiles, we felt the model’s predictive capability
would be enhanced if AP profiles were based on empirical observations of their durations,
rise times and speeds. Therefore, we developed a model of the temporal characteristics
previously documented by Paintal for APs having different speeds and used it to construct
crude triangular waveforms which were then transformed into more realistic AP profiles

using a smoothing function.

Here, we extend the S&Pm to include a saline shunt around the nerve which we anticipated
would improve the model’s capacity to accurately predict signal amplitudes. Additionally,
a noise term is added to model ambient background noise since this impacts the SNR at
different recording sites inside the channel. Triangular and realistic AP waveforms were
incrementally advanced to the right and left through a microchannel and the expected
neural signal was computed at all relevant longitudinal positions inside the channel using
the model. Neural recordings obtained using a microchannel containing offset electrodes,
previously developed in our lab, were compared to theoretical predictions potential and the
potential to use offset electrodes to preferentially sense AP directionality is explored and
discussed. External and background noise signals recorded at offset electrodes are
compared to model predictions and used to justify improved SNR and demonstrate

different reference configurations for canceling external noise artifacts at offset electrodes.
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4.2 Methods

4.2.1 Model

4.2.1.1 Action potential waveforms

Triangular AP spatial profiles were constructed from duration and rise time data collected
by Paintal who documented temporal characteristics for APs traveling at different speeds
in nerve filaments dissected predominantly from the vagus and saphenous nerves in adult

cats (Paintal, 1966). The product of duration and conduction velocity were used to

determine an AP’s wavelength (wl) which we found varied linearly with conduction
velocity. A best-fit line through this data permitted wavelengths to be estimated for APs
traveling at any speed. Similarly, the product of rise-time and conduction velocity
produced rising phase lengths (rpl) that were also observed to correlate linearly with
conduction velocity. A best-fit line through this data permitted rising phase lengths to be
estimated for APs traveling at any speed, v. Figure 4.1A shows the linear relationships
between conduction velocity and wavelengths and rising phase lengths that we obtained
from durations and rise-times observed by Paintal for APs at 37.1 °C. Mathematically,

these relationships are:

(1) Wl37.1°C = 0305 v+ 356

(2) Tpl37_1°C = 00765 ‘v + 0.849

Paintal showed that temperature impacts the temporal dynamics of action potentials and
provided Q1o factors to permit rise-times and durations observed at one temperature to be

adjusted to match those observed at another temperature. The Q1o factors of 3.4 and 2.5
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computed by Paintal were used to adjust AP wavelengths and rising phase lengths,
respectively, for temperatures different from a reference temperature of 37.1 °C. These

expressions are given below:

wl37 10¢
(3) WlT = 3.4(T-37.1°C)/10
_ rplsy 1oc
(4) rply = 2 ©(T—-37.1°C)/10

Rise times and durations are shorter at temperatures higher than 37 °C and result in shorter,
more spatially compact, action potentials whereas lower temperatures have the opposite
effect and correspond to longer APs that are more spread out on the axon. Figure 4.1C
shows the spatial profiles of a 20 m/s AP at three different temperatures. The effect on
wavelength is significant. A difference of 1 °C above and below 37 °C results in
wavelengths that are shorter and longer, respectively, by approximately 1 mm which is
10% of the 10 mm wavelength depicted for the AP at 37 °C. Therefore, it was important
to document temperature during recording experiments since the spatial profile of an AP’s

transmembrane voltage determines the neural responses predicted by Eq. 7.

Finally, Paintal computed AP fall-time by subtracting rise-time from duration. Similarly,
falling phase lengths (fpl) were computed by subtracting the rising phase length obtained

using in Eq. 4 from the wavelength obtained using Eq. 3 as shown below:

(5) folr = wly —rply
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Rising and falling phase lengths were used to construct triangular action potentials with
pointed peaks and sharp transitions between the resting membrane potential at 0 mV and

their rising and falling phases.

Naturally occurring action potentials have rounded peaks with rising and falling phases
that transition smoothly from and to the resting membrane potential. Plonsey and Barr
suggested that AP waveforms could be modeled parametrically by a pair of hyperbolic
tangent functions, one to represent the rising phase and the other to represent the falling

phase (Plonsey and Barr, 2007). A similar approach was taken here and the following

function was used to simulate realistic AP waveforms:

1 X —a, X —a,
(6) y = = tanh( ) — tanh( )
2 124} Wy

The “fit” function in Matlab was used to compute the constants a1, Wi, a2 and w- to obtain
a set of “y” points that represented a best-fit curve through triangular AP profiles
represented by the set of “x” points. Figure 4.1B shows triangular and their corresponding
realistic waveforms for slow, medium and fast action potentials having speeds of 2, 20, and
50 m/s, respectively. Faster APs are seen to be more spatially spread out along the axon —
i.e. have longer wavelengths - as specified by Eqg. 1. In all simulations, we chose 120 mV
as the peak of the transmembrane potential (Figure 4.1B). Realistic waveform peaks
slightly lag those of their triangular counterparts and their overall wavelengths are slightly
longer to permit smooth transitions to the resting membrane potential, here, at 0 volts.
These slight differences are necessary to preserve the rise times and durations that Paintal

documented using the methods he described (Paintal, 1966).
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Figure 4.1. Simulated action potential waveforms. A) Wavelengths (wl) and rising
phase lengths (rpl) are modeled versus conduction velocity using measurements from
Paintal (Paintal, 1966) with falling phase lengths (fpl) computed as their difference (wl-
rpl). B) Transmembrane potential spatial profiles for triangular (solid) and realistic
(dotted) APs traveling to the right at 2 m/s (far left), 20 m/s (middle), and 50 m/s (far right).
C) One degree above and below 37 °C shortens and lengthens, respectively, the wavelength
of a 20 m/s right-bound AP by about 1 mm.

4.2.1.2 Governing equation

For predicting extracellular voltages inside microchannels, we used a model that we felt
could provide a rationale as to why offset electrodes might be expected to record the largest
signals in microchannels. As mentioned previously, the finite element model developed
by FitzGerald predicted this phenomenon without exploring its possible cause (FitzGerald

et al., 2008). The model we used predicts neural signals in time as a function of their

position in relation to the microchannel. It was first developed by Stein and Pearson for

single action potentials traveling in unmyelinated axons (Stein and Pearson, 1971) and later

shown to apply equally well for predicting signals originating in myelinated axons (Marks
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and Loeb, 1976). Compared to the Marks and Loeb model, the Stein and Pearson model

included a term that could be used to model the effects of external noise sources on signals
inside the channel. We felt it was important to model external noise artifacts since
implantable devices for recording neural signals will also record signals from non-neural
sources such as EMG from nearby muscles and, from a signal-to-noise standpoint, the
ability to suppress undesired signals equates to enhancing the desired one. Equation 7
below reproduces the Stein and Pearson model. We added an addition term, n(x), to model

internal noise sources originating from inside the channel:

1. 2. 3.
(7) v.(x) = a+ley(x)— v,(x)] + e.(x) + n(x)
“difference”

Equation 7 states that the extracellular voltage inside the channel at any longitudinal
position “x” is a combination of neural and noise sources. It predicts that differences in
voltage between the channel’s ends have a linear distribution inside the channel. In this
way, the channel acts as a variable resistor where voltage drops are proportional to the
distance from the ends. The em(X) and ee(x) terms in Eq. 7 are associated with these linear
voltage profiles and shown as dashed diagonal lines in the neural and external noise terms
in Figure 4.2, respectively. The em(X) term plays an important role in shaping neural signals

while the ee(x) predicts noise amplitudes from external sources such as EMG or other

artifacts originating outside the channel.
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1. 2. 3.
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Ve(x) = a-fen(®) = vn(¥)] + e(x) + n(x)
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Figure 4.2 Physical representation of terms in the governing equation for predicting
signals in microchannels. Neural signals are the product of two spatial terms. 1) a
“difference” term and 2) a factor “a” . The “difference” term characterizes attenuation of
signals due to geometrical constraints along the channel’s axis and the factor “a” embodies
spatial relationships orthogonal to this axis, parallel to the channel’s cross-section. Alpha
characterizes the significant size difference between axonal cross sections and the
surrounding environment which contributes significantly towards reducing the proportion
of the transmembrane voltages that can be recorded extracellularly. External and internal
noise artifacts add to the neural signals. In term 1, the transmembrane potential’s spatial
profile, vm(x) is depicted with triangular waveform.

4.2.1.3 Neural signals
Neural signals originate from transmembrane currents which, in turn, produce extracellular

currents that generate small voltages that can be recorded outside the active axon. This is
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represented in the first term of Eq. 7 as the product of a scaling coefficient “a” and a
“difference” term, in brackets. Alpha is the fraction of the transmembrane voltage that

exists outside the axon (Hodgkin and Rushton, 1946). It essentially equals the ratio of the

axonal to extracellular conductance since the axonal conductance is many times smaller
than that of the extracellular environment. Alpha is partly influenced by differences in
conductivity between the axoplasm, ca, and the extracellular environment but mainly by
the ratio of the axon’s cross-sectional area, A, to the cross-sectional area of the
extracellular environment surrounding the axon inside the channel. Extracellular
conductance is exponentially smaller for smaller channel cross-sections and this
underscores the basis for signal enhancement in microchannels compared to cuff electrodes
(Marks Loeb and Beatty 1976; FitzGerald 2008). Since axonal cross sections are typically
many orders of magnitude smaller than the space surrounding them, “a” is usually 1000-
10,000 times smaller than unity. Neural signals in microchannels are therefore in the range

of 10-100 pV, assuming a peak transmembrane voltage of around 100 mV.

In our experiments (see below), there was often space between the rootlet and the channel’s
inner surface. This space was filled with Hanks balanced salt solution (HBSS) which,
being more conductive than neural tissue, shunts extracellular currents to ground and
reduces recorded signal amplitudes. Shunting through highly-conductive media has been

demonstrated in models (Stein and Pearson, 1971, Struijk, 1997, Meier et al., 1998b).

Therefore, we modeled the external environment surrounding the active axon as a pair of
cylinders having different axial conductivities. The inner cylinder represents the nerve

rootlet with a cross-sectional area, An, and conductivity on. The outer cylinder represents
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the saline shunt with a cross-sectional area, As, equal to the difference between the channel
and rootlet cross-sections. It is filled with HBSS having a conductivity os. These cylinders
each conduct portions of the overall extracellular current in proportion to the resistance
each poses to extracellular currents making their way towards the channel ends. This
equates to a pair of resistors in parallel and therefore, their net conductance, ge, equals the

sum of their individual conductances, gn and gs. The expressions we used to compute a

are given below.

ga ga .
(8) a = ——— =~ — (sinceg, < go)
ga+ Ge e Ja = Je

where,

©) ge = GnTtGs
and,

(10) 9a = 0444 , Ag = %naz

(11) Jn = G4, , A, = imd?

(12) 9s = 04; , Ag= %ﬂ(bz - dz)

Neural signals are also attenuated when channels are shorter than AP wavelengths. In these
cases, non-zero transmembrane voltages are always present at the ends of the channel and
their linear distribution, represented by em(x) in Eg. 7, subtracts from the amplitude of the
transmembrane voltage. The “difference” portion of the neural signal term represents this
attenuation with em(x) represented mathematically as:

Um (L) — Um (0)
L

(13) em (%) X + v (0)
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4.2.1.4 Axonal diameters

Myelin sheath (i.e. “fiber”) diameters, a’, have been shown to correlate linearly with

conduction velocity (Hursh, 1939, Boyd and Kalu, 1979, Ritchie, 1982) and a best fit-line

through data pooled from Hursh, Boyd & Kalu, and Ritchie (see Figure 4.3) was

constructed and used to estimate fiber diameter from conduction velocity:

v+4
5.6

(14) a =

Fiber diameter model

10
o Hursh (1939)
- Boyd & Kalu (1979)
‘S 8|2 Ritchie (1982) e
3
S’ : oy,f’
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P + ]
8 " oo °
5 4 S
5 o7 al=(v+4)/5.6
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Figure 4.3 Fiber diameter model. Linear model (dashed line) used to estimate fiber
diameter from conduction velocity. Points reproduce datasets from earlier studies (see plot
legend).

Axonal diameters were determined by multiplying fiber diameter by the g-ratio, the ratio

of axonal diameter to their myelin sheath diameter. This relationship is given by:

(15) a = g-a
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4.2.1.5 Rootlet diameters

Rootlet diameters were varied in simulations. A diameter of O um was used to establish a
lower limit for expected signal amplitudes since this assumption produced a maximally
conductive channel filled only with saline and no neural tissue to prevent extracellular
currents from being maximally shunted to ground. A rootlet diameter equal to the channel
diameter of 200 um was used to establish an upper limit for expected signal amplitudes
since this represents a minimally conductive channel filled only with neural tissue and no
saline shunt. Experimentally, rootlet diameters ranged between approximately 100 um to

slightly less than 200 um. Simulated neural recordings used rootlet diameters in this range.

4.2.1.6 External artifact noise
The second term in Equation 7, e¢(x), predicts that external voltage differences occurring
between the ends of the channel are linearly distributed over its length. The linearization

of external voltage artifacts is represented mathematically as:

(16) ey = O 0

Unlike the values of the transmembrane voltage at each end of the channel, ve(L) and ve(0)
were not simulated. Instead, we quantified the degree to which external artifact voltages
generated by the stimulator used to elicit APs in rootlets were linearly distributed inside

the channel.
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4.2.1.7 Background noise

Ambient background noise was assumed to arise predominantly from ions moving
randomly about inside the channel. The root-mean-square amplitude of the thermal, or
Johnson, noise increases as the square root of the total resistance from each electrode to
ground (R’(x)), temperature of the media (T) and bandwidth (B) of the recording apparatus

as described by:

(17) n(x) = +/4kgTB-R'(x)

where kg is the Boltzmann’s constant equal to 1.38e2% J/°K. Temperatures in °K were
readily obtained by adding 273° to the temperatures we noted in °C for each neural
recording. Neural recordings were obtained with the A-M System 1700’s upper and lower
cutoff frequencies set to 10 and 20000 Hz, respectively. According to the user manual,
these are 2" order Butterworth filters. For analysis purposes and to remove any lingering
baseline (i.e. DC) and high-frequency components, all neural signals were filtered offline
using a 2" order Butterworth filter with a passband range of 100-10000 Hz. Therefore, a

bandwidth of 10,000 Hz was used for Johnson noise calculations.

As described by Loeb, Marks and Beatty in (Loeb et al., 1977), the total resistance at each

electrode, R’(x), may be estimated as the metal/electrolyte interface impedance, Ro, at each
electrode in series with the “tube” resistance, R(x), at each electrode. While these authors
provide a theoretical approach for calculating the metal/electrolyte interface impedance,
we chose to measure it directly. This was done by inserting a ground wire into the middle

of the channel until its end nearly touched the electrode of interest. In this way, the tube
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resistance was negligible and the measured impedance was predominantly due to the
metal/electrolyte interface. This resistance was found to be nearly constant for each
electrode and consistently measured about 10,000 Q over the time frame that experiments

were done. Thus, the total resistance, R” was computed using the expression:
(18) R'(x) = Ry+R:(x) , Ry = clectrode/HBSS impedance

Tube resistance, Ry, is the resistance of fluid to the left of a given electrode in parallel with
the resistance to the right. Therefore, we expected the mid-channel electrode to have the
highest tube impedance with offset electrodes having smaller impedance values. Tube
resistance as a function of longitudinal position in the channel was calculated using the
expression below with, ge, the total conductance of the channel’s cross section the same as
previously described:

x(L—x)_i

(19) RG) = =

Eq. 19 suggests that tube resistance is parabolic with channel position, peaking at mid-
channel (i.e. x = L/2) and falling to zero at the ends. Since Eq. 17 includes this term in the
square root, we expected Johnson noise profiles in the channel to have similar
characteristics. The dome-shaped dashed line in Figure 4.2 is representative of the types
of profiles we expected to record for noise generated inside the channel. Finally, recorded

signals were measured relative to a reference terminal as expressed by:

(20) v(x) = Ue(x)_vref
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In experiments, a coil of chlorinated silver wire placed in the HBSS bath surrounding the
rootlets and the recording setup served as a common reference terminal for all electrodes

in all experiments.

4.2.1.8 “Difference” term

The “difference” term in Eq. 7 at any channel position changes in time as an action potential
moves through the channel. This was computed by constructing a square, N x N sparse
matrix, A, with columns representing the channel’s position relative to the action
potential’s spatial profile and rows representing increments in time. The product of matrix
A and a space-valued column vector X, containing vm(x), produces a time-valued column
vector Y representing the “difference” at each instant. Thus, matrix A transforms spatial

relationships into a temporal domain and is described by:

(21) Y = A-X

with A given by:
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(22) A

and X given by:

0
Q — L/Ax
0o |
(23) A O

m(1)
Em(Z) — WI/AX

V(M) 1
In A, x is the position of an electrode in the channel where one wishes to simulate the
neural signal. As described previously, “L” and “wl” represent channel length and AP
wavelength in millimeters, respectively. A minimum length interval, Ax, equal to 0.01 mm

was used in all simulations and is the distance between adjacent columns in A. For each
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AP waveform, this corresponded to a minimum time interval, At, equal to Ax divided by

the AP’s conduction velocity and is the time interval between adjacent rows in A. Thus,

(24) Ax = 0.01 mm
Ax
(25) At = —
v

In A, wo and w_ are scaling constants that serve to weight the transmembrane voltages at
the channel ends in accordance with Eq. 13. Their sum represents the linearization term,
em(X), at the x position of interest. The wy weight is always -1 since the amplitude of the
transmembrane potential, vim(X), always subtracts 100% of its value from the linearization
term. The weighting terms at 0 and L are separated by L/Ax columns in A. For example,
an 8 mm channel is represented in A with wo and wi located 800 (= 8mm/0.01mm) columns
apart. Similarly, for an electrode located at x=2 mm, wx would be located 200 columns to
the left of wo. General expressions for computing weights corresponding to any position

“x” are given by:

L—x
26 =
(26) Wo I
27) = 2
we = 7
(28) w, = -1

The total number of columns in A equals the number of rows in X and is represented by N,

the sum of the channel length and AP wavelength in simulation units. Thus,
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L+ wl
Ax

=
I

(29)

In vector X, the AP’s spatial profile is padded with a column of zeros equal in length to the
channel length. This is to ensure that the first value in the “difference” reflects the instant
just before the AP’s rising phase enters the channel’s left edge at x=0. For example,
simulating the neural response for a 20 m/s AP with a wavelength of 10 mm (see Figure
4.1A) traveling through an 8 mm channel requires N = (1000+800)/0.01 = 1800, A to be
an 1800 x 1800 square matrix and X to be an 1800 x 1 column vector. Their product yields
an 1800 x 1 column Y vector with each element of Y reflecting the “difference” computed
for an electrode located at “x” for instants in time 0.0005 ms (= 0.01mm/20 mm/ms) apart

as the AP advances through the channel in 0.01 mm increments.

4.2.1.9 Model parameters

Table 4.1 provides a list of model parameters and their corresponding values and units.
The conductivity of HBSS was assumed to equal that of physiological saline.
Conductivities were assumed to remain constant over the range of temperatures observed

during experimental recordings (36-39 °C).
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Table 4.1 Model parameters

Table 4.1 Model parameters

conductivity of axoplasm’ 0a 1/90  (Qem)?
conductivity of neural tissue® on 1163  (Qem)*?
conductivity of HBSS os 1/65  (Qem)’!
fiber diameter (myelin sheath O.D.) a' Eq. 14 um
axonal diameter a Eqg. 15 um
g-ratio (axon : fiber diameter) g 0.7 -
rootlet diameter d variable um
channel 1.D. b 200 pum
channel length L 8 mm
AP conduction velocity Vv variable m/'s
peak AP amplitude Vo 120 mV
bandwidth of recorded signals B 10,000 Hz
Boltzmann's constant kg 1.38x10%° J°K
electrode/HBSS impedance’ Ro 10,000 9)

1Iongitudinal direction; measured using a 1000 Hz sinusoidal signal

4.2.2 Experimental design

4.2.2.1 Overview

Fine nerve filaments (i.e. “teased rootlets”) were teased from dorsal lumbar roots in rats.
These were drawn through a 200 pm x 8 mm microchannel containing 5 electrodes that
rested in a bath of Hanks balanced salt solution (HBSS). Using pipette stimulators
positioned on the portions of rootlet protruding from each end of the channel, right- and
left-bound action potentials were elicited and recorded. Recorded neural signals were
compared to signals predicted by term 1 in Eq. 7. Stimulus pulses served as a source of
external noise artifacts and the distribution of these at each recording site was compared to
the linear distribution predicted by term 2 in Eq. 7. We explored different reference

configurations for canceling external noise artifacts at each electrode. Background noise
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levels — i.e. signals recorded at each electrode in the absence of stimulus pulses and neural
signals — were measured and compared to the Johnson noise model to determine the degree
to which thermal agitation of conductive species in a microchannel could be used to explain

and predict these noise levels.

4.2.2.2 Microchannel

Chapter 3 describes the microchannels used for recording neural signals. Briefly, they
were made using PDMS and were 8 mm long with inner diameters of 200 um. They
contained 5 Ag/AgCI circular electrodes with inner diameters of 150 um located 1, 2, 4, 6,
and 7 mm from the channel’s end. Electrodes at 2 and 6 mm represented optimal offset
locations where the largest signals were expected and the one at 4 mm was located at mid-

channel.

4.2.2.3 Surgical Preparation

Adult Sprague-Dawley rats weighing between 350-500 g were anesthetized with 5%
isoflurane and gravity perfused with 300-400 mL of ice-cold (0 °C) HBSS (HyClone, UT)
for approximately 15 minutes. A section of the spinal column from T12-C1 was removed
and placed in a bath of ice-cold HBSS where the dorsal lamina was removed using a set of
fine-tipped rongeurs (Fine Science Tools, CA) to expose the spinal cord and associated
dorsal roots. This process took between 1 to 1% hours during which time the temperature
of the bath and tissue were permitted to reach a room temperature of between 21-22 °C. A
rootlet was cut from its native environment only when needed; otherwise the saline bath
containing the spinal cord and associated structures was stored in a refrigerator at 4 °C

between rootlet extractions.
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Table 4.2 summarizes all 10 in vitro experiments performed. The bold rectangle highlights
the experiments (Rats 58 and 59) which provided the data presented in this Chapter. The
first 6 experiments were done using a different protocol provided by Gribi as summarized

in (Gribi et al., 2018). Two experiments (Rats 50 and 51) used microchannels having

different lengths and electrode configurations than the 200 um ID x 8 mm long channel
eventually developed, as described in Chapter 3. Data from these experiments were,
therefore, not included in the analysis presented here. Two rats (Rats 52 and 54) died

before rootlets could be extracted for recording purposes.

Neural activity was recorded in the remaining six experiments (Rats 53 and 55-59).
However, many trials did not reflect neural activity in a single continuous axon running
through the channel. For example, only 9 trials out of 92 total recordings obtained for Rats
53 and 55-57 showed clear signs of being due to neural conduction occurring in a single
continuous axon. Most of the time, as discussed in Chapter 3, we observed compound
action potential activity in discontinuous axons likely torn during the teasing process and
which produced artificially elevated signals at the electrode or two electrodes nearest one
end of the channel, closest to the stimulus site. Over the course of many trials, we learned
to distinguish this distorted compound activity from viable single-unit activity occurring in
an intact continuous axon. The latter was characterized by an all-or-none response elicited
at a precise stimulation current that produced a signal nearly instantaneously at all five
electrodes. The final two experiments (Rats 58 and 59) contained the majority of trials
where viable single-unit activity was observed (highlighted by the bold rectangle in Table

4.2). While all trials were analyzed, a representative set of 12 trials, six from Rat 58 and
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six from Rat 59, characterizing single-units traveling in different directions at different
speeds were selected and presented here. Table 4.3, in the Results section, provides details

of the 12 recordings presented in this dissertation.

Table 4.2 Summary of all in vitro experiments

Table 4.2 Summary of all in vitro experiments

Description
Protocol Rat # # rootlets w/ . # tI’IE-1|S with .
. # trials clear single-unit
viable axons i
(SV) activity
50 channel length > 8 mm; diff. electrode arrangement
rats anesthetized 51 "
(0.5-1% .
isoflurane); 52 (died) )
rootlets teased in 23 _ 4 36 mainly CAPs
Hibernate A 54 (died)
55 2 23 mainly CAPs
rats perfused with 56 4 10 3
cold HBSS (1-4 57 4 23 6
°C); rootlets |58 11 40 19
teased in HBSS® |59 15 61 22

Lfrom Gribi et al (2018), %from FitzGerald et al (2009)

4.2.2.4 Rootlets

Naturally-occurring rootlets isolated from left and right dorsal L4-L6 roots were used in
recording experiments. Rootlets were extracted using small surgical scissors to cut a
rootlet near its attachment point to the spinal cord, as close to the dorsal root entrance zone
(DREZ) as possible, and at the other end as close as possible to where it merged with its
dorsal root ganglia (DRG). Extracted rootlets were between 25-30 mm long and were

immediately placed in the petri dish containing the microchannel and teased apart to obtain
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nerve strands that could be pulled through the microchannel. Rootlets were teased apart
using two sets of fine forceps (Fine Science Tools, CA) to grab one end of the rootlet which
was then slowly bisecting by moving the forceps in opposite directions. During this
motion, the strands being tugged apart were perpendicular to the intact portion of the rootlet
which became progressively shorter as the splitting process was continued. It was
necessary to repeat the splitting process a number of times to produce teased strands
sufficiently small to fit inside the 200 um 1.D. channel. A short piece (15 mm) of 8-0 suture
was tied to one end of a teased rootlet and the free end was then threaded through the

channel which, in turn, caused the rootlet to be pulled through the channel as well.

4.2.2.5 Recording setup

Microchannels were lowered into a glass HBSS-filled petri dish (3" diameter) placed inside
of a larger petri dish (5” diameter) placed on top of an aluminum block (17x12”x18”") which
was heated using two thermo-resistive electric heating pads (i.e. back warmers) that were
thermostatically controlled (Inkbird, Shenzhen, China) to maintain bath temperatures
between 37-39 °C. A small pump was used to circulate water in the larger petri dish that
was heated a few degrees above 37 °C to help maintain HBSS bath temperatures near to
37 °C. A 5 ml syringe filled with warm HBSS and having a bent 30-gauge needle with its
sharp point ground smooth was used to flush any air bubbles and tissue remnants from the
channel prior to rootlet insertion. This was done periodically as needed. Electrode
impedances were checked periodically throughout the recording session and found to

remain constant at 10,000 Q as described previously.

67



4.2.2.6 Reference terminal and grounding

A circular coil of bare Ag/AgCl wire placed in the bath behind the microchannel served as
a reference terminal for all electrodes. This had been made in a similar fashion to the
electrode wires and had a DB-9 pin crimped to the non-coiled end that was plugged into
one of the pin receptacles on the DB-25 adapter in the electrode assembly. The negative
inputs of the electrodes to their respective amplifiers were shorted together using jumper
wires between their screw terminals and connected to the screw terminal associated with

the reference coil.

The aluminum plate was grounded to a copper ground plate in the lab using a woven steel
cable. Aninsulated wire with alligator clips at each end was used to connect exposed metal
surfaces associated with the screw terminal breakout board and DB-25 connectors to the

grounded aluminum plate.

4.2.2.7 Stimulation

Suction electrodes (A-M Systems, WA) attached to micromanipulators were positioned
near the portions of the rootlet protruding from either ends of the channel and a slight
negative pressure was used to draw the surface of the nerve to the tip of the glass pipette
attached to the suction electrode. Pipette tips were approximately 80 um in diameter.
Cathodic first, bi-phasic square-wave 25 us per phase current pulses were delivered to the
rootlet’s surface (Model 2100 Isolated Pulse Stimulator, A-M Systems, WA) and used to
elicit action potentials on either side of the nerve. The timing of stimulation pulses was
determined by the TTL output from a wave generator and caused stimulus pulses to be

delivered at rates between 5-20 times per second. Signals at each electrode were monitored

68



in real-time on an oscilloscope (Tektronix, Inc., OR) while stimulus amplitudes, initially
set to zero, were incrementally increased until a neural signal appeared nearly
simultaneously on all electrodes. Stimulus amplitudes were then slightly lowered to find
the minimum current required to elicit an all-or-none signal characteristic of action

potentials. Stimulus amplitudes ranged between 0.7-3.1 uA with a mean of 1.6 pA.

4.2.2.8 Signal processing

Neural signals were amplified (x 10,000) and band-pass and notch filtered to remove low,
high and any line frequencies using a pass-band of 10-20,000 Hz (2" order Butterworth)
and a notch frequency of 60 Hz.  Analog signals were sampled at 100,000 Hz (National
Instruments, TX) and recorded by a computer running a LabView-based real-time data
acquisition module. Typical recordings were 10-15 seconds in duration. Signals were
additionally filtered offline using a 2" order Butterworth filter with cutoff frequencies of

100-10,000 Hz prior to analysis.

4.3 Results

4.3.1 Theoretical predictions

4.3.1.1 Signal enhancement at offset electrodes

Largest signals occur offset from mid-channel in the direction of AP propagation

Figure 4.4 shows the extraneural signals recorded at electrodes positioned at 2, 4 and 6 mm
for 15 m/s triangular and realistic APs traveling to the right through an 8 mm long channel.

Compared to peak amplitudes at mid-channel (marked “b” in C and D), signals are
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enhanced at offset locations 2 mm to the right of center (marked “c”). The degree of signal

enhancement for triangular waveforms is seen to be larger than for realistic ones.

A 15 m/s (37° C) C

c

. b ¥ . I |
02 04 06 08 1 1.2
ms

Figure 4.4 Simulated neural recordings. A) Triangular and B) realistic AP profiles
traveling to the right at 15 m/s through a 200 um ID x 8 mm long channel (thick black
bars). Extraneural signals are shown in (C) and (D) and were computed at three electrode
locations: mid-channel (4 mm) and two locations offset 2 mm to the left and right of mid-
channel. Dotted vertical lines highlight electrode locations. AP profiles having different
degrees of shading in (A) and (B) show their positions in the channel when signal
amplitudes are greatest (i.e. have their most negative values) at each electrode. For
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example, the darkest waveform, labeled “c” in (A) and (C), shows the position of the AP
when the negative peak in (C) and (D) for the electrode at 6 mm is largest, also marked “c”
in (C) and (D). AP waveforms and negative peaks labeled “a” and “b” show these
relationships for electrodes at 2 mm and mid-channel, respectively.

APs are depicted at the moment they generate the largest signal at each of the three
electrodes. For triangular APs, the largest negative peak in the recorded signal occurs at
the moment the APs peak coincides with the electrode (Figure 4.4 A). This is not the case
for the realistic waveform. The alignment of the realistic AP with each electrode when the
largest signal is produced changes from electrode to electrode (Figure 4.4 B). If APs were
triangular in shape, time delays between the occurrence of negative peaks in the neural
recordings could be divided into the distance between electrodes to obtain a reasonable
estimate of the AP’s speed. In reality, peaks in the recorded neural signal do not necessarily
correlate to the moment when the AP peak is passing an electrode. Therefore, time delays
between negative peaks do not provide a reliable measure of the transit time between
electrodes and any presumption that they do leads to erroneous conduction velocity
estimates. For example, the negative peaks in D are more closely spaced in time than in C

which may give the false impression that the transit time between electrodes is shorter and

that the realistic AP is traveling faster than its actual speed of 15 m/s.

Offset electrodes provide signal enhancement over a wide range of conduction velocities

Figure 4.5 shows negative peak amplitude profiles for triangular and realistic action
potentials traveling to the right through a 200pum ID x 8mm long microchannel. Circles
and bold lines between circles highlight where signal amplitudes are maximum. This
occurs to the right of mid-channel for triangular APs having speeds of between 5-40 m/s.

For speeds less than or equal to about 5 m/s and greater than 40 m/s, the mid-channel
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position would record the largest signal. Offset electrode locations are predicted to always

record larger signals for realistic APs over the range of speeds depicted.
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Figure 4.5 Peak amplitudes and optimal electrode locations for right-bound APs
traveling at different speeds. APs travel to the right through a 200um ID x 8mm L
channel at 37 °C. Largest negative peak signal amplitudes are shown for (A) triangular
and (C) realistic AP waveforms at all locations in the channel: circles (O) mark locations
where signals are maximum in the channel and circles with solid bars between them (O—
O) denote ranges of locations where signals are maximum (i.e. 5 and 10 m/s APs in A and
5 m/s AP in B). Triangles (A) highlight signal amplitudes at mid-channel, black vertical
lines at 0 and 8 mm denote the channel edges, and the dashed line (---) indicates a distance
of one rising phase length in from the right edge of the channel. Absolute amplitude
differences (bars) between signals at optimal electrode locations and those at mid-channel
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for (B) triangular and (D) realistic APs having the speeds shown in (A) and (C).
Differences are also expressed as a percentage of the signal amplitudes at mid-channel
(solid lines with O markers). Rootlets assumed to entirely fill the channel cross section
(i.e. d =200 pm).

The dashed lines in the figure represent a distance of one rising phase from the right end
of the channel. As expected from Figure 3.1, this is the optimal electrode placement for
all triangular waveforms except when this distance becomes greater than half the channel
length (Figure 3.1 A). This is seen to be the case for the 45 m/s AP where the optimal
position is at mid-channel and not at the location indicated by the dashed-line. The lack of
overlap between the dashed line and circles in Figure 3.1 suggests rising phase distances

from the channel end are not good predictors of optimal electrode positions for most

realistic AP waveforms.

Channels shorter and longer than 8 mm exhibit similar trends (not shown), with offset
electrodes predicted to record maximum signals albeit over different ranges of conduction
velocities. A good rule of thumb is to design channels having lengths equal to the
wavelength of a “target AP.” Signal enhancements at an offset electrode will be more
pronounced around the target speed, since this speed represents a transition from a situation
where multiple locations inside the channel record the largest signals to those where only
one location is optimal. The 8 mm channel depicted in Figure 4.5 targets AP speeds of
around 15 m/s (14.26 m/s exactly), which have a wavelength of about 8 mm, and a single
offset electrode at 6 mm is optimal for triangular APs (Figure 4.5 A). For slower APs (i.e.
those having speeds of 5 and 10 m/s) an electrode positioned anywhere between 5-6.5 mm

would be equally optimal.
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Signals at optimal offset locations are between 10-20% larger than those at mid-channel

Offset electrodes are projected to record larger signals for both AP waveform shapes
(Figure 4.5 C, D). Signal amplitudes at optimal offset locations are expected to be up to
about 10 pV larger for triangular waveforms, a difference that is about 20% of the
amplitude at mid-channel. Signal differences are less for realistic APs, with optimal offset
locations expected to exceed mid-channel amplitudes by up to about 5 pV, an increase of
about 10% of the signal at mid-channel. This theoretical analysis predicts a 10-20%
increase in signal amplitudes at offset electrodes compared to those recorded at mid-
channel with the degree of enhancement depending on how close in shape actual AP

waveforms are to simulated triangular or realistic waveforms.

4.3.1.2 Signal discrimination at offset electrodes

Offset electrodes record dissimilar signals for APs traveling in opposite directions

An inherent property of offset electrodes is that they record different signals for APs
traveling in opposite directions. At a given offset electrode, APs traveling in opposite
directions produce signals having different shapes and different negative peak amplitudes,
features which can be used to differentiate between them. This phenomenon is
demonstrated over a range of conduction speeds (5-45 m/s) in Figure 4.6 A and B, where
the peak signal profiles for right-bound APs are shown in black lines and those traveling
to the left are shown in gray. Amplitude profiles intersect at mid-channel (triangles)
whereas they are different at offset electrode locations, particularly at O and X locations.
Os have the same meaning as in Figure 4.5 and highlight positions where signals are

maximum and Xs highlight locations where the differences between signal amplitudes for
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right- and left-bound APs are maximum. Amplitude differences at these locations are
shown for a 35 m/s AP traveling in opposite directions (vertical bars in Figure 4.5 A and

B) with those at the X location clearly exceeding those at O for both triangular and realistic

waveforms.
A Triangular APs B Realistic APs
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Figure 4.6 Optimal offset locations to maximize amplitude differences for APs
traveling in opposite directions. A, C) Triangular are compared to B, D) realistic APs
traveling in opposite directions. Dark lines, circles (O) and triangles (A) are the same as in
Figure 4.5, while shaded lines indicate signal amplitudes for left-bound APs and exes (X)
indicate locations where differences in signal amplitudes for right- and left-bound APs
having identical speeds would be greatest. Vertical bars show signal differences between
a left- and right-bound AP traveling at 35 m/s, with differences being greater at the X
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location compared to the one at O. (C) and (D) compare amplitude differences between
left- and right-bound APs at O and X locations, with lines expressing amplitude difference
at X locations as a percentage of signal amplitudes at mid-channel. Conduction velocities
range from 5-45 m/s in steps of 5 m/s. Channel dimensions are 200 um ID x 8 mm long
and T = 37 °C for these simulations. Rootlets assumed to entirely fill the channel cross
section (i.e. d = 200 um).

The magnitudes of these signal differences at these locations are substantial with
differences of over 20 and 30 pV expected at X locations for triangular and realistic
waveforms, respectively, over the range of velocities shown (Figure 3. C and D). These
differences represent between 30-50% of the mid-channel amplitudes for realistic
waveforms and as much as 60% for triangular waveforms. Amplitude differences at X

locations are larger than O locations for all the realistic APs and for triangular APs with

speeds over 20 m/s.

X locations provide enhanced discriminating ability compared to O locations for
preferentially detecting APs traveling in a specific direction over the range of conduction
velocities shown. For triangular APs with speeds exceeding about 25 m/s, amplitude
differences at O locations are seen to steadily decline and vanish to zero while remaining
relatively constant at around 20 pV at X locations. For realistic APs with speeds exceeding
25 m/s, amplitude differences at O remain between 15-18 pV, whereas they increase from

about 20-30 pV at X locations over this same range of conduction speeds (25-45 m/s).

Except for a few triangular APs, in general, locations that maximize signal amplitudes (O)
for APs traveling in a given direction are not those that maximize signal differences
between APs traveling in opposite directions (X). Locations that are optimal for recording

the largest signals (Os) tend to migrate towards mid-channel at higher conduction
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velocities, while those that maximize signal differences between APs traveling in opposite
directions (X) tend to remain closer to the channel ends. This trend is particularly apparent
for triangular waveforms where Os and mid-channel positions (As) eventually overlap at
45 m/s whereas X locations, which overlap with O locations up to speeds of 20 m/s, shift
away from mid-channel and migrate towards the right end of the channel at higher speeds.
O and X locations never overlap for realistic waveforms and while there is a widening gap
between O and X positions at higher velocities, the degree of divergence is less than for
triangular waveforms. An offset electrode located at approximately 5 mm appears
optimally situated for recording the largest signals for a majority of the realistic right-bound
APs and a position of about 6 mm appears optimal for maximizing signal differences

between right- and left-bound APs over a wide range of conduction velocities.

Offset electrode preferentially detect signals traveling in preferred directions

Amplitude differences in the signals recorded for APs traveling in opposite directions
suggests a single offset electrode situated nearer one end of the channel is inherently well-
suited for preferentially detecting APs traveling towards that end. For example, if a
detection threshold -60 pV was used, an offset electrode positioned at 6 mm could be used
to record APs traveling to the right at speeds of between 30-45 m/s without ever recording
any of those to the left. At the same detection threshold, an offset electrode also positioned
at 2 mm could be used to detect only left-bound APs in this speed range, since none of the
right-bound AP amplitudes exceed -60 LV at this position. Thus, a pair of offset electrodes
could presumably be used to discriminate between APs traveling in opposite directions in

nerves containing both afferent and efferent fiber types.
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4.3.2 Recorded signals

4.3.2.1 Overview

Figure 4.7 shows the experimental setup for recording neural signals in vitro. Suction
electrode stimulators were labeled “left” and “right” (Figure 4.7 A) and are shown attached
to the left and right ends of a rootlet protruding from the ends of the channel (labeled “P”
in Figure 4.7 D). Teased rootlets shown (Figure 4.7 C) were obtained by repeatedly

bisecting natural roots and rootlets (Figure 4.7 D).

Figure 4.7 Experimental setup. A) Microchannel submerged in a temperature-controlled
HBSS bath with left and right suction electrodes (labeled “L” and “R”) for stimulating
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rootlets. Colored cables plugged into the screw terminal of the breakout board routed
signals to a bank of A-M Systems Model 1700 amplifiers (see text). Inset (E) shows the
PDMS block containing the microchannel in greater detail. Pipette tips, electrode wires
with crimped gold-plated pins plugged into the DB-25 adapter and a submerged
temperature probe resting in the bath in the background are visible. B) Naturally-occurring
rootlets were removed and C) repeatedly bisected to create progressively smaller nerve
strands or “teased rootlets”. D) A suture (3 black arrows) tied to one end was used to thread
a rootlet (3 white arrows) through the channel which was 200 um 1.D. x 8 mm long
containing electrodes 1-5 with spacings of 1, 2, 4, 6 and 7 mm from the left end of the
channel. Suction electrodes were used to create a seal between pipette tips (labeled “P”’)
and the surface of the rootlet to concentrate stimulus currents and cause action potentials
to travel right or left through the channel.

Rootlets were dissected from different dorsal lumbar roots. Stimulus amplitudes and bath
temperatures were carefully monitored and recorded. Table 4.3 provides details of the

recording sessions presented here.”

Table 4.3 Recording details

Table 4.3 Recording details

Rat Rec Stim. Trial Dorsal Teased St[.m Temp.

# # side name root rootlet # amplitude (°O)
(nA)

10 R 58.10.Rstim  left LS 6 1.2 376

20 R 58.20.Rstim  left LS 8 3.1 36.5

53 26 L 58.26Lstim  left LS 9 1.1 38.6

31 R 58.31.Rstim  right LS 1 1.5 38.9

32 L 58.32Lstim  right LS 1 3.0 38.9

40 L 58.40Lstim  right LS 5 0.9 374

I: 9 L 59.9.Lstim  right L6 3b 1.2 374

12 R 59.12Rstim  right L6 3b 0.7 375

59 15 L 59.15Lstim  right L6 4a 2.2 37.1

18 R 59.18 Rstim  right L6 4b 1.0 376

32 R 59.32 Rstim  right L6 5 1.2 38.2

44 L 59.44 Lstim  right L6 8a 1.6 376

Note: brackets (" [ ") indicate recordings obtamed from the same teased rootlet

79



4.3.2.2 Offset electrodes record larger signals than those at mid-channel

Figure 4.8 shows the raw signals at different time scales typically recorded for rootlets
stimulated on the left (A-E) and right (F-J). Signals on all channels are shown including
the TTL square wave for triggering stimulus pulses (labeled “stim”) and the neural signals
at each electrode (labeled “17-*5”). The middle-row of plots shows signals in (A) arriving
first at electrode 1 and propagating to the right towards 5 while those in (F) arrive first at
electrode 5 and travel to the left towards 1. The lower set of plots shows these signals
superimposed on each other. Electrode 4, offset 2 mm to the right of mid-channel, records
the largest signal for right-bound APs, as predicted. This pattern is reversed for left-bound
APs, where the largest signals occur at electrode 2, offset 2 mm to the left of mid-channel.
Note, the first negative phase, marked “s”, is the signal from stimulus artifact. Neural

signals, labeled 1-5 for right-bound and 5-1 for left-bound APs, follow afterwards.
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Figure 4.8 Optimal offset electrodes record the largest signals for right- and left-
bound action potentials. (A) 3 seconds of raw signals recorded at each electrode when
stimulating a teased left dorsal L5 rootlet on the left producing a SUAP traveling through
the channel to the right. Signals at electrode 1 appear in the top-most trace with those at 2,
3, 4 and 5 shown labeled on separate lines below. Stimulation pulses were delivered at up-
and down-strokes of the square wave trigger pulse, shown in the lower trace in the raw
recordings and labeled “stim”. Signals at each electrode are shown in greater detail at two
different time points (B, C) over a 4 ms time window with recordings at each electrode
labeled 1-5. Signals arrive at electrode 1 first and 5 last. (D, E) Signals at each time point
are plotted overlapping each other with the peak responses at each electrode labeled 1-5
and stimulus artifacts labeled with an “s”. (F) A right dorsal L5 rootlet from the same rat
was stimulated on the right side of the channel producing a SUAP traveling to the left. (G,
H) Signals arrive at electrode 5 first and 1 last. As predicted, electrode 2 at 2 mm is seen
to have the largest signals at each of the time points shown (1, J). Vertical scale bars denote
amplitudes of 100 pV. Signals in (A-E) were recorded at 38.6 °C and those in (F-J) at 38.9
°C. Schematics at the top of the figure show the experimental setup used to obtain the
signals in the plots below.
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Figure 4.9 shows all the neural responses recorded by each electrode for each trial. Signals
were aligned to trigger pulses and superimposed on each other with those in (A) reflecting
responses when rootlets were stimulated on the left and, in (B), when they were stimulated
on the right. Overlapping white lines indicate the mean signal at each electrode. From the
moment APs enter the channel at electrodes 1 or 5, depending on their direction, signal
amplitudes rise steadily in the direction of AP propagation and, as above, peak at offset
locations 2 mm to the right and left of mid-channel, after which they decline as they
approach the channel exit. These patterns become more apparent with increasing AP
velocities and can be appreciated by comparing the uppermost plots where APs were
slowest to those lower down where APs have increasingly faster speeds (i.e. negative peaks

become more closely spaced as one moves from top to bottom in the figure).

Statistically, negative peak amplitudes at offset electrodes 4 (at 6 mm) and 2 (at 2 mm)
were, for the most part, slightly larger than those at mid-channel for action potentials that
traveled to the right and left, respectively. Table 4.4 lists the p-values and 95% confidence
intervals obtained when a paired t-test was used to compare differences between the mean
negative peak amplitudes at mid-channel and those at optimal offset locations for the six
left-stim and six right-stim trials. As in Figure 4.8, trials in each stimulation category are
listed in order of increasing AP conduction velocity. For nearly all trails, the mean
amplitudes were significantly different at the a=0.05 level, with those associated with
faster action potentials showing the greatest differences. There were two exceptions. One
trial (59.15.Lstim) showed differences but not at a p-value that met the significance

threshold (i.e. p = 0.073). Another trial (59.18.Rstim) showed the signals at mid-channel
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to be slightly larger than those recorded at electrode 2. Offset electrodes had larger
negative peak amplitudes than those at mid-channel for the remaining trials. The
confidence intervals indicate the extent to which negative peak amplitudes at optimal

electrode locations would be expected to be more negative than those at mid-channel.

Table 4.4 Optimal offset vs mid-channel negative peak amplitudes

Table 4.4 Optimal offset vs mid-channel negative peak amplitudes
95% confidence interval (LV)

Trial electrodes 1
name n compared p-value lower upper
bound bound
59.15.Lstim 148 7.30E-02 -0.82 0.04
58.32.Lstim 130 4 (op) 1.35E-11 * -3.02 -1.75
59.44. Lstim 282 Vs 4,58E-02 * -0.80 -0.01
58.40.Lstim 7 3 (mid) 2.24E-14 * -5.24 -3.41
59.9.Lstim 195 1.85E-07 * -2.05 -0.96
58.26.Lstim 163 1.17E-14 * -3.47 -2.16
58.20.Rstim 182 3.25E-02 * -1.09 -0.05
59.18.Rstim’ 188 2 (opt) 3.65E-02 * 0.03 0.97
59.32.Rstim 356 Vs 9.63E-03 * -0.97 -0.14
58.10.Rstim 59 3 (mid) 1.25E-03 * -3.36 -0.87
59.12.Rstim 164 9.36E-07 * -2.16 -0.95
58.31.Rstim 147 6.99E-15 * -3.48 -2.19

*sig. (0=0.05), ‘two-tailed paired t-test; ‘mid > opt
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Figure 4.9 Mathematical model predicts recorded signals. Signal means and model
predictions (white lines) are shown overlapping the raw signals that are temporally aligned
to stimulus trigger pulses and superimposed on one another. Recordings at electrodes 1,
2, 3,4, and 5 are shown in blue, red, yellow, purple, and green, respectively, also displayed
schematically above the plots. As predicted, the largest signals occur at electrode 4
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(purple) for right-bound APs (A) and electrode 2 (red) for left-bound APs, shown in bold
and a larger font in the schematics. Rootlet diameters and the AP speeds used in
constructing the predicted signals are shown and recordings are displayed from top to
bottom in the order of increasing AP speed.  Trial names are shown as
“Rat#.Rec#.StimulusSide”. Vertical scale bars are 25 pV and apply to each pair of plots
showing signal means in one and model predictions in the other. Horizontal scale bars of
50 us apply to all plots.

4.3.2.3 Theoretical model is highly predictive of recorded neural signals

The second column of plots in Figure 4.9 shows simulated neural signals (white lines)
overlapping the raw signals at each electrode. Rootlet diameters and AP speeds used to
generate these are shown in the bottom right corner of each plot. Visual comparison of the
signal means to their simulated counterparts demonstrates the model’s highly predictive
capacity. In the majority of trials, it is difficult to distinguish mean signals from simulated
ones. Figure 4.10 shows negative peak amplitudes and their means at each electrode
location. For APs traveling to the right (upper two plots), electrode 4 at 6 mm records the
largest signal peaks and, for APs traveling to the left (lower two plots), electrode 2 at 2 mm
has the largest signal peaks. In Figure 4.10A, peaks were simulated using the same rootlet
diameters and AP speeds as in Figure 4.9 for the trials shown. Simulated peaks (dashed
lines) lie well within the range of peaks recorded at each electrode and, in most instances,
intersects or nearly intersects the mean signal peak at each electrode location, further

validating the model’s ability to accurately predict signal amplitudes.

When rootlets are assumed to be absent (i.e. d=0 pum) or to completely fill the channel (i.e.
d=b=200 um), simulated peaks lie below and above those actually recorded (Figure 4.10B,
C). The ability to accurately predict peak signal amplitudes between these extremes by

changing only a single parameter (i.e. rootlet diameter, once an AP velocity has been
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selected), suggests that other aspects of the model — such as axoplasmic, nerve and HBSS
conductivities, Vp, g-ratios, the relationship between fiber diameter and conduction

velocity, the relationship we modeled from Paintal’s data, etc. — are probably close to their

true values and relationships.
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Figure 4.10 Recorded signal peaks are accurately predicted by the model. The model
(dashed lines) predicts the peak signal at each electrode with optimal offset electrodes
located at 2 and 6 mm, depending on AP direction, recording the largest signals. The model
predicts mean peak signal amplitudes (A) with a high degree of accuracy, particularly when
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rootlets are assumed to occupy a portion of the channel’s cross section (A). It under- and
over-estimates signal amplitudes when the channel is assumed to be empty (B) or
completely occupied with neural tissue (C). Rootlet diameters and AP speeds used in
constructing the models are shown in each plot. Schematics at the top illustrate relative
channel and rootlet dimensions.

4.3.2.4 Offset electrodes preferentially detect signals traveling in preferred directions

Compared to mid-channel amplitudes, right-bound APs are enhanced and attenuated to the
right and left of mid-channel, respectively (Figure 4.10). An opposite pattern emerges for
left-bound APs. Negative peak amplitudes are consistently larger at optimal offset
electrodes shifted in the direction of AP travel compared to a non-optimal location shifted
the same distance but located on the other side of mid-channel. In other words, electrode
4 always records larger signals for right-bound APs than electrode 2. For left-bound APs,
electrode 2 recordings were always larger than electrode 4. Again, this supports the
theoretical predictions and our observations that offset electrodes can be used to

preferentially detect APs traveling in a preferred direction.

Table 4.5 lists the p-values and 95% confidence intervals obtained when a paired t-test was
used to compare differences in the mean negative peak amplitudes at optimal and non-
optimal offset locations for the six left-stim and six right-stim trials. As in Figure 4.8, trials
in each stimulation category are listed in order of increasing AP conduction velocity. The
confidence intervals indicate the extent to which negative peak amplitudes at optimal
electrode locations would be expected to be more negative than those at non-optimal

electrode positions.
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Table 4.5 Optimal vs non-optimal offset negative peak amplitudes

Table 4.5 Optimal vs non-optimal offset negative peak amplitudes
95% confidence interval (LV)

Trial electrodes 1
name n compared p-value lower upper
bound bound
59.15.Lstim 148 1.96E-06 * -1.73 -0.74
58.32.Lstim 130 4 (opt) 7.86E-17 * -4.57 -3.01
59.44.Lstim 282 v 8.02E-83 * -5.79 -5.02
58.40.Lstim 77 2 (non) 3.41E-24 * -7.54 -5.76
59.9.Lstim 195 1.45E-123 * -15.47 -14.44
58.26.Lstim 163 4.35E-139 * -26.20 -25.05
58.20.Rstim 182 1.05E-08 * -2.38 -1.20
59.18.Rstim 188 2 (opt) 7.14E-05 * -1.49 -0.51
59.32.Rstim 356 v 5.29E-121 * -7.67 -6.88
58.10.Rstim 59 4 (non) 1.67E-19 * -10.29 -7.63
59.12.Rstim 164 5.76E-96 * -16.45 -15.11
58.31.Rstim 147 6.35E-100 * -14.96 -13.93

*sig. (0=0.05), ‘two-tailed paired t-test

4.3.2.5 External noise artifacts distribute linearly inside channel

We observed that stimulus voltages appeared to be linearly distributed inside the channel.
Voltage spikes recorded by the electrode closest to the tip of the stimulating pipette had
the largest signals, the electrode furthest away had the smallest and those in between had
amplitudes apportioned linearly between these two extremes (Figure 4.11) Linearity of
artifact noise seems to be independent of their amplitudes. Stimulus pulses produced peak-
to-peak amplitudes ranging between 60-400 uV at electrodes nearest the stimulus pulse,
yet goodness-of-fit R? values are never less than 0.972. These data demonstrate a nearly
perfect linear distribution of external noise artifacts inside the channel in accordance with

the prediction of Term 2 in Equation 1.
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Figure 4.11 External stimulus artifacts distribute linearly inside the channel.
Stimulation pulses are delivered on the left (A) and right (B) sides of the channel. For each
recording, artifacts are aligned to the trigger pulse and shown overlapping each other at
each electrode. The largest signals appear at the electrode nearest the stimulus pulse. RMS
means and standard deviations of the artifact signals recorded at each electrode are plotted
to the right of each recording with bold vertical lines indicating channel extents. Best-fit
lines are shown along with their corresponding goodness-of-fit (R2) values. Scale bars are

25 ps
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4.3.3 Reference configurations to reduce external noise artifacts at offset electrodes

4.3.3.1 Weighted references

Because external voltage artifacts distribute in a linear fashion inside the channel, the
artifact noise anywhere in the channel can be estimated using the artifact noise measured
at any two other locations. We used this concept to construct “weighted references” for
the 3 inner electrodes at 2, 4 and 6 mm by scaling (i.e. “weighting”) and then summing the
voltages measured at electrodes at 1 and 7 mm, nearest the channel ends. For example, the
weighted reference for the electrode at 2 mm was created by adding 5/6™ of the voltage at
1 mm and 1/6" of the voltage at 7 mm; the reference for the mid-channel electrode at 4 mm
was created by adding 3/6™ the voltage at 1 mm and 3/6™ the voltage at 7 mm, the
mathematical equivalent of the pseudo tripole reference where two end electrodes are
shorted together; the reference for the electrode at 6 mm was created by adding 1/6" the
voltage at 1 mm and 5/6™ the voltage at 7 mm. As Figure 4.12 A demonstrates, the
weighted reference signals (blue) almost exactly match the actual noise artifacts (red)
recorded at the 2, 4, and 6 mm positions and nearly cancel each other out when their
difference is taken (Figure 4.12 B). When weighted references are used as the reference
signal for the 3 inner electrodes, neural signals remain prominent while stimulus artifacts
are almost completely eliminated (Figure 4.12 C) and external noise amplitudes are
consistently smaller at offset electrodes compared to mid-channel (Figure 4.12 D). The
mean RMS artifact noise at mid-channel (4 mm) is larger than at either offset position (2

and 6 mm) for the 4 trials shown and was a consistent finding for other trials (not shown).
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The weighted reference approach produced improved artifact reduction at offset electrodes

compared to mid-channel even when artifact amplitudes at offset locations were originally

larger. For example, mean RMS artifact signals at 2 mm for the “left stim” recordings

initially exceed those at mid-channel before the weighted reference is subtracted (red) and

become smaller afterwards (blue). Similar trends are observed at the 4 mm location for the

“right stim” recordings.
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Figure 4.12 “Weighted references” for minimizing external noise artifacts at offset
electrodes. The upper and lower two rows of plots are for trials where stimulus pulses

were applied to the left and right side of the channel, respectively.

In (A), weighted

reference signals (blue) are overlaid on the original stimulus artifact noise (red) and their
differences (blue) shown in (B) with the original artifacts (red) again shown in the
background for comparison. (C) Signals at each electrode before (red) and after (blue)
weighted reference signals were subtracted. Neural signals are preserved while artifacts are
nearly eliminated. (D) Artifact RMS means and standard deviations before (red) and after
(blue) weighted references are subtracted. Scale bars are 20 ps in (A) and (B) and 200 ps
in (C).

91



4.3.3.2 Parallel references
An alternative to the pseudo tripole reference was demonstrated in cuffs where a single
electrode positioned in the middle of an outer cuff was used as a reference for a mid-

channel electrode situated in an inner cuff (Thomsen et al., 1996). We explored a similar

approach for offset locations using a pair of parallel channels each containing an electrode
having equivalent longitudinal non-central positions (Figure 4.13). Stimulation pulses
were delivered to each of 12 locations arranged in a grid of points near the left side of the
device. With the exception of two locations 1 mm to the right and left of the centerline
between the two channels (e.g. grid points (1,1) and (1,-1)), recorded signals were nearly
identical at all locations, with their differences resulting in nearly perfect noise cancellation
(C). This suggests that a parallel reference electrode located in an empty channel parallel

to the one containing the nerve could serve as a viable reference for reducing external noise

artifacts at offset electrodes.

I

-2.0) -L0) (0.0)

-1-1) 0.-1)
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Figure 4.13 “Parallel references” for minimizing external noise artifacts at offset
electrodes. Stimulating current was delivered through the end of a pipette having a tip
aperture of about 80 um to each of 12 locations arranged in a 3x4 grid, shown schematically
in A (white dots) and B. Grid points are 1 mm apart with the origin at (0,0) located on an
imaginary line midway between the 2 channels and 1 mm to the left of the left entrances.
Stimulus pulses were bi-phasic current pulses with durations of 50 us and amplitudes that
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were adjusted slightly at each grid point to maintain recorded signal amplitudes to about
200 uV peak-to-peak. The device was made of PDMS having parallel channels 14 mm
long x 200 um in diameter. Electrodes are chlorinated silver wires with diameters of 100
um inserted into the top of each channel about 9 mm from the left end (2 mm to the right
of center). Red and blue arrows in A highlight the locations of the electrodes that are
covered in petroleum jelly (Vaseline). The medium is HBSS at room temperature (22 °C).
For each location, signals recorded by the blue and red electrodes are shown overlapping
in corresponding blue and red traces in (C) with their differences displayed in black.
Vertical and horizontal scale bars in (C) are 100 uV and 25 ps, respectively.

4.3.4 Background noise levels are reduced at offset electrodes

We found background noise levels at offset electrodes to be less than at mid-channel, where
background noise levels were consistently greatest. Raw background noise signals at each
electrode position are shown in Figure 4.14 with the amplitudes at 4 mm being visibly
greatest in many of the trials and those at offset locations nearer the channel ends being the
smallest. Plots of the RMS noise at each electrode location confirm this. The Johnson
noise model shows similar trends even when assuming an empty channel containing no
rootlet — i.e. the rootlet diameter was set to 0 when computing the cross-sectional area. In
this case the model predicts smaller noise amplitudes than what we observed which is
reasonable since our channels contained a rootlet in actuality. When the channel cross
section is reduced by a rootlet’s assumed cross-sectional area, shown in the RMS plots, the
model matches the data well. This suggests that the background noise is predominantly of
a thermal nature and that thermal noise will always be largest at mid-channel and less at

offset electrodes.
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Figure 4.14 Background noise is less at offset compared to mid-channel locations.
Raw background noise signals are shown for left-stim (A) and right-stim (D) trials. For
left-stim trials, RMS means and standard deviations of the noise at each electrode are
shown in (B, C). Dashed lines represent the Johnson noise model when channels are
assumed to be empty (B) compared to when they contain a rootlet with the diameter shown
in the left corner of each plot (C). These two conditions are shown schematically at the
top of the figure. (E and F) show similar results for the right-stim trials. R2 values provide
goodness-of-fit between recorded noise levels and the model. Scale bars are 50 ps.

4.3.5 High pass filtering alters signal patterns at offset electrodes

High pass filters preferentially attenuate signal amplitudes at optimal offset electrodes with
signals for slower APs being particularly affected. This can be seen in Figure 4.15 A where
signals from APs traveling at 3 different speeds are bandpass filtered with the high pass
cutoff frequency varied from 10-700 Hz. The filter was a 2" order Butterworth designed

in Matlab using the “Butter” function with the lowpass cutoff fixed at 20 kHz. The largest
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signals are expected to occur at an optimal electrode position of about 5 mm (purple traces).
As the high pass cutoff is increased from 10 to 700 Hz, the impact is most dramatic for the
slowest APs having speeds of 5 and 10 m/s. The location of the largest signal shifts from
the electrode at 5 mm, to the right of mid-channel, to positions to the left of center (i.e.
electrodes at 2 and 3 mm for the 5 and 10 m/s AP, respectively). Signals for the 15 m/s
AP are only affected at the 700 Hz cutoff frequency with the impact becoming
progressively less at higher AP velocities (not shown). Signals remain mostly indifferent
over a wide range of lowpass filter settings as shown in Figure 4.15 B with hardly any
noticeable differences between signal amplitudes when the lowpass cutoff is changed from
20 to 10 or 5 kHz. All signals are attenuated when a low-pass cutoff of 1 kHz is used, with

faster APs being preferentially impacted.

A B

10 Hz 100 Hz 300 Hz 700 Hz 20 kHz 10 kHz 5 kHz 1 kHz

fA A
A A \

I - —2mm-—3 mm 4 mm—35 mm I - —2mm-—3mm 4 mm—35 mm

Figure 4.15 High-pass filtering can compromise signal enhancement at offset
electrodes. Increasing high pass cutoff frequencies attenuates signals at the optimal offset
location. With no filtering, the 5 mm position is optimal for maximizing signal amplitudes.
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Neural signals are simulated at electrodes located at 2, 3, 4, and 5 mm (measured from the
left side of the channel) for right-bound APs with speeds ranging between 5-15 m/s are
filtered using different bandpass filter settings. In (A), the lowpass cutoff is fixed at 20,000
Hz and the high pass cutoff is increased from 10 to 700 Hz. In (B), the high pass cutoff is
fixed at 10 Hz and the lowpass cutoff is decreased from 20,000 to 1,000 Hz. Signals with
the largest negative peaks are shown in thicker lines. Vertical scale bars are 5, 10 and 15
uV for the 5, 10 and 15 m/s cases, respectively. Horizontal scale bars are 1 ms. Signals
were simulated using an 8 mm x 200 um 1.D. channel and a temperature of 37 °C.

4.4 Discussion

4.4.1 Overview

Action potential directionality is characteristic of the information they transmit and their
asymmetry is characteristic of their directionality. In microchannel recordings, AP
asymmetry produces extracellular signals that peak at locations offset from mid-channel in
their direction of travel. Offset electrodes, therefore, represent recording configurations
that are sensitive to AP asymmetry and, by extension, to their directionality. A mid-
channel electrode, on the other hand, represents a symmetric recording configuration that
produces the same signal for an AP entering the left side of the channel as it does for an

identical AP entering the right (Sabetian et al., 2017). This configuration, therefore, cannot

be used to determine AP directionality. Mid-channel symmetry is also inherently

misaligned to AP waveforms and are not optimal for maximizing recorded signals.

Microchannels were conceived explicitly for the purpose of detecting individual action

potentials (Loeb et al., 1977). Although FitzGerald and colleagues noted the possibility

of signal enhancements at offset electrodes (FitzGerald et al., 2008), most microchannels

developed to date use a mid-channel electrode in a pseudo tripole configuration commonly

found in cuffs which significantly limits their usefulness. This is unfortunate, since
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microchannels were envisioned and later used as the basic building blocks for regenerative
electrode array technologies designed to record from small nerve bundles containing

hundreds of axons conducting signals in different directions (FitzGerald et al., 2008,

FitzGerald et al., 2012, Minev et al., 2012).

4.4.2 Offset electrodes represent a new paradigm for neural recording

Determination of AP directionality usually requires a minimum of two recording sites.
Offset electrode configurations represent a new paradigm in extraneural recording
techniques, in that a single electrode inside the channel can be used to determine AP
directionality. Any recording configuration using multiple electrodes, such as bipolar

(Sabetian et al., 2017) or any of the many velocity selective recording (VSR) methods

(Taylor et al., 2004, Yoshida et al., 2009, Schuettler et al., 2013), can simultaneously

implement offset electrode techniques insofar as these electrodes use appropriate
references that do not include each other. Unlike VSR techniques, offset electrodes may
provide greater flexibility and less complexity in that they need not be equally-spaced
apart, do not require multiple layers of differential amplifiers to produce their output
signals, and require only a minimum of 3 electrodes compared to 4 in VSR methods for

detecting spikes in a given direction.

4.4.3 Improved spike detection and classification

Thermal noise at optimal offset locations (i.e. at 2 and 6 mm) is about 0.85 of the noise at
mid-channel and signal amplitudes at these offset locations are between 1.1-1.2 times the
amplitude at mid-channel. Therefore, we estimate signal-to-noise ratios at offset electrodes

to be between 1.3-1.4 times those at mid-channel. This would improve many spike
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detection and spike classification algorithms, such as cross-correlation methods (Heetderks

and Williams, 1975), template matching (Lewicki, 1998), and matched filters (Roberts and

Hartline, 1975), where success rates (i.e. the proportion of spikes classified correctly) are

correlated to SNR (Bankman et al., 1991, Gozani and Miller, 1994, Gribi et al., 2018).

4.4.4 Signal discrimination using offset electrode recordings

Not only are signal amplitudes different at offset electrodes for APs traveling in opposite
direction, but the recorded signals also have very different shapes. Scaling signals by their
negative peak widths or by their positive phase amplitudes serve to amplify differences
between signals recorded for APs traveling in opposite directions. For example, if recorded
signals were divided, perhaps repeatedly, by their width factors a left-bound AP would
produce a negligible response at electrode 4 compared to a right-bound AP with similar
speed. A linear or non-linear combination of width, height or other shape factors could be
used to scale signals so that only those associated with the AP traveling in the direction of

interest is preserved. These techniques remain to be explored.

4.4.5 Offset electrodes are readily incorporated into existing neural recording
technologies

The offset electrode paradigm can readily be incorporated into current mono-channel
microchannel technologies. The offset paradigm requires an additional reference terminal
situated external to the channel, preferably in close proximity to it. As we describe and
demonstrate, weighted references using the end electrodes would serve as a reference

signal for the offset electrode, or electrodes, between them.
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For planar or circular arrays of microchannels, channels containing left or right offset
electrodes would preferentially detect afferent or efferent signals. Empty channels could
serve as a parallel reference to those containing axons. Other geometries could lead to
even more efficient reference channel configurations. For example, regenerative electrode
arrays could be sparsely populated with empty channels, each containing two parallel
references to match the left and right positions of those in the recording channels. In this
way, one reference channel could serve as a parallel reference for multiple nearby
recording channels so that the number of lead out wires would approach the number

required for current and past regenerative electrode array designs.

4.4.6 Offset electrodes enhance the capability of existing devices
When used to stimulate axons, offset electrodes have been demonstrated to elicit neural

activity in a direction opposite to the channel end closest to the electrode (FitzGerald et al.,

2009). Thus, offset electrodes can be used to selectively record and elicit action potentials
traveling in a desired direction. Arrays of microchannels containing offset electrodes at
different positions in different channels would be capable of differentiating between neural
traffic traveling in opposite directions as well selectively eliciting activity in sensory or
motor axons or block signals traveling in specific channels. In this sense, offset electrodes
would significantly improve the usefulness of these devices, all of which currently employ

mid-channel electrode configurations (FitzGerald et al., 2012).

4.4.7 Theory can be used to derive action potential waveforms
The “difference” term in Eq. 7 represents a linear transformation of the transmembrane

action potential from a spatial to a temporal domain. We approached this using a linear
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algebra approach because it can readily be implemented in reverse — i.e. to predict action
potential waveforms from the signals recorded at each electrode. This inverse

transformation has the form:

(30) X = Aty

One potential use for this inverse transform would be to check the assumption made here
and by others that the AP waveforms are invariant and maintain a fixed shape as they
traverse the channel. Predicted AP waveforms at each electrode could be estimated using
Eq. 30. X vectors with identical shapes would suggest that AP profiles are invariant, while
dissimilar X vectors would provide a sense of how waveform shapes might morph with
position as they travel through the channel. These types of analyses would at the very
minimum confirm a key model assumption or provide and raise new insights and questions

concerning the nature of propagating neural signals in microchannels.

4.5 Conclusions

This work provides evidence that offset electrodes enhance neural recording capabilities in
microchannels. We show that offset electrodes record larger signals, can be used to
determine signal directionality, can be configured to better reject external noise artifacts
and are less sensitive to thermal noise artifacts than mid-channel locations. We are
optimistic that our in vitro-based findings are translatable to in vivo environments since the
latter is a more complex extension of the same underlying phenomena and we do not expect
internal and external currents to behave any differently in the body than what we observed

in a controlled environment. The extent to which offset electrodes may provide recording

100



advantages in larger channels having dimensions approaching those of cuffs remains to be
determined. Theoretical analyses suggest that the Stein and Pearson model is relevant to

cuff-sized geometries (Struijk, 1997, Taylor et al., 2004). Unless ionic currents behave

differently at these larger geometries to an extent not captured by these models, we expect
offset electrodes to provide signal enhancement in cuffs as well. This would have broader
clinical implications given the wide-spread use of cuffs in clinical settings (Haugland and

Sinkjaer, 1995, Struijk et al., 1999, Stein et al., 1980b, Hoffer et al., 1996, Hoffer and Loeb,

1980).
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CHAPTER 5

USING OFFSET ELECTRODES TO DISCRIMINATE NEURAL SIGNALS OF

INCREASING COMPLEXITY

5.1 Introduction

The ability to infer function from recorded nerve signals relies on the ability to determine
an action potential’s direction, speed and firing rate, since these are surrogate markers for
function. Its directionality can be used to distinguish between events in the motor and
sensory domains, its speed can be used to infer the type of muscle fiber or sense receptor
being activated and their firing rates correlate to contractile force or the intensity of applied

cutaneous stimuli.

Chapter 4 showed recordings of single-unit action potentials (SUAPS) to be highly
stereotyped in microchannels as predicted by theory, and that offset electrodes can
potentially function as directionally-sensitive recording sites. This analysis was limited to
comparing only negative peak amplitudes of signals recorded for SUAPs and ignored
important shape differences that could improve the ability to distinguish between SUAPs
traveling in opposite directions. Also, real-world applications involve microchannels that
contain hundreds of axons that will produce an electroneurogram (ENG) characterized by

overlapping signals (FitzGerald et al., 2012) or, in the case of the compound action

potential (CAP), will generate signals characterized by maximum overlap (Gasser and

Erlanger, 1927).
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While beyond the scope of this dissertation, spike detection algorithms are typically used

identify and classify neural activity associated with specific axons (Chandra and Optican,

1997, Gazzoni et al., 2004). While these vary in complexity, as a general rule their

performance is improved when signal-to-noise ratios are high and the frequency of

overlapping spikes is low (Lewicki, 1998).

This chapter identifies two shape factors that can be used to amplify difference between
signals recorded for SUAPs traveling in preferred and non-preferred directions. Using
these to scale signals at offset electrodes would be expected to improve spike detection and
classification rates for SUAPs traveling in the preferred direction. We investigate the types
of overlaps expected to occur at mid-channel and offset electrode sites for signals traveling
in the same and opposite directions as reductions in the rate of overlap would enhance
detection and classification. Since CAPs have been used to document axonal regeneration
after nerve transection, they could be used to characterize signals in microchannel-based
regenerative electrode (RE) arrays over time. Therefore, a CAP model was developed from
the SUAP model described in Chapter 4 and used to compare CAPs at mid-channel and
offset electrodes. Also, CAPs recorded at offset electrodes are compared to CAPS
simulated using the model developed in Chapter 4 to infer signs of axonal damage due to

tearing of axons during the process of teasing rootlets.
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5.2 Methods

5.2.1 Shape factors to enhance detection of SUAPS

Consider a channel containing a single offset electrode positioned near its right edge. For
an action potential traveling to the right, the recorded signal is characterized by a large
narrow negative phase flanked to the right and left by two much smaller positive phases
(Figure 5.1 B). A similar AP traveling to the left produces a largely bi-phasic looking
signal characterized by a large first positive phase, a wide and equally large negative phase,

and a smaller second positive phase (Figure 5.1 A).

These differences are preserved over a range of conduction velocities and are characterized
using two shape factors. The first represents the proportion of the negative phase that lies
below baseline and the second characterizes the duration of the negative peak relative to
the duration between the two positive peaks. These features can be combined or used
independently to scale recorded signals to differentiate between APs traveling in opposite
directions. Shape factors for simulated and recorded SUAPs were used to scale signals at

offset electrodes.
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Figure 5.1 Action potentials traveling in opposite directions produce signals with
different shapes at offset electrodes. For offset electrodes situated near the right end of
the channel, right-bound APs produce signals characterized predominantly by a large
narrow negative peak while B) left-bound APs produce signals having a large positive peak
followed by a wide negative peak. C) These shape differences are characterized by two
metrics derived from the amplitude (black arrows) and temporal (red arrows) domain. A
height factor (hf) characterizes the portion of the peak-to-peak amplitude (Hpp) that lies
below zero and a width factor (wf) characterizes the width of the negative peak in relation
to a measure of the signal’s overall duration (Wpp). These two metrics are seen to be quite
different for the signals in A) and B).
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5.2.2 Discrete spike detection in the ENG
For estimating the rate of occurrence of overlapping spikes in the ENG, the expression

below was first proposed by Bankman:

(31) foverlap =xX(x— 1)3’26

where foveriap IS the frequency of overlap events, x is the number of active fibers, y their

mean firing rate and J their mean duration (Bankman et al., 1991, Chandra and Optican,

1997). Thus, 10 active fibers with durations of 0.9 ms (6=0.9¢7 s) firing at 25 Hz a piece
would generate approximately 51 overlap events (out of 250 total spikes) per second. We
find it more useful to characterize overlap events in terms of the number of discrete spikes
that can be detected per second. Recognizing that “xy” represents the total number of

spikes per second, N, the overlap frequency, foveriap, Can be approximated as:
(32) foverlap ~ N?§

The difference between N and foveriap gives the number of discrete spikes per second,

NBankman, as:
(33) Npankman = N(l - N5)

However, the Bankman model has a major limitation. Eq. 5.3 is parabolic with zeros at
N=0 and N=1/6 and when the total number of spikes exceeds the zero at 1/, the Bankman

model predicts negative discrete spike rates, which is impossible.
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Hence, a model to estimate discrete spike rates was created. Matlab (Mathworks, CA) was
used to simulate different numbers of axons firing randomly at different frequencies with
a specific spike duration. Axon numbers and firing rates were varied so that their product,
the total number of spikes per second, ranged between 0 and between 6000-12000 spikes
(i.e. 0 <=N <=6000-120000). For each value of N, the number of non-overlapping spikes
in each simulated cohort of asynchronous neural activity was counted. This process was
repeated 50 times and discrete spike counts were averaged to obtain a representative value
for the number of discrete spike events expected at each N value. Figure 5.2 A, B each
show simulations consisting of 20 axons each firing at 10 Hz and having mean spike
durations of 0.5 and 1 ms in (A) and (B ), respectively. The number of discrete spikes
(blue) in (A) is greater than in (B), where spike durations are twice as long and the number

of overlapping spikes (red) per the 100 ms time window shown is higher.

Figure 5.2 C, D show the average number of discrete spikes for N ranging between 0 and
6000 Hz. The Bankman model (dashed line) matches the data when the total number of
spikes per second is relatively small and the occurrence of overlapping spikes is expected
to be infrequent. However, it does not correctly predict overlap behavior when the total
number of spikes per second is large since the number of discrete spikes per second can
never be less than zero as the Bankman model predicts. On the other hand, our simulations
show the number of discrete spikes asymptotically approaches zero as the total number of

spikes per second becomes large, as would be expected.
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Figure 5.2 Discrete spike rate model. Simulations show asynchronous spiking activity
of 20 axons having mean spike durations of A) 0.5 ms and B) 1 ms. Discrete (non-
overlapping) and overlapping spikes shown in blue and red, respectively. Neurons have a
mean firing rate of 10 Hz, firing once during the 100 ms time window shown. These types
of simulations were run using varying numbers of axons and firing rates to generate the
data points (blue circles) in C) and D) modeled using the equation shown in the plots (black
lines). The dashed line shows the frequency of discrete spikes predicted by the Bankman
model.

A parametric model of the form

(34) n = Ne N6
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with A = 2.1 was found to fit the data over a wide range of spike durations and this model

was used to estimate discrete spike events at mid-channel and offset electrode locations.

5.2.3 Simulated CAPs

Compound action potentials (CAPs) were simulated by summing the SUAPSs obtained for
axons conducting signals at different speeds using a theoretical framework previously
described (see Chapter 4). For simulating whole nerve CAPs, the distribution of fibers
conducting at different specific speeds was reconstructed from Waddell et al (Waddell et
al., 1989) for the dorsal L5 root in rats. Early simulations assumed all axons fired at the
same instant. Realistically, however, action potentials are initiated at slightly different
times. Therefore, a ““jitter” was incorporated into all simulations that required axons to fire

within 50 pS of the stimulation pulse used to elicit CAPs.

5.2.4 Recorded CAPs

The in vitro experimental methods described in Chapter 4 for producing single-unit activity
in teased rootlets was used to generate compound action potentials. This was achieved by
increasing stimulus currents above those required to elicit single-units until further
increases produced no noticeably changes in signals recorded at each electrode, which
represented the maximal CAP response. Typical stimulus currents required to maximally
excite rootlets and generate CAPs were frequently between 1.5-4 pA. Currents less than

1.5 or greater than 4 were occasionally required to generate the maximal CAP response.
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5.3 Results

5.3.1 Shape factors to enhance detection of SUAPS

5.3.1.1 Signal discrimination without using shape factors

On the basis of amplitude alone, offset electrodes can be used to separate efferent from
afferent signals. Figure 5.3 directly compares negative peak amplitudes recorded for right-
(blue) and left-bound (red) APs. Signals for right-bound APs are usually more prominent
at the 6 mm offset electrode while those traveling to the left have larger signals at the 2
mm offset position. This trend is more pronounced if right-bound signals are compared to
left-bound signals that are artificially constructed by reversing right-bound ones — i.e.
responses at electrodes 1 and 2 become those at electrodes 4 and 5 and vice versa - and are
designated by “rev” in the titles for D-F. In these cases, signal peaks at the optimal offset
locations are separable on the basis of amplitude alone. For example, a threshold of -40
K1V would enable right bound APs to be detected only at the 6 mm offset location and left-
bounds to only be detected at the 2 mm offset location. Mid-channel locations record
nearly equivalent peak amplitudes and cannot be used to distinguish right- from left-bound

APSs.

110



A" 59.44.Lstimvs 58.10.Rstim B 58.40.Lstim vs 58.31.Rstim  C 58.32.Lstim vs 58.31.Rstim
: i - 1 : 210 ,
_ 10 b . L 1 > P .
SRR | Za20r b1 4t 220 81§ 1
AU I T {1 i LN
RN A I I S IR
'30 L ‘: ; l‘ 1 E 1 1 E 1
012 4 678 012 4 678 012 4 678
D mm E mm F mm
58.26.Lstim vs 59.9.Lstim(rev) 59.9.Lstim vs 59.9.Lstim(rev) 58.26.Lstim vs 58.26.Lstim(rev)
} } }
20 | . , 20 :
S T N I R I R
ol T = o ol {
- i . A g _40 i :. = _Z H - i F P
b S Pt
012 4 678 012 4 678 012 4 678
mm mm mm

Figure 5.3 Offset electrodes preferentially record signals traveling in a given
direction. Negative peak amplitudes for single-units recorded in different trials described
in Chapter 4 are shown with solid bars designating the mean negative peak amplitude at
each electrode. In (A)-(C), peak amplitudes for 3 different right-bound AP trials (Rat
59/Rec 44, Rat 58/Rec 40 and Rat 58/Rec 32), shown in blue, are compared to 2 different
left-bound AP trials (Rat 58/Rec 10 and Rat 58/Rec 31), shown inred. In (D-F), recordings
for left-bound APs were artificially constructed by reversing those for right-bound ones —
i.e. signals recorded at electrodes 1 and 2 become those at electrodes 4 and 5 and vice versa.
These are designated by the suffix “rev” appended to the trial name in the titles. In (D),
right-bound signals for Rat 58/Rec 26 are compared to left-bound-signals constructed by
reversing right-bound APs for Rat 59/Rec 9. In (E) and (F), right-bound signals for Rat
58/Rec 9 and Rat 58/Rec 26 are compared to their own reversed signals.

5.3.1.2 Signal discrimination using shape factors

Figure 5.4 illustrates theoretically that right- and left-bound action potentials are predicted
to produce signals that have consistently different shapes over a wide range of conduction
velocities. For an offset electrode located 6 mm from the left edge of an 8 mm long
channel, APs traveling between 5-30 m/s in the “preferred” right-bound direction have
larger negative peaks (h) compared to APs traveling in the “non-preferred” left-bound

direction. These differences are preserved even when negative peak amplitudes are
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normalized by peak-to-peak amplitudes (H), which remain nearly the same for APs
traveling in opposite directions, to produce the height factor (upper right plot in Figure

5.4).
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Figure 5.4 Height and width factors characterize shape differences at offset
electrodes. Shape factors (hf and wf) for APs traveling to the right (solid) are markedly
different from those traveling to the left (dashed) over a wide range of conduction
velocities. Negative peak widths were obtained using f = 0.3 (see Figure 5.2).

Negative peak durations, or widths (w), are predicted to be consistently narrower for APs
traveling in the preferred right-bound direction compared to those traveling to the left.
Normalizing them by the width between positive peaks (W) produces width factors (wf)

that, like height factors, are noticeably different between APs traveling in the preferred and

non-preferred directions (lower right plot in Figure 5.4).

Because they represent normalized metrics that remain reasonably constant for APs

traveling at different speeds, height and width factors can be used to differentially enhance
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recordings of APs traveling in the preferred direction over a wide range of conduction
velocities. This is shown in Figure 5.5, where simulated recordings of APs traveling in
opposite directions at different speeds are scaled by their respective height and width
factors. Compared to unmodified signals (1% column, far left), multiplying by the height
factor (2" column) or dividing by the width factor (3™ column) enhances the amplitude of
the signal recorded for preferred right-bound APs compared to those traveling in the non-
preferred left-bound direction. Height and width factors can also be combined into hybrid
metrics that may be more robust and less susceptible to variations in either factor alone.
Perhaps the simplest hybrid metric is height factor to width factor ratio (hf/wf). Scaling
signals by one multiple of the hf/wf ratio produces signal differences that are even more

pronounced than when signals are scaled by either factor alone (4" column).
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Figure 5.5 Shape factors enhance the ability to discriminate between simulated APs
traveling in opposite directions. Differences between right- (solid) and left-bound
(dashed) APs traveling at 5, 15 and 30 m/s are enhanced when signals recorded at a 6 mm
offset electrode are either multiplied by their respective height factors (hf) or divided by
their width factors (wf). These factors can be squared or combined in a variety of ways to
further accentuate differences. For example, multiplying by their ratio (hf/wf) greatly
attenuates the signal recorded for left-bound APs compared to those associated with APs
traveling in the preferred direction to the right.

Similarly, differential signal enhancement is achieved when one iteration of the hf/wf ratio
is used to scale neural signals recorded at offset electrodes. Figure 5.6 compares the signals
recorded for preferred right-bound APs at electrodes 4 and 5, located 6 and 7 mm from the
left edge of an 8 mm long channel, respectively, to those recorded for equivalent non-
preferred left-bound APs. In this example, left bound signals are represented by the

recordings on electrodes 1 and 2, located 1 and 2 mm from the left edge of the channel,
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respectively. Unmodified signals in (A) show amplitude differences that are clearly visible
in the raw recordings and consistent for every recorded spike as indicated by the ratio of
their amplitudes never being less than 1 (red horizontal lines in the ratio plots). Signals for
APs traveling in the preferred direction (purple and green) are significantly enhanced over
those associated with APs traveling at identical speeds in the opposite direction (red and
blue), when they are scaled by their respective hf/wf shape factors. At electrode 4, the
shape factor universally enhanced every right-bound spike over left-bound ones, with the
ratio of their negative peak amplitudes being increased from approximately 2 (A, upper
right plot) to between 5-10 (B, upper right plot). At electrode 5, the shape factor universally
enhanced every right-bound spike over left-bound ones to an even a greater extent, with
the ratio of negative peak amplitudes being increased from, again, approximately 2 (A,

lower right plot) to between 10-30 (B, lower right plot).
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Figure 5.6 Shape factors enhance the ability to discriminate between recorded APs
traveling in opposite directions. Recordings shown are only for right-bound APs.
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Signals at offset electrodes 1 (blue) and 2 (red), located near the left end of the channel,
represent what electrodes 4 and 5, located near the right end of the channel, would have
been expected to record for similar APs traveling to the left. A) Optimal offset electrodes,
4 and 5 on the right, record right-bound APs at approximately twice the amplitude of what
they would have recorded for left-bound APs. B) When recordings are scaled by the height-
to-width factor ratio (hf/wf), the signals for right-bound APs dominate. At electrode 4
(purple), signals for right-bound APs are between 5-10 times as large as those for left-
bound APs. At electrode 5 (green), signal enhancement after scaling by the shape factor
are even more pronounced, with signals for right-bound APs being between 10-30 times
greater than left-bound ones.

5.3.2 Discrete spike detection in the ENG

5.3.2.1 Comparing the nature of overlapping spikes at mid-channel to those at offset
electrodes

The degree of overlap that can be tolerated before spikes become unrecognizable as
separate entities depends on the extent to which their positive and negative peaks interact
and interfere. Figure 5.7 simulates overlapping spike events and illustrates the kinds of
signals expected when spikes recorded for APs traveling in the same or opposite directions
overlap at mid-channel and offset electrodes. For visualization purpose, overlap scenarios
are explored in (a)-(g) as a red spike is moved to the right, towards a fixed blue spike with

their algebraic sum, indicated in gray, representing the recorded signal.

Mid-channel spikes are identical regardless of AP direction and have prominent positive
and negative phases that significantly interfere, both constructively and destructively
(Figure 5.7 A). When their positive phases overlap constructively as in (b) and (f), their
negative phases remain distinct from each other and the spikes can still be recognized as
separate entities. When the positive phase of one spike overlaps the negative phase of

another as in (c) and (e) or when both negative phases overlap as in (d), the ability to
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recognize spikes as distinct entities is compromised. Figure 5.7 B shows signals at an
offset electrode for two action potentials traveling in the preferred direction. These are
characterized by a single prominent negative phase flanked by two much smaller positive
phases. Unlike mid-channel spikes, spikes are still recognizable as distinct entities even
when the positive phase of one spike maximally overlaps the negative phase of another as
in (c) and (e). Only when their negative phases overlap are spikes unrecognizable as

distinct from one another as shown in (d).

Figure 5.7 C shows the overlap between signals at offset electrodes for APs traveling in
the preferred (blue) and non-preferred (red) direction. The only scenario where the ability
to detect the blue spike is compromised is in (e), where red’s first very prominent positive

phase cancels out blue’s negative phase due to their similar amplitudes and duration.

overlaps at mid-channel (4 mm) overlaps at offset (6 mm) overlaps at offset (6 mm)
APs traveling any direction right bound APs right (blue) and left (red) bound APs
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Figure 5.7 Simulated overlapping spike events at mid-channel and an offset electrode.
Signals recorded A) at mid-channel for 15 m/s APs traveling left or right and those
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traveling B) to the right or C) right (blue) and left (red) recorded at an offset electrode
situated 6 mm from the left side of and 8 mm channel. (a)-(g) show the additive signal
generated (thick gray line) when different combinations of the positive and negative phases
of the blue and red signals superimpose constructively and destructively. Scenarios
depicted are as follows: (a) red to the left of blue (no overlap), (b) constructive overlap
between red’s second and blue’s first positive phase, (c) maximal destructive interference
of red’s second positive phase with blue’s negative phase, (d) maximal constructive
overlap, (e) maximal destructive interference of red’s first positive phase with blue’s
negative phase, (f) maximal constructive overlap of red’s first and blue’s second positive
phase, (g) red to the right of blue (no overlap).

For mid-channel recordings, only overlap between positive phases, representing about 1/3
of the total spike duration, can be tolerated. Thus, mid-channel spikes must be separated
in time by no less than 2/3 their total duration for spikes to be detectable. Offset electrode
recordings tolerate much more overlap without compromising the ability to discriminate
between different spikes and spikes only have to be separated by about 1/3 their total
duration to remain detectable as discrete events. Figure 5.8 shows the minimum temporal
distances that spikes at mid-channel and offset electrodes must be seperated by in order for
them to be resolvable as a function of AP speed. The durations permissible at offset

electrodes are about 1/3 those at mid-channel.

A B

mid-channel (4mm) offset (6 mm)
| 954 0.65
18 | 0.6

1.65 0.55

1.5 0.5

1.35 0.45

1 bl

'S

1.05
0.9
0.75

T 0.25
0.6

0.35

neg phase width (ms)

0.3

phase (1 pos + neg) width (ms)

bi

s 10 15 2 25 30 50 s 20 25 30
cv (m/s) cv (m/s)

Figure 5.8 Durations of resolvable spikes at mid-channel and an offset electrode over
a range of conduction velocities. Duration of the A) bi-phasic portion of the signal
recorded at mid-channel verses the B) negative phase recorded at the 6 mm offset location.
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5.3.2.2 Improved spike detection at offset electrodes

The discrete spike rate model described in Figure 5.2 was run using the permissible spike
durations provided in Figure 5.8 to simulate discrete spike frequencies at mid-channel and
an offset electrode (at 6 mm) for three speeds: 10, 15 and 25 m/s. The results are shown in
Figure 5.9. Mid-channel and offset electrodes perform equally well when total spike
frequencies are low, about less than 200 spikes per second. When spike rates exceed about
200 Hz, the offset electrode is significantly more capable of resolving individual spikes
compared to mid-channel recordings. For example, a nerve bundle containing 50 axons
firing at a mean rate of 50Hz represents a scenario involving 2000 spikes per second. As
Figure 5.9 B illustrates, for action potentials traveling at 15 m/s, the offset electrode would
be able to resolve about 9 times the number of spikes able to be detected at mid-channel
(630 compared to 70 discrete spikes per second). While the ratio is higher for slower action
potentials (10 m/s) and less for faster ones (25 m/s), the ability to detect discrete spike
events at offset electrodes is much higher than for mid-channel recordings.
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Figure 5.9 Frequency of resolvable spikes at mid-channel compared to an offset
location. For APs traveling at A) 10, B) 15 and C) 25 m/s, the number of spikes able to be
resolved at the offset electrode (purple circles) are substantially larger than at mid-channel
(yellow circles). Spike durations are shown next to each data set and solid lines indicate
model fits.
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Assuming a density of 1 axon per 70 um? for axons that have successfully regenerated

through a microchannel array (FitzGerald et al., 2012), Figure 5.10 simulates the fraction

of resolvable spikes at mid-channel and offset locations for microchannels having
diameters of 100, 200 and 200 um. Axonal firing rates were simulated to be 20 Hz and AP

conduction velocities ranged between 5-30 m/s.
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Figure 5.10 Fraction of resolvable spikes at mid-channel and an offset electrode for
different sized channels. Channel inner diameters are A) 100, B) 150 and C) 200 pm.
Mean axonal firing rates were simulated at 20 Hz.

For the range of channel sizes shown, offset electrodes are able to resolve a greater
proportion of spikes compared to mid-channel recordings. Slower spikes have longer
durations and are therefore less easily separable. Nevertheless, these slow signals would
be detected in 100 um diameter channels about 50% of the time at the offset electrode
compared to only about 12% of the time at mid-channel (A). Mid-channel recordings are
incapable of resolving these slow APs in channels 150 um in diameter whereas offset
electrode recordings would still be able to detect them a little over 5% of the time. For
APs having speeds between 10-30 m/s, offset electrodes would detect discrete spikes

between 20-40% of the time compared to mid-channel recordings where discrete spikes

would be detectable at most 10% of the time. In 200 um diameter channels, mid-channel
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recordings cannot be used to detect individual spikes whereas at offset electrodes, action
potentials having speeds in the range of 10-30 m/s range would be detected 2-12% of the

time (C).

5.3.3 CAP simulations

5.3.3.1 Whole nerve CAPs: mid-channel vs. offset recordings
Whole nerve compound action potentials were constructed using the fiber histogram shown

in Figure 5.11, reproduced from Waddell (Waddell et al., 1989). The majority of axons

conduct in the 12-24 m/s velocity range, with those conducting at 15 m/s being the most
numerous. A small cohort conduct at speeds less than 12 m/s. In this range, axons
conducting at 5, 9 and 11 m/s are not well represented and their contribution to the CAP
was anticipated to be relatively small and contributions from axons conducting at 6, 7, 8,
10 and 12 m/s were expected to dominate the response for the cohort of slower-conducting

fibers.

LS dorsal root

# fibers

5 10 15 20 25 30 35
m/s

Figure 5.11 Fiber histogram of rat L5 dorsal root. Total number of fibers is 123. Data
was reproduced from Waddell et. al. for rat dorsal roots.
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Figure 5.11 compares simulated CAPs at mid-channel to those recorded by an offset
electrode located 7 mm from the left end of the channel. In general, mid-channel CAPs
are larger, especially when action potentials are initiated a distance of only 5 mm from the
left edge of the channel. When the stimulus-to-channel distance is increased to 25 mm,
CAP amplitudes are reduced and there is greater dispersion of APs traveling at different
speeds. At mid-channel, located 29 mm from the stimulus site, peaks corresponding to
fibers conducting at 6, 10 and 15 m/s can be identified as they correspond to the SUAP
responses shown in gray. While peaks associated with fibers conducting at speeds between
6-10 m/s and 10-15 m/s are clearly visible in the SUAP traces, they are absent in the mid-
channel CAP. At the offset electrode, located 32 mm from the stimulus site, an additional
4 peaks corresponding to fibers conducting at 5, 7, 8, and 12 m/s can be identified. The

peaks associated with the fibers conducting at 9 and 11 m/s are absent in the offset CAP.
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Figure 5.12 Simulated CAPs at different distances from site of stimulus. Stimulus sites
are A) 5 mm and B) 25 mm from the channel entrance. Distinct peaks in B) are labeled
with the conduction velocity of the fibers that produced them. Action potentials were
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simulated as traveling to the right and CAPs were scaled by 20% to allow them to be
visualized in relation to the signals from individual fibers (gray).

5.3.3.2 Teased rootlet CAPs: evidence of axonal damage

Figure 5.13 compares recorded and simulated CAPs in an intact and damaged rootlet
model. The recorded CAPs were obtained from a rat L6 dorsal root using the methods
described previously in Chapter 4. The rootlet was stimulated on the right side, nearest the
7 mm electrode, so signals propagate from bottom to top (A), electrode 5 (green) first and
1 (blue) last. The distribution of fibers used to simulate CAP responses are shown in (C)
as this combination was found by trial and error to closely match the recorded signals (B).
However, while we were able to match the shape and amplitudes of the electrodes first
encountered by action potentials, the signals at mid-channel (yellow) and the offset
electrodes at 2 (red) and 1 mm (blue) were larger than actually observed. Also, slight but
noticeable negative deflections in the responses at 1 and 2 mm at t=1ms were absent in the
simulated CAP shown in (D) and could not be reproduced. The best CAP match, shown
in (B), was obtained when some of the fibers, namely those conducting at 17-20 m/s, were
modeled as torn fragments that extend only partially through the channel (C). Using this
damaged rootlet model, signal amplitudes and deflections in the recorded CAP were able

to be simulated (B).

123



A B
Rat 59.Rec 24.LboundCAP (PROCESSED).mat simulated CAP of damaged rootlet

150 (some fibers fragmented)
[ | 150
100 100
50 50
> =
= 0 = 0
-50 -50
T =1 mm[
L pacacan it oo |=2 mm
-100 4 - o o 4 mmj -100
Y ” ' —6 mm|
e =7 mm -150 . N .
-150 : ' : .
0 0.5 ! 15 2 0 0.5 1 1.5 2
ms ms
C m/s . D
190\ intact rootlet simulated CAP of intact rootlet
10— 150 (no fragments, all continuous)
15— ap
17 « [N
77 100
19
20 50
El channel s
2! damaged rootlet Z 0
torn fiber AP 0
fragments —9 « A_ -100
(17-20m/s) [
-150 : : '
0 0.5 1 1.5 2

Figure 5.13 Recorded CAPs compared to those simulated using a damaged and intact
rootlet model. Simulated CAPs scaled by 40%.

5.4 Discussion

5.4.1 Shape factors to enhance detection of SUAPS
The ability to detect activity in individual axons is a defining characteristic of microchannel
devices for neural recording. This capability is extended when offset electrodes are

employed since these record different signals for APs traveling in opposite direction. The
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work presented here demonstrates that amplitude differences can be used as a first step in
discriminating afferent from efferent neural activity by setting a threshold for detecting
spikes, since action potentials traveling in preferred directions will have the largest
amplitudes. However, as illustrated in Figure 5.3, background noise and differences in AP
speeds can blur the amplitude distinctions and result in misclassification of action potential

directionality.

Amplitude is only one quality that can be used to distinguish between signals associated
with APs traveling in opposite directions, since there are significant differences in the
shape of recorded signals that can be used to enhance signal discrimination. We develop
two shape factors for scaling neural recordings at offset electrodes and show how these can
be used to improve detection of action potentials traveling in a preferred direction. We
also introduce the idea of combining shape factors to further accentuate differences. The
ratio of the height to width factor, or hf/wf, was shown to result in significant enhancement
of the signal of interest relative to those one wishes to ignore in both simulated and recorded
signals. While only one iteration was used to scale signals using shape factors, in principle,
there is no limit to how many times a given factor or hybrid or any permutation of these is
used to scale signals. Technically, the scaling process could be repeated indefinitely to the
point where only signals associated with APs traveling in the preferred direction would be

detectable.

This could have implications for spike detection and classification schemes. Since the
signal of interest would be detected more often after modification by shape factors, the load

on spike classification algorithms running in real time is reduced, which could improve
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their real-time performance. Also, a better signal-to-noise ratio (SNR) correlates to better
success rates across the board for any spike classification scheme. When attempting to
discriminate between APs traveling in opposite directions, the non-preferred direction
represents a type of “noise” signal. Since shape factors differentially attenuate signals
associated with APs traveling in the non-preferred direction, they would enhance the
performance of any spike classification algorithm. This would include those that employ

template matching (Lewicki, 1998) and matched filters (Roberts and Hartline, 1975) where

success rates, the % of spikes classified correctly, highly correlate to SNR (Bankman et al.,

1991, Gozani and Miller, 1994, Gribi et al., 2018).

5.4.2 Discrete spike detection in the ENG

In the peripheral nervous system, firing rate encodes for intensity. For example, firing rates
increase in cutaneous afferents that convey pressure-related sensations when applied skin
forces are large, and vice versa. Inthe motor domain, a motoneuron’s firing rate determines
the amount of force generated by its target muscle fibers, with low and high rates
corresponding to small and large muscle forces. Accurate determination of firing rate
hinges on the capacity to detect single unit spikes associated with one axon separately from
other spikes, since overlapping spikes will either cancel each other out, and go undetected,
or merge and be counted as a single spike. Either way, firing rates are underestimated or
become impossible to assess when overlap rates approach and exceed neuronal firing rates.
Over the years, spike classification algorithms have been developed to decompose

overlapping spikes into their constituent components (Chandra and Optican, 1997, Franke

et al., 2010, Roberts and Hartline, 1975, Gazzoni et al., 2004). However, even the most
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trivial scenarios involving overlap between only two spikes produce complex time-varying
signals that pose a significant challenge to classification and decomposition schemes

(Lewicki, 1998). Furthermore, no algorithm can resurrect spikes that have canceled each

other out.

Therefore, accurate assessment of neural activity is best achieved when overlap rates are
small. The signals at offset electrodes for APs traveling in the preferred direction are
characterized by a single prominent negative peak that has a much shorter duration than
those recorded at mid-channel, where positive and negative phases are equally prominent.
For offset electrode recordings, this prominent positive peak associated with APs traveling
in the non-preferred direction only cancels the negative peak associated with those
traveling in the preferred direction when these peaks overlap. Thus, spikes at offset
electrodes are likely to be detected as long as they are spaced in time by at least one
negative peak width apart. At mid-channel, however, recorded spikes must be spaced
much further apart since there is much more opportunity for positive and negative phases
of overlapping spikes to destructively interfere and cancel each other out. Since no spike
detection algorithm can resurrect or recreate spikes that cancelled out and were, therefore,
not detected, offset recordings would be expected to be superior to those at mid-channel

for characterizing axonal firing rates.

5.4.3 CAP simulations
Compound action potentials represent a special unnatural class of ENG. They are
synthetically produced by stimulating a nerve with currents sufficient to activate all fibers,

both efferent and afferent, simultaneously. While CAPs do not occur physiologically, they
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are a useful tool for studying nerves. They have been used to characterize the distribution

of fiber sizes in many nerves (Gasser and Erlanger, 1927) and to document regeneration

after nerve transection (Davis et al., 1978).

Here we show that CAPs constructed from mid-channel recordings differ from those at
offset locations in significant ways. CAPs represent overlapping spikes. Since offset
electrode waveforms have narrower negative peaks than those at mid-channel, which are
broader, they overlap less frequently. Thus, there is a greater distribution of peaks in the
CAPs recorded at offset electrodes compared to those recorded at mid-channel, where
prominent positive phases in the SUAPSs can cancel out adjacent negative peaks associated
with fibers conducting at similar speeds. Thus, negative peaks associated with SUAPs
traveling at different speeds are more frequent and distinct at offset electrodes than at mid-
channel and their CAPs provide better opportunities than mid-channel CAPs for

characterizing fiber size distributions in nerves.

5.4.4 Summary

In Chapter 4, a theoretical framework was developed and experimentally shown to be
highly predictive of the neural signals one would expect to record in microchannels at
offset electrodes. The analysis centered on a single feature of the recorded signal, namely,
the negative peak amplitudes at offset electrodes and suggests they could be used to
differentiate between SUAPs traveling in opposite directions. This chapter introduced
shape factors as a quantitative approach for exploiting inherent shape differences in offset
recordings to further enhance detection of SUAPs traveling in a preferred direction. Unlike

negative peak amplitudes, shape factors are normalized indexes that remain reasonably
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invariant over a wide range of conduction velocities and, therefore, provide a promising

approach for differentiating between slow and fast SUAPs traveling in opposite directions.

This chapter also explored the capacity for offset electrodes to provide recording
advantages in complex neural recording scenarios, such as the ENG and CAP, where
detection of discrete SUAPs is not always guaranteed. Owing to their narrow and
pronounced negative spike signatures, for any given ENG scenario, offset electrodes are
predicted to record a much higher percentage of discrete spike events than are mid-channel
electrodes. One important implication is, compared to mid-channel configurations, offset
electrodes could be employed in larger diameter channels containing many more axons
without compromising their detection rates. This represents a significant improvement
over mid-channel recording configurations, especially when coupled with the offset’s
inherent ability to provide information about the signal’s directionality. For CAP
recordings, the offset advantage lies in an enhanced ability to visualize a greater number
of peaks in the CAP associated with different fiber types than can be visualized in the larger
CAP recorded at mid-channel. Overall, the offset electrode recordings can be used to
differentiate between SUAPs traveling in opposite directions and are theoretically capable
of detecting a greater proportion of discrete SUAPSs than their mid-channel counterparts in

more complex neural recording scenarios.
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CHAPTER 6

CONCLUSIONS

6.1 Context

Microchannels are unique in their ability to chronically record signals in individual axons.
They were originally conceived and later successfully implemented as the basic building
block for regenerative electrode (RE) arrays designed to record bi-directional neural
activity in regenerated axons. Therefore, it would seem improbable to employ electrode
configurations that would prevent microchannel technologies from being able to determine
the directionality of recorded signals. Not only would this compromise their intended use,
it would also represent a tremendous loss of useful neural information, since action
potential directionality orchestrates behavior and function at the granular level.
Nevertheless, all RE arrays developed to date employ mid-channel recording sites

incapable of being able to discriminate afferent from efferent neural activity.

Given the significant cost to microchannel capabilities, it is surprising to learn that the
rationale for the use of mid-channel electrodes is rarely discussed by those who research
and develop microchannel technologies. One learns from the literature that the mid-
channel electrode is integral to the pseudo tripole configuration for preventing unwanted
noise artifacts, such as EMG signals, from overwhelming and obscuring recorded neural
activity. While noise rejection is an important consideration, other methods to achieve this
without necessitating a central recording site in microchannels could have been explored.
Over a decade ago, it was noted that non-central recording sites might be able to record

larger signals than those at mid-channel. However, no mechanism for this effect was
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proposed that could guide development along these lines. Perhaps this partly explains why

efforts to explore alternative electrode configurations have not been undertaken.

In summary, microchannel development has stagnated around a universally-accepted mid-
channel electrode configuration steeped in tradition that prevents their full potential as
highly selective neural recording devices from being realized. The offset electrode
approach challenges these conventions, frees microchannel design from the limitations
associated with the pseudo tripole and presents a viable alternative pathway for neural

recording in general.

6.2 Significance

This work introduces offset electrodes as a new paradigm for recording signals in
peripheral nerves. We show that a single offset recording site can be used to determine
the directionality of recorded signals. Until now, this has required a minimum of two

recording sites positioned at different locations on the nerve.

A theoretical basis to explain the origin for signal enhancement at offset electrodes is
presented and used to design microchannels containing offset electrodes optimally
positioned to maximize difference for signals traveling in opposite directions (Chapter 3).
We incorporate the theory into a comprehensive mathematical framework for predicting
neural and noise signals in microchannels and demonstrate its capacity to accurately predict

recorded signals (Chapter 4).

To our knowledge, the linearity of external noise artifacts inside microchannels has not

been experimentally validated. We demonstrate the linearity of external noise artifacts and

131



show it agrees with the theoretical predictions. This linearity is exploited to develop viable
references for canceling out external noise artifacts at offset as well as at mid-channel
locations (Chapter 4). We propose two approaches, “weighted” and “parallel” references,
and demonstrate their potential to serve as viable candidate reference terminals for
effectively canceling noise artifacts at offset recording sites, as well as at mid-channel.
Background noise levels are quantified and shown to be mainly of a thermal nature as

suggested by their being consistent with a Johnson noise model.

Finally, we introduce novel methods to characterize shape differences in offset electrode
recordings and demonstrate their ability to enhance differences between signals recorded
for action potentials traveling in preferred and non-preferred directions (Chapter 5). These
shape differences are also shown to improve the detection of discrete spike events in more
complex neural signals involving overlapping spikes. The implications of shape

differences on the compound action potentials are explored.

6.3 Limitations

While this work demonstrates the superiority of offset recording sites over traditional mid-
channel locations, the findings are based on an in vitro experimental paradigm where neural
and noise signals are explored in a controlled environment. The extent to which the results
translate to real-life recording scenarios in behaving animals remains to be determined.
For example, the development of future regeneration electrode arrays is maintained
throughout this work as a desirable target application for offset electrodes. We make this
claim based on neural recordings performed using a microchannel having a length of 8

mm. The longest chronic regeneration electrode arrays developed to date have used
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channels only 4 mm in length (Musick et al., 2015), with 5 mm being the longest channel

length where evidence of successful axonal regeneration through an REA has been

experimentally demonstrated (Lacour et al., 2009). While offset electrodes would still be

expected to provide a basis for SUAP discrimination in 4-5 mm long channels, the range
of AP speeds over which these shorter channel lengths would be expected to optimally
perform would be slower than those we recorded using an 8 mm long channel. Also,
channels having smaller cross sections than the 200 um ID channels used here might need
to be considered in order for these slower APs to be reliably detected above background

noise levels.

In preliminary experiments, we demonstrated a limited capacity to record SUAPS in vivo
in anesthetized rats using 300 um ID x 10 mm long microchannels. However, background
noise levels were considerably higher than we observed in our in vitro preparation and
occasionally heart-beat and electrical artifacts associated with respiration could not
successfully be eliminated from the recorded signals. The extent to which weighted or
parallel references could be used to cancel out these real-world noise artifacts remains to
be determined. Neither reference configuration had been developed at the time the in vivo
trails were conducted. The performance of the weighted reference approach could still be
evaluated using these preliminary data since it involves mathematically constructed signals
using a linear interpolation of the signals recorded at the outermost pair of offset electrodes,
which exists for these data sets. Performance of the parallel reference configuration is not
possible since it would have required a device having an aligned set of reference electrodes

in a parallel empty channel separate from the one containing the neural tissue.
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The performance of the parallel reference configuration during actual neural recording
experiments was not done and represents a limitation that remains to be addressed. Here,
the parallel reference was demonstrated using aligned references in two empty parallel
channels, neither of which contained a nerve. In reality, one of the channels would be filled
with neural tissue which would be expected to alter the conductivity profile in that channel
compared to the empty one. The extent to which external noise signals recorded in a nerve-
filled channel are similar to or different from those recorded in an empty parallel channel

remains to be explored.

6.4 Future directions

The offset electrode paradigm is practical, flexible and adaptable and can be readily
incorporated into existing technologies as well as providing motivation for the
development of new ones. For example, our “weighted reference” approach described in
Chapter 4 uses a similar electrode arrangement as the one used by the traditional pseudo
tripole. Any of the current technologies where pseudo tripole configurations are employed
could easily be reconfigured with offset electrodes having equivalent noise rejection
capabilities. Future generations of RE arrays containing offset electrodes in different
locations in each channel would enable them to realize their full potential as highly
selective chronic neural recording devices able to distinguish efferent from afferent signals.
The “parallel reference” described in Chapter 4 would provide an ideal configuration for

rejecting external noise artifacts in RE arrays containing offset electrodes.
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6.5 Final remarks

Overall, this work challenges accepted practices that have and continue to limit
microchannel capabilities and provides alternative pathways for enhancing their
performance. Our hope is for others to use this as a foundation to improve existing
microchannel technologies and motivate the development of future devices with enhanced

recording capabilities.
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