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Strength—duration properties of sensory and motor
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Summary

In normal subjects, the strength—duration time constant
is longer for cutaneous afferents than for motor axons,
probably because the former express a greater non-
inactivating (persistent) Na* conductance that is active
at threshold. Using a threshold-tracking system the
strength—duration properties of cutaneous afferents and
motor axons were recorded from 23 patients with
amyotrophic lateral sclerosis, and compared with those
of 32 healthy subjects. In control subjects and patients,
the strength—duration time constant of sensory fibres
declined with age, and there was no difference between
the two groups when age was taken into account. The
motor time constant did not change with age when
expressed as a percentage of the time constant for
sensory fibres in the same nerve, but was significantly
longer for the patients than control subjects. In addition,

Correspondence to: Dr llona Mogyoros, Prince of Wales
Medical Research Institute, High Street, Randwick,
NSW 2031, Australia

*Permanent address: Sobell Department of

Neurophysiology, Institute of Neurology, National Hospital

for Neurology and Neurosurgery, Queen Square, London,

UK

motor rheobase was significantly lower for the patients,
when expressed as a percentage of sensory rheobase.
There was an inverse relationship between the time
constant and rheobase for sensory and motor axons,
and this was the same for the patients and the control
subjects, suggesting that the variations in time constant
within and between the groups were related to the
expression of a common factor. Measurements of
refractoriness and supernormality provided no evidence
for a difference in resting membrane potential between
the patients and control subjects. These findings are
consistent with the interpretation that motor axons of

the patients with amyotrophic lateral sclerosis have a
greater persistent Na~ conductance than normal motor

axons. This could contribute to the ectopic activity

responsible for fasciculation.

Keywords: amyotrophic lateral sclerosis; fasciculation; strength—duration propertiesgbdtaductance; motor axon

Abbreviations: ALS = amyotrophic lateral sclerosis; CMAR compound muscle action potential; CSAP compound

sensory action potential

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive fatalperhaps the most important are voltage-dependent Na
neurodegenerative disorder of unknown pathogenesishannels. The strength—duration time constant of a nerve is
Fasciculation is a prominent feature of ALS and is due toa nodal property that is longer for cutaneous afferents than
ectopic activity of motor axons. The ectopic activity usually for motor axons (Panizzet al., 1992, 1994; Mogyorost al.,
arises from the axon, particularly its terminals (Wettstein,1996). This difference between sensory and motor axons
1979; Conradet al., 1982; Roth, 1982, 1984, Layzer, 1994), appears to be due to a greater voltage-dependert Na
but it is likely that some fasciculation arises more proximally conductance that is active at resting membrane potential in
in the axon (Layzer, 1994) and this would imply a widespreactutaneous afferents (Bostock and Rothwell, 1997), probably
disturbance of axonal excitability. This disturbed axonala non-inactivating Na conductance due to ‘persistent’ Na
function presumably reflects disturbed neuronal function andchannels (see Crill, 1996; Baker and Bostock, 1997). The
accordingly, studies on peripheral nerve axons might revedbnger strength—duration time constant and the greater
abnormalities of pathogenetic importance. tendency of sensory axons to become ectopically active, e.qg.
Nerve excitability is dependent on many factors, butduring ischaemia and hyperventilation, are probably related

© Oxford University Press 1998



852 I. Mogyoroset al.

to the greater representation of this Naonductance on 501 (A) —o- patient JS
cutaneous afferents (Mogyoresal, 1997). While a number —e— patient GH
of factors can affect the time constant, including the —&— patient AM
membrane potential (Bostock, 1983; Bostock and Rothwell, 401 = control mean

1997), its measurement may provide an indirect indication _
of the persistent Naconductance (Mogyorost al., 199D). <

The present study was undertaken to determine thez 301
strength—duration properties of cutaneous afferents and moto€
axons of patients with ALS. The findings raise the possibility E
that motor axons in ALS patients may have a greater persisteng 201
Na" conductance than those in age-matched control subjectsg
and that this difference is not due to a difference in resting ®
membrane potential. 101

Methods 0.0 0.2 0.4 0.6 0.8 1.0
Experiments were performed on 23 patients who conformed Stimulus duration (ms)

to the El Escorial criteria (World Federation of Neurology (B)

Research Group on Neuromuscular Diseases, 1994) for 4] o ;s | =14357+23184x r=0.996

clinically probable or definite ALS (eight female and 15 o GH y=14411+23496x r=0.997

male; aged 40-74 years, mean SD 59.1+ 10.7 years). A AM y=12164+15654x r=0.997

All patients and control subjects gave informed consent to | — control mean (n = 15)

the experimental procedures, which had the approval of the _ 3 7= 0.413 ms; rheobase 3.93 mA

Committee on Experimental Procedures Involving Human %
Subjects of the University of New South Wales. The results &,
obtained from the patients were compared with those for 32 8
healthy control subjects (15 male, 17 female; aged 21-68 o
years, meant SD 40.4+ 14.1 years). The control group
was divided into a young subgroup<40 years, range 21—
39 years, meant SD 29.5* 5.4 years;n = 17) and an 1 0.413ms
older subgroup*40 years, range 40-68 years, mearsD

52.8 = 10.0 yearsn = 15), and data are presented as such

in the figures and text. The younger control subjects were

from a previous study (Mogyoraat al., 1996) and the older 0 -
subjects were mostly the carers for the patients, only one of -10-08 -0.6 0.4 0.2 00 02 04 06 08 1.0
whom was a blood relative of the patient. Recruitment of Stimulus duration (ms)

elderly control subjects was limited by the need to excludeFig. 1 (A) Strength—duration curves of motor axons obtained
subjects who suffered from a disease process likely to affedfom three patients, and the mean curve for control subjects aged

: . T . 40 years; the latter was recalculated from the mean time
peripheral nerve function. There was no significant dn‘ference(?Onstant and mean rheobas@) Gtrength—duration time constant

between the mean ages of the patients and of the Old‘?ff the same three patients and the mean control determined from
control subjectsR = 0.24, one-tailed Studentistest). Weiss’ formula using plots of threshold charge against stimulus
The strength—duration properties of cutaneous afferentduration. The time constant is given by the (negative) intercept of
and motor axons were determined using a computerizeﬂ?e linear regression line on the o_Iurat_ion axis. The rheobase is
threshold tracking procedure as described in full elsewher@Ven by the slope of the regression line.
(Mogyoroset al, 1996). The median nerve was stimulated
at the wrist level using surface electrodes of 1-cm diametersubjects aged>40 years 32.9+ 0.17°C q = 15) and for
taped to the skin 4 cm apart. The stimulus was a squarepatients 32.8+ 0.12°C = 23).
wave pulse with rise and fall times of 1& for a 40-50 mA The threshold currents required to produce a CSAP and a
stimulus. The antidromic compound sensory action potentiaCMAP of 30-40% of maximum were determined by
(CSAP) was recorded from the index finger using ringcomputer, using 5-12 stimulus durations betweemug@nd
electrodes 3 cm apart around the proximal phalanx. Thd ms (Fig. 1A). The resulting strength—duration curve is
orthodromic compound muscle action potential (CMAP) washyperbolic (Weiss, 1901; Bostock, 1983; Mogyoresal.,
recorded using surface electrodes over the abductor pollici$996), and the strength—duration time constants for cutaneous
brevis. Skin temperature for control subjects agetD years afferent and motor axons were calculated using Weiss’
was 33.5+ 0.19°C (mean+ SEM; n = 17), for control  formula (Weiss, 1901), according to which there is a linear

Stimulu
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relationship between stimulus charge and stimulus duration. 800 q (A)
The time constant (or, more correctly, chronaxie) is given by
the negative intercept of the regression line on the duration
axis and the rheobase by the slope of the regression line_ 600
(Fig. 1B). The time constant reflects the rate of decline of &
the current threshold with increasing stimulus duration. €
Rheobase is the threshold current if the stimulus could be% 400
infinitely long. 8

As an assessment of differences in resting membrane®
potential, the threshold decrease during the supernormaf 200
period and threshold increase produced by refractoriness for
patients with ALS were compared with those for age-matched
control subjects. These measures of nerve excitability are 0
sensitive to changes in membrane potential and have been
used as surrogate measures in previous studies (Kiernan *°] (B)
et al, 1997; Mogyoroset al, 199b). The degree of 4.01
supernormality or refractoriness was measured as the change ;5.
in threshold of a test potential when it was conditioned by a &
supramaximal stimulus delivered 7 ms or 2 ms earlier, E
respectively. The stimulus duration was 0.1 ms. The maximal & 2.51
potential produced by the supramaximal conditioning 8 5.
stimulus contaminated the conditioned potential at
conditioning—test intervals 010 ms. The conditioned
potential was therefore measured after subtraction of the 1.0
response to the conditioning stimulus, the subtraction being g5
performed on line by computer (Kierna al., 1996).

[Motor]
[Motor]

3.01

Rheoba

1.54

As detailed in the Results section and figures, not all of 00 Control Control
the above parameters of nerve excitability could be measured <40 >_4(1’5
in each patient. In particular, a maximal CMAP was not n=17 n=

recorded in four patients; in two of these, the thenar mUSCleSig. 2 Age-related changes in strength—duration time cons#ant (

were so wasted that no motor studies could be performedind rheobaseB) for cutaneous afferents and motor axons in the

Data were first shown to conform to a normal distribution control subjects (mear: SEM).

(Kolmogorov—Smirnov Test). Linear regression was used to

look for age-related changes and an ANOVA (analysis ofafferents ( = —0.38;P < 0.01) but not for motor axons. As

variance) was performed to determine whether there werg result the sensory-motor difference in time constant also

significant differences in time constant and rheobase betweefecreased with age & —0.31;P < 0.05).

the patients and control subjects when the effects of age The data for control subjects were therefore divided into

were controlled. Supernormality and refractoriness of sensonivo groups, younger<(40 years;n = 17) and older ¥40

and motor axons in the patients were compared with thosgears:n = 15); this cut-off age was chosen because the

in the older control subjects (see above) using Studet#st.  youngest patient with ALS was aged 40 (Fig. 2). The mean

Unless otherwise specified, data are given as me&8EM.  strength—duration time constant of cutaneous afferents was
longer in the younger control subjects40 years) than in

Results the older control subjects>(40 years) (681.1+ 45..3 us

There was no significant difference in the size of the CSAP/ETSUS 566.1+ 26.3 s, respectivelyP = 0.001; Fig. 2).

recorded in the patients with ALS and that in the control "€ Méan strength—duration time constant for motor axons

subjects aged>40 years (17.3+ 1.6 uV versus 19.6+ was slightly longer in the younger group but not significantly

1.6 1V, P = 0.427). A CMAP could be recorded in 19 of SO (young, 463.2+ 31.1 s; older, 411= 23.9 ps; P =
the 23 patients with ALS, and was significantly smaller thanQ-12). The rheobase for cutaneous afferents and motor axons

for the control group (2.4% 0.28 mV versus 4.5 0.449mv, Was significantly greater in the older control group (Fig. 2):
P = 0.0009). for sensory axons 1.24 0.1 mA for younger control subjects

and 2.22+ 0.226 mA for older control subject® (= 0.0009),
) ) and for motor axons 2.46: 0.155 mA for younger control
Strength—duration time constant and rheobase  subjects and 3.97 0.459 mA for older control subjects
in healthy subjects (P = 0.0067).
There was a significant negative correlation for the entire Together these findings are consistent with an age-related
population between age and the time constant for cutaneowtecrease in a conductance that is normally expressed more
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Fig. 3 The relationships between strength—duration time constant for sensory axons and age for patients
(open symbols) and control subjects (filled symbols). The data form a homogeneous relationship. For
sensory axons the regression lines for the patient data (open symbols) and the control data (filled
symbols) are virtually identical. The right panel presents the strength—duration time constant

(mean+ SEM) for sensory axons for control subjects aged0 years and patients.

on sensory axons, and which both increases the strengtrexcitability in ALS was provided by the measurements of
duration time constant and reduces the rheobase. rheobase. Sensory rheobases were no different in the patients
from those in age-matched control subjed® € 0.729),
whereas motor rheobases were lower, though not significantly
Strength—duration time constant and rheobase so P = 0.21). However, when expressed as percentages of
in patients with ALS the sensory rheobases in the same nerve, the motor rheobases

There was a slight age difference between the patients ariiere significantly lower in the patients (149:111.6%,n =
the older control subjects (59.% 10.7 years, 52.8- 10  21) than in either the younger (207 12%,n = 17, P =
years, respectivelyP = 0.24), a factor that was probably 0.0012) or the older control subjects (183:110%,n = 15,
responsible for the slightly lower sensory time constant inP = 0.00162; Fig. 4B). As with the time constants, expressing
patients than in the older control subjects (538.27.5pus  the motor rheobases as percentages of the sensory values
versus 566.1+ 26.3s; P = 0.489). Indeed, when sensory reduced the variance in the values due to the relationship
time constants were plotted against age, the patient andith age (and possibly to other variables concerned with
control data formed a homogeneous re|ationship and, wheRCCess of the delivered current to the axons) and allowed an
regressed separately, there was no difference in the slopes @ffect of the disease to become evident.
the regression lines of the sensory time constant against ageMotor axons therefore have both a lower rheobase and a
for the patients and the control subjects (Fig. 3). longer strength—duration time constant in ALS than expected
The motor time constants of the patients (47431 ps)  from the properties of the sensory axons in the same nerve,
were greater than those of the older control subjects (411 although both properties of the sensory axons appear
24 ps), but this difference was not significa® & 0.123).  indistinguishable from those in the age-matched control
To test whether a real difference was being masked bypubjects. We conclude, therefore, that motor axons are
differences in age or other factors affecting both motor andPnormally excitable in ALS, with properties more like those
sensory fibres, we also expressed each motor time consta@ft Sensory axons.
as a percentage of the sensory time constant recorded from
the same nerve (Fig. 4A). These motor : sensory ratios were ) . )
not correlated with age in either control or patient populationCorrelation between strength—duration time
(r = 0.086, P = 0.637 andr = —-0.006, P = 0.98, constant and rheobase
respectively). However, the motor : sensory ratios showedonsidering all data (cutaneous afferent and motor) for the
less scatter than the motor time constants themselves, ai3® control subjects, there was a reciprocal relationship
were significantly greater for the patient group (9:.4.9%)  between strength—duration time constant and rheobase, best
than either the younger (716 5.5 %,P = 0.0126) or older demonstrated when the time constant was plotted against the
(73.2 £ 2.6 %, P = 0.003) control groups (histograms in logarithm of rheobase (Fig. 5). A relationship of this kind
Fig. 4A). These results indicate that the normal difference imight be expected if both depend on a common factor, such
strength—duration relationships, between motor and sensogs resting potential or a nodal ion conductance (Mogyoros
axons, is reduced or absent in the patients with ALS. et al, 1996; Bostock and Rothwell, 1997). There was a
Further evidence for an abnormality of motor axonvirtually identical relationship for the patients, with no
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Fig. 4 Motor time constant (expressed as a percentage of sensory time constant) and motor rheobase
(expressed as a percentage of sensory rheobase) are plotted against age in scattefgi@mmBin

Patient data are shown as filled symbols, with the thick regression line; the control data are shown as
open symbols, with the thin regression line. The histogram& andB present the data (mean SEM)

from the scattergrams for control subjects agetD years, control subjects agedlO years and the
patients.

significant difference in the slopes of the relationships forexpress the conductance less (or are more hyperpolarized)
control subjects and patients. The regression equation for thdan control subjects. The third possibility is not supported
control subjects wag = —1.010% + 0.8637, and when the by the data detailed earlier and in Fig. 3. To determine
patients were added, it wgs= —0.964k + 0.8596 (Fig. 5). whether the motor axons were more depolarized in patients
The similarity of the relationships suggests that the differencevith ALS, measurements were made of two parameters of
in time constant data in the patients and the control subjectaxonal excitability that are strongly dependent on membrane
may be explained by that same factor. potential but for different reasons (Kiernat al., 1997;
Mogyoroset al,, 199'h), and these measures were compared
for the patients and the older control group (Fig. 6).
Supernormality and refractoriness as measures  Supernormality of cutaneous afferents and motor axons
of resting membrane potential was measured as the percentage reduction in threshold
If the differences in strength—duration time constant andvhen the test stimulus was preceded by a supramaximal
rheobase between cutaneous afferents and motor axons aenditioning stimulus using a conditioning—test interval of
primarily due to a voltage-dependent non-inactivating"Na 7 ms. The data for patients were compared with those for
conductance (Mogyorost al, 1996; Bostock and Rothwell, the older control subjects, neglecting the slight age difference,
1997; Mogyoro<t al.,, 199D), a decreased difference in the because preliminary data suggest that neither refractoriness
patients would occur if (i) the motor axons of patients with nor supernormality change significantly with age. There was
ALS express more persistent N&hannels than normal, or no significant difference from normal in supernormality of
(i) the motor axons of patients with ALS are more axons in patients with ALS (for cutaneous affererf®s=
depolarized, or (iii) sensory axons of patients with ALS 0.477, and for motor axon®, = 0.383; Fig. 6A). Similarly,
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Fig. 5 The reciprocal relationship between strength—duration time constant and rheobase demonstrated
by plotting time constant against the logarithm of rheobase. Open symbols: data from patieng3(

for sensory datan = 21 for motor data). Filled symbols: data from control subjeats=(32). For each
group, data for sensory and motor axons are plotted. The regression line is for all data points.

refractoriness was measured as an increase in threshold at
the 2-ms conditioning—test interval. Again, the differences

between patients and control subjects were not significant )
(for cutaneous afferent® = 0.174 , and for motor axons,
P = 0.426; Fig. 6B). Indeed, the trend towards greater (Eloznarg' nA=L§1 (,;10:”1'2' nA=L188

supernormality and less prominent refractoriness of motors2 —20
axons in patients with ALS is the opposite of that which z
would be expected if the axons were depolarized. Equallyg

the trends for cutaneous afferents do not favour their being§
hyperpolarized, as would be required to produce a smallers _,,
difference in sensory and motor time constants [as ing
alternative (iii) above]. It is therefore concluded that the
changes in strength—duration time constant are unlikely to

be due to a difference in resting membrane potential. 0

(B)

. . . . . 409 control ALS Control ALS
Correlation with disease severity and duration e 2o n=12  n=13

Because the involvement of different motor neuron pools iSQa

not usually uniform in ALS, the size of the CMAP was used ; 30
as an index of the severity of involvement of the test motor §
neuron pool. There was no significant correlation between%
the strength—duration properties of motor axons or cutaneousg
afferents and the size of the maximal CMAP. Similarly there %
was no correlation with disease duration. T 10

20

Discussion Sensory Motor

In this study it has been demonstrated that axons in patients _ _ )
with ALS have abnormal strength—duration properties.Fi9: 6 Resting supemormalityX) and refractorinesss), as
Additionallv. the influence of age on these properties ha|nd|cators o_f membrane poten_tlal, in the patients and age-matched

Y g - prop . Sontrol subjects. Supernormality and refractoriness are expressed
been analysed and has been found to be an important variablgs percentages of the control threshold. Note that not all

The data suggest that the strength—duration time constant parameters were (or could be) measured in each subject.
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motor axons is longer and rheobase lower in patients witland, secondly, the longer time constant was associated with
ALS, and that this is not due to a change in resting membrana lower, not higher, rheobase.

potential. It will be argued below that motor axons have an A logical conclusion of the present data is that there is a
ion channel defect that could contribute to their greatemgreater persistent Naconductance at rest in motor axons of
tendency to become ectopically active. patients with ALS than normal. When membrane potential
is changed experimentally to produce the differences in time
constants seen in the present study, refractoriness increases
markedly, by 50-100% (our unpublished data; see also
persistent N& conductance Kiernan et al, 1997). Refractoriness (and supernormality)

The diff in st th—duration i tant @re sensitive indicators of membrane potential. The normal
€ dierences in -strengih—duration time constant anG,,es for these parameters suggest that the increased

rheobase Of_ normal sensory and_ motor axons are tTougI(l,'i)nductance is not secondary to membrane depolarization,
to reflect differences in expression of a persistent Na_but due to a greater channel density or availability. Using
conductance (.BOStC.)Ck and Rothwell, 1997). Increases 'the model of Bostock and Rothwell (1997), it can be estimated
strength—durat]on tlme constant are_observed when  thi at a 10-20% increase in the number of persistent Na
conductance is activated by depolarization (Bostock an hannels would be required to produce the observed changes
Rothwgll, 1997, Mogyoroset al, 199D) or by hyper- in the strength—duration properties of motor axons. This
ventilation (Mogyoroset al, 199%). However, demyel- increase is quantitatively small, but the greater channel

ination, whic_h exposes internodal membrane Wi_th a higheHensity would result in a greater tendency of these axons
me.mbrane time  constant t_han that of the 0“9'”‘?" no_de[o discharge ectopically, thereby producing fasciculation.
(Brismar, 1981), can also increase strength—duration t'mﬁowever, an abnormal persistent Ngonductance cannot
constant (Bostoclet al,, 1983). be the sole cause of fasciculation because, on average, the
sensory time constant is still longer than the motor time
constant in ALS. Presumably the genesis of fasciculation in
Change in strength—duration properties in ALS ALS depends on the interaction of a number of biophysical
As mentioned above, the strength—duration time constant cabnormalities (see below).
be increased by demyelination. The characteristic
neuropathological features of ALS are neuronal degeneration
and loss of anterior horn cells in the spinal cord, with . .
subsequent shrinkage and pyknosis of the cellsAge-related changes in strength—duration
neuronophagia and glial replacement (Hughes, 1982). Loggroperties
of cells in the dorsal root ganglia (Kawamura and Dyck, The strength—duration time constant of cutaneous afferents
1981) and loss of cutaneous axons in the peripheral nervetecreases with age, and there was a similar trend for motor
have been found (Dyckt al, 1975; Bradleyet al, 1983; axons. There are at least two possible reasons for an age-
Headset al., 1991), but demyelination has not been describedrelated effect. First, nerve geometry might change with age
Changes in the geometry of the nerve due to loss of axonBecause of axonal loss and neural fibrosis and, secondly, the
and subsequent fibrosis within the peripheral nerve coulghersistent Na conductance might decrease with maturation.
theoretically contribute to changes in strength—durationThere are three arguments against the first possibility. The
properties in patients with ALS, but they are more likely to decrease in time constant was associated with an appropriate
affect rheobase than time constant. In normal subjecticrease in rheobase (Fig. 5). As discussed above, the time
strength—duration time constants are the same at the wrisbnstant does not change significantly with a different nerve
and elbow despite differences in rheobase values (Mogyorogeometry, even though the rheobase may increase (Mogyoros
etal,, 1996) and, in carpal tunnel syndrome, the time constantt al., 1996, 1993). Finally, most age-related neural changes,
is normal but the rheobase high (Mogyoresal, 199%). such as paranodal demyelination, would increase the time
These findings suggest that that the geometric relationshiponstant, not decrease it (Brismar, 1981; Bostock, 1983), and
between nerve and stimulating electrodes may not be would alter other parameters of nerve excitability such as
critical factor for time constant (Mogyorost al., 1994). supernormality and refractoriness.
Importantly, preservation of the normal inverse relationship There have been no studies of the expression of ion
between time constant and rheobase in the patients arguebannels in old age, but changes in some conductances have
against a significant role for altered nerve geometry in thébeen documented between the neonatal and ‘mature’ ages
present findings. It is also unlikely that the abnormal strength{Bowe et al., 1985; Waxmaret al, 1994; Waxman, 1995).
duration properties resulted from loss of low-threshold motorSpecifically, in pyramidal neurons of the rat, the density of
axons such that the axons tested in patients were axons pérsistent Na channels increases about threefold and the
biologically higher threshold than those in the controldensity of transient Na channels increases six- to tenfold
subjects. First, motor axons of different threshold have similabetween birth and maturity (Alzheimet al., 1993). Subjects
strength—duration time constants (Mogyores al., 1996) aged >60 years experience fewer paraesthesiae during

Strength—duration properties as a measure of
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ischaemic compression or after its release than young subjedsiker MD, Bostock H. Low-threshold, persistent sodium current in
(Poole, 1956). If the expression of persistent'Nzhannels rat large dorsal root ganglion neurons in culture. J Neurophysiol
on cutaneous afferents decreases with age, this could explah§97; 77: 1503-13.

why the elderly people experience less, or no, paraesthesiagosiock H. The strength-duration relationship for excitation of
An alternative explanation would be that cutaneous afferentgyelinated nerve: computed dependence on membrane parameters.
develop a more hyperpolarized resting membrane potential Physiol (Lond) 1983; 341: 59-74.

with age. However, the degrees of supernormality and o
ostock H, Rothwell JC. Latent addition in motor and sensory

refractoriness in elderly subjects in the present study ar . . i i
similar to those in other studies from this laboratory (Kiernanzlt;;esgff human peripheral nerve. J Physiol (Lond) 1997; 498:

etal, 1996, 1997), and this suggests that there is no significant
age-related change in the resting membrane potential ddostock H, Sears TA, Sherratt RM. The spatial distribution of
cutaneous afferents. excitability and membrane current in normal and demyelinated

In a preliminary report, we have suggested that themammalian nerve fibres. J Physiol (Lond) 1983; 341: 41-58.

strength—duration time constant of cutaneous afferents Was,siock H. Sharief MK. Reid G Murray NM. Axonal ion channel

shorter in patients with ALS (Burket al, 1997). It is noW  gysfunction in amyotrophic lateral sclerosis. Brain 1995; 118:
clear that this difference was due to the greater age of17-25.
patients, and that there is no such disease-related change. It ) ]
is conceivable that the failure of patients with ALS to BOWe CM, Kocsis JD, Waxman SG. Differences between
. . . mmalian ventral and dorsal spinal roots in response to blockade
experience paraesthesiae during or after the release g potassium channels during maturation. Proc R Soc Lond B Biol
ischaemia (Poole, 1956, 1957; Shahani and Russell, 196%Ci 1985: 224 355-66. '
Shahaniet al., 1971) is also age- rather than disease-related. ’
Bradley WG, Good P, Rasool CG, Adelman LS. Morphometric and
. . . . . biochemical studies of peripheral nerves in amyotrophic lateral
Pathophysiological implications sclerosis. Ann Neurol 1983; 14: 267—77.
Most fasciculations probably arise from the axon, particularly ) . , .
its terminals (Wettstein, 1979; Roth, 1982, 1984; Conradisr'smar T. Electrl_cal properties of isolated demyelinated rat nerve
et al, 1982; Layzer, 1994), and an increased persisterit Na'°'eS- Acta Physiol Scand 1981; 113: 161-6.
conductance in motor axon terminals would increase th@&ulatko AK, Greeff NG. Functional availability of sodium channels
possibility of ectopic activity. This would be more likely if modulated by cytosolic free €4 in cultured mammalian neurons
it was associated with reduced"kconductances, activity of (N1E-115). J Physiol (Lond) 1995; 484: 307-12.

which might oppose the depolarizing effect of the InWardBurke D, Mogyoros |, Kiernan MC, Bostock H. Excitability of

n X -
Na® leak. Indeed, studies usmg.thr'esh+old eIectrotqnus SUgGeEtaneous sensory axons in amyotrophic lateral sclerosis. In: Kimura
that there may be fewer functioning"Kchannels in motor ;" 4ji R, editors. Physiology of ALS and related disorders.

axons of patients with ALS (Bostoost al, 1995; Kodama  amsterdam: Elsevier; 1997. p. 145-54.
et al, 1995; Hornet al., 1996). _

An increase in the persistent Neonductance could result Catterall WA. Cellular and molecular biology of voltage-gated
from an increased number of channels or from modulatiorodium channels. [Review]. Physiol Rev 1992; 72 (4 Suppl):
of channel function (Catterall, 1992; Bulatko and Greeff, S15-S48.

1995; Crill, 1996). For example, changes in intracellula#'Ca Conradi S, Grimby L, Lundemo G. Pathophysiology of fasciculations
concentration result in changes in the functional availability ofin ALS as studied by electromyography of single motor units.
Na* channels in cultured mammalian neurones (Bulatko and/uscle Nerve 1982; 5: 202-8.

_Greeff’ 1995), +ar.1d there is direct e,\/'den,ce for mc_reaseq;rill WE. Persistent sodium current in mammalian central neurons.
intracellular Ca* in mot(_)r nerve termma_lls in ALS (Slk_k) [Review]. Annu Rev Physiol 1996: 58: 349-62.

et al, 1996). Accordingly, a combination of raised

intracellular C&" concentration, enhanced Naonductance Dyck PJ, Stevens JC, Mulder DW, Espinosa RE. Frequency of

and reduced K conductance could provide the appropriately Nerve fiber d.egeneration of peripheral motor and sensory neurons
abnormal biophysical environment in the motor terminals. in amyotrophic lateral sclerosis: morphometry of deep and superficial
peroneal nerves. Neurology 1975; 25: 781-5.

Heads T, Pollock M, Robertson A, Sutherland WH, Allpress S.
ﬁensory nerve pathology in amyotrophic lateral sclerosis. Acta
europathol (Berl) 1991; 82: 316-20.
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