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Sensory and motor axons are different:
implications for neurological disease
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Using threshold tracking, differences have been established between large myelinated sen-
sory and a motor axons in humans. Major differences are that sensory axons are relatively de-
polarised at rest such that they have a greater persistent Na* current, and have greater activity
of hyperpolarisation-activated cyclic nucleotide-gated (HCN) channels. Sensory axons may
thereby be protected from hyperpolarising stresses, and are less likely to develop conduction
block. However, the corollary is that sensory axons are more excitable and more likely to be-
come ectopically active.
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INTRODUCTION

Axons are required to maintain specific discharge rates and patterns, and as a conse-
quence, the ability to conduct an impulse with minimal expenditure of energy will create
different needs for different axonal populations. There may be only one role for an axon,
and that is to conduct an impulse securely from one end to the other, but it is to be ex-
pected that the biophysical properties of sensory and motor axons may differ in order for
them to fulfil this role. Specifically, motor axons that innervate muscle and cause it to con-
tract will behave differently to sensory axons that arise from skin (or muscle) and provide
feedback to the central nervous system.

Axons are more than telecommunication cables. Were it not for the investment of
channels and pumps and the specific organisation of myelin, which in turn determines
the localisation of those channels and pumps, the message would decay with distance in
accordance with the “cable properties” of the axon. The present Review will consider the
basis for the differences in properties of large sensory and motor axons and how these
differences influence their behaviour in neurological disease.
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CONSIDERATIONS WHEN STUDYING
HUMAN SUBJECTS IN VIVO

In human studies threshold-tracking techniques enable
the study of axonal behaviour under sufficiently controlled
conditions to make inferences about some of the underly-
ing biophysical processes. In these studies membrane po-
tential can be altered using depolarising or hyperpolarising
currents, to enable conclusions to be reached about the
mechanisms underlying the resultant changes in excitability,
particularly voltage-dependent processes. It should be kept
in mind that precisely the same mechanisms may not be
responsible for a property when disease alters the structure
and function of an axon. This is in part because the distri-
bution of different ion channels along an axon is largely
determined by the nodal apparatus and the myelin sheath,
is not homogeneous and can change in disease states, and
channel isoforms that are not present in healthy nerve can
then appear.

ION CHANNELS AND RELATED AXONAL
PROCESSES

The Na* channel is the key axonal channel for impulse gen-
eration. These channels have a high density at the node of
Ranvier (Fig. 1), and thereby provide the substrate necessary
for saltatory conduction. They are also present on the inter-
node, though in a density that is about one thirtieth of that
at the node.' As a result, the internodal membrane under-
goes changes in excitability during and after an action po-
tential. These fluctuations in internodal membrane potential
are insufficient to generate an “internodal action potential”
unless there is a redistribution of Na* channels normally
present at the node (Na, 1.6) and isoforms that are not active
in the normal adult axon appear (e.g, Na,1.2), as may occur
with chronically demyelinated lesions in multiple sclerosis
The Na, 1.6 isoform can have two gating modes: approxi-
mately 98-99% of the channels are rapidly inactivated with
maintained depolarisation (thereby passing a “transient” cur-
rent), and this prevents them from passing further current
which would increase the depolarisation and thereby lead to
greater channel opening. However 1-2% of channels do not
inactivate, or do so very slowly (and are thereby responsible
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for a “persistent” current). They are activated at less depola-
rised membrane potentials and some may be open at rest.
They have a destabilising influence on membrane potential,
and this needs to be balanced by measures that extrude
Na* ions and thereby limit the depolarisation. The current
through Na* channels that do not inactivate is referred to as
“persistent” Na* current, fp.

K* channels with fast kinetics (the so-called “delayed rec-
tifier") are largely sequestered in the juxta-paranodal region
under the myelin sheath (Fig. 1), such that access to them
is restricted provided that the paranodal seal is intact.' With
paranodal changes, this restriction may be impaired so that
in some disease states fast K" channels can have actions
that are denied them in healthy axons. However there are K*
channels at the node:'"” those with slow kinetics are present
in a density 30 times greater than that on the internodal
membrane, and approximately 35% are open at resting
membrane potential, at least in the rat. This means that they
can exert a hyperpolarising influence on the fluctuations in
excitability following an action potential. Because a signifi-
cant percentage of nodal slow K™ channels are already open
at rest, they help determine the duration of the relative re-
fractory period in healthy axons, while fast K channels can-
not, unless the paranodal seal is impaired.

Based on pharmacological evidence,
tion-activated cyclic nucleotide gated (HCN)" channels are
located primarily on the internodal membrane. These chan-
nels have very slow kinetics and are activated by hyperpolar-
isation, more so the greater the hyperpolarisation. They pass
an inward current, /,, which depolarises membrane potential
and counteracts the hyperpolarisation, thereby returning

3 "hyperpolarisa-

nodal Na* current
x5 required for AP
[safety margin 5:1]

internode:
Iy, PUMp
low density Na*, K*g

juxta-paranode:
high density K*

node:
high density Na* [/, 98%, Iy,p 2%]
high density K*,, low density K*

“Saltatory conduction has been compared with a Kangaroo travelling at speed. The action
potential advances at near uniform velocity, but it is powered by discrete kicks of inward
current at the node of Ranvier” (Bostock 1993)

Fig. 1. Distribution of voltage-dependent ion channels.
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membrane potential closer to rest. This accommodative
change to the hyperpolarisation is commonly termed in-
ward rectification.

The Na*/K* pump is an energy dependent process that
consumes ATP. It is the prime mechanism for restoring Na*
balance on either side of the axonal membrane and a major
determinant of resting membrane potential. The operation
of the pump is responsible for much, if not most, of a neu-
ron’s energy expenditure. The pump is active at rest and
contributes 10-15 mV to resting membrane potential.* It ex-
trudes three Na™ ions and brings two K™ ions into the axon,
an imbalance that hyperpolarises the membrane. The pump
is therefore termed “electrogenic”. Accordingly paralysis of
the pump by ischaemia (removing its ATP source) results in
axonal depolarisation, and on release of ischaemia axons will
hyperpolarise as the pump resumes activity and attempts to
lower the raised intra-axonal Na™ concentration. Another im-
portant mechanism that can alter intra-axonal Na* concen-
tration is the Na*/Ca’* exchanger, which is co-localised with
Na* channels? and normally functions to minimise intra-ax-
onal Ca?* concentration by exchanging Ca* ions for Na®
(three Na* for one Ca®"). However with depolarisation the
exchanger can operate in reverse mode, and this occurs at
the peak of the action potential, when Na* influx is greatest.”
It also occurs during ischaemia. Reverse operation results in
Ca”* ions being brought into the axon in exchange for Na*.
Theoretically at least the conduction of prolonged impulse
trains by ischaemic axons could result in a potentially dam-
aging increase in intracellular Ca** concentration and trigger
“excitotoxicity”

Although the action potential is generated at the node
of Ranvier, the excitability of the axon is strongly influenced
by the properties of the internode. This is because there
are many more channels on the internode than the node,
which is much smaller. Specifically, the number of Na*
channels is higher on the internodal membrane than on
the nodal membrane, even though channel density is thirty
times greater at the node. Thus the action potential rides on
a background excitability: whether it will occur depends on
whether the driving Na* current can raise membrane poten-
tial to threshold. Theoretically then conduction block can be
produced by decreasing the action current or by hyperpo-
larising the axon, and this will be examined further, below,
for human axons.

https://doi.org/10.14253/acn.2017.19.1.3
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DIFFERENCES BETWEEN SENSORY AND
MOTOR AXONS

The biophysical properties of sensory and motor axons dif-
fer, largely because of adaptations to their rate and pattern
of discharge. It is a common clinical finding that a disease
process seems to target a specific axonal population: for
example, there is greater susceptibility to paraesthesiae
than fasciculation, and weakness is more prominent than
sensory loss in some primarily inflammatory neuropathies.
Differences in axonal antigens (i.e, “structural” differences)
are undoubtedly a major cause of the latter but, leaving
immune specificity aside, differences in their physiological
properties probably contribute: as discussed in the next
section, motor axons are more prone to conduction block
than sensory axons.

The same fundamental processes determine axonal excit-
ability and impulse conduction in large myelinated axons,
whether they be sensory or motor. However there are signif-
icant quantitative differences in the mechanisms that main-
tain axonal excitability, presumably reflecting their different
activity patterns and, as a result, normal axons respond
differently to insults such as ischaemia and its release and
hyperventilation.”® In a review in 1997, it was suggested that
the expression of two depolarising conductances (/y,p and
l,) was greater on sensory axons than motor, and that there
was probably little difference in K™ currents or resting mem-
brane potential.” An unexplained difference was the extent
of superexcitability in the recovery cycle,'® something that
could not be accounted for by the difference in strength-du-
ration properties.

The evidence for greater /y,p in sensory axons rested on
a difference in the strength-duration properties of sensory
and motor axons and on a greater effect of hyperpolarising
conditioning stimuli on sensory axons in studies using “latent
addition”."""? The evidence for greater /, came from the find-
ing that sensory axons accommodate more to prolonged
and strong hyperpolarising currents than motor.”'* '

Recent studies suggest that these conclusions need to
be re-interpreted."'® With an updated model of the motor
axon and a new model of sensory axons, Howells et al.”
examined the responses of subjects using the “Trond” pro-
718 that had been extended to examine the respons-
es to hyperpolarisation in greater detail by using much

toco
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stronger and much longer hyperpolarising currents than
usual.'* As previously demonstrated, there were differences
in strength-duration properties and in accommodation to
hyperpolarising currents in the recordings from sensory and
motor axons in healthy subjects (Fig. 2). However, these
differences were best explained by a number of interact-
ing differences 1) depolarisation of the resting membrane
potential of sensory axons by ~4 mV, 2) a reduced slow K*
conductance on sensory axons, and 3) a shift in the volt-
age for half-activation of HCN channels in the depolarised

Excitability
(% threshold reduction)

i

o
8

Delay (ms)

A EXTENDED THRESHOLD ELECTROTONUS

Kiernanet al.
(2001)

Kiernanet al.
(2000)

0.5 1

Strength-duration time constant (ms)

present study

[V

C STRENGTH-DURATION TIME CONSTANT

b https://doi.org/10.14253/acn.2017.19.1.3

Annals of Clinical Neurophysiology Volume 19, Number 1, January 2017

direction on sensory axons, together with a difference in
their expression, and 4) a greater leak conductance (which
may incorporate the activity of unmodelled slow HCN iso-
forms) on motor axons. There was greater activity of /y,p on
sensory axons, but this could be accounted for by the 4 mV
depolarisation, without need to invoke greater expression
of channels with persistent behaviour.

The model has also provided an explanation for the differ-
ences between subjects in the extent of accommodation to
hyperpolarisation. This measure is perhaps the most variable

S o :
= g )
e o i
> o .
Q= -
35 —
-100 1
-500 0
Excitability
(% threshold reduction)

B CURRENT/THRESHOLD RELATIONSHIP

Fig. 2. Excitability measures for sensory and motor axons. (A) Extended
excitability data for motor (e) and sensory (o) axons (n = 10; mean + SEM
[dashed lines]), both recorded using 1 ms test stimuli. (A) threshold elec-
trotonus for conditioning levels of + 40%, —70% and —100% of control
threshold. (B) current-threshold (/-V) relationship for 100 ms and 200
ms conditioning stimuli. The 100 ms conditioning stimuli resulted in a
larger decrease in excitability at —100% as less accommodation to hy-
perpolarization developed over the shorter time span. Note the greater
accommodation of sensory axons in A and B. (C) Strength—duration time
constant for motor (filled symbols) and sensory (open symbols) studies.
Means (continuous lines) + SEM (dotted lines). Data from published nor-
mal control studies are presented on the left (squares). Data from the 10
subjects in the present study (circles; lines link the same subject). The data
on the right are the strength—duration time constants as estimated by
the mathematical model for sensory and motor axons (triangles). Modi-
fied from reference’® with permission. SEM, standard error of the mean.
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measure in current excitability studies. Rather than a dif-
ference in HCN isoforms or a quantitative difference in the
number of HCN channels, the differences between subjects
were best explained by individual differences in the voltage
for half-activation (Fig. 3)."” Accordingly the variability within
a subject was found to be much less than that between
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subjects. This seems intuitively reasonable: healthy subjects
differ in exercise and lifestyle habits, and these factors can
produce differences in the gating of HCN channels. The
validity of the model on which these conclusions are based
has been verified recently using a totally different approach
to studying axonal excitability.'® The response of human
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-500 0
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Fig. 3. Individual motor nerve recordings and motor model. Individual motor nerve recordings (n = 10) of extended threshold electrotonus (A) (condi-
tioning levels of + 20%, + 40%, —70% and —100% of unconditioned threshold), and /-V (C) (for clarity, only the 200 ms conditioning stimulus data is dis-
played). Threshold electrotonus (B) and I~V (D) as generated by the motor axon model with variation of the voltage for half-activation of /, from —87.3

10 —1273 mVin 5 mV steps. Reused from reference'® with permission.
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sensory and motor axons has been studied in the frequency
domain using a “ZAP”" (impedance [Z] amplitude profile)
protocol to determine the propensity for resonant be-
haviour. Rather than DC conditioning stimuli, the ZAP used
a small-amplitude sine wave current whose instantaneous
frequency was continuously increased from start to end.
Without modification, the models could explain the ZAP
data recorded using a different approach to perturbing ex-
citability. In other studies, the ability of the model to explain
the different changes of sensory and motor axons during
hyperthermia provides further validation of the model."”

An important insight from these studies is that we have
been too hasty in the past to attribute changes in axonal be-
haviour to changes in the expression (i.e, number) of chan-
nels. Changes in the gating of channels occur commonly
during normal life, e.g., through changes in membrane
potential or the effects of many intracellular and extracellu-
lar modulators, and Na™ and HCN channels are particularly
prone to such modulation. There is thus great potential for
metabolic disturbances to affect axonal excitability, over and
above any change in channel expression.

CLINICAL CONSEQUENCES

Differences in the excitability of sensory and motor axons
have clinical consequences. On the one hand a more de-

Table 1. How does activity affect axons?

Impulse conduction
N

+ +
accumulation Na inside, K outside axon

v

+ o+
stimulation of “electrogenic” Na /K pump

v

+ +
x3 Na outforx2K in

Ng
axonal hyperpolarization

(1 threshold by 40%)
/4 N

impaired axons
critically lowered margin

normal axons
safety margin 5:1 [500%]
J

secure conduction conduction block
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polarised resting membrane potential and greater activity
of two depolarising currents, ly,p and /,, will render sensory
axons more prone to ectopic activity than motor. Paraesthe-
siae will develop more readily than fasciculation in response
to many interventions (e.g., ischaemia, hyperventilation) or
disease processes. On the other hand motor axons are less

1-4 .
g 15 8 MVC
= 12 4
g 10 |
08 .
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1-4
30 s MVC
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Normalized threshold Normalized threshold
°
@

124 1-O0ms
1.0 INvgane
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(¢}
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Fig. 4. Activity-dependent hyperpolarisation of motor axons due
to voluntary contraction. The median nerve was stimulated at the
wrist and a 70% CMAP was tracked over the thenar muscles, using
increments and decrements in stimulus intensity of 2%. In each panel,
maximal voluntary contractions were performed 5 min after the onset
of the traces. The increase in the normalised threshold represents the
increase in current required to produce the control CMAP, and this
reflects the axonal hyperpolarisation. The extent of hyperpolarisa-
tion and its duration depend on the duration of contraction (i.e, the
impulse load). In A, B and C, the contractions lasted 15, 30 and 60 s,
respectively. Each trace represents mean data for six subjects. Reused
from reference?® with permission. CMAP, compound muscle action
potential; MVC, maximal voluntary contraction.
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protected from hyperpolarising stresses, and therefore more
prone to develop conduction block.

Axons undergo changes in membrane potential during
normal activity (Table 1). For example, hyperpolarisation
occurs normally when axons conduct trains of impulses.?
This is largely the result of activation of the electrogenic
Na*/K* pump to restore intra-axonal Na* concentration, as
discussed earlier. An implication of the differences between
sensory and motor axons is that motor axons should hyper-

Motor (n=9)

—-0.1ms

1.2 4

1.1 4

1¢

Normalised threshold

0.9 T T T "

>

polarise more in response to the same stresses. This appears
to be the case. The extent of hyperpolarisation depends
on the impulse load: i.e,, the discharge rate and the train
length,?"??
motor axons has been demonstrated during voluntary

and evidence for hyperpolarisation of human

contractions as brief as 15 s (Fig. 4).” However motor axons
undergo approximately twice as much hyperpolarisation
as sensory axons when they conduct impulse trains at the
same physiologically meaningful frequencies (Fig. 5).2

Sensory (n=9)

% 124 ——-0.1ms
S -O-1ms
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S 1.1
°
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z
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0 10 20 30 40
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Fig. 5. Activity-dependent changes in threshold for motor and sensory axons. Mean changes in threshold (+ SEM) recorded for 9 subjects following
repetitive stimulation of the median nerve at the wrist at 8 Hz for 10 min. Changes are shown for motor (A) and sensory axons (B) using test stimuli of 0.1
and 1 ms duration. Immediately following cessation of impulse trains, axons became less excitable, with a prominent increase in threshold, significantly
greater for motor axons when compared to sensory. Reused from reference® with permission. SEM, standard error of the mean.

Table 2. Physiological manoeuvres that can precipitate or worsen conduction block

Conduction block during axonal hyperpolarization
Activity-dependent hyperpolarization
Can increase threshold by ~40%
Can accentuate conduction block in MIMN and CIDP
Can account for fatigue and fading of strength
Post-ischaemic hyperpolarization
Can increase threshold by ~20-30%
Can accentuate conduction block in CIDP
Relationship between the degree of block and the increase in threshold is the same as for activity
Conduction block due to changes in the Na* current
Reduced availability of functioning Na* channels
Blockade of Na* channels - eg, local anaesthetics, ischaemic metabolites, puffer fish poisoning (TTX)
Conduction block during ischaemic depolarization — due to inactivation of Na* channels and possibly their blockade by ischaemic metabolites

Conduction block due to changes in the time course of the Na* current

Temperature-induced changes in the Na* current: decreased time integral of the Na™ current with fever

MMN, multifocal motor neuropathy; CIDP, chronic inflammatory demyelinating polyneuropathy.

https://doi.org/10.14253/acn.2017.19.1.3 http://www.e-acn.org 9
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Table 3. Testing for conduction block

Annals of Clinical Neurophysiology Volume 19, Number 1, January 2017

Ensure that the limb is warm
Test for fixed conduction block with supramaximal stimuli
Test for variable conduction block with supramaximal stimuli
If only one stimulus, its strength should be > 40% supramaximal

If two, the second stimulus should 20% higher than the first

? Repeat studies after warming

Deliver the stimuli at 1/s (alternating if there are two stimuli), before and after maximal voluntary contraction of the test muscle for T min

On a separate day, deliver stimuli at 1/s before, during and after ischaemia of the limb for 10 min

Paak 1 Feak 2

Pressurs on

Pragsure off

Prossure on

Pressurs off

Tms

Fig. 6. The development of conduction block in a human muscle
spindle afferent. Raster display of action potentials of a muscle spin-
dle afferent from extensor pollicis longus developing and recovering
from conduction block. The muscle spindle afferent discharged
irregularly at ~3 Hz when mild pressure was applied to the receptor.
The action potential had two peaks generated at nodes of Ranvier
on either side of the site of impaled internode.?® The separation of
the peaks therefore reflects internodal conduction time, and its pro-
longation indicates the security of transmission. When conduction
across the impaled internode was blocked the recorded potential
consists of only a single peak generated proximal to the site of im-
palement. When the pressure was increased (Pressure on), 10 min
after the onset of the recording, the discharge rate of the afferent
increased to ~20 Hz, and the second positive peak became unstable
and disappeared. When pressure was relaxed (Pressure off), the sec-
ond peak reappeared, only to disappear 2 min later when pressure
was again increased. The longest interpeak interval was 975 s in
the first episode and 1.02 ms immediately after the second episode.
The illustrated sequence contains 891 consecutive action potentials.
Modified from reference?” with permission.

10 https://doi.org/10.14253/acn.2017.19.1.3

CONDUCTION FAILURE

The security of impulse transmission at each node of Ran-
vier is very high: the driving current is normally more than
5 times that required to reach threshold for initiation of the
action potential. In healthy axons, the safety margin is lower
at branch points (because the node must then drive the ac-
tion potential in the daughter branches). Similarly fever will
impair impulse conduction because it decreases the time
integral of the Na* current.'” However it is only in impaired
axons with a very low safety margin that significant conduc-
tion block ensues.

When pathology results in conduction block in some but
not all axons, conduction in others will be |orob|ematic.25
Normal physiological processes can then result in variations
in the number of conducting fibres and the severity of the
clinical deficit (Table 2), and this means that neurophysiolog-
ical testing for conduction block can be improved by taking
variability of the block into account (Table 3). Conduction
block can occur when either the driving Na* current is re-
duced, or the threshold that must be reached is elevated.
The Na* current can be reduced by heating (as mentioned
above) or by axonal depolarisation. The latter occurs when
the decreased availability of Na* channels due to their in-
activation outweighs the increased excitability due to the
depolarisation. Similarly the Na* current can be decreased
by blocking the channels with, e.g., tetrodotoxin, as occurs
in puffer fish poisoning.?®

Conduction of impulse trains results in hyperpolarisa-
tion of the active axons, and this is greater in motor axons
than sensory. In the presence of a severely impaired safety
margin some axons may become incapable of conducting
further impulses. In single human axons damaged during

http://www.e-acn.org
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experiments by microneurographic electrodes, Inglis and
colleagues demonstrated that activity could cause a pro-
gressive impairment of action potential generation, and
ultimately conduction block (Fig. 6), with recovery of the
ability to conduct after rest.?’” For further discussion of the
basis of the bipeaked action potentials in microneuro-
graphic studies, the reader is referred to the cited paper
and Vallbo.?® Interestingly conduction seemed stable and
secure if internodal conduction time was less than ~500 s
(normal value <30 ps). Above this, however, action poten-
tial generation became insecure and often failed. Also of
interest, the longest internodal conduction times in axons
about to undergo complete conduction block was 1.0-1.4
ms (Fig. 6). These findings are relevant when we interpret
the extent of conduction slowing in nerve conduction
studies.

In patients with multifocal motor neuropathy and
chronic inflammatory demyelinating polyneuropathy, a
voluntary contraction can induce or worsen the degree of
conduction block.?3' However, this phenomenon may
make only a minor contribution to the clinical deficit.***?
Nevertheless the changes in the ability of impaired axons
to conduct provide a cogent explanation for the fluctu-
ations in deficit and fatigue that occur in demyelinating
disease, particularly multiple sclerosis, where the axons are
at core temperature.’

CONCLUSION

Intricate mechanisms have evolved such that axons can
conduct impulse trains securely. This has resulted in dif-
ferences in the fine detail of axonal function. As a conse-
quence, motor axons are more likely to block than sensory
when exposed to the same insult, and normally innocuous
manoeuvres may be able to precipitate conduction block
in axons critically impaired by neurological disease.
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