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Fatigue and activity dependent changes in axonal excitability
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Background: While patients with amyotrophic lateral sclerosis (ALS) may complain of fatigue, the underlying
mechanisms appear complex, with dysfunction of central and peripheral nervous systems independently
reported as contributing factors. The aim of the present study was to further delineate the mechanisms
underlying increased fatigability in ALS by measuring activity dependent changes in axonal excitability
following a maximum voluntary contraction (MVC).

Methods: Nerve excitability changes were recorded before and after an MVC of the abductor pollicis brevis
in 16 patients with ALS and 25 controls.

Results: In patients with ALS, there was a greater increase in threshold (36.5 (5.9)%; controls 19.6 (3.5)%;
p<0.05) as a result of MVC, with reduction in the amplitude of the compound muscle action potential
generated by a submaximal stimulus (ALS 49 (7.6)%; controls 41.0 (5.4)%). These changes were associated
with an increase in superexcitability (ALS 65.1 (25.4)%; controls 42.3 (5.7)%) and reduction in strength—
duration time constant (ALS 20 (4.9)%; controls 10 (2.5)%; p<0.01), indicative of axonal hyperpolarisation.
The increase in threshold was more pronounced in patients with ALS with predominantly lower motor
neuronal involvement.

Conclusions: Higher firing rates of surviving motor axons attempting fo compensate for neurogenic weakness
are likely to explain the greater activity dependent changes in ALS. As such, the present study suggests a

myotrophic lateral sclerosis (ALS) is a progressive
Aneurodegenerative disorder that affects motor neurones

in the spinal cord, brainstem and motor cortex.'* The
consequences of this neurodegeneration are motor deficits in
the limbs, bulbar and respiratory muscles.” Although the
mechanisms of neuronal dysfunction, and ultimately the
development of symptoms in ALS, remain unknown, glutamate
excitotoxicity,*® increased levels of inducible nitric oxide
synthase levels* and, in cases of inherited ALS, oxidative stress
secondary to mutations in the superoxide dismutase-1 gene,
have been proposed.” "

Increased fatigability, defined as an inability to sustain a
predictable maximal force during voluntary contraction, is a
common symptom of ALS.'"""” The mechanisms underlying
fatigue in ALS are complex, and contributions from both the
central and peripheral nervous systems have been reported." "
Central fatigue refers to a reduced excitatory drive to motor
neurones, secondary to central nervous system dysfunction,
resulting in incomplete motor unit recruitment and submax-
imal motor unit discharge rates. In contrast, peripheral fatigue
typically refers to impaired muscle activation, caused by
dysfunction at or below the anterior horn cell.” '* Perhaps
somewhat counterintuitively, fatigue in ALS appears to be
independent of muscle strength and disease severity.” '
Regardless of the underlying mechanism, fatigue in ALS
severely impacts on the patient’s quality of life.” '

The ability to sustain a motor output may be assessed by
measuring changes in axonal membrane threshold following a
voluntary contraction. Specifically, in peripheral nerves, volun-
tary contraction activates the axonal membrane Na*/K* pump,"”
which attempts to return the resting membrane potential to
baseline after contraction has ceased,'®*' resulting in activity
dependent hyperpolarisation. The magnitude of activity depen-
dent hyperpolarisation is determined by the impulse load** and,
in neurological diseases where the safety margin for impulse
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further peripheral factor underlying the development of fatigue in ALS.

conduction has been reduced as occurs for instance in
demyelinating neuropathy, may be sufficient to induce con-
duction failure.”* In an attempt to further delineate the
mechanisms underlying fatigability and weakness in ALS, the
present study measured activity dependent changes in axonal
excitability induced by voluntary contraction.

MATERIALS AND METHODS

Studies were undertaken in 16 patients with clinically probable
or definite ALS, as defined by the revised El Escorial criteria.*
There was no history of other significant comorbidities, which
may have caused neuropathy in these patients. Specifically,
focal compressive mononeuropathies, such as median nerve
dysfunction at the level of the wrist, were excluded in all
patients. All patients were receiving riluzole at the time of the
study, for which fatigue may be a potential side effect.””*
Patients were referred from the multidisciplinary motor
neurone disease clinic at the Prince of Wales Hospital and gave
informed consent to the procedures, which were approved by
the South East Sydney Area Health Service Human Research
Ethics Committee (Eastern Section) and the Committee on
Experimental Procedures Involving Human Subjects of the
University of New South Wales.

Fatigue was assessed using the multidimensional fatigue
inventory (MFI).”* The MFI is a 20 item self-report instrument
designed to measure five dimensions of fatigue, including
general, physical and mental fatigue, reduced activity and
reduced motivation. There are four items in each dimension,
with the score for each item ranging from 1 (no fatigue) to 5

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R,
amyotrophic lateral sclerosis functional rating scale-revised; APB, abductor
po|ri/cis brevis; CMAP, compound muscle action potential; ECC, excitation
contraction coupling; MFI, multidimensional fatigue inventory; MVC,
maximum vo|unfary contraction; tsp, sfrength duration time constant;
UMN, upper motor neurone
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(severe fatigue), and the score for each dimension ranging from
4 (no fatigue) to 20 (fatigue). The total MFI score may range
from 5 (no fatigue) to 100 (severe fatigue).

All patients with ALS were clinically staged using the ALS
functional rating scale-revised (ALSFRS-R),”® Medical
Research Council® clinical grading of power in conjunction
with Trigg’s hand function score” and forced vital capacity.
Patients with ALS were classified according to site of discase
onset as either limb or bulbar onset, and clinical phenotype as
predominantly lower or upper motor neurone. Amplitude of
the compound muscle action potential (CMAP) was used to
differentiate patients with ALS with more severe disease, as
reflected by mild-moderately reduced CMAP amplitude of
<4 mvV.*?>

In all studies, the median nerve was stimulated at the wrist
and the resultant CMAP was recorded from the abductor
pollicis brevis (APB) using surface electrodes. The active
recording electrode was placed over the motor point of the
APB and the reference was placed 4 cm distally, at the base of
the thumb. The procedure lasted for 14 min, consisting of
3 min of baseline recording, 1 min of maximal voluntary
contraction (MVC) and 10 min of recovery. Skin temperature
was maintained at >32°C during voluntary contraction. Prior to
excitability studies, CMAP amplitude and onset latency, F wave
latency and frequency were measured. The neurophysiological
index (NI) was derived according to a previously reported
formula:

NI=CMAP amplitude (mV)
motor latency (ms)
where F wave frequency was expressed as the number of F
responses recorded with 20 stimulations of the median nerve at
the wrist.** *7

Median nerve excitability was tracked before and after MVC
of the APB for 60 s using a computerised threshold tracking
program (Institute of Neurology, London, UK).”” Recordings
were amplified (gain 1000, bandwidth 3 Hz to 3 kHz) and
digitised using an analogue-to-digital board (DT2812, Data
Translation, Marlboro, Massachusetts, USA), with a sampling
rate of 10 kHz. Stimulus waveforms were converted to current
with a purpose built isolated linear bipolar constant current
stimulator.

Stimuli were delivered at 0.8 s intervals and rotated
sequentially through a series of six different conditioning test
combinations (fig 1). On channel 1, a fixed supramaximal
stimulus of 0.2 ms was delivered to produce a CMAP of

x F wave frequency/distal
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Figure 1 Configuration of the testing
paradigm. Vertical arrows indicate threshold
tracking of test potential (set to 70% of the
maximal potential, as measured on stimulus
channel (Ch) 1). A supramaximal stimulus,
20% greater than stimulus channel 1, was
delivered on stimulus channel 2. Stimulus
channel 3 was of fixed infensity to produce a
potential 70% of maximum. Unconditioned
test stimuli of 0.1 ms and 1 ms duration were
delivered on stimulus channels 4 and 5,
respectively. On stimulus channel 6, an
interstimulus interval of 7 ms was used to
measure superexcitability. Stimuli were
delivered at 1.2 Hz, rotating through the six
stimulus channels sequentiaﬁy. APB,
abductor pollicis brevis.

Ché ._zms

maximal amplitude. A stimulus, 20% greater than channel 1,
was delivered on channel 2 and commenced following the
period of voluntary contraction. This was done in order to
ensure that the post-contraction maximal CMAP on channel 1
had remained truly maximal.”> On channel 3, a stimulus of
0.1 ms duration was delivered and its intensity fixed for the
entire duration of the study to 70% of the precontraction
maximal CMAP, in order to assess the effects of contraction
induced excitability changes on CMAP amplitude.

On channels 4-6, proportional tracking was used to produce
a target CMAP of 70% of maximal.”® On channels 4 and 5,
0.1 ms and 1 ms stimuli were used, respectively, to achieve the
target response and from the data obtained the strength
duration time constant (tsp) was calculated using Weiss’
formula.”” ** Channel 6 tracked the changes in superexcitability,
a period of increased axonal excitability which follows the
relative refractory period and is due to passive discharge of the
myelin sheath." * To assess superexcitability, a conditioning
supramaximal stimulus was delivered 7 ms before the test
stimulus. The test response on this channel was measured after
online subtraction of the conditioning stimulus obtained in
isolation (using the response obtained from channel 1).
Superexcitability was measured as the reduction in stimulating
current required to produce the target CMAP and expressed as a
negative threshold change.

During the period of voluntary contraction, subjects abducted
the thumb against resistance and were encouraged to maintain
maximal effort for the entire duration of the 60 s. Resistance
was provided by the same person in all studies. Stimuli were
not delivered during the period of contraction and the hand and
forearm were stabilised to limit contraction of other muscle
groups and to ensure that there was no displacement of
electrodes.

Values were compared with data obtained from normal
controls (n =25, 14 males, mean age 45 (3.1) years (range
26-73)). Although the controls were younger than patients
with ALS, subgroup analysis in healthy controls suggested
that age did not significantly affect the activity dependent
changes in threshold, as indicated by the fact that the
threshold increase in younger controls (age <45 years, mean
age 33.0 years, n = 14) of 1.20 (0.02)% was similar to that for
the older group (age >45 years, mean age 60.3 years, n = 11)
of 1.22 (0.07)% (p = 0.3). For comparison of the magnitude of
activity dependent changes in excitability, patients with ALS
were assigned by two blinded neurologists as having either
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Table 1 Summary of clinical features in the 16 patients with amyotrophic lateral sclerosis
from the present study
Disease Trigg's
Patient Age [y)/ ALS duration hand FVC
No sex onset (months) ALSFRS-R score MFI MRC (%)
1 50, M UL 24 42 0 40 5 100
2 53, F UL 12 39 2 93 4 146
3 55, M UL 41 34 2 58 4 98
4 69, M UL é 45 1 81 4 52
5 60, F UL 8 46 1 NQ 4 100
6 64, M UL 26 36 2 81 4 57
7 69, M UL 17 40 2 44 5 67
8 67, F UL 16 40 2 NQ 4 85
9 44, F UL 13 46 2 50 4 79
10 71, M UL 99 42 1 81 4 90
11 46, M LL 9 42 1 48 5 62
12 69, M LL 29 36 0 NQ 4 89
13 65, M Bulbar 14 42 1 27 4 81
14 53, F Bulbar 50 44 0 29 5 57
15 66, M Bulbar 10 38 2 64 4 79
16 68, F Bulbar 21 36 0 NQ 5 80
Mean 60.6 24.7 40.5 1.2 58 4.3 82.6
SEM 2.3 58 0.9 0.2 6.4 0.1 57

quantitated; UL, upper limb

excitability festing.

ALS, amyotrophic lateral sclerosis; ALSFRS-R, amyotrophic lateral sclerosis functional rating scale-revised; FVC, forced
vital capacity; LL, lower limb; MFI, multidimensional fatigue inventory; MRC, Medical Research Council; NQ, not

The site of disease onset was classified as either UL, LL or bulbar.

Disease duration refers fo the period from symptom onset to date of testing.

The patients were clinically graded using the ALSFRS-R, with a maximum score of 48 when there is no disability. The
ALSFRS-R is comprised of four subscores; bulbar (maximum score 12), fine motor (maximum score 8), gross motor
(maximum score 16) and respiratory (maximum score 12).
Hand function was assessed using the Trigg’s hand function score.

In four patients the MFI was not quantitated at the time of excitability testing.

Muscle strength was clinically assessed using the MRC for abductor pollicis brevis, as this muscle was utilised for

FVC was also assessed in each patient as a marker of disease severity.

predominantly lower motor neurone or upper motor neurone
involvement, as measured by the upper motor neurone
(UMN) score.” Specifically, in patients with ALS with
predominantly lower motor neurone involvement, the UMN
score was <7, while an UMN score of 8-16 indicated
predominantly UMN involvement. Single comparisons in
excitability parameters were analysed using the Student’s t
test. Repeated measures analysis of variance (ANOVA) was
used for multiple comparisons, and correlations were ana-
lysed using Pearson’s correlation coefficient. A p value of
<0.05 was considered statistically significant. Results are
expressed as mean (SEM).

RESULTS

The clinical features of 16 patients with ALS are summarised in
table 1. All patients reported fatigue, with the total MFI score
ranging from 27 to 93. CMAP amplitude (ALS 6.5 (1.9) mV;
controls 9.5 (0.5) mV, 95% CI controls 4.6 to 14.4 mV; p<0.05)
and neurophysiological index (ALS 0.6 (0.1); controls 2.6
(0.2) mV, 95% CI controls 0.6 to 4.6; p<<0.00001) were
significantly reduced in patients with ALS. As previously
reported,* baseline tgp, which reflects activity of persistent
Na* conductance,®” was significantly longer in patients with
ALS (ALS 0.45 ms (0.04); controls 0.36 (0.02), 95% CI controls
0.16 to 0.57; p<0.05). Baseline superexcitability was not

Figure 2 Traces demonstrating the increase
in normalised threshold (NT) induced by a
maximal voluntary contraction (MVC) for
60 s in a representative patient with
amyotrophic lateral sclerosis for stimuli of (A)
0.1 ms and (B) 1 ms duration. The increase
in threshold was accompanied by (C) an
increase in superexcifqbi“c? and (D) a
reduction in the strength-duration time

constant. These changes were consistent with
the development of membrane
hyperpolarisation. The filled bar represents
the period of MVC.
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Figure 3 Group data for 16 patients with amyotrophic lateral sclerosis
(ALS) and 25 normal controls revealed a significantly greater increase in
normalised threshold (NT) in patients with ALS for stimuli of (A) 0.1 ms and
(B) 1 ms duration, following a maximum voluntary contraction (MVC) of
60 s duration. Threshold changes are expressed as mean (SEM). The filled
bar represents the period of MVC.

significantly different between the two groups (ALS —18.3
(2.0)%; controls —17.3 (1.4)%; p =0.3).

Activity dependent changes in axonal excitability
Following MVC, there was an increase in peak threshold in
patients with ALS for stimuli of 0.1 and 1 ms duration, as
illustrated in a representative ALS patient (fig 2A, B). Mean
data revealed a significantly greater increase in threshold for
0.1 ms (peak threshold increase ALS 1.26 (0.04); controls 1.13
(0.01), 95% CI controls 1.03 to 1.23; p<<0.05) and 1 ms (peak
threshold increase ALS 1.38 (0.05); controls 1.19 (0.03), 95% CI
controls 0.90 to 1.4; p<0.05) stimuli durations in patients with
ALS compared with controls (fig 2A, B). Repeated measures
ANOVA confirmed that the threshold remained significantly
higher (p<<0.05) in patients with ALS for the first 8 min with
stimuli of 0.1 ms, and for the first 3 min for stimuli of 1 ms
duration in the immediate post-contraction period (fig 3A, B).

This increase in threshold was accompanied by a reduction in
Tsp (fig 2D) and an increase in superexcitability (fig 2C), as
illustrated for a representative ALS patient. Group data
confirmed a significant reduction in tsp in patients with ALS
post-MVC compared with controls (peak reduction in ALS 0.79
(0.04); controls 0.90 (0.02), 95% CI controls 0.70 to 1.10;
p<<0.01) (fig 4A). The reduction in tsp was accompanied by an
increase in superexcitability in both ALS and normal controls
following MVC (fig 4B). These changes in tsp and super-
excitability were consistent with hyperpolarisation of the
axonal membrane” " and correlated with an increase in
threshold for both patients with ALS and controls (fig 5A, B).

These changes in axonal excitability were accompanied by a
reduction in the CMAP amplitude produced by a submaximal
stimulus of fixed intensity (fig 6A). The reduction in
submaximal CMAP amplitude correlated with the increase in
threshold in patients with ALS and controls (fig 5C). However,
there was no reduction in CMAP amplitude to a maximal
stimulus in patients with ALS post MVC (fig 6B).
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Figure 4 Group data in 16 patients with amyotrophic lateral sclerosis
(ALS) and 25 normal controls (A) revealed a significant reduction in the
strength—duration fime constant in patients with ALS compared with
controls after a maximum voluntary contraction (MVC) of 60 s duration. (B)
Superexcitability, a sensitive parameter of membrane potential, was
increased in patients with ALS and controls after MVC. The filled bar
represents the period of MVC.

Correlations between membrane excitability and
clinical parameters

To explore the clinical significance of these activity dependent
excitability changes in patients with ALS, correlations were
undertaken with clinical and neurophysiological findings. In
patients with ALS with limb onset disease, the activity
dependent changes in threshold correlated with the ALSFRS-R
gross motor score (fig 7A) and with the neurophysiological
index (fig 7B). This suggested that greater activity dependent
changes in threshold resulted from an increase in firing rates of
the surviving motor axons, possibly in an attempt to
compensate for the development of neurogenic weakness.

The possibility that greater activity dependent changes
resulted from higher firing rates of motor axons was supported
by a greater increase in threshold in patients with ALS with
predominantly lower motor neurone signs, as indicated by a
UMN score of <7 (lower motor neurone normalised threshold
1 ms pulse, 1.44 (0.16); upper motor neurone 1.19 (0.05);
controls 1.19 (0.04), 95% CI controls 0.80 to 1.58; p<<0.05)
(fig 7C). Furthermore, the changes in threshold were greater in
patients with ALS with more severe disease, as reflected by
CMAP amplitude (threshold in patients with ALS with CMAP
<4 mV 44.4 (8.1)%; ALS CMAP >4 mV 30.2 (5.9)%; p = 0.09).

To explore whether greater changes in threshold following
activity in patients with ALS reflected alteration in axonal Na*/
K" pump function, recovery of threshold in the early post-
contraction period was compared between patients with ALS
and controls. When expressed as a percentage of the maximal
change in threshold and then normalised, the slopes of the
recovery in threshold were almost identical in the early post-
contraction period for patients with ALS and controls, arguing
against any significant difference in Na*/K* pump function in
the ALS patient group (fig 8A, B). Furthermore, the fact that
the slope was similar would explain the longer time required for
recovery in patients with ALS, given their greater initial
threshold increase.
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Figure 5 The increase in threshold for stimuli of 1 ms duration correlated
with (A) reduction in the strength—duration time constant, (B) an increase in
superexcitability and (C) a reguction in the submaximal compound muscle
action potential (CMAP) amplitude post maximum voluntary contraction, in
patients with amyotrophic lateral sclerosis (ALS) and controls. The changes
in these excitability parameters are consistent with membrane hyperpo?—
arisation in patients with ALS and controls.

DISCUSSION

The present study investigated changes in axonal excitability
after voluntary contraction in patients with ALS, to further
understand the peripheral factors that may contribute to
muscle fatigue and weakness in ALS. As a group, the mean
total MFI score was 58 (6.4), confirming that fatigue was a
common symptom in the present series of patients with ALS.
Maximum voluntary contraction induced greater activity
dependent changes in threshold in patients with ALS compared
with controls. Changes in threshold were associated with an
increase in superexcitability, reduction in tsp and submaximal
CMAP amplitude, all features consistent with membrane
hyperpolarisation.'”” While these activity dependent changes
were more pronounced in patients with ALS with predomi-
nantly lower motor neurone involvement, they were insuffi-
cient to induce conduction failure. In total, these findings
demonstrate that there is a major contribution of peripheral
factors to muscle fatigue, particularly in patients with ALS with
predominantly lower motor neurone dysfunction.

Mechanism of activity dependent hyperpolarisation
The electrogenic Na*/K* pump is integral to the maintenance of
normal resting membrane potential and extrudes three Na*
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Figure 6 (A) Group data for 16 patients with amyotrophic lateral sclerosis
(ALS) and 25 controls showing a reduction in the compound muscle action
potential (CMAP) amplitude generated by a submaximal stimulus. (B)
Changes in CMAP amplitude for a fixed supramaximal stimulus revealed a
reduction in CMAP amplitude after maximum voluntary contraction.

ions for every two K' ions into the axon, leading to a net deficit
of positive charge on the inner aspect of the axonal
membrane.* Activity alters resting membrane potential
through effects mediated by the Na*/K* pump, with membrane
depolarisation occurring during MVC resulting from Na™ influx,
followed by an increase in Na*/K* pump activity immediately
following contraction that results in membrane hyperpolarisa-
tion.'”?°*” In vitro studies have demonstrated that the post-
tetanic increase in axonal threshold”* * may be abolished
following application of ouabain,” a potent inhibitor of the Na™/
K pump.m 21

In the present study, there was a greater increase in
threshold following voluntary contraction in patients with
ALS compared with controls. These changes were accompa-
nied by changes in other excitability parameters indicating
membrane hyperpolarisation. Given that threshold changes
in patients with ALS as a group were significantly greater
compared with controls, a simple explanation for this finding
may be that the Na*/K* pump is overactive. However, as the
slopes of threshold recovery were almost identical in patients
with ALS and controls (fig 7A, B), Na™/K* pump overactivity
is clearly not the cause. Alternatively, given that the
magnitude of the activity dependent hyperpolarisation
depends on the impulse load delivered to the axon,'” greater
activity dependent changes in threshold may result from
higher firing rates of surviving motor units in the setting of
neurogenic weakness. Supporting this hypothesis are findings
that the increase in threshold correlated with measures of
peripheral disease burden and was most evident in patients
with ALS with predominantly lower motor neurone involve-
ment. As such, these findings would suggest a major
contribution of peripheral factors in increased fatigability in
a subgroup of patients with ALS with predominantly lower
motor neurone involvement.
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Figure 7 The increase in normalised threshold correlated with (A) the
amyotrophic lateral sclerosis functional rating scale-revised (ALSFRS-R)
gross motor subscore and (B) the neurophysiological index (NI), a marker
of peripheral nerve disease burden. (C) The activity dependent changes in
normuri)sed threshold in patients with amyotrophic lateral sclerosis (ALS)
with predominantly lower motor neurone (LMN) signs were significantly
greater compared with ALS patients with predominantly upper motor

neurone (UMN) signs. *p<0.05.

These findings are in keeping with a previous study reporting
impairment in muscle activation as a mechanism of fatigue in
ALS."” Dysfunction of excitation contraction coupling (ECC)
was demonstrated to be the mechanism underlying the failure
of muscle activation. Given that impaired ECC in the surviving
motor units results in faster firing frequencies,” and therefore
potentially greater activity dependent hyperpolarisation, the
findings in the present study would be in keeping with
dysfunction of ECC as a mechanism of fatigue in ALS.

Exercise, fatigue and neurodegeneration in ALS

Given that patients with ALS suffer from higher fatigability
during physical exertion, the role of exercise in ALS remains an
open discussion. Specifically, while some have reported an
adverse effect of exercise in terms of precipitating the onset of
ALS, others have suggested a beneficial role of physical activity
in maintaining muscular conditioning and diminishing symp-
toms of fatigue.

It has also been suggested that Na*/K* ATPase dysfunction
may be responsible for motor neurone loss in ALS.”" Disruption
of resting membrane potential may lead to secondary effects
mediated by changes in intracellular Na*, with resultant
reverse activation of the Na'-Ca?* exchanger, leading to
intracellular increases in Ca?* concentration, activation of
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Figure 8 Recovery of threshold for stimuli of (A) 0.1 ms and (B) 1 ms
duration for axons from patients with amyotrophic lateral sclerosis (ALS)
and controls in the early post-contraction period. The ratio of normalised
threshold recorded during the post-contraction period compared with the
maximal change in thresEo|o| immediately following the period of
contraction was used as an index of threshold recovery (NT/max). The
ratio shows a similar relationship between recovery of threshold for axons
from patients with ALS and controls, suggesting that Na*/K* pump function
remains unaffected in patients with ALS.

calcium dependent enzyme systems and neuronal death.* Of
relevance, widespread loss and dysfunction of Na*/K* pump
function has been demonstrated in the superoxide dismutase-1
ALS mouse model.”" In the present study, the development of
activity dependent hyperpolarisation would argue against Na*/
K" pump dysfunction at the axonal level, consistent with
previous findings.”” However, the present study does not
absolutely dismiss the possibility of Na*/K* pump dysfunction
as a mechanism of neurodegeneration in ALS. Specifically, it
could be argued that Na*/K* pump dysfunction occurred in the
axons that had prematurely died, with resultant reduction in
CMAP amplitude, and that the surviving axons, which could be
assessed in the present study, had either normal pump
function or had a stronger reserve capacity of the Na*/K*
pump. As such, in vitro studies assessing axonal pump function
would be required to further address this critical issue.
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