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Outwardly rectifying deflections in threshold electrotonus
due to K+ conductances

Louise Trevillion, James Howells and David Burke

Institute of Clinical Neurosciences, University of Sydney and Royal Prince Alfred Hospital, Sydney, NSW 2006, Australia

A transient decrease in excitability occurs regularly during the S1 phase of threshold
electrotonus to depolarizing conditioning stimuli for sensory and, less frequently, motor axons.
This has been attributed to the outwardly rectifying action of fast K+ channels, at least in patients
with demyelinating diseases. This study investigates the genesis of this notch in healthy axons.
Threshold electrotonus was recorded for sensory and motor axons in the median nerve at the
wrist in response to test stimuli of different width. The notch occurred more frequently the briefer
the test stimulus, and more frequently in sensory studies. In studies on motor axons, the notch
decreased in latency and increased in amplitude as the conditioning stimulus increased or the
limb was cooled. Low-threshold axons displayed profound changes in strength–duration time
constant even though the threshold electrotonus curves contained no detectable notch. When
a 1.0 ms current was added to subthreshold conditioning stimuli to trigger EMG, the notch
varied with the timing and intensity of the brief current pulse. This study finds no evidence
for an outwardly rectifying deflection due to K+ channels, other than the slow accommodation
attributable to slow K+ currents. In normal motor axons, a depolarization-induced notch during
the S1 phase of threshold electrotonus is the result of the conditioning stimulus exceeding
threshold for some axons. The notch is more apparent in sensory axons probably because of the
lower slope of the stimulus–response curve and their longer strength–duration time constant
rather than a difference in K+ conductances. This may also explain the notch in demyelinating
diseases.
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The biophysical properties of human axons can be
studied at the site of stimulation using threshold tracking
techniques (Bostock et al. 1998). In one of these
techniques, threshold electrotonus, a long-lasting (100 ms
or more) subthreshold polarizing current, is used as the
conditioning stimulus to change the potential of the
internodal membrane, allowing internodal properties to
be probed. Measurements of the threshold for a target
(test) potential are made before, during and after the
(conditioning) polarizing current. Changes in the stimulus
strength necessary to produce the test potential provide a
measure of axonal excitability (Fig. 1) and, under most
circumstances, these accurately reflect the underlying
electrotonic changes in membrane potential (Bostock et al.
1998).

The S2 phase of threshold electrotonus represents
an outwardly rectifying accommodative response to
depolarization due to the activation of slow K+ channels
(Schwarz et al. 2006), but a distinct early deflection
attributable to the outwardly rectifying action of fast K+

channels is not normally apparent in threshold electro-
tonus from motor axons. However, in the electrotonic
responses of rat myelinated axons, ‘depolarization evoked
a rapid outward rectification (time constant, τ ∼0.5 ms),
selectively blocked by 4-aminopyridine’ (Baker et al. 1987).
A corresponding hyperpolarizing change in threshold has
been reported in recordings from motor axons only in
disease – in chronic inflammatory demyelinating poly-
neuropathy (Cappelen-Smith et al. 2001; Sung et al.
2004), in amyotrophic lateral sclerosis (ALS; Bostock
et al. 1995) and in Charcot–Marie–Tooth disease type 1A
(Nodera et al. 2004). In voltage-clamp studies, outwardly
rectifying K+ currents can be quite large in human
axons with paranodal demyelination (Schwarz et al. 1995)
and the depolarization-induced notch has therefore been
attributed to greater fast K+ channel activity due to the
exposure by the pathology of paranodal K+ conductances
(Nodera & Kaji, 2006). Paradoxically, however, the
superficially similar behaviour in ALS has been attributed
to a loss of K+ channels (Bostock et al. 1995).
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Recordings of threshold electrotonus from sensory
axons regularly display a transient decrease in excitability
during the S1 phase to depolarizing conditioning stimuli
in standard threshold electrotonus protocols. Because
a notch is seen more often with sensory axons than
motor, it could be inferred that the expression of K+

conductances is greater on sensory than motor axons
(though other evidence suggests that this is not so –
see Burke et al. 1997). However, there are a number
of biophysical differences between human sensory and
motor axons, for example sensory axons appear to
have greater activity of the hyperpolarization-activated
conductance, IH (Bostock et al. 1994; Lin et al. 2002),
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Figure 1. Threshold electrotonus in motor axons
A, threshold electrotonus recorded from motor axons using 1.0 ms
test stimuli (mean data for the 7 normal subjects in the present study),
showing fast and slow phases (F, S1, S2). B, the threshold changes
were induced by conditioning polarizing currents of 100 ms duration,
set to +40%, +20%, 0%, −20% and −40% of the threshold current
for the test potential. The changes in excitability and the responsible
conditioning currents are plotted against the conditioning–test
interval, delayed by 10 ms so that the onset of threshold electrotonus
can be clearly seen. At the onset and offset of the polarizing current
there are rapid changes in threshold for the test potential (the ‘F’
phase), reflecting polarization of the node of Ranvier. This phase is
followed by a slower increase in excitability with depolarization or
decrease in excitability with hyperpolarization (‘S1’) as the membrane
potential of the internodal region begins to change due to spread of
current from the node. A second slow phase in the opposite direction
follows as the axon accommodates to the polarization (‘S2’ with
depolarizing currents; ‘S3’ with hyperpolarizing currents, the latter not
apparent in the figure). Accommodation to the depolarizing current in
the S2 phase results from the activation of outwardly rectifying slow
K+ channels to limit the extent of depolarization (Bostock et al. 1998;
Schwarz et al. 2006).

and a greater persistent Na+ current (Bostock & Rothwell,
1997; see also Panizza et al. 1994; Mogyoros et al. 1996).
Given these differences, it would not be unreasonable to
postulate a difference in K+ conductances, particularly
those that require relatively strong depolarization to
produce a significant outward current.

An alternative explanation for the notch has been
advanced: that it results from activation of axons by the
conditioning stimulus, i.e. the polarizing current was not
subthreshold for all axons (Cappelen-Smith et al. 2001;
Sung et al. 2004). This study was undertaken primarily to
determine whether the depolarization-induced notch on
the S1 phase of threshold electrotonus can be attributed to
an outwardly rectifying conductance. The study focused on
motor axons (i) to determine whether a notch could occur
in normal motor axons, and (ii) because EMG recordings
could be used to indicate if the conditioning stimulus was
suprathreshold and, if so, by how much.

Methods

Sixty-six experiments were performed on seven volunteers
(aged 36–62 years; mean 47 years; four males) who
provided informed written consent to the experimental
procedures, which had the approval of our institutional
ethics committee and conformed to the Declaration of
Helsinki. None of the subjects were experiencing or had
a history of any neurological disorder.

Experimental set-up

The subjects were seated with the forearm supported
and the hand relaxed. Compound sensory nerve action
potentials (CSAPs) were recorded using two saline-soaked
ring electrodes smeared with electrode cream and wound
firmly around the distal and proximal interphalangeal
joints of the index finger. Compound motor action
potentials (CMAPs) were recorded from the thenar
muscles using surface electrodes, the active electrode
over abductor pollicis brevis and the reference electrode
on the proximal phalanx. The compound potentials
were amplified and filtered (3 Hz to 3 kHz; ICP511
AC amplifier, Grass Product Group, West Warwick, RI,
USA), with electronic attenuation of any mains frequency
noise (Hum Bug 50/60Hz Noise Eliminator, Quest
Scientific Instruments, North Vancouver, BC, Canada).
The resultant signal was then digitized by a computer with
a 16-bit analog-to-digital board (PCI-6221M, National
Instruments, Austin, TX, USA) using a sampling rate of
10 kHz.

Stimulus delivery was controlled by a computer running
modified versions of the Trond excitability protocol
(written in QTRAC, Professor H. Bostock, Institute of
Neurology, London). Electrical stimuli were delivered
from a computer-controlled current source to the median
nerve at the wrist via surface electrodes with the
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cathode placed at the wrist and the anode over muscle,
approximately midway between the wrist and elbow.
CSAP amplitude was measured peak-to-peak and CMAP
amplitude was measured from baseline to negative peak.
Latencies were measured to the negative peak of the
compound potentials.

Study protocols

Stimulus–response relationships were recorded from
sensory axons using test stimuli of 0.2, 0.5 and 1.0 ms
duration and from motor axons using test stimuli of
0.5 and 1.0 ms duration (Fig. 2). The stimulus–response
curves were used to set the size of the test CSAP or
CMAP and to optimize the tracking of the threshold
current required to produce that test potential (see
Kiernan et al. 2000; 2001b). Threshold electrotonus was
recorded with test stimuli of 0.2, 0.5 and 1.0 ms duration
delivered during and after subthreshold polarizing
currents of 100 ms duration. The computer altered the
stimulus current to keep the test potential at a fixed
fraction of the maximal response. The target size (on
average 40% of maximum for the CSAP and 44%
for the CMAP) was determined for each recording,
based on the steepest point of the stimulus–response
relationship (recorded using the same test stimulus
width). The intensities of the 100 ms long conditioning
polarization were +20% and +40% (depolarizing) and
−20% and −40% (hyperpolarizing) of the current
required to produce the test potential. With the +40%
depolarizing current, the threshold for the test potential
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Figure 2. Stimulus–response curves recorded from sensory and motor axons
A, stimulus–response relationships for sensory (open symbols) and motor axons (filled symbols) recorded using test
stimuli of 1.0 ms (squares) and 0.5 ms (circles). B, stimulus–response relationships from A, with stimulus intensity
normalized to the threshold for target response (∼40% of maximum amplitude for the CSAP, ∼44% for the
CMAP). Data are means ± S.E.M. for 7 subjects.

was measured at the 27 conditioning–test intervals
specified in the Trond protocol (Fig. 1) and at 10 additional
intervals between 11 and 33 ms in order to define any
inflection on S1 more accurately (Fig. 3).

The protocol was then modified to produce
conditioning currents of different strength: +40%,
+45%, +50% and +55% of threshold for the test
potential, recording from motor axons only. The test
stimulus was of 1.0 ms duration. It was not possible
to obtain a complete recording from one of the seven
subjects. This modified protocol was run six times on one
subject to check the reproducibility of the results.

To explore what happens when the conditioning
depolarizing stimulus is known to be suprathreshold for
some axons, the threshold for the test potential was tracked
as previously, during and after a 100 ms long depolarizing
conditioning current, but the strength of the conditioning
stimulus was determined by the threshold for liminal
EMG activity, defined as 5% of the maximal CMAP using
a long (12 ms) test stimulus. The 12 ms duration was
chosen because the transient hyperpolarization occurred
approximately 12 ms after the onset of the conditioning
stimulus. Recordings of threshold electrotonus were then
made in three subjects using 1.0 ms test stimuli and 100 ms
long conditioning currents set to 80%, 100%, 120% and
140% of the threshold for liminal EMG activity. The
response to the conditioning stimulus was subtracted
online from the response to the combination of a
conditioning and a test stimulus so that the test
potential was recorded without the conditioning stimulus
artefact.
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Responses of axons of different threshold

In order to study motor axons of different threshold,
threshold electrotonus was recorded using test potentials
of 5%, 10% or 40% of maximum. In these studies the
changes in strength–duration time constant (τ SD) were
determined using alternating test stimuli of 1.0 ms and
0.2 ms duration, and the τ SD was calculated at each interval
using Weiss’s formula (Mogyoros et al. 1996). The
conditioning stimulus was set to either +30%, +35% or
+40% of the threshold for a potential that was 40% of
maximum (using 1.0 ms stimuli). Data were collected from
all seven subjects.

Effects of cooling

To determine the effect of cooling on threshold electro-
tonus to depolarizing currents, a temperature-controlled,
fluid-filled wrap (ThermoTek Inc., Carrollton, TX, USA)
was used in three subjects to lower the temperature of
the arm. The effects of cooling on threshold electro-
tonus in sensory axons was studied in one subject. The
depolarizing conditioning current was set to 40% of the
threshold and the test stimulus duration was 0.5 ms (as it
is in the standard threshold electrotonus protocol). The
starting temperature was 35.4◦C. With motor axons, the
depolarizing conditioning current was set to 60% of the
threshold for the test potential (using 1.0 ms stimuli) to
ensure that a transient hyperpolarizing change in threshold
occurred during the S1 phase of threshold electrotonus to
depolarizing currents in control recordings. The starting
temperatures were 35.5◦C, 35.5◦C and 36.6◦C. For all four
experiments, the threshold was recorded at 13 intervals
from 0 ms to 40 ms after the onset of the conditioning
stimulus (i.e. throughout the S1 phase of threshold electro-
tonus), as the temperature was decreased. The response to
the conditioning stimulus was subtracted online from the
response to the conditioning–test stimulus combination.
Data were recorded until the skin temperature at the site
of stimulation stabilized.

Temperature control

Throughout the experiments, skin temperature was
measured close to the cathode and continuously logged
using a skin probe (YSI Inc., Yellow Springs, OH,
USA) and digital thermistor (Omega Engineering Inc.,
Stamford, CT, USA). In six of the seven subjects it was
maintained at or above 32◦C (average 33.9◦C; except when
studying cooling), using the temperature-controlled,
fluid-filled wrap as required. In one experiment
the wrap was not used, and this subject’s average
temperature for that experiment was lower, 31.2◦C (range
31.0–31.5◦C).

Results

Standard threshold electrotonus protocols with the
conditioning current set by the test stimulus

When threshold electrotonus was recorded from sensory
axons using the standard Trond protocol (i.e. conditioning
stimulus intensity ±40% and ±20% of the threshold
for the test potential, determined using a test stimulus
0.5 ms wide), there was, with the +40% conditioning
current, a transient hyperpolarizing threshold change
(notch) superimposed on the slow depolarization of the S1
phase in all subjects (Fig. 3A). In no subject was the 20%
conditioning current associated with a notch. The notch
was also recorded in five of the seven subjects when the
measurements were repeated using a conditioning current
of +40% of the threshold to a test stimulus 1.0 ms wide. It
proved difficult to make the measurements using a 0.2 ms
wide test stimulus because the stronger conditioning
current associated with the briefer test stimulus (see
below) produced excessive EMG. However, the notch
was more prominent in all five subjects in whom a
complete recording was obtained (Fig. 3A, lowest panel).
The increase in the fast phase (F) of threshold electrotonus
as the duration of the test stimulus was decreased is also
due to the greater strength of the conditioning stimulus.

The standard Trond protocol for recording threshold
electrotonus from motor axons involves conditioning
currents ±40% and ±20% of the threshold to a test
stimulus 1.0 ms wide. The 10 additional intervals during
the S1 phase allowed a small notch to be defined in the
recordings from two of the seven subjects with this protocol
(Fig. 3B). When test stimulus duration was decreased to
the width used in the sensory studies (0.5 ms), a notch
was seen in five of the seven recordings (Fig. 3B, lowest
panel). It was not possible to record threshold electro-
tonus from motor axons using a 0.2 ms wide test stimulus
because the conditioning current then caused excessive
EMG. The notch appeared ∼5 ms earlier on the S1 phase
with sensory axons than with motor axons, probably due
to the measurement of latencies to the negative peak of
the compound action potential (slower rise time for the
CMAP than the CSAP).

Varying the strength of the conditioning stimulus

The apparently paradoxical finding that the notch
occurred more often and was larger with narrower test
stimuli can be explained by the fact that the strength of
the conditioning current was set by the intensity of the
test stimulus, i.e. as a percentage of the threshold current
required to produce the test potential. In Fig. 4 the strength
of the depolarizing conditioning current was increased
from +40% to +55% in 5% increments while keeping
the test stimulus width constant (1.0 ms). The notch
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Figure 3. Threshold electrotonus in sensory and motor axons using test stimuli of different widths
A, threshold electrotonus to a 100 ms depolarizing conditioning current set to +40% of the threshold current for
the test potential recorded from sensory axons using test stimuli of 1.0 ms (�), 0.5 ms ( ❡) or 0.2 ms (♦) duration.
Data are means ± S.E.M. for 7 subjects, except for 0.2 ms where data for five subjects are shown (stimulus artefact
prevented valid recordings in two subjects with this test width). B, equivalent recordings for motor axons using test
stimuli of 1.0 ms (�) for 0.5 ms ( ❡) duration. Data are means ± S.E.M. for 7 subjects. Recordings could not be made
using test stimuli of 0.2 ms duration because threshold for a 40% CMAP was then so high that the conditioning
current for the threshold electrotonus was not easily tolerated.

-20

0

20

40

60

80

E
xc

ita
bi

lit
y

(t
h

re
sh

o
ld

 r
e

d
u

ct
io

n
, %

)

Conditioning-test interval (ms)

50 100 150 200

30

40

50

60

70

80

5 15 25 35 45 5

E
xc

ita
bi

lit
y

(t
h

re
sh

o
ld

 r
e

d
u

ct
io

n
, %

)

Conditioning-test interval (ms)

B

A

5

Figure 4. Evolution of the ‘notch’ with increasing
depolarizing conditioning currents
A, threshold electrotonus with a 100 ms depolarizing
conditioning current set to +40% (�), + 45% (�),
+50% (•) and +55% ( ❡) of the threshold for the test
potential recorded from motor axons using 1.0 ms
wide test stimuli. B, detail from A of threshold changes
occurring at conditioning–test intervals between 5 ms
and 50 ms. Data are means ± S.E.M. for 6 subjects
(data from the incomplete recording from one subject
are not included).

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



690 L. Trevillion and others J Physiol 580.2

increased in amplitude and decreased in latency as the
conditioning current increased in intensity. The results
were identical for the one subject in whom the experiment
was repeated on six occasions. Figure 5A illustrates the
growth of the notch and the latency shortening for a
single subject. Figure 5B shows that the EMG induced by
the conditioning current underwent a similar shortening
in latency and increase in amplitude as the intensity
of the conditioning stimulus increased, a change that
is appropriate given the strength–duration properties of
axons.

To determine the relationship between the notch and
EMG produced by the conditioning current, the strength
of the conditioning current was set as a percentage of
that necessary to produce liminal EMG, rather than
relative to the threshold for the test potential (Fig. 6).
The notch was not seen when the conditioning current
was 80% and did not activate motor axons. As the
intensity was increased to 100%, 120% and 140%,
the notch appeared and increased in amplitude and
shortened in latency the stronger the conditioning current.
In one of three subjects the notch was detectable at
100%.
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Figure 5. Changes in ‘notch’ latency and
amplitude and the occurrence of EMG with
increasing depolarizing conditioning currents
A, development of the notch with increase in the
conditioning current from +40% to +55% (in 5%
increments) of the threshold for the test potential.
The angled dashed line indicates the shortening of
the latency to the peak of the notch with increasing
conditioning current strength. Data recorded for one
subject, using 1.0 ms test stimuli. The recovery cycle
(�) recorded from the same subject on a separate
occasion is superimposed, offset so that the onset of
the relative refractory period lines up with the peak
amplitude of the ‘notch’. The trough of late
subnormality coincides with the trough in the
accommodative ‘sag’ in the 55% threshold
electrotonus trace (vertical dashed line). B, the EMG
generated by the conditioning current. Note the
increase in amplitude and shortening of latency as the
strength of the conditioning current was increased.
Same time base for A and B. C, the test potential.

Relationship between the notch and the EMG
produced by the conditioning stimulus

Figure 5B shows that, even though the EMG produced by
the long conditioning current was dispersed, it increased
in amplitude and decreased in latency as the intensity
of the conditioning current increased. In this subject the
amplitude of the EMG induced by the +55% conditioning
current was just over one-third of that of the test potential
(compare Fig. 5B and C), i.e. approximately 12% of
the maximal CMAP. There was a statistically significant
association between the latency to the onset of the EMG
and the latency to the onset of the notch in five of the six
subjects (Fig. 7A; P < 0.05; in the sixth subject, P = 0.131;
R2 varied from 0.938 to 0.999 for the six regressions). The
size of the notch varied with the intensity of EMG (Fig. 5B),
but quantitative analysis using amplitude or area of the
evoked EMG is flawed because dispersion of the evoked
activity produces phase cancellation between individual
motor unit potentials.

To produce a more synchronized EMG potential, the
100 ms conditioning current was kept subthreshold (20%
of the threshold for the test potential using a 1.0 ms
stimulus) and a 1.0 ms stimulus, sufficient to trigger EMG,
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was added to the 100 ms rectangular current 8, 10 or
12 ms after its onset. In four experiments in two subjects,
this produced a notch in the threshold electrotonus
indistinguishable from those previously recorded. The
artefact produced by the coincidence of the test stimulus
and the 1 ms addition to the conditioning current was
obviated by not sampling at those intervals (Fig. 7B and
C). The notch was greater the stronger the added 1 ms
current (i.e. the stronger the evoked EMG burst; Fig. 7B).
Its timing varied with the timing of the stimulus and the
EMG it produced (Fig. 7C).

Axons of different threshold and changes in
strength-duration time constant

To study the behaviour of axons of low threshold, threshold
electrotonus plots were recorded for test potentials that
were 5%, 10% and 40% of maximum using conditioning
polarization set to 40% of the threshold for a test potential
that was 40% of the maximal CMAP. Not surprisingly,
the changes in excitability were greater for low-threshold
axons (Fig. 8A). EMG was induced by the depolarizing
current in each of the seven subjects, but there was
no discernible notch in the averaged threshold electro-
tonus traces (Fig. 8A). Despite this, there were extensive
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Figure 6. The relationship between EMG and the
development of the ‘notch’
A, threshold electrotonus to a 100 ms depolarizing
current set to 80% (dashed line), 100% (thin line),
120% (medium line) and 140% (thick line) of the
threshold current for liminal EMG generated by a 12 ms
wide test stimulus. B, detail from A (80% – �; 100% –
�; 120% – •; 140% – ❡) of threshold changes
occurring at conditioning–test intervals between 5 ms
and 50 ms. Data are means ± S.E.M. for three subjects
(error bars shown in one direction only for clarity).

fluctuations in τ SD, particularly for the lowest threshold
axons, tracked using a test potential that was 5% of
maximum (Fig. 8B) during the S1 phase of threshold
electrotonus.

The effect of cooling

The effects of cooling on the notch were explored in
three subjects (for sensory axons in one subject; for
motor axons in all three). Figure 9 shows the recordings
at decreasing temperatures so that the changes in the
notch can be clearly seen. There were similar findings for
sensory and motor axons, apart from the shorter latency
of the notch for sensory axons. Cooling increased both the
depth and duration of the depolarization-induced notch
in each experiment, but reduced the accommodation due
to slow K+ currents (S2 phase). With motor axons, there
were comparable changes in latency and intensity of the
EMG activity produced by the conditioning stimulus (not
illustrated).

Comparison with recovery cycle

In the threshold electrotonus plots of Figs 4–6, the S2 phase
appears distorted, taking on a scalloped appearance, with
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less threshold reduction in the middle of the trace and more
at the end of the 100 ms current the stronger the stimulus.
However, as expected, the hyperpolarizing undershoot
of threshold after the termination of the current was
greater the stronger the conditioning current, and this
suggests that there was actually greater accommodation,
as would be expected with more intense activation of slow
K+ conductances. Included in Fig. 5A is the conventional
recovery cycle (on the same time base, recorded in the
same subject from whom the threshold electrotonus data
were obtained, but on a different occasion), showing the
changes in excitability of motor axons following a 1 ms
supramaximal conditioning stimulus. The recovery cycle
has been inverted to conform with the convention for
threshold electrotonus plots, and the curves are aligned
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Figure 7. Correlation between EMG activity and the
onset of the ‘notch’
A, correlation between the onset of the EMG activity and
the onset of the ‘notch’ in six subjects (data from
experiments presented in Fig. 3). The R2 values for the six
trend lines varied from 0.938 to 0.999. There was a
statistically significant correlation between EMG onset
and notch onset in five of the six subjects (P < 0.05; in
the sixth, P = 0.131). B, threshold electrotonus to a
100 ms, +20% depolarizing conditioning stimulus, on
which a 1.0 ms depolarizing pulse was superimposed
10 ms after onset. The pulse was set to produce a CMAP
that was 10% (•), 20% ( ❡) or 40% (�) of maximum.
C, threshold electrotonus recorded as in B, except the
pulse was constant (40% CMAP) in amplitude but
superimposed at different points during S1–8 ms (�),
10 ms (
) or 12 ms (♦). B and C show mean data for 4
experiments (2 subjects).

so that the notch in the threshold electrotonus plot super-
imposes on the refractoriness of the recovery cycle. The
gradual increase in excitability during S2 corresponds to
the subsidence of late subnormality, best seen with the 55%
conditioning current.

Discussion

The present study has focused on the accommodative
responses of human peripheral nerve axons to depolarizing
currents, and (i) confirms a slow accommodative response
(S2) that behaves as expected for an outwardly rectifying
deflection, (ii) demonstrates that a transient hyper-
polarizing notch can occur on the S1 phase of threshold
electrotonus, and (iii) investigates whether the latter
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deflection represents outward rectification or is due to
activation of axons by the conditioning polarization. The
notch was seen regularly for sensory axons but only under
specific conditions with motor axons. With the latter,
it could be produced or accentuated by a briefer test
stimulus, a stronger conditioning stimulus, and cooling,
but it appeared only when the conditioning stimulus
produced EMG activity, and its size and latency were
related to those of the evoked EMG potential. When the
conditioning stimuli produced EMG but just failed to
produce a discernible notch in threshold electrotonus,
there were profound changes in the strength–duration
time constant for low-threshold axons, at the latency at
which the notch would have been expected.

These findings raise a number of issues. What is the
genesis of the notch? Do the differences in the ease of
its demonstration for sensory and motor axons reflect a
biophysical difference between sensory and motor axons?
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Figure 8. Threshold electrotonus in motor
axons with different thresholds
A, threshold electrotonus with a 100 ms
depolarizing conditioning current set to +40%
of the threshold for a CMAP 40% of
maximum, recorded using 1.0 ms wide test
stimuli. The test potential was either 40%
(thick line), 10% (medium line; no error bars
shown for clarity) or 5% (thin line) of maximal
CMAP (mean ± S.E.M.; n = 7). Inset: a
representative trace of the EMG generated by
the conditioning current for each subject.
B, data were concurrently recorded using a
0.2 ms wide stimulus (identical conditioning
current and test potential amplitudes as in A)
and the change in strength–duration time
constant (SDTC) produced by the conditioning
polarization is shown (mean data for 7
subjects).

Does the activity of fast K+ channels affect threshold
electrotonus?

The genesis of the notch

In motor axons, a notch was always associated with
a conditioning stimulus that produced EMG and, in
different experimental protocols, its latency and amplitude
paralleled those of the evoked EMG. The notch was not
seen with motor axons when the conditioning current was
subthreshold for liminal EMG, i.e. when there was no
detectable axonal activation. Further, triggering a notch
by adding a 1 ms pulse to an otherwise subthreshold
polarizing current demonstrated that the timing and
intensity of the resultant notch varied with the timing
and intensity of the added 1 ms pulse and with the EMG
activity that it produced. On the other hand, some axonal
activation can be tolerated without producing a detectable
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notch, though the strength–duration time constant for
low-threshold axons indicated a profound disturbance to
axonal excitability, even if this was not apparent in the
threshold electrotonus plot.

It can reasonably be expected that cooling would
increase the refractory period (Burke et al. 1999; Kiernan
et al. 2001a) and slow the kinetics of all channels,
including fast K+ channels. It was reasoned that, if
the notch was due to refractoriness of motor axons
activated by the conditioning stimulus, a cooling-induced
increase in refractoriness would increase the notch.
On the other hand, if it was due to the rectifying
properties of fast K+ channels, a cooling-induced slowing
of channel kinetics would, if anything, decrease the
notch (much as it decreased S2, the outwardly rectifying
deflection due to activation of slow K+ channels; Bostock
et al. 1998; Schwarz et al. 2006). Cooling motor axons
increased both the amplitude and the duration of
the depolarization-induced notch, in keeping with the
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Figure 9. Effect of reducing temperature on the
development of the ‘notch’, recorded from
sensory axons (A) and motor axons (B, C and D)
Skin temperatures (◦C) are indicated in the legends for
each subject. The depolarizing conditioning current
was set to +40% of the threshold for the test potential
for the sensory recording and +60% for all three motor
recordings. A (sensory) and B (motor) were recorded
from the same subject on separate occasions. Cooling
the limb increased the latency, amplitude and duration
of the notch, but decreased S2, the accommodative
response attributed to activation of slow K+ channels.

hypothesis that the cause of the notch was that the
conditioning stimulus was not subthreshold.

The present data therefore suggest that the notch is the
direct result of axons being activated by the conditioning
current and then undergoing a recovery cycle. The time
course of the oscillations in S2 in Fig. 5 supports this
view. The alternative hypothesis, that the notch is an
outwardly rectifying deflection due to activation of fast
K+ conductances, as proposed for demyelinating poly-
neuropathy by Nodera & Kaji (2006), seems less tenable, at
least for normal axons. It remains possible that the stronger
conditioning stimuli necessary to produce the notch could
produce EMG activity and activate fast K+ conductances
sufficiently to contribute an obvious outwardly rectifying
deflection to the notch. Nevertheless, other data provide a
coherent though circumstantial argument that activation
of axons by the conditioning stimulus is a necessary
(and, we believe, sufficient) condition for the notch,
whether in motor or sensory axons. One implication
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of the present study is therefore that, with conventional
threshold electrotonus protocols, only K+ channels with
slow kinetics contribute to an identifiable accommodative
deflection.

Differences between sensory and motor axons

It was easier to produce a notch in sensory axons than
motor. In part, this is because, for sensory studies,
threshold tracking techniques routinely use test stimuli
that are half the width of those used in motor studies
(0.5 ms and 1.0 ms, respectively), largely to minimize the
effects of greater phase cancellation due to the temporal
dispersion of compound nerve volleys than compound
muscle action potentials (Kiernan et al. 2001b). However,
notches occurred in sensory recordings more readily even
when the test stimuli were of equal duration. The slope
of stimulus–response curve is lower for sensory axons
(Fig. 2), and this implies that, when the polarizing current
is determined by the threshold for a test potential that is
40% of maximum, low-threshold axons are more likely
to be activated by the conditioning polarization in sensory
studies than in motor. The latency to the onset of the notch
was longer in the recordings from motor axons, but this was
probably due to recording of latencies for the CMAP and
CSAP to the negative peak rather than onset. Accordingly,
the present data do not support an additional biophysical
difference between sensory and motor axons.

Does the activity of fast K+ channels affect threshold
electrotonus?

A conclusion of the present study is that an outwardly
rectifying deflection due to fast K+ conductances is
not present in threshold electrotonus studies on normal
axons. Presumably, this is largely because such channels
are not accessed readily, being sequestered under the
myelin sheath in the paranodal and juxta-paranodal
regions (e.g. Röper & Schwarz, 1989; Waxman & Ritchie,
1993; Schwarz et al. 1995; Vogel & Schwarz, 1995;
Waxman, 1995; Poliak & Peles, 2003). This then raises
the possibility that paranodal demyelination might reveal
such an action, as suggested by Nodera & Kaji (2006).
However, the slope of the stimulus–response curve is
decreased in many demyelinating diseases (Meulstee et al.
1997; Cappelen-Smith et al. 2001; Sung et al. 2004),
and paranodal demyelination increases the membrane
time constant by effectively incorporating paranodal
membrane into the node (Brismar, 1981; Bostock et al.
1983). The former change will increase the likelihood that
conditioning polarization referenced to the threshold for
a submaximal test potential will activate some axons of
low threshold (much as may occur with sensory axons,
see above). While it remains possible that paranodal
demyelination will allow the rectifying properties of fast K+

conductances to become apparent, it cannot be assumed
that this will produce a distinct deflection in threshold
electrotonus.

The failure to demonstrate a rectifying action of fast K+

conductances does not mean that these channels do not
influence the threshold electrotonus waveform. Indeed,
the changes in the S1 phase of threshold electrotonus seen
with changes in membrane potential (Kiernan & Bostock,
2000) are largely due to the changes in the resistance of
the internodal membrane, as internodal K+ channels are
activated with depolarization or deactivated with hyper-
polarization (Bostock et al. 1998). Hyperpolarization
produces ‘fanning out’, with greater threshold changes
associated with the S1 phase in both the depolarizing and
hyperpolarizing directions, while depolarization produces
‘fanning in’ with lesser changes in S1 (Kaji, 1997; Kiernan
& Bostock, 2000; Nodera & Kaji, 2006).

Implications for studies of threshold electrotonus

When a notch is noted in recordings from motor axons,
it would be prudent to rule out axonal activation by
the conditioning stimulus as the cause by examining the
traces for EMG activated by the conditioning stimulus.
No comparable control is available for sensory axons.
There is only one way to avoid a notch due to activation
of low-threshold axons by the conditioning stimulus:
reduce the intensity of the conditioning stimulus until it is
truly subthreshold. For clinical studies this would require
control data using a number of conditioning stimulus
intensities. Accordingly, current versions of QTRAC use
two levels of polarizing current, ±20% and ±40%.
However, as in Fig. 8, some activity in low-threshold axons
can be tolerated without producing a discernible notch
in threshold electrotonus (particularly with conventional
protocols that do not sample threshold as often as in the
present study).
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