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Motoneuron firing and isomyosin type of muscle
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SUMMARY In patients with prior polio there was an excessive use of remaining motor units and an
absence of type II muscle fibres in the tibialis anterior (TA). In the present study, eight subjects with
prior polio with more than 90% type I fibres in the TA were examined. The aim was to elucidate
whether the lack of type II muscle fibres was due to a selective loss of motoneurons with high
threshold and high axonal conduction velocity or due to a muscle fibre transition from type II to type
I. There was no decrease of the proportion of motoneurons with high threshold and high axonal
conduction velocity. Monoclonal antibodies against fast and slow myosin heavy chains (MHC) were
used as histochemical markers and many muscle fibres of type I according to ATPase stainability
showed a binding of both anti-fast and anti-slow MHC. It is suggested that the type I muscle fibre
dominance in prior polio subjects with excessive use of TA during walking is due to a muscle fibre
transition from type II to type I and not to a loss of one class of motor units.

Normally about 75% of the fibres in the human
musculus tibialis anterior (TA) are type I and 25%
type II. TA is used mainly during locomotion; type I
fibres are used several times in each step cycle; type II
fibres are used only during rapid locomotion or rapid
corrective movements and then usually only a few
times.' In patients with long-lasting moderately severe
lower motoneuron disorders all remaining TA units
were found to be used tonically in each step cycle to
compensate for the loss of power and there were none
or hardly any type II TA fibres, as revealed by enzyme
histochemistry.2 In patients with such severe disorders
that the remaining TA units were useless for locomo-
tion, however, the differentiation into type I and II
muscle fibres remained.

In normal animals motoneurons innervating fast-
twitch muscle fibres differ from those innervating
slow-twitch fibres by a higher density of large inhibit-
ing C-boutons at the axonal hillock, a larger dendritic
tree, a lower input resistance, a shorter afterhyper-
polarisation, a higher threshold for activation, a
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higher firing rate and a higher axonal conduction
velocity. The last three parameters have been studied
in human experiments and correlations to muscle fibre
type have been demonstrated also in humans (for
references see review by Edstrom and Grimby 19863).

In animal experiments overuse evoked by long-term
electrical tetanisation caused a transition of type II to
type I muscle fibres.4 The myosin ATPase content and
the properties ofmyosin light and heavy chains of fast-
twitch muscle fibres changed to the pattern typical of
slow-twitch fibres.45 During the muscle fibre transition
both fast and slow myosin occurred simultaneously.6
In our cases with type I fibre dominance, the enzyme
histochemistry did not offer any obvious signs of
heterogeneity within the type I fibre group.2 It is,
however, not self-evident that the type I fibres in the
excessive overusers are homogenous with reference to
other myosin properties than ATPase stainability, and
thus a further analysis of the type I fibres with
immunohistochemical markers for fast and slow
myosin isoforms is relevant for the question of fibre
transformation.

In the present study the properties of remaining TA
motoneurons and muscle fibres in patients almost
lacking type II TA fibres were compared with those of
normal subjects. The aim was to elucidate whether the
absence of type II muscle fibres was due to a loss of
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motoneurons with high threshold and high axonal
conduction velocity or to a transition of muscle fibres
innervated by such motoneurons.

Subjects and methods

Eight subjects (five women, three men) with TA paralysis due
to prior poliomyelitis, with at least 90% (mean 96 7%, range
90 7%-100%) type I muscle fibres in TA as determined by
ATPase stainability, were examined. Their mean age at the
examination was 58 years (range 37-71) and the mean age at
the acute onset of polio was 21 years (range 5-48). The mean
time between the acute infection and the examination was 37
years (range 21-5 1).

Electromyographic recordings
In subjects with prior polio, with a decreased number of
motor units and increased muscle fibre density within
remaining units, single motor units were easily obtained by
ordinary EMG needle electrodes. Also in normal subjects

Borg, Borg, Dhoot, Edstrom, Grimby, Thornell
there were occasional clusters of muscle fibres innervated by
one and the same motoneuron, possibly as a result of the
normal denervation-reinnervation processes. When a highly
selective needle or wire electrode was inserted into such a
cluster, recordings in which only one motor unit had a high
amplitude potential during maximal voluntary tension could
be obtained. The techniques are described in detail else-
where."8 The risk of confusing potentials from different
motor units was small because of the characteristic shape of
reinnervated motor units. Single motor unit recordings could
be verified by observing that the voluntary test unit potential
was identical to that evoked by supramaximal electrical
stimulation of the nerve to the muscle. The surface EMG was
recorded simultaneously. The signals were rectified and
integrated in a linear way over periods of 80-320 ms and
displayed during the next period (compare fig 1, 2).
The velocity of the most rapidly conducting axons was

calculated by means of measuring the F-wave latency.9 The
deep peroneal nerve was supramaximally stimulated at the
knee and the M-response and F-wave were recorded with a
Medelec surface electrode (no. C 162 Medelec Ltd, Woking,

Fig 1 Polio subject, upper trace shows simultaneous recordings ofthree TA motor units during slowly increasing voluntary
tension. Time bar 1 s. Forfurther description see Results.

Fig 2 Polio subject, simultaneous recordings ofa low threshold TA motor unit (high amplitude potential), and one high
threshold unit recruited at about 20 Hz (low amplitude potential). Lower traces show surface TA EMG integrated over periods
of80 ms and displayed during thefollowing period and the voluntary tension offoot dorsiflexors. Time bar I s. Forfurther
description see Results.
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Surrey, UK). The shortest F-wave latency (F latency-M
latency) that could be reproduced 10 times was used for
calculation. The distance between the lower border of the Th
12 spinous process and the stimulation point was measured
and the motor nerve conduction velocity calculated. Data
were compared with data from 10 healthy volunteers (mean
age 50 years, range 30-64).
The axonal conduction velocity of a single motor unit,

calculated from the latency difference of its potential after
proximal and distal electrical stimulation of the peroneal
nerve,'0 could not be studied in a conclusive way in the TA
since the distance between suitable stimulation points was

too short. The axonal conduction velocity and its relation to
the voluntary firing pattern could, however, easily be studied
in the extensor digitorum brevis (EDB). Ten prior polio
subjects with only a few remaining EDB units were studied.
Stimuli were delivered through 6 mm diameter surface
electrodes. The cathode was placed over the nerve and the
position was adjusted so that minimum stimulus strength was
required for muscle response. The anode was placed 2-3 cm
medial or lateral to the cathode. Rectangular pulse waves of
0-2 ms duration were used. Stimulus strength could be
continuously varied between 0 and 100 mA. The skin tem-
perature was kept constant at 32°C by means ofa Disaheater
(DISA Electronic, Skovlunde, Denmark).

Muscle biopsy procedure and tissue processing
TA muscle biopsies were performed by the percutaneous

conchotome method originally described by Radner" and
slightly modified.'2 The percutaneous muscle biopsy tech-
nique was used for practical and ethical reasons. The biopsy
site was carefully selected and such areas where some

contraction could be felt through the skin were chosen for
biopsy trials.
The material aimed for light microscopical morphology

and histochemistry was quickly frozen in Freon 13 kept at its
melting point (-190°C) by liquid nitrogen and kept in a

refrigerator at -75°C until further processed. Sections of
6-15 gm were cut in a cryostat operating at - 25°C.

Enzyme histochemical methods andfibre type nomenclature
The muscle fibre nomenclature was based on the stainability
for adenosine triphosphatase (ATPase). The ATPase stain-
ing was performed according to the original method of
Padykula and Herman'3 with the modification by Brooke
and Kaiser.'4 Thus, fibres with high content of acid-stable
ATPase and low content ofalkali-stable ATPase were termed
"type I" while fibres with the reversed pattern of ATPase
stainability were termed "type II". Fibres with an inter-
mediate stainability for ATPase that is, with varying greyness

after alkaline and acid preincubation were termed "inter-
mediate (IM)", (compare Schantz and Dhoot).'5 All fibres on
a muscle biopsy cross-section were classified and the total
number of fibres of each type estimated.

Immunohistochemical methods
Monoclonal antibodies to slow and fast skeletal myosin
heavy chains (MHC), respectively, stained and tested as

previously described,'5"6 were used. The antibodies against
slow MHC have been shown to bind only to type I fibres in
adult human triceps muscle, whereas the antibodies against
fast MHC only bind to type II fibres.'36 Fibres which

contained both slow and fast MHC were called "promis-
cuous (P)". The antigens in the cryostat serial sections were
located by the immunoperoxidase sandwich labelling PAP-
technique." Sections were examined in an Olympus Vanox or
a Leitz Orthoplan light microscope.

Results

Motoneuron properties
When normal subjects slowly increased voluntary
tension the TA units with the lowest thresholds were
recruited at zero tension and attained tonic firing at
regular intervals before 10 Hz (SD of 10 consecutive
intervals was less than 1O ms). The units with the
highest thresholds, on the other hand, were not
recruited until 80-90% ofmaximal tension and did not
attain regular firing before 20 Hz.7 Most units had,
however, intermediate properties. A motor unit with a
higher threshold fired at lower rates than a unit with
a lower threshold until it attained regular firing
intervals. After this critical level of contraction both
type of units fired at similar rates except for maximal
effort, when high threshold units tended to fire at
higher rates than low threshold units (for further
normal data see references'" 8 19).
To get a hint of the relative number of low and high

threshold TA units, the firing rate ofone low threshold
unit was compared with the surface EMG during
isometric voluntary tension slowly increasing from
zero to maximum. Recruitment of new motor units
then appeared as a more rapid increase of the surface
EMG than of the firing rate of the test unit. In normal
subjects TA units fulfilling the test unit criteria were
abundant. The global EMG increased two to three
times when the firing rate of the test unit increased
from 10 to 15 Hz, two to three times from 15 to 20 Hz,
and about two times from 20 to 35 Hz. These findings
indicate a recruitment ofnew motor units during most
of the firing range of the test unit with a peak about
15 Hz.

In each one of the polio subjects there was also a
continuum between low threshold units firing at
regular intervals at 10 Hz and high threshold units not
firing regularly before 20 Hz. Figure 1 shows three
single TA units during slowly increasing isometric
voluntary contraction. The unit with the lowest
threshold (low amplitude potential) attained 15-20 Hz
before the other two units were recruited. The unit
with moderately high threshold (intermediate ampli-
tude potential) fired doublets at recruitment and
attained regular firing intervals at about 20 Hz.
TA units fulfilling the test unit criteria were scarce.

Consequently the global EMG and tension was often
not measurable at 10 Hz. The global EMG increased
rapidly at about 15 Hz and was at 20 Hz two to five
times that recorded at 15 Hz. Consequently, tension
increased rapidly after 15 Hz. Figure 2 illustrates the
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findings in one polio patient lacking type II fibres.
When the firing rate ofthe low threshold test unit (high
amplitude potential upper trace) was lower than 15 Hz
the surface EMG was less than 10% ofmaximum and
tension very low. Between 15 and 20 Hz there was a
more rapid increase ofthe surface EMG than the firing
rate. The findings indicate that a large proportion of
the TA units were not recruited before 15 Hz.
A selective loss of TA units with high axonal

conduction velocity should result in a slowing of the
maximal conduction velocity of the nerve to the
muscle. The shortest latency in a series of F-wave
responses has been used to study the TA conduction
velocity9 since each motor unit had its particular F-
wave latency supposed to be due largely to its conduc-
tion velocity. In polio subjects F-waves were easily
obtained. The shortest mean F-wave latency was the
same, 34 ms, in the polio subjects and in the controls
and the motor nerve conduction velocity in the
peroneal nerve was calculated to 45 m/s in the polio
subjects and 44 m/s in the normal controls.
As mentioned above, the axonal conduction

velocity of single motor units could be studied
systematically only in the EDB muscle. In this muscle,
as well as in TA, most motor units were lost. However,
a continuum remained between motor units firing at
regular intervals below 10 Hz and motor units firing
regularly only above 20 Hz. Figure 3A shows that the
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Fig 3 Axonal conduction velocities and voluntary discharge
patterns in 24 motor units of the extensor digitorum brevis
(EDB) muscle in prior polio (A) and in 200 EDB unitsfrom
normal controls (B). Solid bars are motor units with low
threshold, open bars high threshold and hatched bars are
motor units with intermediate threshold.
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axonal conduction velocities of24 EDB units from the
10 polio subjects ranged between-34:and-48 m/s. Low
threshold units with minimal firing rates of less than
10 Hz had conduction velocities between 34 and
39 m/s while high threshold units with minimal rates
of more than 20 Hz had velocities between 40 and
48 m/s. Figure 3B shows that the axonal conduction
velocities of 200 EDB units from 20 normal subjects
ranged between 30 and 55 m/s and that low threshold
units had axonal conduction velocities between 30 and
45 m/s, and high threshold units between 40
and 55 m/s.

Muscle biopsyfindings
A number of pathological features were observed in
the muscle biopsy specimens including diversity in
fibre sizes: atrophy and hypertrophy, fibre splitting,
internal nuclei, rimmed vacuoles, etc. (For-details see
reference2). A vast majority of the fibres showed low
ATPase activity at pH 9 4 and high activity after
preincubation at pH 4-3 (type I fibres), (table, figs 4A,
B and SA, B). The few type II fibres (with high ATPase
activity at pH 9-4 and low after preincubation at pH
4.3) were single or formed small groups. Rare fibres
showed intermediate ATPase activity (IM fibres, fig
4A and SA). The mean percentage oftype I, II and IM
fibres is presented in the table. The number of type I
fibres was significantly higher than in normal TA
muscles (references' 2). A majority of type I fibres were
large in comparison with normal and considered as
hypertrophic but a small number of moderately
atrophic fibres were found. Groups of highly atrophic
fibres containing both fibre types were found as shown
in fig 6.

Table Percentage offibres stainedfor myofibrillar ATPase
after acid and alkaline incubation andfibres labelled with
antibodies against slow andfast myosin heavy chains (MHC)
in biopsy samples ofoverusers

Fibres positively stained
Fibre types with myosin antibodies

Case I IM I1 MHC(s) MHC(f) P

1 94 30 30 84-6 2-6 128
2 958 03 3.9 937 35 28
3 90 7 2-2 7 1 76.3 3-7 20-1
4 979 03 1 9 922 03 72
5 99 0-6 0-4 96-7 03 30
6 100 0 0 98-8 0 0-2
7 99-3 0 0-7 91-6 0 8.4
8 96-6 0-4 2 9 90 0 10
Mean 96-7 09 2 5 906 1 3 8 1
SD 31 1.1 23 73 17 6-4

r, fibres with low ATPase activity at pH 9 4 and high after
preincubation at pH 4-3. II, fibres with reversed pattern. IM, fibres
with intermediate characteristics. MHC(s), fibres labelled against
slow MHC. MHC(f), fibres labelled against fast MHC. P, promis-
cuous fibres labelled with both antibodies against slow and fast
MHC.
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Fig 4 ( x 80) Serial cross-sections ofa biopsy specimenfrom TA muscle. A. Myofibrillar ATPase atpH 9 4. B. Myofibrillar
A TPase after preincubation at pH 4-3. C. Anti-slow MHC. D. Anti-fast MHC. A and B. The majority ofthefibres show
type Ifibre characteristics (low A TPase activity at pH 9 4 and high after acidpreincubation). Fourfibres (2) show type II
characteristics (high activity at pH 9-4 and low after acidpreincubation) and somefibres show intermediate A TPase activity at
pH 9-4 and various degrees ofstaining after preincubation atpH 4-3 (IM). Severalfibres contain internal nuclei. One split
fibre is seen (arrow in B, compare with A, C and D). C. Allfibres except thefour type IIfibres show strong staining. Note
however that two of the type IIfibres are not completely unstained. D. Severalfibres are stained. Note various degrees of
staining in fibres of type II, IM and type L

In the sections stained with anti-slow MHC, nearly
all fibres showed a staining reaction and only few were
unreactive (fig 4C, 5C). In one case, groups of
unreactive fibres were observed. In sections labelled
with anti-fast MHC a minority of the fibres showed a
staining. The number of reactive fibres were, however,
in all biopsy specimens higher than that of the fibres
unreactive for anti-slow MHC (table). These were
either ofnormal size, large or small. Furthermore, they
showed various shades of reactivity (figs 4D, SD).
By comparison of serial sections it was clear that

several fibres of normal or large size were reactive for
both anti-slow MHC and anti-fast MHC, so called
promiscuous fibres (P, table). In sections stained for

myofibrillar ATPase these promiscuous fibres were
typical type I, II or IM fibres (figs 4, 5).

Discussion

In normal human subjects the type ofmotoneuron can
be identified by its minimal firing rate during volun-
tary contraction and its axonal conduction velocity. In
prior polio subjects, the proportion of motor units
with high minimal firing rate and high axonal conduc-
tion velocities, was not decreased.20 This finding
suggests that the absence of type II muscle fibres was
not due to a selective loss of large motoneurons.
However, both parameters used for motoneuron
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Fig 5 ( x 80) Serial cross-sections ofa biopsy specimenfrom TA muscle. A. Myofibrillar ATPase 9-4. B. Myofibrillar
A TPase after incubation atpH 4-3. C. Anti-slow MHC. D. Anti-fast MHC. A and B. Only one fibre shows high ATPase
activity atpH 9-4 (2). Thatfibre and a small slenderfibre (arrow) show no A TPase activity, after preincubation atpH 4-3.
Somefibres show an intermediate A TPase activity atpH 9 4 and a somewhat inhibited A TPase activity after preincubation at
pH 4 3 (IM). C. Allfibres exceptfor the small slenderfibre (arrow) are stainedfor slow MHC. D. Severalfibres show
stainingforfast MHC, including the type IIfibre (2), the small slender fibre (arrow) and the IMfibres (IM).

identification might be disturbed by pathological
processes of the motoneuron pool; the after-hyper-
polarisation, determining the minimal firing rate,
decreased in intact soleus motoneurons after partial
denervation of the muscle;2' the synaptic properties
changed on axotomy;22 the dendritic properties
changed on chronic stimulation;23 the voluntary
motoneuron firing changed with the contractile
properties of the muscle;24 the axonal conduction
might increase with increasing number of innervated
muscle fibres.2-27

Experimental data imply that the amount of impul-
ses govern the type characteristics-that is, the
phenotypic expression of the muscle fibres.2829 With
respect to the histochemical staining for myofibrillar
ATPase this is directly related to the expression ofslow

and fast myosin heavy chains, respectively (references
530). That is, for induction of slow myosin heavy chains
frequent or continuous stimulation of muscle fibres
are needed' which corresponds to the activity pattern
of small slow-twitch, low threshold motoneurons.

All available data suggest that during everyday life
in normal subjects, the motoneurons with the lowest
thresholds fire at low rates for long periods oftime and
innervate slow-twitch-type I muscle fibres. Neurons
with high thresholds fire in scarce and short high
frequency bursts and innervate fast-twitch, fast fatigu-
ing muscle fibres-type IIB. Neurons with intermediate
firing and threshold properties innervate fast-twitch,
fatigue resistant fibres-type IIA (for review see
Edstr6m and Grimby 19863).

It has been difficult to reproduce muscle fibre
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Fig 6 Serial cross-sections ofa biopsy specimen from TA
muscle stainedfor myosin ATPase atpH 9-4 (a) andpH 4-3
(b). Note that all large sizedfibres are oftype I (darkly
stained in b). A cross indicates an atrophicfibre of type I and
an arrow indicates a group ofhighly atrophic fibres
containingfibres of type I as well as oftype II (unstained in
b). Bar in a indicates 50 pm.

transformation in voluntary exercise in normal
humans. Larsson and Ansved3' found that in elite
rowers, the number of fast-twitch (type II) fibres
increased and slow-twitch (type I) fibres decreased
during a detraining period. Schantz et al,32 Schantz
and Henriksson,33 and Schantz and Dhoot'5 demon-
strated that after extreme cross-country ski training
there was an increase ofATPase intermediate fibres in
triceps muscle which contained variable amounts of
fast and slow isoforms of myofibrillar proteins in the
same fibres. They presumed that these fibres represen-
ted transitional forms indicating fibre type transfor-
mation.

In patients with lower motoneuron disorders caus-
ing moderately severe paralysis, all remaining motor
units fired at about 40 Hz for half of the step cycle
during ordinary walking, resulting in full fused con-

traction for considerable parts of the day and for a
very long period of life. Thus, in these patients the
pattern of transneuronal activation has similarities to
electrical stimulation which has been shown experi-
mentally to transform type II fibres to type I. In the
biopsies we found "promiscuous fibres" with various
degrees of combined staining for anti-fast and anti-

slow MHC. The majority of the fibres were of type I
but some were ofATPase IM and some were of type II
according to the myofibrillary ATPase stainability.
The various degrees ofstaining for slow and fastMHC
in individual fibres support the view that a transfor-
mation of fibres has taken place in analogy with the
findings in exercised athletes.

Experimental denervation studies have implied that
only fast myosin is synthesised in muscle fibres
following denervation and studies in rat diaphragms
has shown that after eight weeks of denervation, all
fibres react strongly with anti-fast myosin and many
with anti-slow myosin as well.4 Single motor unit
experiments have shown that myosin from fast-twitch
muscle fibres reinnervated by slow motoneurons con-
vert completely from the fast to their slow isoform.35 It
may be argued that the appearance of promiscuous
fibres with stainability for both anti-slow MHC and
anti-fast MHC may be due to denervation-reinnerva-
tion. However, the lack ofatrophy within the group of
promiscuous fibres indicates that they were
innervated.
A further support for a muscle fibre transformation

is the finding of highly atrophic fibres which consti-
tuted a mixture of type I and type II. In animal
experiments it has been shown that after cessation of
artificial stimulation, newly created slow-twitch (type
I) fibres seemed to revert to their original characteris-
tics.' Furthermore, Larsson and Ansved3' showed
that during detraining in athletes, the number of type
II fibres increased and type I fibres decreased. Since
the atrophic fibres should be inactivated due to
denervation, type I fibres transformed from type II
would revert to their original characteristics. If there
was an ongoing selective loss of type II fibres due to
denervation one would expect the atrophic fibres to be
of type II.

In conclusion, we suggest that motoneurons which
originally innervated type II fibres, because of exces-
sive overuse later innervate fibres which have achieved
type I fibre characteristics.

This study was supported by grants from the Swedish
Medical Research Council (12X-3875, 14X-7479,
12X-3934), the Swedish Association for Traffic and
Polio Disabled, the Norrbacka-Eugenia Foundation
and the Karolinska Institute.
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