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Muscle fibre type composition, motoneuron firing
properties, axonal conduction velocity and refractory
period for foot extensor motor units in dystrophia
myotonica
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SUMMARY Seven patients with dystrophia myotonica were investigated using neurophysiological
combined with histochemical techniques to elucidate motor unit properties in foot extensor muscles,
which are often involved in the early stages of this disorder. For the 25 extensor digitorum brevis
motor units studied the axonal conduction velocity, the axonal refractory period and the voluntary
firing properties were within normal limits. However, high threshold motor units were not observed
and the mean value of the axonal conduction velocities was lower (p < 002) for the dystrophia
myotonica motor units when compared with corresponding data from healthy subjects. There were
also signs of impaired impulse propagation in the terminal part of the motor unit. In muscle biopsy
specimens from the anterior tibial muscle, fibre type composition and structure were demonstrated
using enzyme histochemical techniques for adenosine-triphosphatase and immunohistochemical
techniques fo{identification of the types of myosin isoform present. The histochemical findings
indicated a type I fibre dominance, which was most obvious in the more seriously affected muscles.
Neonatal mnyosin was observed preferentially in small but also in some normal sized fibres.
Furthermore, some ring fibres were present and these showed staining with antineonatal myosin in
their superficial portion. This indicates that an abnormal regeneration is one cause of the myopathic
appearance of the muscle fibres in dystrophia myotonica. These investigations show that there is a

reduced proportion of type II motor units in foot extensor muscles involved in the myopathy in
dystrophia myotonica although it cannot definitely be established whether this is due to a loss of
high threshold type 1I motor units or type II to type I transformation.

One of the earliest and most prominent features of
muscle biopsies from patients with dystrophia myo-
tonica is a selective atrophy of slow twitch fibres
(type I). This was initially demonstrated by enzyme
histochemical ATPase techniques1 and further con-
firmed by immunohistochemical methods for fast and
slow tropomyosin.2 The proportion of muscle fibre
types present in different muscles in dystrophia myo-
tonica has however been less well documented.
According to Radu etal3 a type I fibre dominance is
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typical for dystrophia myotonica. Similar findings
were also reported for congenital dystrophia myo-
tonica.4 Farkas et al have, however, reported a pre-
dominance of type II fibres (fast twitch type) in cases
of congenital dystrophia myotonica investigated in
the immediate postnatal stage. Most earlier investi-
gations were, however, performed on proximal
extremity muscles and the discrepancies between the
reports of fibre type composition might be the results
of investigating different muscles at different ages and
different stages of the disease. A type I fibre domi-
nance in the foot extensors is in accordance with the
studies carried out by McComas et a16 on motor unit
properties in extensor digitorum brevis in dystrophia
myotonica but does not accord with studies of
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Foot extensor motor units in dystrophia myotonica

Belanger and McComas7 on the contraction time of
extensors and plantar flexors of the foot in dystrophia
myotonica. In conclusion, there is no evidence that
the early type I fibre atrophy reported in some mus-
cles indicate a general susceptibility in that type of
fibre resulting in a successive loss of slow muscle
fibres during the course of the disease, especially since
more recent studies show in fact a predominance of
type I fibres in dystrophia myotonica.
The early and striking involvement of distal

muscles in dystrophia myotonica suggests that dis-
turbed innervation could play a role in the patho-
genesis of the disease. This was originally suggested
by Coers and Woolf' and MacDermot9 on the basis
of studies carried out on distal nerves and nerve ter-
minals. The question as to whether muscle affection in
dystrophia myotonica is primarily of muscular or
neurogenic origin cannot definitely be answered.

In the present study of patients with dystrophia
myotonica, muscle biopsy material from a distal
muscle (anterior tibial muscle) was investigated with
regard to muscle fibre type composition and fibre
characteristics by ATPase enzyme histochemistry and
isomyosin immunohistochemistry. The muscle biopsy
findings were correlated with the axonal conduction
velocity, the axonal refractory period and the volun-
tary properties of single motor units.
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2. A single proximal and a single distal stimulus were then
delivered coupled to each other. Stimulus strength was 10%
above the axonal threshold at rest. The proximal stimulus
was initially delayed 10-15 ms to permit the distally evoked,
antidromic propagated nerve impulse to pass the proximal
test point before stimulation. The stimulus intervals were
then reduced by 0-2 ms intervals until the second evoked
motor unit potential disappeared. This was due to blocking
at the proximal testing point during the refractory period
after the antidromic impulse. By comparing the shortest
stimulus interval without blocking with the previously deter-
mined latency difference (point 1 above) the axonal refrac-
tory period following an antidromic propagated nerve
impulse was calculated.11
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Materal and methods

The study was carried out on two women and five men, aged
35-46 years, with clinically and neurophysiologically typical
dystrophia myotonica. All patients had impaired force of
foot dorsiflexion (Kendal 2-4).
The electrophysiological study was performed in m extensor
digitorum brevis (EDB). Electromyographic recordings
were made by conventional, bipolar needle electrodes (DISA
9013K0802, Electronic, Skovlunde, Denmark). Single motor
unit recordings permitting the identification of the test
motor unit potential even at maximal voluntary contraction
and after supramaximal nerve stimulation by electric shocks
were possible owing to a reduced number of motor units6
and increased motor unit fibre density.10 After identification
of the test motor unit potential during sustained voluntary
contraction the voluntary effort was reduced until the test
motor unit ceased to fire and electrical stimuli were deliv-
ered. The test potential was characterised by its size and
shape and all-or-none appearance.
The common peroneal nerve was stimulated proximally at

the fibular head and distally at the ankle. Stimuli were deliv-
ered through surface electrodes 06cm in diameter. The
cathode was placed over the nerve and the anode 2-3cm
laterally or medially to the cathode. Rectangular pulse
waves of 0-2 ms duration were used. Stimulus strength could
be gradually changed from 0-lOOmA. Electrical stimuli
were delivered as follows:
1. A single nerve stimulus was delivered proximally and dis-
tally, the latency difference of the motor unit responses was
calculated and the axonal conduction velocity determined.

©
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Fig I Electromyographic single motor unit recordings after
delivering (A) one distal nerve stimulus, (B) one proximal
nerve stimulus, (C) one distal and one proximal nerve
stimulus coupled to each other with the proximal stimulus
delayed 10 5 ms and (D) with the proximal stimulus delayed
10 3 ms and (E) pairedproximal stimuli with 2 5 ms stimulus
interval. Arrows indicate delayed stimulus. Time bar 10ms.
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3. Paired electrical stimuli were delivered proximally with
stimulus intervals of 3 ms or less. The motor unit response
interval was determined. 12
The minimal and maximal firing rates during sustained,

voluntary contraction were defined for the test motor unit
(cf Results).
Room temperature was 23-25°C. Skin temperature was

continuously controlled and held at 32°C by a DISA heater
(DISA Electronic, Skovlunde, Denmark).
Muscle biopsies were obtained from the anterior tibial mus-

cle using a percutaneous conchotome technique. The biop-
sies yielded at least two specimens from each patient and
most material was immediately frozen in liquid Freon 22
kept at its melting point by liquid nitrogen. Frozen sections
10-16,um thick were cut in a cryostat. The sections were

stained for demonstration of myofibrillar ATPase at pH
9.413 and after preincubation at pH 4 3, 4 6 and 10-314 with
haematoxylin and eosin and modified trichrome stains. For
details regarding the methods see Dubowitz and Brooke.15
Sections in parallel with those produced for enzyme histo-
chemistry were processed for immunohistochemical demon-
stration of myosin types.

Polyclonal rabbit antibodies made against neonatal, adult
fast and adult slow rat myosin heavy chain were rendered
specific by crossabsorption as described previously.16 17

These antibodies to rat myosins cross-react with the heavy
chains of human myosins as shown by immunotransfer reac-

tions performed on extracts of human muscle biopsies
(Butler-Browne and Whalen, unpublished results). The anti-
bodies were used both with the indirect peroxidase and anti-
peroxidase (PAP) stained essentially according to Billeter
etal18 and in indirect immunofluorescence essentially as
described by Butler-Browne etal.16 The FITC conjugated
goat antirabbit Ig and the PAP reagents were purchased
from Dakopatts, Denmark. The sections for immuno-
fluorescence were mounted in Mowiol (Hoechst, Frankfurt,
West Germany) and were viewed in a Leitz Wetzlar Ortho-
plane microscope equipped with epifluorescence optics and a

fluorescein and a rhodamine filter pack. The PAP stained
sections were viewed with a Leitz Dialux microscope.

Results

Axonal conduction velocity and refractorj period
The axonal conduction velocity and refractory period

Borg, Edstrom, Butler-Browne, Thornell
were determined for 25 EDB motor units. One to six
motor units were studied in each of the seven patients.
Figure 1A-D illustrates the recordings when the
axonal conduction velocity and refractory period
were determined. In A the test motor unit potential
was recorded after one distal stimulus and in B after
one proximal stimulus. The latency difference was
8 3 ms which for this motor unit corresponded to a
conduction velocity of 37 m/s. In C the test potential
was recorded when the distal stimulus preceded the
proximal stimulus by 105 ims. At this long stimulus
interval the proximal stimulus elicited a response. In
D, when the stimulus interval was reduced to 10 3 ms,
blocking occurred at the proximal stimulus point due
to refractoriness after the antidromic propagated
impulse from the ankle and the proximal stimulus
failed to elicit a response. Thus, for this motor unit
the axonal refractory period after an antidromic
propagated impulse was 2 2ms (10 5-8 3).

Figure 2 shows the axonal conduction velocities of
the 25 motor units together with corresponding data
from 222 motor units in healthy subjects.19 In dys-
trophia myotonica the axonal conduction velocity
range was 30-45 m/s as compared with 25-54 m/s in
healthy subjects. The mean value of the conduction
velocities for all dystrophia myotonica motor units
was 37 20 + 4 13 (M + SD). This was significantly
lower (p < 0 02) than corresponding value for the 222
motor units in healthy subjects (39 75 + 4-86). Except
for a reduced proportion of fast conducting motor
units in dystrophia myotonica the conduction veloc-
ity distributions corresponded well.
The axonal refractory period after a conditioning

antidromic propagated impulse ranged from 14 to
3 2 ms. Except for two motor units in one patient with
refractory periods longer than 25 ms the refractory
periods were within the range observed in healthy
subjects.20

Figure 3 shows the individual mean values of the
axonal conduction velocities and refractory periods

3.
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Foot extensor motor units in dystrophia myotonica
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Fig 4 Shortest motor unit response interval after delivering
paired electrical stimuli proximally. Mean valuesfor 11

healthy subjects (filled triangles) and 7 dystrophia myotonica
patients (unfilled triangles). Regression linefor datafrom
healthy subjects marked as illustration.

of the seven patients together with corresponding
data from normal subjects.20 Considering the inverse
relationship between the axonal conduction velocity
and refractory period " and that the conduction
velocities were higher in healthy subjects, the mean

value of the refractory periods, 2 02 + 0 39 ms was

not significantly different (p > 0-05) from the corre-

sponding value in normal subjects (1 -76 + 0 26).

Shortest motor unit response interval
When paired electrical stimuli were delivered proxi-
mally to the peroneal nerve at intervals shorter than
3 ms, the slowing of the conduction of the second
impulse propagated during the relative refractory
period of the first impulse normally prevented periph-
eral blockings and limited the motor unit response
interval to 3-5Ms.'2

For the 25 motor units paired electrical stimuli
were delivered proximally to the peroneal nerve at
stimulus intervals shorter than 3 ms. For 68% (17/25)
of the motor units, having axonal conduction veloci-
ties 32-45 ms, the shortest motor unit response inter-
val ranged from 3 3 to 7-9 ms. For three motor units
it was longer than S ms which was never observed in
healthy subjects. 1 2

Figure 4 shows the individual mean values of the
shortest motor unit response intervals and axonal
conduction velocities for the seven patients together
with corresponding data from healthy subjects.'2 The
mean value of the shortest response interval in the
patients, 4 80 + 0-83 ms, was significantly longer (p
< 0 02) than corresponding values in healthy subjects
(4 06 + 0 30).

For 32% (8/25) of the motor units significant
peripheral blocking occurred when the stimulus inter-
val was less than 3 ms as illustrated in fig I E. When
paired electrical stimuli were delivered at the proxi-
mal stimulus point with 25 ms intervals the second

1039

motor unit potential was significantly reduced and the
potential identity was lost. This was not seen in
healthy subjects."2

Voluntary firing properties
For 15 of the 25 EDB motor units the voluntary firing
properties were studied during voluntary sustained
contraction and defined according to the same criteria
as used in previous studies.2'22 For the other 10
motor units the identity of the recorded potential was
lost due to displacement of the needle electrode or due
to myotonic discharges.

Six motor units were low threshold, tonically firing
motor units with minimum firing rate below 10/s and
maximum firing rate about 30/s. They had axonal
conduction velocities 30-41 m/s. Nine motor units
were tonically firing motor units with minimum firing
rate 10-20/s and maximum rate above 30/s. They had
axonal conduction velocities 38-45 m/s.
For the 15 motor units the voluntary firing proper-

ties and the relation between the firing properties and
the axonal conduction velocity was the same as for
corresponding motor units in normal subjects.2'
However, in the EDB of healthy subjects there are
also high threshold motor units with phasic firing pat-
tern and axonal conduction velocities above 40 m/s.
No motor unit of this type was identified in the
patients (cf Discussion).

Muscle biopsy findings
All biopsies showed pathological changes. In the two
least affected muscles the only aberration from nor-
mal was a high incidence of multiple central nuclei
and occasional atrophic fibres. In highly affected
muscles there was a variety of pathological changes
which conformed to well known characteristics of
dystrophia myotonica muscle: ring-fibres with and
without sarcoplasmic masses, multiple central nuclei,
fibre splitting, occasional necrotic fibres, cytoplasmic
bodies and increased amount of connective tissue.
Muscle fibre type characteristics In slightly affected
muscles there was a clear differentiation between type
I and type II muscle fibres as demonstrated histo-
chemically with the ATPase technique (fig SA, B).
Type I fibres dominated and some scattered fibres
were atrophic. Most type II fibres were of the type IIA
according to the terminology of Brooke and Kaiser. 1

In more advanced myopathic muscle the type IIA
fibres were scarce or even absent resulting in a
homogeneous population of fibres with almost identi-
cal staining characteristics for myofibrillar ATPase
(fig 5C, D, E). These fibres exhibited a high content of
acid stable ATPase (demonstrated at pH 4-3 and 4-6)
but also a higher content of alkali stable ATPase than
in ordinary type I fibres as demonstrated by the orig-
inal method of Padykula and Herman"3 without pre-
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Fig 5 Transverse sections of anterior tibial (A) musclefibres in dystrophia myotonica. A and B represent a moderately
affected muscle stainedfor myofibrillar A TPase at pH 94 without preincubation and after preincubation atpH 46
respectively. The majority offibres are oftype I and lightly stained in A and darkly in B but there are some type IIA fibres
visible as well, darkly stained in A and lightly in B. Note the occasional intermediately stainedfibres with high stainability in
both A and B (onefibre is indicated by an arrow). C, D andE are a series of transverse sectionsfrom a severely affected
muscle (AT). Only slight variation in A TPase activity is seen when stainedfor A TPase at pH 9 4 without acid preincubation.
Smallfibres indicated by arrows show high activity (C). After preincubation at pH 4-3 (D) almost allfibres show high enzyme
activity. Note numerous myopathic changes as seen after staining with haematoxylin and eosin (E). A-B x 125; C-E x 100.
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Foot extensor motor units in dystrophia myotonica

Fig 6 A, B and C are sectionsfrom the same specimen as 5 C-E but at a higher magnification. In A, stainedfor myosin
A TPase at pH 9-4 without preincubation, smalifibres with higher A TPase activity (one indicated by an arrow) contrast with
the surrounding larger intermediately stainedfibres. In sections labelled with anti-slow myosin almost allfibres show high
degrees ofstaining (B). A few smallfibres are labelled with antibodies against antineonatal myosin (C). Longitudinal sections
are stained with anti-slow myosin (D) and anti-fast myosin (F). Note that allfibres are stained in (D) and unstained in (F).
E is a control and shows the same area of the section in D but viewed at another wave length to reveal autofluorescence of
lipofuscin granules. A x 250; B x 125; C-F x 310.
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Borg, Edstrom, Butler-Browne, Thornell

--- -S''42'-fi^jS
Fig 7 Serial cross sections ofa severely affected muscle (A T) stainedfor (A) A TPase atpH 4-6, (B) antineonatal myosin
visualised with the PAP method, (C) NADH-TR and (D) Gomori trichrome. Many smallfibres are labelled with antineonatal
myosin. Note also that three ring fibres (arrows) are mainly labelled in their outer portion with antineonatal myosin. x 100.

incubation and thus the staining characteristics were
similar to fibres of type IIC according to the termi-
nology of Brooke and Kaiser."4 When stained for
ATPase with an akali preincubation at pH 10-3 most
fibres, however, were weakly stained or unstained
which suggested that they had type I characteristics.
The immunohistochemical analyses conformed

with the enzyme histochemical concept that most
fibres in the muscle with lack of fibre differentiation
exhibited a high content of slow myosin and very few
fibres contained significant levels of fast myosin
(fig6F). Furthermore, some fibres consistently con-
tained neonatal myosin (figs 6C and 7B). Of special
interest was the observation that ring fibres contained
neonatal myosin in the outer superficial portion of the
fibres (fig 7).
Discussion

This study of foot extensors in dystrophia myotonica

has shown that there is a successive disappearance of
type II muscle fibres during the course of the disease
as demonstrated in muscle biopsies and a parallel
disappearance of high threshold, fast conducting
motoneurons indicating a successive loss or trans-
formation of type II motor units as a result of the
disorder. The residual muscle fibre population had
the characteristics of a type I fibre with reference
to immunohistochemically demonstrated slow iso-
myosin content and might then be organised in slow
twitch motor units. It must, however, be emphasised
that these muscle fibres are not normal type I fibres
either structurally or with reference to enzyme histo-
chemical fibre typing based on staining for myosin
ATPase, and thus their contraction properties and
innervation cannot unreserved be integrated in a con-
cept for motor unit properties deduced from normal
physiology and histochemistry.
The muscle fibre type characteristics of AT in dys-
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Foot extensor motor units in dystrophia myotonica

trophia myotonica are strikingly similar to those in
biopsies from AT in the distal myopathy of Wel-
ander.23 24 In Welander's disease there is also an early
but slight type I fibre atrophy and later during the
course of the disease there is a successive loss of type
II fibres and the residual fibres have type character-
istics partly of intermediate character23 and partly of
type 1.24 Thus, it is obvious that the type I fibre atro-
phy reported as typical for muscles in dystrophia
myotonica is not ultimately followed by a successive
disappearance of type I muscle fibres or type I motor
units, at least in the foot extensors which are early and
often highly involved in dystrophia myotonica. On
the contrary, there is a clear indication of disap-
pearance of normal type II motor units. Thus the
pathophysiological significance of early type I fibre
atrophy is obscure in dystrophia myotonica as well as
in Welander's disease. Another similarity between
dystrophia myotonica and Welander's disease was the
presence of neonatal myosin in some fibres. From
experimental studies it is known that during muscle
development and muscle regeneration myosin iso-
forms appear, in a sequential manner: Embryonic-
Neonatal-{Fast)-Slow.25-27 Our observations of
ring fibres containing neonatal myosin in the outer
portion of the fibres would indicate a process of
unsuccessful regeneration. This observation supports
the idea that ring fibres are formed by activated sat-
ellite cells which differentiate but fuse with the mate-
rial in an abnormal way.28 As most ring fibres did not
show staining for neonatal myosin it is likely that
those which did were in the early stages of ring fibre
formation. However, it must be emphasised that the
other structural and ultrastructural changes of muscle
fibres are strikingly different in Welander's disease24
as compared with dystrophia myotonica,29 hinting at
a different basic pathogenetic mechanism. Never-
theless, there might be similarities with reference to
motoneuron disturbance. A neurogenic factor has
been proposed as a basis for some of the changes in
Welander's disease.22 However, the abnormal moto-
neuron firing pattern demonstrated in Welander's dis-
ease was not seen in dystrophia myotonica motor
units.

It may also be speculated whether in the paretic AT
muscle, an abnormal use of motor units in loco-
motion, as has been described in peroneal palsy by
Grimby et at30 induces some muscle fibre trans-
formation of the same type as known from animal
experiments demonstrating fibre transformation after
longterm electrical stimulation (for review cf Edstr6m
and Grimby3t). Recent observations in muscles sub-
jected to abnormal overuse due to reduction of nor-
mal TA muscle power after poliomyelitis suggest that
such a mechanism of fibre transformation is oper-
ating also in man at least during pathological condi-

1043
tions.32" Similarly, recent observations of a high
percentage of fibres with promiscuous expression of
myosin light chains in dystrophia myotonica34 would
be compatible with an altered motoneuron firing.
The suggestion of a neurogenic factor operating in

dystrophia myotonica8 9 has been subject to criticism.
It has been doubted as to whether the early changes in
distal nerve twigs and nerve terminals are of prim-
ary neurogenic origin.2935 36 Drachman and Fam-
brough37 failed to demonstrate increased extra-
junctional ACh-receptor sites even in atrophic muscle
fibres although such increase in receptor sites were
easily demonstrated in motoneuron disease.

In our recordings from the EDB there was an
abnormal delay of the second motor unit response
and peripheral blockings when paired electrical stim-
uli were delivered proximally to the peroneal nerve.
An abnormally long delay would be expected if the
relative refractory period of the nerve fibres was
increased.12 Since the refractory period as measured
proximally was within the same range as in healthy
subjects the present abnormalities are due to impaired
conduction and safety factor, either in the terminal
nerve, the neuromuscular transmission or the muscle
fibres. It is well known that there is a decline of the
muscle action potential at low frequency repetitive
nerve stimulation in myotonic disorder.6 38 The rea-
son for this is not known. In myotonic dystrophy
there are morphological abnormalities in the nerve
terminal as described by Coers etal8 and it seems
probable that impaired conduction and safety factor
at this level contribute to the present findings of an
abnormal delay and blockings.
Our data on the axonal conduction velocities and

refractory periods as measured in the proximal axon
segment were within normal ranges as were the volun-
tary firing properties. Thus, with regard to these para-
meters, no signs of generalised motoneuron dis-
turbance were present. However, a reduced propor-
tion of high threshold motor units with high axonal
conduction velocities was found in dystrophia myo-
tonica as compared with healthy subjects. These
findings are in agreement with previous reports of loss
of motor units.6 However, Pollock and Dyck39 failed
to demonstrate signs of nerve fibre loss or ultra-
structural nerve fibre changes in dystrophia myo-
tonica.

This study was supported by grants from the Swedish
Medical Research Council (14X-4749, 12X-3875,
12X-3934) and the Vivian Smith Foundation.
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