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Abstract

Human cochlear implant subjects show improved speech perception when their im-
planted electrode arrays are stimulated using interleaved pulses rather than continu-
ous analog signals. Current interleaved pulse stimulation schemes result in temporal
interactions, where one stimulus affects the neural response to subsequent stimuli.
This work characterizes temporal interactions occurring in single auditory nerve fibers
in cat using pulsatile stimuli. A conditioner, consisting of one or more pulses of equal
amplitude, was used to modify the state of the resting neuron. This was followed at
various delays by a single pulse used to probe the state of the modified neuron. The
neural threshold and relative spread (normalized dynamic range) were measured from
the neural response to the probe pulse. Subthreshold pulses result in a short period
of sensitization immediately after the conditioning pulse, followed by a longer de-
sensitization period. Sensitization decreased with increasing numbers of conditioning
pulses. The relative spread of the neural response is increased during sensitization.
Suprathreshold conditioners lead to a relative refractory period, with probe threshold
resumning the resting value after 4 msec. Following a suprathreshold conditioner, the
relative spread is decreased for short probe delays. Modeling efforts show that these
experimental phenomena can be qualitatively reproduced using standard Hodgkin-
Huxley-like models. Of the five systems whose model parameters were examined,
the Hodgkin-Huxley model of the squid giant axon and the Rothman-Manis- Young
model of a cochlear nucleus bushy cell provided simulations that fit well with the
observed data. Models of mammalian systems (rat and rabbit sciatic nerve) provided
poor simulations of the data. It is hypothesized that the overall effect of temporal
interactions is to increase the dynamic range of neural response to electric pulsatile
stimulation, and that this change in dynamic range may improve the nerve’s ability to
code changes in stimulus amplitude, possibly resulting in increased speech perception
by human cochlear implant users.
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Chapter 1

Introduction

In the normally-functioning ear an acoustic stimulus, consisting of pressure variations
in the air, results in motions of elements of structures in the ear. Specialized sensory
cells in the inner ear transduce these mechanical vibrations into neural impulses trav-
eling along auditory nerve fibers from the ear to the brain; the death of these cells
results in profound deafness. Cochlear prostheses, also known as cochlear im-
plants, restore a sense of hearing to the profoundly deaf by using electrodes implanted
in the inner ear to directly stimulate the auditory nerve using electric currents.

One stimulus commonly used in cochlear implants consists of a train of short elec-
tric pulses interleaved in time so that each implanted electrode is stimulated in turn.
Typical pulse durations are about 100 usec, with intervals between pulses on each
electrode being about 0.5 msec. The issue is whether these interleaved pulses give
rise to temporal interactions, where previous pulses affects the neural response to
subsequent pulses. These temporal interactions can come about either from consecu-
tive pulses on the same electrode or from closely-spaced pulses on separate electrodes
affecting the same neuron.

The questions that are addressed in this work are:

e Do temporal interactions exist in electrically-stimulated auditory nerve fibers?

o Do existing models of the neural membrane provide reasonable simulations of

temporal interactions?



¢ Do the observed temporal interactions have implications for existing cochlear

implant stimulus schemes?

These questions will be addressed using experimental data collected from individ-
ual auditory nerve fibers in cat, with pulsatile electrical stimulation provided by an
electrode irnplanted ia the cat’s cochlea.

The remainder cf this introduction provides a framework in which to think about
the issues associaied with temporal icteractions. First, cochlear implants are intro-
duced, along with the interleaved pulse stimulus. Following is a discussion of the
neuron, and how it responds to electrical stimulation.

With this background, the experimental results and results of modeling studies

are discussed.

1.1 Function of the Auditory Periphery

The peripheral auditory system is customarily divided into three parts: the outer,
middle, and inner ears. These are shown in Figure 1-1.

The external ear, consisting of the pinna and the external auditory meatus serves
to modify the free-field acoustic signal in a manner that aids in source localization.
The middle ear consists of three ossicles. The first one, the malleus, is attached
to the tympanic membrane, and moves with the membrare in response to pressure
changes in the external ear. The motion of the malleus is transferred through the
second ossicle, the incus, to the last ossicle, the stapes, which fills an opening into
the cochlea.

The cochlea, also known as the inner ear, can be stylized as two fluid-filled tubes
(the scalae tympani and vestibuli) which are collinear and separated along their length
by a flexible membrane called the basilar membrane. Each tube opens to the middle
ear near the basal end; the opening of the scala tympani is called the round window
and is covered by a thin membrane. The opening from the scala vestibuli, the oval
window, is filled with the footplate of the stapes. At the apical end, the two scalae

are connected by a small opening, allowing the passage of fluid. The scalae are coiled
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The Ear

Tympanic Membrane

Oval Window
Auditory Nerve

Cochlea

Scala Vestibuli

Hair Cells

Figure 1-1:  An overview of the ear.
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about each other, resulting in the familiar snail shape.

‘The basilar membrane acts as a substrate for sensory cells, called hair cells, which
are specialized for detecting movement of that membrane via protruding tufts of hairs.
In cat, approximately 3,000 of these hair cells lie in a line extending the length of
the basilar membrane. The function of these hair cells is to transduce the motions of
the basilar membrane into neural impulses which travel along auditory nerve fibers
to the brain. The means by which these cells communicate movements of the basilar
membrane is through the release of neurotransmitters, which can cause a propagating
signal in each of the 15 to 20 auditory nerve fibers whose endings lie close to each cell
body. These auditory neurons consist of peripheral dendrites, which synapse with the
hair cells, a cell body, and an axon, which terminates in the cochlear nucleus in the

brainstem. These nerve fibers are collectively known as the auditory nerve.

1.1.1 Activity of the normally functioning inner ear

An oscillatory motion of the tympanic membrane, caused by an acoustic stimulus
impinging on the outer ear, results in motion of the stapes footplate. This causes a
displacement of the basilar membrane and the attached hair cells. Through the ac-
tion of the hair cells, this mechanical displacement is transduced into neural impulses
which travel along auditory nerve fibers from the ear to the brain. The mechanics of
the basilar membrane are such that for a sine-wave stimulus, the amplitude of this dis-
placement is maximal at one longitudinal location along the basilar membrane whose
position depending on the frequency. The basal part of the basilar membrane re-
sponds maximally to high frequencies, the apical part maximally to low frequencies.
Thus, acoustic signals can activate localized populations of neural fibers indepen-
dently. The patterns of activity in the nerve fibers as a function of their cochlear
place of innervation provide information about the spectral content of the acoustic
input. These rate-place cues are thought to play an important role in the encoding
of speech by the auditory periphery, in part because this tonotopic organization of
the cochlea is carried on through the higher levels of the auditory system up to the

auditory cortex [73].
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1.2 Cochlear Implants

If, for some reason, the ear lacks hair cells, there will be no mechanical-to-neural
spike transduction, and there will be no neural signal from the ear to the brain. To
restore a sense of hearing, devices have been developed which directly stimulate the
nerve fibers using electrodes implanted into the scala tympani of the inner ear. These
cochlear prostheses or, more typically, cochlear implants, attempt to replicate
the functions of the ear peripheral to the auditory nerve, and then stimulate the
auditory nerve in such a manner that the activity patterns of the nerve mimic the
natural pattern closely enough that the brain can interpret the input pattern. A brief
discussion of the points of interest for this work will be given here; a more detailed
survey of cochlear implants can be found in Wilson ([92]). These devices consist of a
microphone for sensing the acoustic stimulus, a processor for computing the electric
stimulus to the implanted electrodes, and the implanted electrode array, as shown
in Figure 1-2. Multiple electrodes are implanted with the hope of stimulating inde-
pendently localized populations of neural fibers, as is the case with normal acoustic
stimulation. In one common processor, each electrode is stimulated by short pulses
that are interleaved in time with pulses to other electrodes so that two electrodes
are never simultaneously active. The amplitude of the individual pulse depends on
the short time spectrum of the acoustic input. The duration of each pulse is about
100 psec. Pulse rates are typically such that the interval between pulses on eack
electrode is about 0.5 msec, while the interval between pulses across electrodes can
be as small as 50 psec. Processors that use this stimulation method are known as
continuous interleaved sampling (CIS) processors. An example of CIS v.aveforms for

“t”) is shown in Figure 1-3.

each electrode due to two speech utterances (“aw”, and

The pulse rate of CIS processors is increasing as technical improvements wre made;
this is being done to increase the temporal resolution available to the user. It has
been shown that human speech comprehension increases as the pulse rate increases

(Eddington, pers. comm.).

Now that we know something of the "-aveforms used to stimulate auditory nerve
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Components of a Cochler Impiant

. Implanted
/Ml(!l' ophone electrode
array

Processor

Figure 1-2: A schematic diagram of a cochlear prosthesis. A microphone is used to measure
the local sound field. The output from the microphone is processed in some manner, and
the implanted electrode array is stimulated based upon the results of that processing.
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CIS Stimulation
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Continuous interleaved sambilng
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Figure 1-3:  Continuous Interleaved Sampling stimulation methods. The waveforms of
two speech utterances (“aw” and “t”) are shown at the top of the figure. The waveforms
of the two utterances were processed using the CIS scheme: the resulting waveforms for
each electrode are displayed, with electrode 1 being the most apical. The pulse amplitudes
reflect the envelope of the amplitudes of the filtered waveforms.
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fibers, we will introduce the important elements of these neurons, and discuss how

eiectrical stimuli can cause peural responses.

1.3 Functional Elements of Neurons

Neurons are the primary means for coaducting information from one point to another
in the nervous system. They consist of a tubular membrane which extends between
the two points. Fluids containing ions <11 and surround this membrane, the ionic
concentrations differing between the internal and external plasmas. In particular, the
godium concentration 18 higher in the external fluid, and the potassium concentration
is higher in the interior fluid. There are also ionic channels specific for the sodium
and potassium jons whose conductances depend on the transmembrane potential. A
schematic neuron is shown in Figure 1-4. As a result of these concentraiiuis enc
permeabilities,the neural interior at rest is at a potential roughly 50-80 mV less
than the exterior. The potassium and sodium chanrel permeabilities result in a
system that, for a sufficiently strong depolarizing stimuli, results in a sudden, almost
complete depolarization of the neural membrane followed by a gradual repolarization.
The depolarization of one region of the neuron affects neighboring regions, resulting
in a propagating wave of depolarization. This neural spike, or action potential, 8
the means by which neurons transmit information. Experimentally, this propagating
neural spike 18 used to measure the neural response to a stimulus.

Figure 1-5 shows how the transmembrane potential Vi changes following depo-
larizing pulses of different strengths. For the smaller pulses Vi returns to the resting
value. For one pulse strength some pulse presentations result in Vin returning to the
resting value while others result in the sudden depolarization of the neural membrane.
All stronger pulses reault in a neural spike.

The probabilistic behavior for some range of stimulus levels can be used to define
a neural threshold level, the stimulus level at which the neuron responds with 2
spike to half the stimulus presentations. An additional measure of the neural response

is the relative spread (RS) (89], which is a measure of the dynamic range of the
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{Na]:154

. Potassium Channel
Sodium Channel
Neural membrane
Figure 1-4:  The main elements of an axon. The interior and exterior consist of ionic

solutions; the ionic concentrations of sodium and potassium ions from Schwartz and Eikhof
([76)]) are given. The differences in ionic concentrations gives rise to a resting transmembrane
potential V,,, of -80 mV. Ionic channels in the membrane can allow the transport of selected
ionic species across the membrane; the permeability can depend on the transmembrane
potential Vi,
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Neural Spike Initiation

External bath electrode
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_J—.__H_I_L_”__

-30-
- /\/%/L
M

-90 —
-120 —
frrrirrerrreptborrotrnrrrnnn
Time, msec —>

Figure 1-5:  The initiation of neural spikes. The top panel shows the transmembrane
potential V;, plotted as a function of time for depolarizing stimuli of different strengths.
For small pulses, V;, returns to the resting value. For the pulse near threshold strength some
pulse presentations result in Vi, returning to the resting value, while other presentations
result in the sudden depolarization of the neural membrane. The pulse injection and Vi,

recording points are as shown.
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fiber, ie; the range of stimulus intensities over which the probability of neural response
varies appreciably. Both of these measures will be described further in the Methods

chapter.

1.4 Electrical stimulation of neural fibers

Understanding that action potentials are initiated by a threshold depolarization of the
neural membrane, the mechanism for neural stimulation by the implanted electrodes
is straightforward. A potential is created between twc electrodes of an implanted elec-
trode array. This potential will cause currents to flow; part of that current will enter
the neuron far from the electrode and leave the neuron closer to the electrode. This
situation is shown in Figure 1-6. The top panel depicts a neuron in a homogeneous
infinite medium, along with a cathodic electrode with a far-field ground. At the sites
where the current enters the neuron, the membrane becomes hyperpolarized, that is,
Vin becomes larger. At the points where current exits the neuron, the membrane is
depolarized. The bottom panel if Figure 1-6 shows changes in the transmembrane
potential calculated by a cable model of the situation in the top panel. The change
in Vj, is greatest at the point nearest the electrode and decreases rapidly with lateral
distance; for the cathodic stimulus shown, the increase in V;, depolarizes the fiber.
If the depolarization is large enough, a neural spike will be generated as described
previously. This is the mechanism by which electrical stimulation can cause neural
activity.

A short distance along the neuron away from the point closest to the electrode,
the change in V}, goes from positive to negative; the maximum decrease in V,, is much
smaller and broader than the peak increase at the nearest-electrode point. Since neu-
ral responses are initiated only at depolarized nodes, this leads to the conclusion that
neural thresholds are lower for cathodic stimulation, and that the spike initiation site
is much better defined for cathodic stimulation, since there are many fewer nodes near
the maximum depolarization at the nearest-electrode point than for the maximum

depolarization for an anodic stimulus, which is far from the electrode.
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Effects of Electrical Stimulation
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Figure 1-6: Electrical stimulation of a nerve fiber. The top panel shows a single nerve
fiber in an infinite homogeneous medium along with a single cathodic electrode referenced
to a far-field ground. Arrows represent the currents that flow due to the cathodic electrode.
The bottom panel shows the change in the transmembrane potential V,, as calculated using
a cable model for the situation shown in the top panel. Plotted is the change in V, as
a function of distance along the neural membrane from the closest point to the electrode.
Note that the neural membrane is depolarized near the electrode.
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1.5 The results of Hodgkin and Huxley

In order to understand in more detail how electric current causes the neural depolar-
ization, the results of Hodgkin and Huxley will be presented. In a series of papers
published in 1952 ([27], [28], [29], [30]), Hodgkin and Huxley describe a functional
model of how action potentials are produced. This model was the result of their
studies of sodium and potassium currents through the neural membrane in response
to step changes in the transmembrane potential V,,. In their studies, the neuron was
voltage clamped, which means that the transmembrane potential was constant along
the neuron. These studies resulted in a description of how the membrane sodium and
potassium conductances depend on both the transmembrane potential V,, and time.
A series of plots showing the sodium and potassium conductance for different voltage
steps is shown in Figure 1-7.

The circles in the left column show experimentally-determined sodium conduc-
tances of the squid giant axon ( [31]) as a function of time for several voltage steps.
The initial effect is for a sharp increase in the conductance, followed by a slower de-
crease in conductance to near the initial level. The rate of change and the maximum
conductance both increase with the size of the depolarizing voltage step. The initial
increase in the conductance is caused by the “activation” or opening of the sodium
channels; the decrease is caused by the channels “inactivating”, or closing.

The right panel depicts the Potassium conductance. Here, the experimental data
(circles) shows an S-shaped curve monotonically rising from the starting value to
the final value. The potassium channel has only activating components, so that the
change in conductance following a voltage step is a monotonic function of time.,

To model the dependence of these conductances on the transmembrane potential
Vm and time, Hodgkin and Huxley assumed that each ion channel was controlled by
a set of particles. These particles are in one of two orientations, and for the channel
to be open, all particles have to be in the correct orientation. The probability that
an individual particle is in the correct position is governed by a pair of first-order

differential equations describing, as a function of the transmembrane potential V,,
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Figure 1-7:

the amount V;, was displaced from rest.

Experimental and model sodium and potassium conductances as a function
of time shown for several voltage steps. The experimental data (circles) are from voltage-
clamp experiments on the giant squid axon ([31]). The model results (line) is from the
Hodgkin-Huxley model of the conductances ([30]) The numbers above each curve represent
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the rate of transition of each particle between the “open” and “closed” states, o
describing the rate to the open state, and 8 to the closed state:

a(l"m)

“1 - n” “n”

B(Vm)

where n is the probability tat the particle is in the “open” orientation.
Using their data from the squid axon, Hodgkin and Huxley determined empirical

fits for a and B as a function of V,, for the particles describing the sodium and potas-
sium conductances. The above rate equations and parameters completely describe

the dynamics of the ion channels:

o = aa(l-n) = fun

Hodgkin and Huxley found the best fit to the experimental conduction data was
given by using four particles controlling the conductances of each sodium and potas-
sium channel.

The sodium conductance is controlled by three indistinguishable particles con-
trolling the channel activation and a single particle controlling the inactivation. The
probability that any one activation particle is in the position corresponding to an open
channel is given by the parameter m, the corresponding probability for the inactiva-
tion particle is given by the parameter h. There is a separate pair of rate equations
for each variable. It follows that the probability that any given channel is in the
open state is given by m3h. Using the equations they empirically determined for the
rate constants, Hodgkin and Huxley calculated the sodium conductance for the data
shown in Figure 1-7; their results are given by the lines in that figure. The sodium
current can be calculated from the probabilities, the maximum sodium conductance

ONa, and the difference between V,, and the sodium Nernst potential Vy,:

Ing = mmah(V,,, - VNa) (1.1)
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The potassium conductance is controlled by four indistinguishable particles. The
probability that any given particleis in the "open” condition is given by the parameter
n. The model conductances as calculated by Hodgkin and Huxley are again shown
by the lines in the right-hand panels of Figure 1-7. Thus, the potassium current can

be calculated in a manner analogous to the sodium current:

Ig = jEn‘(Vm - VK) (1.2)

The HH model also includes a non-specific leak current, whose conductance is

fixed:

I[, = gL(Vm - VL) (13)

where V, is an empiricaliy-determined quantity.
Taking into account all the ionic currents, the capacitive current, the non-specific
leakage current, and the external (stimulus) current, one obtains a differential equa-

tion for the transmembrane potential V,,:

dv;,
Liim = C—= + G&n* (Vi — Vi) + 8am®(Vin — Viva) + 90(Vem — V) (1.4)

Starting from initial values for V,,, m, h, and n, V,, can be calculated as a func-
tion of time for arbitrary stimuli. Hodgkin and Huxley demonstrated that their model
recreates the main features of neural spikes: a spike that exhibits a sharp threshold as
a function of stimulus level, a spike waveform that has the same temporal character-
istics as that recorded experimentally, and a refractory period, where the threshold
for subsequent spikes following an initial spike is elevated for a period of time. An
example of a neural spike calculated using their model is shown in Figure 1-8. Note
that the transmembrane potential and the state variables m, h, and n do not return
to their resting vaiues until many msec following the end of the stimulus pulse. These

changes in the state variables can result in temporal interactions, where a stimulus
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State Variables in the
Hodgkin-Huxley Model During a Spike

40
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20t
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Figure 1-8: A neural spike calculated using the Hodgkin-Huxley model ([30]). The top
panel plots the stimulus and the resulting model spike as a function of time. The stimulus
(dashed line) is a current pulse of barely suprathreshold strength; the amplitude is not
indicated. The solid line represents the change in the inembrane potential from its resting
value; positive numbers reflect a depolarization of the neuron. The bottom panel plots as
a function of time the values of the m, h, and n state variables used in the HH model
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affects the neural response to subsequent pulses. In this particular case, since the
initial pulse results in a spike, the nerve is in the well-known refractory state, where
the threshold for subsequent pulses will be elevated for a period of time.

From these results it :s apparent that during a spike the channels at the spike
initiation site open in a manner to depolarize the nerve at that site. This depolar-
ization causes a decrease in the transmembrane potential at neighboring sites; if the
depolarization is large enough, the channels open in the same manner as at the initial
site. The resulting traveling wave of depolarization is the manner by which spikes

propagate along the neuron.

1.5.1 Other models of neural membranes

The methods and model developed by Hodgkin and Huxley were based on experimen-
tal data from the giant squid. Despite the success of their model, the squid neuron,
being unmyelinated, may not be the best model for other types of fibers. Other inves-
tigators have since modeled ionic conductances and used the Hodgkin-Huxley model
framework to arrive at membrane models for other systems. These include: a model
of the myelinated frog sciatic nerve, developed by Frankenhaeuser and Huxley [16]; a
model of the myelinated rabbit sciatic nerve, developed by Chiu et al. [7]; a model of
the myelinated rat sciatic nerve from Schwarz and Eikhof [76]. Additionally, a model
of bushy cells, which are in the cat cochlear nucleus and integrate the responses of the
auditory nerve fiber axons which synapse upon their dendrites, has been developed
by Rothman, Young and Manis [69]. These models differ only in the dynamics of the

ion channels and the membrane parameters; they share a common base model.

1.6 Outline of the Presented Work

With this background, we can now present a detailed outline of the presented study.
This work explores temporal interactions for electrical pulses from a physiological
viewpoint using a stimulus consisting of one or more pulses to condition the nerve,

and then probing the state of the conditioned nerve using a single probe pulse at
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several time intervals following the conditioning pulses. From the neural responses,
the neural threshold and relative spread are calculated for several probe delays.

The conditioning stimuli corsist of cathodic current pulses, of both sub- and
suprathreshold intensity. The pulses are cathodic because of the issues discussed on
page 18: many more sites experience near-maximal depolarization for ancdic stimuli
than for cathodic stimuli. Using cathodic stimuli gives a much greater chance that
all spikes will be initiated at the same site. For this reason, the pulse used to probe
the state of the conditioned neuron is a single cathodic pulse.

For this work, the simplest stimuli consists of a single conditioning pulse; this gives
a fundamental measure of the temporal interactions seen in electrically-stimulated
auditory neurons. The number of conditioning pulses as well as the conditioning
pulse level were varied to determine how changing these parameters affect the observed
temporal interactions and to better approximate the situation encountered in cochlear
implants.

With the experimental results characterizing the temporal interactions, Hodgkin-
Huxley-like models were used to see if the observed temporal interactions could be
simulated using existing models of the neural membrane. The models were stimulated
with the identical stimuli used experimentally to see if the observed behaviors could be
qualitatively explained. A stochastic extension of the Hodgkin-Huxley model of the
giant squid axon was developed to determine if the observed changes in the relative

spread could also be qualitatively explained.
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Chapter 2

Methods

The response of individual auditory nerve fibers to electrical stimuli was recorded us-
ing glass microelectrodes inserted into the auditory nerve of anesthetized cats. Gen-
erally, a threshold response to a single 100-psec cathodic pulse was first determined,

followed by the response to various conditioner-probe stimuli.

2.1 Animal Preparation

Animal preparation and techniques to record from single auditory-nerve fibers are
essentially as described in Kiang et al. [40]. In brief, adult cats were injected peri-
toneally with daillyl barbituric acid in urethane solution (dosage 75 mg per kg weight).
A cannula was inserted into the trachea, the cartilaginous external auditory meatus
was cut near the tympanic membrane, and the bulla opened to expose the round
window.

The posterior fossa of the cranial cavity was opened dorsally and the cerebellum
retracted medially to expose the auditory nerve. The animal was placed in a sound-
proof, vibration-isolated, electrically-shielded chamber. An acoustic cavity containing
a calibrated sound transducer (Radio Shack model 40-1377) was sealed in the meatus.
Neural activity was recorded through micropipettes placed in the nerve under visual
control.

Electrical stimulation was provided through either a single teflon- coated plat-

27



inum wire (.005 in wire diameter) or 2 UCSF cat electrode array consisting of four
longitudinally-spaced electrodes (Snyder et al. [82] [83], Leake et af. '[45]), in which
case the most apical electrode was used. The apical tip of platinum wire electrodes
passed about 4-5 mm through the round window; the apical electrode of tke UCSF cat
array extended further, part way around the basal turn. In all cases, the indifferent
electrode was an 18-gauge needle placed in the ipsilateral forelimb.

The electrical search stimulus was a train of 100-gsec cathodic pulses presented
at a rate of 10/sec. The search stimulus amplitude was varied, but was typically 15
dB below 1 mA. Single units were detected by monitoring the neural potentials on
an oscilloscope.

Efforts were made to eliminate spontaneous activity, since these spikes could
change the neural responsiveness in an uncontrolled fashion. Even though the in-
sertion of the implanted electrodes usually resulted in a cessation of spontaneous
activity, further efforts were taken. These efforts initially consisted of piercing
the basilar membrane with forceps; later, cats were systemically deafened using a
kanamycin/ethacrynic acid protocol [95]. There was occasional spontaneous activity
following mechanical deafening; following systemic deafening it was very rare. No
systematic difference in results between the mechanically- and chemically-deafened

cats were noted.

2.2 Reduction of Stimulus Artifact

Neural activity was recorded through glass micropipettes. Since the stimulus artifact?
is proportional to the difference in potential between the recording and reference
electrodes, minimizing the distance between these electrodes should result in a smaller
stimulus artifact. A two-electrode configuration was used to accomplish this. A pair
of 2M KCl-filled microelectrodes were placed so their tips were as close as practical

([58]). One electrode was advanced so as to record a single unit, while the other

'Stimulus Artifact is that part of the recorded potential that is directly due to currents pro-
duced by the stimulating electrodes.
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remained in the extracellular space. The extracellular electrode measured only the
artifact, while the other electrode measured both the artifact and the propagating
spike. The measured signal was the difference between the two signals; the individual
microelectrode signals were filtered so that the artifact waveforms optimally canceled.
The signal was also gated during and for a short period (0.15 msec) immediately
following a pulse stimulus. This procedure yielded waveforms whose spikes could be

reliably detected.

2.3 Stimuli

Stimuli consisted of pulse waveforms produced by a computer-controlied D-A con-
verter capable of 10usec. resolution. These waveforms were delivered to the implanted
electrodes by a custom constant-current optically-isolated stimulator. The stimulus
amplitude could be changed in 0.1 dB increments.

Stimuli are conceptually divided into two components: the conditioner, consisting
of one or more equal-amplitude pulses used to modify the state of the nerve, and the
probe, consisting of a single pulse following the conditioner at some delay which is
used to probe the response characteristics of the modified nerve (see Figure 2-1). Each
stimulus pulse was rectangular and of 100-usec duration. The repetition rate of the
stimuli was such that there was at least 80 msec between the end of one stimulus and
the start of the next. The conditioner pulses can be of sub-threshold or suprathreshold
amplitude: subthreshold pulses never result in a spike, while suprathreshold pulses
always result in a spike.

The probe is without exception a single 100 psec cathodic pulse. This is done for
a very specific reason: there are theoretical (Reilly, Freeman and Larkin [67], Rat-
tay [63], Rubinstein [70]) and experimental (van den Honert and Stypulkowski [86],
Parkins [59]) reasons to believe that the spike initiation site for cathodic stimulation
remains constant. Having a constant spike initiation site simplifies the interpretation
of the data by eliminating effects due to changes in the initiation site.

Typically, once a unit was obtained, the threshold to a single pulse was measured.
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Conditioner: one or more pulses of
constant amplitude and interpulse interval
\ Probe: a single pulse whose
level and delay may vary
— ¥
Resting __, —  — —
Threshold <
Interpulse Interval Probe Delay

Subthreshold Conditioner Suprathreshold Conditioner

________ vy __ I | 1 . A
Probe Delay \ / Probe Delay

Resting threshoid

Figure 2-1:  Stimuli. The top panel shows schematically the components of a stimulus.
The conditioner, consisting of one or more pulses with a fixed amplitude and interpulse
interval, is used to modify the state of the nerve. The probe, following the conditioner
by some variable delay, is usually varied in amplitude, exploring the response properties of
the modified nerve. The bottom panel explains the icons used in later figures: the dashed
line represents the single-pulse resting threshold; pulses not reaching the line represent
subthreshold conditioners; pulses crossing the line represent suprathreshold conditioners.
The probe is represented by a pulse which is at threshold, with arrows indicating its level
is varied.
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This corresponds to the probe threshold without any conditioning stimuli: this value is
termed the resting threshold. The probe threshold was then measured at various
delays for different conditioners. Whenever possible, the resting threshold was re-

measured to verify stability.

2.4 Neural Response Measures

The neural response was characterized by two different measures: the neural thresh-
old, which is the stimulus level which results in a criterion level of neural response,
and the relative spread (RS), also known as the normalized dynamic range The
relative spread is a measure of the the range of stimulus levels for which the proba-
bility of firing Py (defined as the number of spikes in response to a stimulus divided
by the number of stimuli) increases from 0 and 1.

Two different methods were used to determine the neural response: one for deter-
mining thresholds, the other for determining both threshold and the relative spread.
The first method yields threshold determinations quickly, enabling thresholds to be
determined for several probe delays. The second method provides more accurate de-
terminations of threshold as well as providing the relative spread. Since it requires

much time for each measurement, fewer probe delays can be sampled.

2.4.1 Threshold Determinations Using a Tracking Algo-

rithm

This method determines neural thresholds by adjusting the stimulus level based on
the neural response to individual stimulus presentations. The method, first described
by Kiang and Moxon [42], raises the stimulus level by 0.2 dB if the preceding pulse
did not cause a spike, and decreases the level by 0.1 dB if the preceding stimulus
resulted in a spike. Threshold is defined to be the present level if it is the same as the
level three trials previously, and the last change in level was downward. Thresho.ds

were determined at a sequence of probe delays usually starting with the shortest delay
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(100 psec for subthreshold conditioners, 2 msec for suprathreshold conditioners). The
threshold of the previous delay was used as the starting point of the threshold measure
for the next delay. In this manner the threshold was tracked as a function of probe
delay.

One issue with threshold determination is the stability of the unit threshold over
time. With the tracking method, the stability of the resting (unconditioned) threshold
could be monitored by alternating measures of the probe threshold with a conditioner
with threshold measures in the absence of a conditioner. The unconditiored thresh-
old was subtracted from the conditioned threshold, removing conditioned threshold
variations due to instabilities in the resting threshold.

A set of resting and conditioned thresholds are shown as a funcu.on of delay in
Figure 2-2. The probe delay for the without-conditioner case is illusory and represents
only the temporal sequence of threshold measurements.

To determine the threshold-delay curve, the raw data as shown above are un-
combed, yielding separate curves for the unconditioned and the conditioned threshold-
delay function. To correct the threshold-delay curve for variations in resting thresh-
old, the unconditioned threshold is subtracted from the conditioned threshold-delay
curve, yielding the final threshold-delay curve. This is shown in Figure 2-3

2.4.2 Determination of Threshold and Relative Spread Us-
ing Ps-level Functions

The relative spread is a measure of the range over which the neuron responds in a
stochastic manner. To determine this range, the probability of firing was determined
as a function of stimulus level. This technique involved collecting neural responses for
a number of stimulus presentations (50-100), and dividing the number of responses by
the number of presentations to get an estimate of the probability of firing Ps. Valid
responses to a stimulus pulse were defined as those spikes which occur in a window
of 0.3 — 1.3 msec following the pulse. An example of a Py-level curve is shown in

Figure 2-4. Each data point shows the probability of firing for one stimulus level. An
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Probe Threshold as a Function of Delay:
Raw Data from the Threshold Tracking Method
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Figure 2-2:  Threshold tracking method. The probe threshold is plotted as a function
of probe delay for two cases: without a conditioner (o), showing how the resting threshold
changes with time; and with a conditioner (x), which shows the conditioned threshold-
delay curve. The with- and without-conditioner threshold measures are interleaved. The
probe delay coordinate for the without-conditioner points is illusory as the probe is the only
stimulus. The x-axis i8 in log units to better show the order of measures.
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Determinaticr of Probe Threshold Using Tracking Method

" Probe threshold without conditioning pulse (resting threshold)

=10} < Probe threshold with conditioning pulse 4

T~ Corrected Probe threshold (dB re resting threshold)
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Probe Delay (msec)

Figure 2-3: Calculation of threshold-delay curves from threshold tracking threshold
data. The top panel shows the uncombed curves that were depicted in Figure 2-2: the
conditioned threshold-delay curve is depicted by the sclid line, the unconditioned threshold
by the solid line. The bottom panel shows the difference between these two curves, which
is the threshold-delay curve corrected for variations in the resting threshold.
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Figure 2-4:  Threshold determination via Py - level functions. The probability of firing
(number of responses divided by the number of stimuli) is measured for several different
stimulus Jevels. Using this curve as a description of the neural response, the threshold is
defined as that stimulus level which would produce a Py of the criterion level (usually Py
= 0.5). The stimulus consisted of a train of 100 100 - usec. cathodic pulses presented at a
rate of 10 pulses/sec.

35



error function was fit to these points using a least-squares fitting algorithm ([51]):

(D=~ | exp(~[a - T/20%)de

where I is the stimulus current, T is the threshold current, and ¢ is the stan-
dard deviation of the Gaussian underlying the error function. Using this fit curve
as a description of the neural response as a function of stimulus level, the threshold
corresponds to the stimulus level to which the unit will respond with a Py of 0.5.

The relative spread is defined as the normalized standard deviation of the Ps-level

curve:

RS =

~il Q

The relative spread is useful for two reasons: theoretically, the RS measure has
its physical basis in the number of active channels present at the spike initiation
site (Sigworth [81], Rubinstein [72]). From a practical point of view, the RS is a
normalized measure of the dynamic range of the neuron: the range of stimuli over
which the nerve responds in a probabilistic menner. It is only in this regime that the

neuron can transmit information about changes in the level of the stimulus.

2.4.3 Reliability of Neural Response Measures

Both the threshold and the RS are recovered from the Ps-level curves. To gauge the
reliability of these measures determined from the error-function fits to these curves,
Monte-Carlo simulations were used. Each measure of a Py-level point records the
probability of an all-or-nothing event occurring (a spike in response to a current
palse). Thus, we are justified in using binomial statistics to model the distribution of
Py’s measured for identical stimuli. For each Monte-Carlo trial, each data point (P
at a particular level) was be replaced by a point randomly drawn from a binomial
distribution whose mean and standard deviation were determined by the original Py

data point. An error function was fit to this synthetic distribution in the usual man-
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ner and the threeshold and RS calculated. To determine the statistical reliability of
the originally-calculated threshold and RS, 100 trials were run, and the standard de-
viations of the threshold and RS distributions recorded. 95% confidence intervals for
threshold based on these simulations were less than 0.3 dB wide for over 90examined.
For the relative spread, 95% confidence intervals were less than 50% of the measured
RS value for 90% of the data sets examined.

For thresholds determined using the tracking method, the reliability of each
threshold measure can be determined by looking at the standard deviation of the
unconditioned threshold measures. While this varies from measure to measure, an

average value for the standard deviation of individual threshold points is 0.3 dB.

2.5 Summary Measures for Subthreshold Data

As will be shown, threshold-delay curves for subthreshold conditioners consist of an
initial sensitization period during which the probe threshold is lowered, followed by
a period of desensitization during which the probe threshold is increased. In order
to summarize these threshold-delay curves for many units, three summary measures
were developed: the minimum probe threshold for short probe delays (between 0.1
and 0.4 msec); the maximum probe threshold during the desensitization period, and
the duration of the desensitization period defined as the full width of this period at
half the maximum threshold (FWHM).

These summary measures are shown in I'igure 2-5. The panel shows the measures
which are collected from individual threshold-delay curves. In the summary figures
to be presented later, one or more of these summary measures will be plotted as a

function of some stimulus variable.
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Summary measures of neural response
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Figure 2-5: Measures and plots summarizing the threshold-delay curves for conditioned
neurons. Top panel: Determination of summary measures for individual threshold-delay
curves. After the curve was smoothed, the following were determined: the minimum probe
relative threshold for a delay of .1 — .4 msec; the maximum relative threshold and delay of
the maximum, and the delays where the relative threshold of the smoothed curve was half
the maximum value.), which indicate the mean of the individual half-max measures.

38

b pp o g



Chapter 3

Effects of Single-pulse

Conditioners

This ckapter will present data of temporal interactions following conditioners consist-
ing of a single pulse. These data detail the basic interaction characteristics for both

threshold and relative spread measures.

3.1 Subthreshold Single-pulse Conditioners

Figure 3-1 shows probe threshold as a function of probe delay for a conditioner con-
sisting of a single pulse. The thresholds, measured using the tracking algorithm, are
plotted relative to the resting threshold. The conditioner level was 0.4 dB below the
resting threshold. This figure shows the general features seen for all similar data: for
short probe delays (< 1 msec), the conditioner reduces the probe threshold; here the
magnitude of the sensitization exceeds 10 dB. For delays between 1 and 3 msec, the
probe threshold increases above the resting threshold; the magnitude of the desensi-
tization is much smaller than the magnitude of the sensitization. For longer delays
the probe threshold approaches the resting value.

Figure 3-2 plots probe threshold following a single subthreshold cathodic con-
ditioning pulse as a function of probe delay for 10 randomly-selected fibers from 4
cats. The conditioner level ranges from 2 to .5 dB below the resting threshold. The

39



Effect of a Single Subthreshold Pulse
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Figure 3-1: Probe threshold plotted as a function of probe delay for a single cathodic
conditioner. Conditioner: a single 100-usec pulse 0.4 dB below the threshold of a single 100
usec cathodic pulse. Probe: a single 100-usec cathodic pulse.
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Threshold-Delay Curves Following a
Single Subthreshold Conditioning Pulse
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Figure 3-2: Probe threshold as a function of probe delay following a cathodic single-pulse
conditioner. Data were collected using threshold tracking method. The conditioner is a
single cathodic 100-usec pulse; the probe is the same. Conditioner level: from 2 to .5 dB
below the resting threskold. Data is from 10 units in four cats.
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single-pulse conditioner reduces the probe threshold for short (< 500 usec) delays,
with the minimum probe threshold being 2 to 8 dB below the resting threshold for
the shortest delays. This effect quickly decreases for lengthening delays. For delays
between 1 and 5-10 msec, the probe threshold is above the resting threshold, with
an average threshold increase of 1 dB. For delays greater than 5 msec, the probe
threshold declines, with probe thresholds typically returning to the resting threshold
value for delays greater than 10 msec.

One of the notable characteristics of Figure 3-2 is the variation in the magnitude
of departure from the resting threshold: for the ten units shown, with the conditioner
level varying only 1.5 dB, the minimum probe threshold varies from -8 to -2 dB
relative to the resting threshold, and the maximum varies from a fraction of a2 dB to
greater than three AB. Can this variation be explained by the different conditioner
levels?

Figure 3-3 plots probe threshold as a function of prebe delay for a single unit.
Four different conditioner levels were used, ranging from 2 to 0.2 dB below the resting
threshold. As might be expected, neural spikes were occasionally seen following the
higher-level conditioning pulses. To avoid measuring probe thresholds following these
conditioning spikes, the threshold algorithm only made use of those trials in which
there were no spikes in response to the conditioner. The threshold-delay curve for the
-2 dB conditioner shows an initial threshold about 8 dB below the resting threshold,
and a maximum threshold during the suprathreshold periad of about 0.5 dB above
the resting threshold. The threshold-delay curve following the highest conditioner
level, just 0.2 dB below the resting threshold, has an initial threshold of almost 12
dB below the resting threshold. The maximum threshold for this curve during the
suprathreshold phase is about 2 dB above the resting threshold. The results for
intermediate values of the conditioner level fall mainly between these extremes.

For this unit, there is a correlation . etween the conditioner level and the minimum
threshold during the initial phase, and the maximum threshold du :ng the desensi-
tizing phase. The amount of variation seen in this unit cannot explain the variation

shown in Figure 3-2, even though the range of conditioner levels is comparable (-2 -
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Effect of subthreshold conditioner
level on probe threshold
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Figure 3-3:  Probe threshold-delay curves for single subthreshold conditioning pulses of
different levels. For a single unit, four threshold-delay curves are shown, with conditioner
levels ranging from 2 to 0.2 dB below the resting threshold. The levels are denoted by the
differing symbols used in the plot; the legend lists the level for each symbol. The conditioner
consisted of a single 100 usec cathodic pulse; the probe pulse was also a single 100 usec
cathodic pulse.
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-0.5 for Figure 3-2, -2 - -0.2 for the present figure, units in dB relative to the resting
threshold). Is there a large range for these effects as a function of conditioner level?

Figure 3-4 plots summary measures of the threshold-delay curves following a single
subthreshold conditioning pulse as a function of the conditioner level. The data shown
are from six units in two cats, and were chosen because they had a large number
of Py-level curves using different conditioner levels. The upper right panel shows
how the minimum threshold during the initial phase depends upon the conditioner
level. All six units show an overall reduction of the minimum probe threshold for the
initial period as the conditioner level approaches the resting threshold. The greatest
decrease in probe threshold is about 6 dB for a 1.5 dB increase in conditioner level;
another unit shows a decrease of less than a dB for the same change in the conditioner
level. The upper left panel shows the maximum probe threshold as a function of
conditioner level during the desensitizing phase. All six units show an increase in the
maximum probe threshold as the conditioner level approaches the resting threshold.
The largest increase is almost 2 dB for a 1.5 dB increase in the conditioner level; two
units show increases in the maximum probe threshold of a fraction of a dB for a 1.5
dB increase in the conditioner level. The bottom left panel shows how the duration of
the desensitizing period (the FHWM summary measure) depends on the conditioner
level; there is no apparent effect of level. From these data, it seems that the variations
seen in the minimum probe threshold seen in Figure 3-2 cannot be explained by the
variation in the conditioner level.

From the data shown in the above figures, the effects a single cathodic subthreshold

pulse has on the neural response to a single cathodic probe pulse are:

e The initial sensitizing period, where there is a decrease in the probe thresh-
old for probe delays of up to a few hundred psec. This decrease can be as
much as 12 dB, and increases as the conditioner level approaches the resting

threshold.

e A desensitizing period, ranging from 1 to 5 msec following the conditioner,

during which the probe threshold is elevated above the resting threshold of the
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Effect of Conditioner Level:
Single-pulse Subthreshold Conditioner
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Figure 3-4: Summary measures for threshold-delay curves following single subthreshold
conditioning pulses of various levels. Plotted in the three panels are different summary
measures of the threshold-delay curve, as discussed in the Methods section. Within each
panel, data from a single unit are connected by lines. Each unit is uniquely identified by a
symbol-linetype combination that is the same for all panels. Shown are data from six units
from two cats. The conditioner consisted of a single 100 usec cathodic pulse; the probe
pulse was also a single 100 usec cathodic pulse.
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neuron by roughly 1 to 2 dB. The maximum desensitization increases as the
conditioner level approaches the resting threshold, but the duration remains

constant.

3.2 Suprathreshold Single Pulse Conditioner

The previous section discussed the details of the neural response to a probe following
a conditioning pulse which did not result in a neural discharge. This section deals
with the neural response following a conditioner that causes a neural spike in response
to the conditioning pulse. Much of the data was collected using conditioner levels
sufficient to guarantee that each conditioner pulse resulted in a spike; that the prob-
ability of firing Py was unity was determined by visual observation of the recorded
waveform. For some of the data to be shown, the conditioner level was near thresh-
old, resulting in a conditioner Py being less than unity. For these measurements the
threshold algorithm only made use of trials in which the conditioner did result in a
neural spike.

Figure 3-5 shows how the probe threshold varies as a function of probe delay
following a single suprathreshold conditioning pulse. While the probe delays for the
subthreshold conditioners started at 100 usec, the probe delays here start at 2 msec,
because thresholds become very high near the absolute refractory period, which for
our data shows a minimum value of about 500 usec while a more typical value would
be between 600 and 700 psec. At a 2 msec delay, the probe threshold is elevated
about 2.7 dB above the resting threshold. This elevated threshold quickly decreases
in a monotonic fashion towards the resting threshold, with the time constant of a
fit exponential curve being about 2 msec. This is an example of the classic relative
refractory characteristics of the recently- stimulated neuron.

Figure 3-6 shows probe threshold as a function of probe delay for 8 units from
3 cats. The conditioner was a 100-usec cathodic pulse at a level high enough to
guarantee a spike for each conditioner presentation. For probe delays shorter than

the absolute refractory period, a second spike could not be elicited for any probe level
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Probe Threshold Following a
Suprathreshold Conditioner
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Figure 3-5: Probe threshold as a function of probe delay for a single suprathreshold
conditioner. The conditioner was a single cathodic 100-usec pulse of sufficient amplitude to
guarantee a Py of 1. The probe was a single 100-usec pulse.
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Probe Threshold Following for Many Units
Following a Suprathreshold Conditioner
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Figure 3-6: Probe threshold following a single suprathreshold conditioning pulse is plotted
against the probe delay. Data from individual threshold-delay measures are individual lines;
probe thresholds were determined using the threshold tracking method. The conditioning
pulse consisted of a single cathodic 100 usec pulse; the probe pulse was also a single cathodic
100 usec pulse. Data is shown for 8 units from 3 cats
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used. For probe delays longer than this, the probe threshold is elevated by a few to
several dB (2-5 dB at a probe delay of 2 msec). This effect decreases quickly, the
probe threshold approaching the resting threshold for delays of 5 msec. For longer
delays, the probe thresholds of many units appear to remain at the resting threshold
level, while a few appear to decrease below the resting threshold by up to a dB.

Again, there is a striking variability in the initial (at 2 msec delay) probe threshold.
Could this variation be due to the level of the conditioner, even though all conditioner
pulses resulted in a neural spike? Figure 3-7 plots for a single unit the probe threshold
following a single suprathreshold conditioner as a function of probe delay for three
different conditioner levels, one of which is about a dB below the resting threshold.
The probability of firing Py for this conditioning pulse is about 0.1; as mentioned
above, the threshold tracking algorithm only uses trials when the conditioning pulse
resulted in a spike.

The curve with the lowest conditioner level resulted in the highest initial probe
threshold of about 3.6 dB above the resting threshold, which is almost a dB above
the initial thresholds for conditioners of 0.1 and 2.8 dB above the resting threshold.
The initial thresholds for these conditioner levels were identical at about 2.7 dB. This
difference in thresholds disappeared quickly, with the thresholds being indistinguish-
able for probe delays greater than 3 msec. The threshold-delay pulses for the two
higher-level conditioners approximated the resting threshold for delays greater than
5 msec; due to the low efficiency of data collection caused by the conditioner Py of
0.1, the remaining curve is cut short. Based on these data, the variation in the initial
thresholds seen in Figure 3-6 cannot be explained by variations in the conditioner

level.
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Figure 3-7: Probe threshold as a function of probe delay for suprathreshold conditioners of
different levels. The three curves, all from the same unit, have conditioners whose levels are
as shown in the legend. Note that the curve represented by the o symbol has a conditioner
level about a dB below the resting threshold; the P¢ of responses to the conditioner pulse
was about 0.1 . As noted in the text, probe threshold measures were conducted for only
those conditioners which resulted in a spike. This curve goes to a delay shorter than the
others due to the time required to determine each threshold point. The conditioning pulse
consisted of a single cathodic 100 usec pulse; the probe pulse was also a single cathodic 100
pusec pulse.
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3.3 Relative Spread Following Single-Pulse Con-
ditioners

Figure 2-4 shows how the threshold and RS are calculated from the Py-level curve
of the response to a single pulse. Figure 3-8 extends this concept, showing how the
RS was calculated for several delays in a given unit in the top panel. These derived
RS measures were then summarized by plotting the RS value as a function of delay
in the bottom panel. The plots that will now be shown are such summary plots for
sub- and suprathresheld zingle-pulse conditioners. The bottom panel shows that the
RS is significantly increased for short probe delays, with the initial value being close
to 0.5, while the value for long probe delays is about 0.08.

Figure 3-9 plots RS as a function of the probe delay for 9 units from 5 cats. The
subthreshold conditioner and probe were both 100 usec cathodic pulses. The trend
is for the RS to be larger for the shortest probe delays, typical values of the RS
being between .1 and .25 for the shortest delay, and between .05 and .1 for delays
exceeding 3 msec, which corresponds to that for single pulses. Comparing Figure 3-2
and Figure 3-9 might lead to the conclusion that the increase in RS, which is the
normalized dynamic range, is due to the decrease in the probe threshold. This is not
the case: plots of the non-normalized dynamic range in mA as a function of probe
delay look much the same as the RS-delay plots. Thus, the dynamic range, as well
as the RS, is increased for short probe delays.

Figure 3-10 plots the relative spread following a single suprathreshold conditioning
pulse as a function of the probe delay for a sample of 7 units. For the initial (1 msec)
probe delays, the measured RS values are between 0 and 0.05. The trend is for the
RS to increase with increasing probe delay, with RS reaching 0.05 to 0.1 for delays
longer than 5 msec.

Summarizing the effects of a single cathodic conditioning pulse on the relative
spread of the following neural responses, subthreshold conditioning pulses tend to
increase the relative spread for probe delays of less than 1 msec. In contrast, for single

cathodic suprathreshold conditioning pulses, the RS value is decreased for delays of
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Relative Spread Following a Single
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Figure 3-8: Basic Measures and Summary Plots. The top panel plots the probability of
firing F; as a function of probe level for several probe delays, the delay (in msec) being
shown close to each Pj-level curve. The bottom panel plots the relative spread as a function
of the probe delay. The conditioner is a single subthreshold 100-usec cathodic pulse, the
probe is also a single 100-usec cathodic pulse.
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Relative Spread Fellowing a
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Figure 3-9: Relative Spread in response to a single subthreshold conditioning pulse plotted

as a function of probe delay. Data is from 9 units in 5 cats. The conditioner and probe are
single cathodic 100-usec pulses.
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Relative Spread Following a
Suprathreshold Conditioning Pulse
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Figure 3-10:  Relative Spread in response to a single suprathreshold conditioning pulse
plotted as a function of probe delay. Data is from 7 units in 4 cats. The conditioner and
probe are single cathodic 100-ysec pulses.
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less than 2 msec.

3.4 Discussion

3.4.1 Relative Spread

The relative spread (RS) was first introduced by Verveen and Derksen [89] in their
study of the fluctuation of neural excitability. From his study of many frog sciatic
nerve fibers Verveen concluded that curves of neural response vs. stimulus level (our
P;-level curves) could be adequately fit with an integrated Gaussian. Verveen further
concluded that while a fiber’s threshold cculd depend upon the stimulus parameters
(such as stimulus duration), the relative spread did not, and seemed to be an inherent
property of the nerve. Verveen found a strong correlation between the RS and the fiber
diameter. Finally, he postulated that the observed fluctuations could be accounted
for by a noise source inherent to the neuron.

Sigworth [81], building on the work of Verveen and others (Hille (23], Lecar and
Nossal [46]), showed that the probabilistic opening and closing of the sodium ion
channels in the neural membrane could be this inherent noise source.

Rubinstein [72] developed a computer model incorporating many independent
sodium channels. The channel dynamics were governed by equations analogous to
the Hodgkin-Huxley equations, and the number of open and closed channels were
calculated as a function of time. Modeling a peripheral node of the frog, he showed
the observed threshold noise characteristics (the RS) could indeed be explained using
the number of sodium channels thought to exist in this particular node. Whether the
noise inherent to the open/closed characteristics of membrane ionic channels can give
rise to the observed changes in RS is further examined in Section 5.2.4.

While RS is a characteristic grounded in the noisiness of the trans-membrane
potential, its practical aspect derives from the relation of the RS measure to the
dynamic range of the neural response, the range of currents which leads to a response

whose Py is between zero and one.
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The RS values that are calculated from our data are larger than those seen by
Verveen and Derksen [89], which show typical values for the frog sciatic nerve of 0.01.
The RS values of 0.05 — 0.10 in cat auditory nerve fibers in response to single pulses
suggests that the number of sodium channels at the site of excitation is lower than
for the frog, as fewer channels results in more channel noise. A quantitative estimate

will be made in Section 5.5.2.

3.4.2 Effects of Subthreshold Conditioners

‘The effects of cubthreshold pulses on the neural response to subsequent pulees have
been studied previously in various preparations (Erlanger and Blair [15], Katz [37]
[38]). These preparations have not recorded single unit potentials as a measure of
the neural response, relying instead on the compound action potential (Erlanger and
Blair) or muscle twitches (Katz) as a measure of the neural response. The threshold
vs. probe delay curves shown by Katz [38] shows a monotonically-decreasing change
in the probe threshold as referred to the resting threshold.

Further describing Katz’s data: for a cathedic conditioner followed by a cathodic
probe, the probe threshold is decreased for sho-ter probe delays. For the case where
the conditioner level is well below the resting threshold, the shape of the curve is
adequately described by a single exponential (Katz [38]). As the conditioner level is
increased towards the resting threshold, there is a pronounced departure from this
exponential shape, with the probe threshold remaining depressed for a period of time,
and then decaying exponentially to the resting threshold.

The data of Katz are in qualitative agreement with those presented in Figure 3-1
in that the gross sense of the changes in the probe threshold with probe delay are the
same. We do not see a flattening of the probe threshold/probe delay curve as indicated
by "latz; looking across the data we have for which the conditioner level differed from
-2 dB re resting threshold, there is no obvious change in the shape or time constant
of the effect for the cathodic-cathodic case. Kaiz’s interpretation of the change in the
shape of the threshold/delay curve was that above a certain level the nerve exhibits

an active ‘local response’ to the depolarization of the neural membrane which causes
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a continued reduction in the probe threshold. For smaller values of the conditioner
level, the change in the probe threshold is due to a ‘local potential’ corresponding to
the charge remaining on the capacitive membrane. The data we show do not exhibit
any pronounced departure from an exponential decay to the resting threshold for the
first 500 — 700 psec of probe delay. While this is consistent with this phase of the
effect being dominated by capacitive effects, we will show that this cannot be the
case. Additionally, Katz does not see a desensitization period following subthreshold
pulses; this may be the result of his studying a population response rather than a
single-unit response as is the case with the present study.

For a cathodic conditioner followed by a cathodic probe, Katz shows that the
magnitude of the probe threshold change depends monotonically on the conditioner
level, with the probe threshold being displaced the most by conditioner levels nearest
to the resting threshold. This is consistent with the data shown in the upper right
panel of Figure 3-4, where for individual units the probe threshold at a delay of 100
usec decreases in a monotonic fashion as the conditioner level increases towards the
resting threshold level. This behavior is also seen in the dependence in the maximum

probe threshold during the suprathreshold phase in the conditioner level.

3.4.3 Effect of Suprathreshold Conditioners

Suprathreshold e®ects on the neural threshold have been studied for many years. The
conventional technique is as used here: a conditioning pulse is used to elicit a spike
from the nefve, and a probe pulse used to determine the threshold characteristics as
a function of probe delay.

Figure 3-11 shows in an abstract form the results from others of the neural thresh-
old as a function of probe delay for a nerve stimulated with a suprathreshold condi-
tioning pulse. The figure is after a similar figure in Raymond [66], and summarizes
neural thresholds following a spike as seen in frog sciatic nerve ([66], [55], [65]), cat
saphenous and phrenic nerves [19], cat cerebellar fibers [18], and rat spinal root axons
[4). Following a single suprathreshold conditioning pulse, the response seen in these

studies consists of an absolute refractory period, where the nerve fiber will not sup-
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Synopsis of Reported Neural Sensitivity Following
a Single Suprathreshold Pulse
(after Raymond 1979)
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Figure 3-11: A summary of threshold variations of the stimulated nerve observed by others.
The threshold of a nerve is plotted as a function of the time following a single suprathreshold
pulse. The relative refractory period lasts from the time a second propagating spike can
be produced for any stimulus level to the time the threshold reaches the initial thi.shold
value. Here, there is a period (the supernormal period) following the relative refractory
period where the threshold is lower than the resting threshold. This is followed by a period
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