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SUMMARY

1. A variety of physiological properties of single motor units have been
studied in the gastrocnemius muscle (primarily in the medial head) of
pentobarbitone-anaesthetized cats. Intracellular stimulation of individual
motoneurones ensured functional isolation of the muscle units innervated
by them.

2. A system for muscle unit classification was developed using a combina-
tion of two physiological properties. Almost all of the units studied could
be classified into one of three major types, including two groups with
relatively short twitch contraction times (types FF and FR, which were
differentiable from one another on the basis of sensitivity to fatigue) and
one group with relatively long contraction times (type S, which were
extremely resistant to fatigue and were differentiable from FF and FR
units on the basis of the shape of unfused tetani). Post-tetanic potentiation
of twitch responses was observed in all three muscle unit types. The
distributions of axonal conduction velocities for motoneurones innervating
FF and FR muscle units were essentially the same, while conduction
velocities for motoneurones innervating type S units were, in general,
slower.

3. Histochemical profiles of muscle units representative of each of the
physiological classes present in the gastrocnemius pool were determined
using a method of glycogen depletion for muscle unit identification. Each
of the physiological categories of muscle units exhibited a corresponding
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unique set of muscle fibre staining reactions, or histochemical profile.
Within each physiological type, all of the units examined had the same
- histochemical profile. The results generally support the hypothesis that the
histochemical characteristics of muscle fibres are meaningfully related to
the physiological properties of the same fibres. However, certain limitations
in the detailed application of the hypothesis were also apparent.

4. Systematic assessment of the histochemical profiles of relatively
large numbers of fibres belonging to single muscle units provided strong
support for the hypothesis that all of the muscle fibres innervated by a
single a-motoneurone are histochemically identical.

INTRODUCTION

Since Ranvier’s observation that the colour and histological features of
whole muscles are in many cases correlated with their speed of contraction
(Ranvier, 1874), it has become generally accepted that the increasingly
well-studied morphological and histochemical characteristics of individual
muscle fibres must be related in some way to the physiological properties
of the same fibres (e.g. Henneman & Olson, 1965; Olson & Swett, 1971;
see review by Close, 1972). However, experimental evidence supporting
the above hypothesis, while considerable and intuitively satisfying, has
until recently been indirect and in some respects contradictory (Denny-
Brown, 1929; Gauthier, 1969; Hall-Craggs, 1968; Nystrom, 1968).

Two recent experimental approaches have been used to test directly
whether the structural and histochemical characteristics of muscle fibres
are indeed correlated with physiological properties. Linnergen & Smith
(1966) investigated the contractile responses, morphology and histo-
chemistry in dissected single fibres of toad muscle. In mammalian muscle,
Edstrom & Kugelberg (1968) studied twitch contractions and fatigue
characteristics in a small sample of motor units in the rat tibialis anterior
muscle. They were able to identify the muscle fibres innervated by a single
motoneurone axon (called hereafter the ‘muscle unit’ portion of the motor
unit; cf. Burke, 1967), using a method for depletion of muscle fibre
glycogen following prolonged repetitive stimulation. The technique per-
mitted histochemical examination of the stimulated fibres in some, but
not all, of the motor units studied physiologically. Edstrom & Kugelberg
found a correlation between relative resistance to fatigue and the apparent
activity of oxidative enzyme systems in the same fibres, but no apparent
relation between the twitch contraction times and histochemical appear-
ance.

The present study was designed to assess the possible interrelations
between physiological properties exhibited by single muscle units in the
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medial and lateral gastrocnemius muscle of the cat and the histochemical
and morphological features characteristic of muscle fibres making up the
same units. A glycogen depletion method similar in principle to the one
described by Edstrom & Kugelberg (1968) was used to ‘mark’ the muscle
fibres in physiologically studied units for histochemical analysis. Units
representative of the entire population of motor units in the cat gastro-
cnemius pool were successfully analysed and a system for classification of
motor units, based on physiological properties, was developed which per-
mitted exact matching with the histochemical categories of their muscle
fibres. A preliminary report of some of this material has appeared else-
where (Burke, Levine, Zajac, Tsairis & Engel, 1971).

METHODS

Adult cats (2:0-3-3 kg) were anaesthetized with Halothane in 98 9%, 0,~CO, during
surgical preparation. Details of preparation and mounting have been given elsewhere
(Burke, 1967). Briefly, the medial and lateral gastrocnemius muscles were carefully
separated, preserving their blood supplies. The tendons were arranged for separate
attachment to a strain gauge through short lengths of no. 2 braided silk suture
(compliance 0-08 mm/kg.cm.) The nerves to both medial and lateral muscles were
freed of surrounding tissue and placed intact on flexible stimulating electrodes. The
lumbosacral spinal cord was exposed and the animals were mounted in a rigid frame
immobilizing the spinal column and left and right hind limbs. Exposed tissues were
covered with mineral oil kept at 36—-38° C with DC heating coils. Body temperature
was regulated with heating pads. Blood pressure and in many experiments expired
CO, were monitored continuously.

Single motor units were studied in functional isolation by intracellular stimulation
(depolarizing pulses lasting 0-5 msec) of the innervating motoneurones through
micropipette electrodes filled with 3 M-KCl (Burke, 1967). Following penetration of
a medial or lateral gastrocnemius motoneurone, the antidromic conduction time was
recorded. The appropriate muscle was then attached to the strain gauge and
stretched to a passive tension of about 100 g. Muscle unit responses were thus
recorded under quasi-isometric conditions. Passive initial tensions of 80-100 g give
nearly maximal twitch tensions with most gastrocnemius muscle units (cf. Burke,
1967) but there was no assessment in the present work whether the optimal initial
tension might be different for twitch as opposed to tetanus responses (cf. Lewis &
Luck, 1968). The range of passive tensions used in the present experiments corre-
spond to ankle angles (dorsiflexion) of 60-80°.

In searching for motoneurones and obtaining antidromic spike records, it was
necessary to stimulate the muscle nerves of the medial and lateral soleus. During
such stimulation, both medial and lateral muscles were loaded with a spring so that
contraction without load did not occur (cf. Burke, Jankowska & ten Bruggencate,
1970a). Every effort was made to limit the number of whole muscle contractions
during the course of individual experiments. These points represent significant
differences in technique from earlier motor unit work from this laboratory (Burke,
1967, 1968a, b) and such differences may partially explain variations in the present
results from the earlier observations. Twitch tensions produced by the whole medial
and lateral gastrocnemius muscles were recorded at the beginning of recording
sessions and checked periodically thereafter. Experiments were terminated when
fall-off in twitch tensions suggested possible deterioration in the preparation.
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The electrical activity of the active muscle units was recorded with fine (AWG 36)
flexible stainless-steel wires bared of insulation at the tip and hooked into the fascia
over the localized dimpling produced by contraction of the unit.

Eaxperimental procedure

Mechanical and electrical responses of muscle units were recorded photographic-
ally during the following sequence of stimulation paradigms: (1) single pulse activa-
tion producing what will be referred to as ‘initial’ twitch responses (cf. Figs. 14, 24,
3A4); (2) pairs of stimuli at varying intervals (cf. Burke, Rudomin & Zajaec, 1970b);
(3) short (0-8-2-0 sec) trains of pulses at various relatively low frequencies producing
unfused tetani (Figs. 1C, 2C, 3C, D); (4) alternation between single pulses and short
(0-5-2 sec) trains of pulses at 200 pulses/sec (100 pulsesfsec with slowly contracting
units). Either single pulses or trains were delivered every 3-4 sec in alternation,
causing post-tetanic potentiation of the twitch response, until the twitch no longer
continued to increase in amplitude. Following completion of the above, the unit
under study was subjected to repeated tetanization using trains of pulses composed
of 13 pulses recurring at 40 pulses/sec, each train lasting 330 msec. Trains were
repeated every 1 sec for at least 5 min in order to assess the sensitivity of the unit
to fatigue (Figs. 1.D-F, 2D-F, 3E-G).

Histochemical analysis

In cases selected for histochemical analysis, only one musecle unit was examined
in each muscle head. The selected unit was studied as above but the repeated
tetanization used for fatigue sensitivity study was continued for periods lasting
between 15 and 60 min, depending on unit type (cf. below). At the end of the
stimulation period, which was designed to deplete glycogen in muscle fibres of the
studied unit, the muscle head containing the unit was quickly excised and cut into
cross-section blocks 8-10 mm in thickness. The blocks were placed on cryostat
chucks in gum acacia and frozen in 2-methyl-butane cooled to —160° C in liquid N,.
Frozen blocks were temporarily stored in dry ice and transferred within a few hours
to a freezer maintained at — 80° C. The time lag between muscle removal and com-
pletion of freezing all blocks was between 2 and 5 min. In a few cases, larger pieces
of muscle were directly frozen in liquid N,.

Serial sections were cut from the muscle blocks at 10-15 x#m thickness in a eryostat
kept at —20° C. Sections were air dried on cover-slips before staining. Sections were
obtained from several blocks along the length of each muscle containing a studied
muscle unit. Serial sections from each block were stained for the following substrates:
glycogen by the periodic acid-Schiff (PAS) method (McManus & Mowry, 1960);
phosphorylase (Barka & Anderson, 1963); reduced diphosphopyridine nucleotide
dehydrogenase (DPNHD; Farber, Sternberg & Dunlap, 1956; synonymous with
nicotinamide nucleotide dehydrogenase, or NADH diaphorase, or tetrazolium
reductase, cf. Pearse, 1968) ; succinic dehydrogenase (SDH ; Nachlas, Tsou, DeSousa,
Cheng & Seligman, 1957); and myofibrillar adenosine triphosphatase (ATPase;
Padykula & Herman, 1955). Further serial sections were stained for ATPase activity
after incubation in one of two acidic buffers, either edetic acid buffer at pH 4-35
(denoted EDTA-ATPase; Drews & Engel, 1966) or veronal acetate buffer at pH 4-65
(Ac-ATPase; Brooke & Kaiser, 1969). The above series of preparations were made
with each unit in the present series. In addition, a number of representative unit
sections were also examined using the following substrate stains: esterase (Barka &
Anderson, 1963); menadione-linked «-glycerophosphate dehydrogenase (M-x-GPD;
Pearse, 1968), lactate dehydrogenase (LDH ; Brody, 1964); and for neutral fat with
Oil Red O (Armed Forces Institute of Pathology, 1949).
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RESULTS

The results to be reported are based on study of 117 motor units obtained
from fifteen cats. Of this total 105 units were studied in the medial and
the remaining twelve in the lateral gastrocnemius. Histochemical analysis
was completed successfully on twenty-eight units, sixteen medial and
twelve lateral. There were no evident differences between medial and
lateral gastrocnemuis units with respect to the material to be discussed.

PART I
Physiological classification of muscle units

The first objective of the present work was to investigate a variety of
mechanical response characteristics of muscle units in the gastrocnemius
in order to assess the distributions of such properties within the population
of units making up this heterogeneous muscle. A corollary aim was to
develop a system for classification of muscle units into clearly definable
groups using combinations of physiological properties. Single twitch
responses before and after post-tetanic potentiation (PTP), tetanic
responses to stimulation at various frequencies, and fatigue during pro-
longed repetitive stimulation were systematically examined. Representa-
tive records from three units are shown in Text-figs. 1-3. We found that
two physiological parameters — (1) measurement of the sensitivity to
fatigue and (2) the shape of the tension envelope during unfused tetani —
were best suited to separate the gastrocnemius unit population into
unambiguous and non-overlapping groups.

Fatigue sensitivity

Any measurement of muscle fatigue depends on the stimulation para-
digm utilized. In selecting a paradigm for the present studies, we attempt-
ed to find a stimulation sequence which permitted some differentiation
between effects of repeated activation on neuromuscular transmission and
the effects on muscle fibres themselves. The stimulation sequence finally
chosen (see Methods) was used because it appeared to minimize the
possibility of significant degrees of failure of fibre activation during repeated
stimulation (cf. below).

The effect of the standard sequence of pulse trains on a muscle unit
highly susceptible to fatigue is shown in Text-fig. 1D and E. During the
30th tetanus in the sequence (Z, 30 sec; a total of 390 stimuli), the tension
produced by the unit began to decline and showed marked slowing,
particularly of the falling phase as compared to the initial tetanus response
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(£, unlabelled). Tension decline was quite profound during the 60th
tetanus (E, 1 min; a total of 780 stimuli), while the electrical response of
the unit (D, 1 min) exhibited some widening of individual spikes but no
diminution of amplitude. The complete course of maximum tension output
during sequential tetanization is shown in Text-fig. 1F; after 2 min of
stimulation (120 tetani) the tension produced was less than 109, of that
produced by the first tetanus in the sequence.

Greater resistance to fatigue was exhibited by the unit illustrated in
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Text-fig. 1. Mechanical and electrical responses of a type FF muscle unit in
a lateral gastrocnemius muscle. The histochemical profile of muscle fibres
belonging to the same unit is illustrated in Pl. 1. 4 : initial twitch response,
with electrical activity (EMG) of the muscle unit above the mechanical
record. B: twitch response after maximum post-tetanic potentiation (PTP).
Note increase in both amplitude and duration of the twitch, without change
in the EMG. C: unfused tetanus to stimulus train of 25 pulses/sec, showing
early peak in tension (about the 6th response) and subsequent decline, or
‘sag’, in tension toward a lower plateau level. D and E: records selected
from a sequence of responses to short duration (330 msec) 40 pulses/sec
tetani recurring every 1 sec. D: EMG responses during the first tetanus in
the sequence (0 min) and during the 60th tetanus (1 min). E: photographic-
ally superimposed records of unit mechanical responses during the first (un-
marked), the 30th (30 sec) and the 60th (1 min) tetani in the repetitive
sequence. Note slowing of the rising and falling phases with onset of fatigue.
F': graph of maximum tension produced by individual tetani such as shown
in E for the entire sequence of recurrent tetani. The fatigue index at 2 min
was less than 0-1. Interrupted absecissa indicates that the unit was stimu-
lated for 15 min with repeated tetani, after which the LG muscle was
removed for histochemical analysis (see text).
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Text-fig. 2 (D-F). Maximum tension production during the 120th tetanus
(E, 2 min) was nearly the same as that during the initial tetanus (un-
labelled) although diminution of the early components of the response
was evident, as was slowing of the falling phase. Progression of fatigue was
again evident in the 300th tetanus (£, 5 min) but, as shown in the graph
(Text-fig. 2, F) the decline in maximum tension with prolonged stimulation
occurred relatively slowly. The unit still produced measurable tension after
50 min of repeated tetanization (a total of about 39,000 stimuli). Electrical
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Text-fig. 2. Mechanical and electrical responses of a type FR muscle unit in
a medial gastrocnemius muscle. The histochemical profile of unit fibres is
shown in Pl. 2. Format of the figure as in Text-fig. 1. This FR unit, like
the FF unit in Text-fig. 1, exhibited ‘sag’ in unfused tetani (C), but showed
considerably more resistance to fatigue during repeated tetanization (E, F').
The fatigue index at 2 min was > 0-9. After 50 min of repeated tetanization
(graph in F') the FR unit still produced some tension and at this point
the medial muscle containing the unit was removed for histochemical
processing.

responses of the unit showed only some broadening of spikes after 5 min
of stimulation. In contrast to the above, the muscle unit shown in Text-
fig. 3 exhibited no fatigue during prolonged tetanization. Mechanical and
electrical responses obtained after 60 min of stimulation (3600 tetani, or
about 47,000 stimuli) were essentially superimposable on the initial
responses (E, F).
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Considering the fatigue curves (Text-figs. 1F, 2 F, 3(G) from the entire
sample of gastrocnemius units studied, it was striking that there were few
units with curves intermediate between the rapid decline group (Text-
fig. 1F) and the more slowly declining group (Text-fig. 2F). As a single
measure of the difference between such curves, we have taken the ratio of
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Text-fig. 3. Mechanical and electrical records of a type S muscle unit in
lateral gastrocnemius muscle. Format as in Text-figs. 1 and 2, except that
unfused tetani are shown for two slightly different stimulation frequencies
(C and D). Note absences of ‘sag’ in these responses. Twitch response before
(4) and after (B) tetanization showed significant PTP, without any change
in the unit EMG. The extreme resistance of this unit to fatigue is illustrated
by the records and graph in E, F and G. Mechanical records during the
first (0 min), 60th (2 min) and 3600th (60 min) tetanus are shown photo-
graphically superimposed in F'. EMG records during the same tetani showed
no changes (E). The histochemical profile of the unit fibres is illustrated in
Pl. 3.

maximum tension produced during the 120th tetanus (i.e. after 2 min of
stimulation) to the tension output during the first tetanus in the standard
sequence, calling this ratio the ‘fatigue index’. The fatigue index was
obviously much smaller ( < 0-25) for the unit shown in Text-fig. 1 than for
the other two units illustrated (> 0-75).
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Diminution in tension output from an indirectly stimulated muscle unit may be
due to fatigue of the contractile mechanism within the muscle fibres themselves
(cf. Eberstein & Sandow, 1963), to failure of activation of some unit fibres due to
presynaptic factors such as diminution of neuromuscular transmitter output (cf.
Brooks & Thies, 1962) or failure of action potential invasion into motoneurone telo-
dendria (Krnjevié & Miledi, 1958a), or indeed to a combination of the above. The
possible existence of failure of fibre activation could not be directly assessed in the
present work. However, during the first 2 min of sequential tetanization there was
in most units little or no decline in the amplitude of muscle unit action potentials
recorded from the muscle surface, irrespective of the changes in mechanical output
(e.g. Text-fig. 1.D and E). The broadening of electrical unit spikes early in the course
of fatigue development may be explainable on the basis of some depression and
slowing of muscle fibre action potentials (Bergmans & Maréchal, 1960; Eberstein &
Sandow, 1963) and does not necessarily indicate fibre drop-out. The available
evidence suggests that the early course of muscle unit fatigue under the present
conditions (i.e. up to 2 min of stimulation) probably reflected fatigue intrinsic to the
muscle fibres.

The shape of unfused tetani

Unfused mechanical tetani in gastrocnemius muscle units exhibited,
with stimulus trains of appropriate frequency, one of two general shapes.
The responses illustrated in Text-figs. 1C and 2C, for example, were
characterized by an early tension maximum produced by the first 6 to
7 stimuli, with a subsequent slight decline, or ‘sag’, in tension to a lower
plateau. In contrast, the responses in Text-fig. 3C and D showed no such
‘sag’; rather the tension envelope described by the peaks of individual
components rose monotonically to reach a stable plateau at long tetanus
durations (cf. Burke ef al. 19700, Fig. 2).

Assessment of the presence or absence of the ‘sag’ phenomenon in
unfused tetani proved to be a useful criterion in muscle unit classification.
In applying this test, however, it was necessary to specify the stimulus
frequencies used. Some units, for example those shown in Text-figs. 1
and 2, exhibited ‘sag’ in unfused tetani produced by a relatively wide
range in stimulus frequencies (up to 30-40 pulses/sec) while others (e.g.
Text-fig. 3) showed ‘sag’ only in unfused tetani produced by very low
frequency stimulation (usually less than 5 pulses/sec). The ‘best’ fre-
quencies appeared to be correlated with muscle unit twitch contraction
times. In order to avoid possible ambiguity, the ‘sag’ phenomenon was
assessed as present or absent in tetanic responses produced by stimulus
trains in which the interpulse intervals were approximately 1-25 times the
muscle unit contraction time.

The presence of ‘sag’ has been noted in unfused tetani of nominally ‘fast’ muscles
such as cat gastrocnemius but not in ‘slow’ muscles such as the soleus (Cooper &
Eccles, 1930). It has also been observed in unfused tetani of fast contracting single

muscle units (e.g. Steg, 1964, Fig. 7; Wuerker, McPhedran & Henneman, 1965,
Fig. 7). The ‘sag’ was not due to fibre drop-out in the later stages of tetani, since
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the unit action potentials were identical before and after its development. It was
also not due to muscle fibre fatigue in the usual sense, since muscle units developed
the same maximum tension during fused tetani, whether or not such tetani were
superimposed on an unfused tetanus after development of ‘sag’ (unpublished
observations). The phenomenon may be due to a subtle change in the fibre active
state (R. E. Burke, P. Rudomin & F. E. Zajac, in preparation), but whatever the
mechanism, it appeared to be present in all muscle unit types in the cat gastro-
cnemius, although expressed in different units at quite different frequencies. For this
reason the testing frequencies must be specified.

TaBLE 1. Classification of gastrocnemius muscle units using two physiological
parameters. Sample population includes all of the units studied in the present series
of experiments

Fatigue index evaluated at 2 min
A

< 025 025 < FI < 075 > 0-75 Totals
‘Sag’ present Type FF  Unclassified Type FR
n = 51 n =3 n = 32 86
‘Sag’ absent - - Type S
n=0 n=0 n = 31 31
Totals 51 3 63 117

Unit classification

We have divided the gastrocnemius muscle unit population into three
major types using as criteria the fatigue index and presence or absence of
‘sag’ in standardized tetani. As shown in Table 1, only three of the 117
units studied in the present sample fell outside the major type categories.
The letter designations used for each category are meant to suggest key
physiological parameters characteristic of the group: ‘type FF’ — fatigue
sensitive units with relatively fast twitch contraction (see below); ‘type
FR’ - fatigue resistant units with fast twitch contraction; ‘type S’ — very
fatigue resistant units with relatively slow twitch contraction. The cate-
gory designations include specification of twitch contraction speed to
indicate continuity of the present results with previous work from this
laboratory, in which motor units were designated as ‘type F’ or ‘type S’
on the basis of contraction speed (Burke, 1967, 19684, b). Type S units as
presently defined appear to be identical with units of similar designation
from the earlier work, since review of the original records from the previous
experiments showed that ‘type S’ units did not show ‘sag’ while ‘type F’
units did (for example, see Burke, 1967, Fig. 4). Thus it is assumed that
the original ‘type F’ group must have included rapidly contracting units
with varying resistance to fatigue.
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Twitch responses and post-tetanic potentiation

Twitch contraction time has been a parameter of interest in most
studies of motor unit properties (e.g. Burke, 1967; Olson & Swett,
1971; Wuerker et al. 1965). Early in the course of the present work it
became apparent that muscle unit twitch characteristics showed marked
dependence on the stimulus history, in particular exhibiting considerable
post-tetanic potentiation of twitch tension in many units (cf. Close, 1972).
Comparing ‘initial’ twitches (Text-figs. 14, 24, 3A4) with maximally
potentiated twitches (Text-figs. 1B, 2B, 3B; cf. Method), it is evident
that PTP prolonged the twitch contraction times and half-relaxation
times in the illustrated units as well as causing increased tension output.

The distributions of twitch tension augmentation produced by PTP in
muscle units of different types is shown in Text-fig. 4. The graph illustrates
the relation found between the amplitude of ‘initial’ twitches (abscissa)
and those of maximally potentiated twitches (ordinate), each point
representing a different unit with the unit type denoted by the symbols.
It is evident from the graph that there was no significant difference
between the various muscle unit types in the amount of PTP exhibited,
comparing the data scatter of one type group with another. Units of each
type with relatively large ‘initial’ twitches (for that type) tended to
exhibit less increase in twitch tension after PTP than the same type units
with smaller ‘initial’ twitches (cf. Olson & Swett, 1971).

Twitch contraction times measured after PTP tended to be longer in
duration than in ‘initial’ twitches, although a few units in each physio-
logical type group showed decreases in contraction time after PTP. As
with the amplitude data in Text-fig. 4, there was no difference between
the muscle unit groups in the direction or degree of change in contraction
times before and after PTP. It appears reasonable to conclude that all
gastrocnemius muscle units in the cat exhibit qualitatively similar
responses to repeated tetanization, irrespective of unit type.

Despite the sometimes dramatic changes in mechanical twitch responses with
PTP, the muscle unit action potentials recorded from the muscle surface were
identical throughout the development of PTP (Text-figs. 1-3), suggesting that
presynaptic factors play little or no role in the effect (cf. discussion in Close, 1972).
This point is of particular importance with respect to the type S muscle units (e.g.
Text-fig. 3). There is evidence that slowly contracting muscle units in the gastro-
cnemius and soleus muscles of the cat may exhibit repetitive firing to single volleys
in the motoneurone axon in the aftermath of a prolonged high-frequency tetanus,
with consequent tension augmentation (Olson & Swett, 1971; Standeart, 1964).
Such repetitive firing was not observed in any of the type S units in the present
experiments, presumably because intermittent and relatively short tetani were used
to produce PTP. Thus, the tension and time course changes in unit twitch responses
in the present results have been interpreted as ‘true’ PTP, even among the type S
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units. This point is stressed because the response of type S muscle units in the cat
soleus to repeated tetanization was found to be qualitatively different (R. E. Burke,
D. N. Levine, M. Saleman & P. Tsairis, to be published).

Twitch to tetanus ratios were measured for the present unit sample, using the
amplitudes of maximally potentiated twitches, and the maximum tension produced
by fused tetani (stimulus frequency 200 pulses/sec for FF and FR units and
100 pulses/sec for type S units). Grouping musele units together by type, the twitch/
tetanus ratios were higher (0-3—-0-75; mean 0-58) for type FF units than for type FR
(0-25—0-6 ; mean 0-43) or type S units (0-125-0-5; mean 0-31). These ratios would be
smaller and the ranges wider had the values for ‘initial’ twitches been used in the
computation (cf. earlier results, Burke, 1967; Wuerker et al. 1965).
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Text-fig. 4. Graph of initial twitch amplitudes (abscissa) and maximum
twitch amplitudes after PTP (ordinate) for the entire population of studied
gastrocnemius muscle units. Each point represents a different unit, with
unit types denoted by the symbols (FF, O; FR, @; S, A). Both axes of the
graph are logarithmic, permitting direct estimation of the relative change in
twitch amplitude with PTP, irrespective of absolute tensions of the indivi-
dual units. The unit slope line (dashed line) denotes the locus of points
showing no change in twitch amplitude. The vertical distance between points
for individual units and the dashed line is equivalent to the percentage of
tension augmentation.

Physiological profiles of MG muscle units

The distributions of physiological properties of gastrocnemius muscle
units were interrelated. The three-dimensional diagram in Text-fig. 5 is
intended to convey the interrelations found among four physiological
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parameters, limiting the sample population to eighty-one units studied in
the medial muscle of three cats. The distributions of unit properties in
samples from individual animals were in good agreement and pooling the
results seemed reasonable. The experiments were designed to obtain
systematic physiological data on as many medial muscle units as possible,
without conscious bias in selection of units studied and with as few
failures as possible. In fact, only a few medial units encountered by the

Tetanus tension (g)

Text-fig. 5. Three-dimensional diagram summarizing the physiological
profiles found in a sample of eighty-one medial gastrocnemius muscle units
studied in three cats. Units with ‘sag’ shown as open circles (types FF and
FR units); muscle units without ‘sag’ denoted by stippled circles (type S
units). Note two ‘unclassified’ units with fatigue index values between
0-25 and 0-75.

micro-electrode were not fully studied and we conclude that this popula-
tion represented as accurate a sample of the medial gastrocnemius unit
pool as we could achieve using the present techniques.

Each symbol in the diagram of Text-fig. 5 denotes a different unit. The
cluster of units in the left-hand corner of the diagram, with low values of



736 R.E. BURKE AND OTHERS

fatigue index and short contraction times, represents the type FF unit
group and it is evident that these produced, on the average, the largest
tetanic tensions. The values for twitch contraction time plotted in the
diagram are those for maximally potentiated twitches; these were used in
order to minimize inter-unit variability due to differences in stimulus
history (cf. above). The units with fatigue indices greater than 0-75 formed
two groups distinguishable on the basis of presence (open circles) or
absence (stippled circles) of ‘sag’ in unfused tetani (cf. Table 1). Thus the
type FR units (open circles) as a group produced intermediate tension
outputs while the type S units (stippled circles) produced uniformly small
tetanic tensions. It can be noted that the distribution of twitch contraction
times in the FR and S unit groups was apparently continuous, although
there was no overlap between the two groups. Type FR units can be regarded
as ‘fast twitch’ units, and type S as ‘slow’, only in a statistical sense. For
this reason, twitch contraction time was discarded as a criterion for unit
classification.

There were two ‘unclassified’ muscle units in the sample population,
both obtained from the same animal, with fatigue indices between 0-25
and 0-75 (cf. Table 1). With respect to the physiological parameters in the
diagram, these ‘unclassified’ units were intermediate between the FF and
FR unit groups. The relative frequencies of the different muscle unit types
in this sample of medial units, obtained by simply averaging the results
from the three animals surveyed, were: type FF, 41-59%,; ‘unclassified’,
2:5%,; type FR, 289%,; and type S, 289,

In the three animals surveyed above, the relative frequencies of the various
muscle unit types encountered in the individual animals were different. For example,
type FF units made up about 29 %, of one sample (six of twenty-one units studied),
609, of another (eighteen of thirty-two units) and 329, of the third (ten of thirty-
one units). In the absence of contrary evidence, we have assumed that the actual
relative frequencies of the different unit types is about the same in all normal adult
cats, and this assumption is implicit in giving the average frequencies above. The
relative frequency of slowly contracting type S units in the present sample popula-
tion was not much different from that found in previous samples drawn from the
medial gastroecnemius musele unit pool, making allowances for differences in experi-
mental techniques (Burke, 1967; Olson & Swett, 1971; Wuerker et al. 1965).

As an additional check on the reliability of the above relative frequency estimates,
we calculated the amount of tension which would be contributed, on the average,
by each of the muscle unit types in the cat medial gastrocnemius, including ‘un-
classified’ units with type FF. The total number of motor units in the medial
gastrocnemius has been estimated at about 280 by counting a-motoneurone axons
(Boyd & Davey, 1968). Using the relative frequencies of the various unit types from
the present data, there should be a total of about 124 type FF units, 78 FR
units and 78 type S units in the medial muscle unit pool. The mean tetanic
tensions for each unit group were: type FF, 69-3 g; type FR, 21-9 g; and type S,
4-9 g (cf. Text-fig. 5). Given simultaneous activation of the entire unit pool, and
assuming linear addition of tensions of individual muscle units, the total tension
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contribution of each unit group would be as follows: type FF, 8600 g; type FR,
1700 g; and type S, 380 g. This gives a total average tension of about 10,680 g,
which compares favourably with our own measurements of total tetanic tension of
cat medial gastrocnemius and with those of Eccles & Sherrington (1930), who found
that this musecle of cats weighing about 2 kg produced between 7200 and 9080 g
while heavier animals (3-3-3-6 kg) gave values between 12,700 and 15,800 g. The
survey animals in the present experiments weighed between 2-2 and 2-5 kg.

The only property intrinsic to the motoneurone portion of the motor
units which has been measured in the present series was the conduction
velocity of the motoneurone axon. As in previous experiments (Burke,
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Text-fig. 6. Histograms of motoneurone axonal conduction velocities in the
three major types of gastrocnemius motor units. Median value of each
distribution indicated by arrows.

1967), this parameter was measured from records of the antidromic con-
duction time after peripheral nerve stimulation (see Methods) and from
estimation of the conduction distance obtained after sacrifice of the indivi-
dual animals. The histogram in Text-fig. 6 shows that the distributions of
conduction velocities for FF and FR units were almost identical while
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motoneurones innervating type S units had more slowly conducting
axons, confirming earlier observations (Burke, 1967; Olson & Swett,
1971; Wuerker et al. 1965).

PART II
Histochemical identification of single muscle units

Some time ago, Krnjevié & Miledi (1958b) suggested that the muscle
fibres innervated by a single motoneurone might be histologically identified
by depletion of their glycogen content on prolonged stimulation. More
recent work has demonstrated the feasibility of this method, in that
glycogen-depleted muscle fibres (i.e. unstained fibres in PAS sections, see
Methods) have been found in muscles following prolonged stimulation of
a single motor unit (Edstrém & Kugelberg, 1968). PAS-negative fibres
also were unstained in sections processed to demonstrate phosphorylase
activity (Kugelberg & Edstrém, 1968; confirmed in the present work).
Since PAS- and phosphorylase-negative muscle fibres of otherwise normal
appearance (i.e. excluding section areas with trauma or processing arti-
facts) were not found in normal muscle of control cats, it is assumed that
such fibres which were observed following prolonged stimulation of a single
motor unit indeed belonged to the stimulated unit.

In the present work, selected motor units were stimulated for prolonged
periods after initial study of their physiological responses (cf. Methods).
Repetitive tetanization was continued for about 15 min (for a total of about
12,000 stimuli) with type FF units but was more prolonged (30-60 min, or
23,000-47,000 stimuli) for type FR units and type S units (the latter stimu-
lated for at least 50 min in each case). The long durations of stimulation were
used with fatigue resistant FR and S units since previous work has shown
that the susceptibility to fibre glycogen depletion varies directly with the
susceptibility to mechanical fatigue among mammalian muscle units
(Edstrém & Kugelberg, 1968; Kugelberg & Edstrom, 1968; cf. also Edger-
ton, Barnard, Peter, Simpson & Gillespie, 1970). Muscle fibres were
regarded as glycogen-depleted only when there was no detectable pink-
staining reticulum (presumably glycogen) anywhere within the fibre with
examination of technically acceptable PAS-stained sections under high
magnification (cf. Pls. 1-3).

Histochemical profiles of physiologically characterized muscle units

The histochemical preparations illustrated in Pl. 1 were obtained in a
lateral gastrocnemius muscle in which a single type FF muscle unit had
been stimulated. Mechanical and electrical responses produced by the
same unit are shown in Text-fig. 1. The PAS-stained sections contained a
large number of unstained muscle fibres, two of which are shown in PI. 1
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(PAS, arrows). Note that the same muscle area also contained some small-
diameter fibres which were relatively lightly stained; since these clearly
contained a visible reticulum they were not regarded as glycogen-depleted.

The same FF unit fibres were identifiable in serial sections stained for
other substrates (DPNHD, myofibrillar ATPase, Ac-ATPase; cf. Methods
for abbreviations). It is important to note that, in preparations other than
PAS (or phosphorylase, which is not illustrated), the stimulated muscle
fibres were similar in appearance to many neighbouring fibres not depleted
of glycogen (therefore presumably unstimulated, belonging to other muscle
units). This observation, which was consistent in all units studied (cf.
Pls. 2 and 3), strongly suggests that the repetitive stimulation used to
produce glycogen depletion did not alter fibre staining characteristics in
the other histochemical reactions employed (see also Edstrom & Kugel-
berg, 1968). This conclusion is critical to any interpretation of the histo-
chemical profiles of identified muscle units.

The term ‘histochemical profile’ refers to the set of staining character-
istics of a muscle fibre, or groups of similar fibres, evaluated in relation to
surrounding fibres in the same section. Thus, when stained for the oxida-
tive enzyme DPNHD the muscle fibres belonging to the FF unit shown in
Pl. 1 (arrows) stained lightly relative to many surrounding fibres. The
reaction product (formazan granules) distributed in a fine, interrupted
network of strands and clumps tending to increase in density toward the
periphery of the fibres. The pattern of staining with another oxidative
enzyme, SDH, was essentially the same (not illustrated). When stained for
ATPase activity of myofibrils in another serial section (Pl. 1, ATPase),
the FF unit fibres were darkly stained relative to others in the region.
Preincubation of sections in acidic buffers before ATPase staining leads
to a reversal of the usual ATPase staining mosaic in mixed muscles (Drews
& Engel, 1966). With preincubation in acetate buffer at pH 4-65 (Ac-
ATPase; cf. Brooke & Kaister, 1969), the FF unit fibres stained with an
intensity intermediate between the darkest and lightest fibres in the same
region.

The histochemical profile of a typical type FR unit is illustrated in
Pl. 2. Mechanical and electrical records from the same FR unit are in
Text-fig. 2. The FR unit fibres stained darkly in the DPNHD preparation
(arrows) but the qualitative nature of the intrafibre distribution of formazan
granules was similar to that seen in FF unit fibres; that is, an interrupted
network of strands and clumps rather unevenly distributed through the
fibre cross-section. The unit fibres stained darkly in the ATPase prepara-
tion (the myofibrillar stain) but were among the lightest fibres in the Ac-
ATPase preparation.

Pl. 3 illustrates the profile of the type S muscle unit which produced the
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mechanical and electrical responses shown in Text-fig. 3. Note that the
unit fibres were relatively lightly stained for myofibrillar ATPase activity
but were extremely dark in the Ac-ATPase section. The unit fibres were
darkly stained for oxidative enzyme activity (DPHND) and the distribu-
tion of formazan granules was qualitatively different from that observed
in FF and FR unit fibres, in that there was a dense and uninterrupted
network of granules evenly distributed throughout the cross-sectional area
of the fibres (cf. Stein & Padykula, 1962).

A summary of the histochemical profiles of identified muscle units in
the gastrocnemius is given in Table 2, which includes a number of pre-

TaBLE 2. Histochemical profiles of gastrocnemius musecle units

Muscle unit types
A

— R
Type FF Unclassified Type FR  Type S

Myofibrillar ATPase High High High Low
Ac-ATPase Intermediate Intermediate Low High
EDTA-ATPase Low Low Low High
DPNHD* Low Intermediate Int.-high High
SDH* Low Intermediate Int.-high High
M.x-GPD+t High — High Low
Esteraset High — High Low
Lactate dehydrogenaset High — High Low
Neutral fat (Oil Red O)f Low — Low High
Glycogen} High — High Low
Phosphorylase} High — High Low
Number of units studied 15 1 7 5

* Pattern of reaction product also distinctive (see text).

t Studied in 3 type FF, 2 type FR and 2 type S units.

1 Presumed on the basis of appearance of fibres with similar histochemical
profiles.

parations not illustrated in the Plates (cf. Methods). Each physiological
unit type had a unique histochemical profile and no exceptions were found
to the exact match between physiological and histochemical profiles. The
profile of one ‘unclassified’ unit was studied (cf. also Text-fig. 7) and this
was in a real sense intermediate between the profiles characteristic of
FF and FR units. The three-dimensional diagram shown in Text-fig. 7
presents a summary of the physiological profiles of the histochemically
studied muscle units. The diagram was constructed in the same way as
Text-fig. 5 and the two sets of data illustrated were superimposable. We
thus conclude that the present results include histochemical profiles
representative of the entire population of muscle units which compose the
gastrocnemius muscle in normal cats.
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The cytochemical interpretation of the staining patterns observed in the various
histochemical preparations of musecles is in a number of respects unclear. The
DPNHD and SDH enzymes are involved in pathways of oxidative glycolysis and are
localized in mitochondria and in the sarcoplasmic reticulum, both staining as linear
elements (Brooke & Engel, 1966). The method used for demonstration of these
enzymes also causes deposition of reaction product at aqueous-lipid interfaces
(Novikoff, Shin & Drucker, 1961). Thus the distribution and density of formazan
granules in muscle fibres reflects in part the density and distribution of mitochondria
and to some extent differences in the distribution of lipid. The staining patterns in
FF and FR units, and the difference between these patterns and that observed in
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Text-fig. 7. Three-dimensional diagram summarizing the physiological
profiles of those gastrocnemius muscle units which were also characterized
histochemically. Format of the diagram as in Text-fig. 5.

type S units, presumably reflect variations in distribution of subcellular organelles
observed in muscle fibres of presumed different type at the ultrastructural level
(e.g Gauthier, 1969; Schiaffino, Hanzlikova & Pierobon, 1970).

In adult mammals, the histochemical reaction product deposited during ATPase
staining at alkaline pH (referred to here as myofibrillar ATPase, see Methods) is
largely localized in myofibrils (Guth & Yellin, 1971), and the intensity of staining,
at least averaged for various whole muscles, is directly correlated with biochemical
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assays for actomyosin ATPase activity (cf. Guth & Samaha, 1972). There is much
less certainty about the cytochemical interpretation of ATPase staining after
‘reversal’ with acidic preincubation. The staining intensity of a given set of fibres
depends on the pH lability of actomyosin, which varies with different ‘types’ of
fibres, as well as on pH-dependent variations in ATPase staining of intermyofibrillar
structures, possibly including sarcoplasmic reticulum (Gauthier, 1967; Guth &
Yellin, 1971).

Histochemical uniformity within single muscle units

Assessment of the histochemical profile of each studied unit was based
on examination of several dozen fibres belonging to that unit. Although
the Plates illustrate only a few fibres for each unit, uniformity of profile
within a given unit was the rule. In order to assess systematically the
question of histochemical uniformity, five units were chosen from each of
the type groups (thus including all type S units studied). The ‘unclassified’
unit was also examined for uniformity. Selecting sets of serial sections in
which large numbers of unit fibres appeared and which were relatively
free of artifacts over the unit territory, low-power photomicrographs were
made of PAS, DPNHD, ATPase and Ac-ATPase sections. From these, the
detailed profiles of relatively large numbers of unit fibres were examined
(in most units 80-140 fibres, except for some type S units in which total
fibre counts were low). In no case were any fibres found within a unit
which deviated from the histochemical profile characteristic of the unit as
a whole. The absence of ‘aberrant’ fibres provides strong support for the
hypothesis that there is complete histochemical uniformity among the
muscle fibres innervated by a single a-motoneurone (cf. Edstrom &
Kugelberg, 1968).

DISCUSSION

The present results demonstrate for the first time detailed interrelations
between the physiological and histochemical profiles of single muscle units
representing the entire population of units making up a mixed mammalian
muscle. While the present physiological data are compatible with previous
results (Burke, 1967; Olson & Swett, 1971; Wuerker ef al. 1965), the
system of unit classification used here has two major advantages: (1) it
provides unambiguous  separation of distinct physiological groups of
muscle units present in the gastrocnemius population; and (2) each physio-
logical group consists of muscle units with common histochemical features.
Since there is evidence (cf. above) that the type S units of the present
system and of previous results (Burke, 1967) are essentially identical, a
detailed view of motor unit organization is available for the cat gastro-
cnemius muscle in which muscle unit physiology, histochemistry and
morphology (for the latter, see Burke & Tsairis, 1973a) can be quite
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precisely related to the intrinsic properties of the innervating alpha moto-
neurones (Burke, 1967; Burke & Nelson, 1971; Burke & ten Bruggencate,
1971), to the organization of synaptic input to the unit motoneurones
(Burke, 1968a, b; Burke ef al. 1970a), and to the patterns of activity of
different motor units in decerebrate rigidity (Burke, 1968b). A detailed
discussion of these interrelations is available in a recent review (Burke,
1973).

Types FF and FR muscle units, which contracted relatively rapidly,
stained rather darkly for myofibrillar ATPase activity in relation to some
surrounding muscle fibres with histochemical profiles characteristic of
slowly contracting type S muscle units (Text-fig. 7; Pls. 1, 2; Table 2).
This finding is in agreement with the direct correlation of contraction
speed with actomyosin ATPase activity apparent in a wide variety of
muscles from different species (Barany, 1967), as well as with a similar
correlation found in whole muscles, or portions of muscles, with different
mixtures of histochemical muscle fibre types (Barnard, Edgerton, Furu-
kawa & Peter, 1971). It should be noted, however, that there were wide
ranges in twitch contraction times within each of the unit groups (Text-
figs. 5, 7). Although it is possible that some of the variation in contraction
times within a given unit type may have been due to mechanical factors
of twitch measurement, including perhaps differences in the anatomical
distribution of muscle units within the whole gastrocnemius, it seems
unlikely that such factors can account for the entire variation observed in
contraction times (cf. Burke & Tsairis, 1973a). With the evidence available,
it appears important to suggest that the ATPase staining characteristics
demonstrable in histochemical preparations should not be overinterpreted
in terms of implied contraction speed of the muscle fibres (Burke & Tsairis,
1973b). It is particularly difficult to make such extrapolations between
different muscles, even in the same species of animal (Burke & Tsairis,
1973b; Hall-Craggs, 1968; Nystrom, 1968).

There was in the present data an apparently clear correlation between the
resistance to fatigue exhibited by a muscle unit and the histochemical
profile of the unit fibres related to major pathways of energy metabolism
(see also Edstrom & Kugelberg, 1968). Both FF and FR muscle units had
staining patterns indicating high capacity for anaerobic glycolysis, but
there were clear differences in apparent capacities for oxidative glycolysis
which were correlated with fatigue resistance (Text-fig. 7; Pls. 1, 2;
Table 2). For convenience, the set of units which showed ‘sag’ in unfused
tetani and relatively short twitch contraction times (i.e. FF, unclassified
and FR units) can be referred to as the ‘fast-twitch’ group. Fatigue
resistance was distributed in this fast-twitch group in a bimodal pattern,
a fact used in defining the classification criteria (cf. above), but it can also
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be pointed out that this distribution was essentially continuous, including
several unclassified units between the larger FF and FR unit groups
(Text-figs. 5, 7). Furthermore, prolongation of the repetitive tetanization
up to 5 min in duration showed that there was a spectrum of fatigue
resistance among the units classed as type FR (see Burke & Tsairis, 1973,
Fig. 1). In most gastrocnemii studied histochemically, there was a con-
tinuous spectrum in oxidative staining among muscle fibres which pre-
sumably belonged to units of the fast-twitch group on the basis of other
histochemical reactions (e.g. myofibrillar ATPase; cf. Burke & Tsairis,
1973b, Fig. 3). Studies of whole muscle histochemistry before and after
prolonged exercise suggest that there may be modulation of muscle fibre
oxidative enzyme staining, and perhaps fatigue resistance, depending on
conditions of varying output demand (Barnard, Edgerton & Peter, 1970).
Such data suggest that the FF and FR unit categories may not be immut-
able; rather the relative frequencies of the unit types within the fast-
twitch group may well vary from animal to animal, or within the same
animal at different times, in response to stress. We suggest, therefore, that
the fast-twitch group of gastrocnemius muscle units is in fact a single
entity, containing muscle units which, while basically similar to one
another, exhibit graded differences in oxidative enzyme capacity and
fatigue resistance, in correlation.

Type S muscle units differ from units in the fast-twitch group in exhibit-
ing much less apparent capacity for, and dependence on, anaerobic glyco-
lysis (Table 2). In contrast, type S unit fibres have histochemical profiles
suggesting primary dependence on oxidative glycolytic pathways. Their
fibres are of small diameter (Pl. 3; cf. Burke & Tsairis, 1973a), possibly
optimizing surface to volume ratio, and are liberally supplied with capil-
laries (visible in the Ac-ATPase preparations, e.g. Pl. 2; c¢f. Romanul,
1965). In accord with the pattern already evident within the fast-twitch
group, most type S units studied were extremely resistant to fatigue even
during very prolonged stimulation (Text-fig. 3). The available data pro-
vided no suggestion of identifiable subgroups within the population of
type S units in the gastrocnemius. Furthermore, there was an apparent
sharp transition between units of the fast-twitch group and type S units
with regard to both physiological (e.g. ‘sag’) and histochemical character-
istics (e.g. myofibrillar ATPase staining). Particular note should be taken
of the difference between these groups in the pattern of intrafibre reaction
product in DPNHD preparations (Pls. 1-3; cf. Stein & Padykula, 1962).
It appears unlikely that the type FR units can be regarded as transitional’
between FF and S muscle units. Rather, we have concluded that the type S
group of muscle units is a distinct and essentially homogeneous set.

The present results provide direct confirmation of a number of points
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regarding interrelations between physiological properties and histochemical
profiles of muscle fibres which have been suggested using indirect evidence
(see review by Close, 1972). Close (1972) has attempted to synthesize much
of the available material dealing with the question, a task of considerable
difficulty because of confused and in some cases contradictory usage of
terminology with respect to classification of muscle fibres by histochemical
profiles. The present results are compatible with Close’s synthesis (see his
Table 1) in many, but not in all, respects. Because of the current lack of a
generally accepted nomenclature for codifying the histochemical ‘types’
of muscle fibres, we have used none in this discussion. It must be stated
explicitly that we do not propose the use of the designations ‘FF’, ‘FR’
or ‘S’, which have been derived from physiological data, to denote any set
of histochemical profiles for muscle fibres, for to do so would be essentially
illogical despite the close correspondence demonstrated in the present
work.

It seems likely that the general pattern of physiological-histochemical
interrelations found in the present work may be broadly applicable to
other motor unit populations, at least in large limb muscles of mammals.
However, it is to be expected that details will vary with species, as is
already evident comparing data from the cat with the rat (cf. Close, 1967;
Edstrom & Kugelberg, 1968; Yellin & Guth, 1970). The results of direct
matching of muscle unit physiological and histochemical profiles, when
compared with some previous suggestions based only on histochemical
results (see Close, 1972), illustrate the caution required in assigning physio-
logical properties to particular histochemical profiles using only informa-
tion derived from comparisons of different whole muscles.

The authors wish to thank Dr Karl Frank, of the Laboratory of Neural Control,
and Dr W. King Engel, of the Medical Neurology Branch, National Institute of
Neurological Diseases and Stroke, for their continued support during this work.
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EXPLANATION OF PLATES
PraTe 1

Photomicrographs of serial sections of the lateral gastrocnemius muscle containing
the type FF muscle unit which produced the responses shown in Text-fig. 1. Upper
left panel (PAS) shows two PAS-negative (glycogen depleted) muscle fibres (arrows)
presumed to have belonged to the studied muscle unit (see text). The same two
fibres are also shown in serial sections stained for other histochemical reactions
(arrows; DPNHD, reduced diphosphopyridine nucleotide dehydrogenase; ATPase,
myofibrillar ATPase processed at pH 9-4; Ac-ATPase, ATPase staining following
pre-incubation of section in acetate buffer at pH 4-65; cf. Methods). Note that the
fibres of the stimulated muscle unit did not exhibit any unusual appearance in
preparations other than PAS.

PraTE 2

Histochemical profile of the type FR muscle unit which produced the responses
illustrated in Text-fig. 2 (arrows).

PraTE 3

Histochemical profile of the type S muscle unit which produced the responses shown
in Text-fig. 3.



The Journal of Physiology, Vol. 234, No. 3

Zoa® T DPNHD

Plate 1
g

5
Ac-ATPase

R.E. BURKE AND OTHERS (Facing p. 748)



The Journal of Physiology, Vol. 234, No. 3 Plate 2

!

| 100 zm

R. E. BURKE AND OTHERS



The Journal of Physiology, Vol. 234, No. 3 Plate 3

R.E. BURKE AND OTHERS



