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SUMMARY

1. Physiological properties of motor units in the soleus muscle were studied in
anaesthetized rats using ventral root splitting to isolate single units.

2. Motor unit types were classified by the same criteria used to classify cat
hindlimb motor units into types FR (fast-twitch, fatigue-resistant) and type S (slow-
twitch, fatigue-resistant). Type FR units were estimated to generate 10% of whole-
muscle tension and type S 90%. All FR units showed sag in the unfused tetanus at
frequencies with interpulse intervals greater than 175% of twitch time to peak, but
not at 125% (Burke, Levine, Tsairis & Zajac, 1973).

3. The muscle fibres belonging to twelve single motor units were depleted of
glycogen by prolonged stimulation, permitting analysis of their histochemical
profiles. Type FR units were found to consist of type II A muscle fibres and type S
units of tvpe I muscle fibres.

4. Direct determinations were made of fibre area, innervation ratio (number of
muscle fibres supplied by one motoneurone) and hence specific tension (tetanic
tension generated per unit cross-sectional area) of individually identified motor
units. Motoneurones were found to innervate between 84 and 178 muscle fibres (mean
110) in type S units and between 126 and 161 fibres in type FR units (mean 142).
Fibre areas were larger for type FR units and there was a significant difference in
specific tension of the two unit types (type S lower).

5. Indirect estimates of innervation ratio and specific tension were obtained from
counts of muscle fibre types, and relative frequencies of motor unit types in the soleus
unit pool. Observations agreed well with results of direct measurements.

6. The evidence provided suggests that differences in tension generated by type
FR and S units in rat soleus muscle are primarily due to differences in innervation
ratio and fibre area, with a small contribution from differences in specific tension.

INTRODUCTION

The motor units comprising an individual muscle can produce a range of tensions.
It is, however, a subject of controversy as to whether this is due to differences in the
number of muscle fibres per motor unit, or to differences in the intrinsic strength of
the contractile material (Close, 1972; Burke, 1981). Estimates of the number of fibres
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contained within a single motor unit (innervation ratio), and tension per unit area
(specific tension), have been previously determined by indirect methods (Burke &
Tsairis, 1973; Edjtehadi & Lewis, 1979; McDonagh, Binder, Reinking & Stuart,
1980a, b), but their results are conflicting.
The development of histochemical methods for 'marking' the component fibres of

individual motor units, by depleting them of glycogen, make it theoretically possible
to study innervation ratio directly. Such direct estimates have been attempted in cat
gastrocnemius and soleus (Burke & Tsairis, 1973; Burke, Levine, Saleman & Tsairis,
1974). In both these muscles, in particular gastrocnemius, counts of fibre number are
complicated by the geometrical arrangement of muscle fibres, and a single cross-
section does not necessarily reflect the total number of fibres. Burke & Tsairis (1973)
reconstructed the unit from serial sections taken at various levels of the muscle in an
attempt to overcome this problem. The large number of muscle fibres in cat hindlimb
muscle, however, makes precision difficult. It is also possible that glycogen depletion
of units was incomplete.
The aims of the present study were to classify the motor unit types of rat soleus

muscle, and to elucidate if the differences in tension developed by fast- and slow-type
units are due to an increased number of fibres per unit, a greater specific tension of
the component fibres or larger fibre cross-sectional area. The soleus muscle of the rat
has an advantage over most other muscles for this type of investigation in that its
fibres are arranged approximately parallel to the long axis of the muscle and extend
for more than 55% of the muscle length. Theoretically, therefore, a mid-belly section
should contain all of the fibres in the muscle, enabling a more direct count of the
number of fibres in a glycogen-depleted motor unit. The distribution of motor unit
fibres is also fairly uniform throughout the rat soleus (Kugelberg, 1973), and so the
proportion of fibres missing from a single cross-section should be approximately the
same for all units. This is not true of cat soleus where there is a considerable
localization of fibres of a single motor unit (Burke et al. 1974).

Unit types were identified by physiological criteria, based on those used for
classification of cat motor units by Burke et al. (1973). The fibres of a single motor
unit per muscle were then depleted of glycogen by repetitive stimulation. allowing
histochemical identification of the unit, and estimation of fibre counts and fibre
areas.
The results suggest that the greater tensions developed by fast compared with slow

motor units in rat soleus muscle are largely because of a greater innervation ratio and
larger fibre cross-sectional area. Large-tension units had higher specific tension but
this factor was relativelv small.

METHODS

Adult male WNistar rats (450 g; S.D. = 50 g) were anaesthetized with an intraperitoneal injection
of sodium pentobarbitone (Sagatal IMay & Baker): 60 mg/kg initially, supplemented as necessary.
A lumbar laminieetomy was performed and ventral roots L4 and L5 cut at entry to the spinal

cord. The soleus muscle was exposed and its nerve supply freed from surrounding tissue. All other
hindlimb muscles were denervated. The animal was mounted in a rigid frame immobilizing the
spinal column and hindlimb. Exposed tissues were covered with liquid paraffin BPC maintained at
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37 'C. A steel hook was firmly attached to the distal tendon of the muscle for connectionl to a
tension transducer.
The musele nerve was stimulated via a bipolar silver wire electrode with a 005 ms duration

stimulus. The anode of a second pair of electrodes was used to stimulate the ventral root filaments
and to record the lateney of the antidromic action potential produced on stimulation of the muscle
nerve. Electromyographieal (EMG) activity was monitored using silver wire electrodes tipped with
cotton wool soaked in 0-9% saline.

Muscle length was adjusted to give maximal twitch tension, and held constant for all subsequent
tension measurements. Whole-muscle twitch tension was monitored at frequent intervals, and the
experiment was discontinued if tension fell by 10% from the initial value. Whole-muscle tetanie
tension was measured intermittently by replacing the motor unit tension transducer with a less-
sensitive one. The muscle nerve was stimulated with a voltage some 2-3 times the value for a just-
maximal response.

Tension was recorded by one of two dynanometers constructed by mounting four semiconductor
strain gauges on a titanium beam. The whole-muscle transducer had a sensitivity of 25 mV,/N. a
stiffness of 0.02 mm/N, a resonant frequency of 1-8 kHz and a half decay time of about 15 ms. The
motor unit transducer had a sensitivity of 114 mV/N, a stiffness of 0-2 mm/N, a resonant
frequency of 0-5 kHz and a half decay time of about 10 ms. Both transducers had a low oscillatory
response to a step change of tension. Motor units were functionally isolated by splitting ventral
root filaments, and testing for the presence of all-or-none motor unit tension, EMG and latency of
antidromic action potential.
For each isolated unit, measurements were made of the unpotentiated peak twitch tension and

time to reach peak tension (average of more than ten sweeps). Analysis was made 'on-line' by a
digital computer (Bagust, 1971). Maximum tetanic tension was recorded at a stimulation frequency
of 200 Hz for 400 ms duration. This was found to be sufficient to produce a fused tetanus in all the
units studied.

Trains of twenty-five pulses with interstimulus intervals from 50 to 300% of the twitch time to
peak of the unit under study were used to test for the presence of 'sag' in the unfused tetanus (after
Burke et al. 1973).

Fatigue resistance of the units was tested with bursts of pulses at 40 Hz for 500 ms, repeated once
a second. A fatigue index was calculated as the ratio of the tension developed after 2 min to the
initial tension or to the greatest tension (in those cases where the first tetanus was not the
largest).
The fibres of a selected unit were visualized histochemically by depleting them of their glycogen

stores by repetitive stimulation (after Kugelberg & Edstr6m, 1968). A single motor unit was
stimulated with short tetani (40 Hz for 500 ms) repeated every second until tension dropped to half
the initial value. During this procedure the popliteal artery was clamped to prevent blood glucose
being used as an energy source, forcing fibre glycogen supplies to be mobilized. This was achieved
by means of a cotton thread which was looped around the popliteal artery and could be put under
tension to bend the vessel and so occlude the flow of blood. Once unit tension dropped to half the
initial value, the thread was released allowing blood to flow back to the muscle and the unit tension
was allowed to recover to a steady level. This cycle was repeated until tension fell to zero and failed
to recover. The procedure generally took between 20 min and 1 h depending on the unit type. The
EMG was monitored on an oscilloscope throughout the depletion period.
The muscle was then quickly removed, together with the contralateral soleus and extensor

digitorum longus (control for staining reactions). The mid-belly portion of each muscle was
mounted in Tissue Tek embedding medium on cork blocks, with the fibres orientated vertically.
The blocks were frozen in isopentane super-cooled in liquid nitrogen. Serial sections (10 fum) were
cut on a cryostat microtome at -20 'C. Sections were air-dried for 20 min and serial sections
stained for glycogen by the Periodic acid-Schiff method (PAS: Pearse, 1968), myosin ATPase after
acid (pH 3 9-48, in steps of 0-1) and alkaline (pH 10-1-10-6) pre-incubations (Guth & Samaha,
1970), and for suceinic dehydrogenase (SDH: Nachlas, Tsou, Desousa, Cheng & Seligman,
1957).
Depleted fibres were counted in PAS sections and fibre areas measured from camera lucida

images of depleted fibres with a digitizer linked to a microcomputer. Repeated measurements of a
sample of fibres showed that area measurements were consistent to within +5%
Throughout this paper, arithmetic means are given with standard deviation. Means of two
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normally distributed samples wAere compared using Student's two-tailed t test. P values less than
005 were considered significant. Where linear regression analvsis was performed, slopes of the
relationship were considered significantly different to zero at the 5% level of probability.

RESULTS

Physiological classification
We examined 128 units in nineteen muscles, which is an average of 6-7 units/

muscle, or about one-quarter of the total number of units in each muscle. Many
experiments were ended after a small number of units had been isolated in order that
glycogen depletion could be undertaken in a healthy muscle, and the choice of unit
for depletion was normally made without reference to its physiological characteristics
to avoid bias. Thus, the lowest number of units examined in any one muscle was
three, but there were three muscles in which at least fifteen units (56% of the total)
were studied. We have not found any systematic time-related changes in these three
more extensive experiments, in that the size of motor units isolated early were not
different to those recorded at the end. Units were assessed physiologically according
to twitch time to peak tension, resistance to fatigue and the presence or absence of
'sag' in the unfused tetanus after the work of Burke et al. (1973). We used only the
presence of sag to classify motor units as fast, although we modified the original
criteria of Burke. Modification was necessary perhaps because Burke et al. (1973)
always potentiated their motor units before recording, by stimulating at 2 Hz over
long periods. Our muscles (and those from most other laboratories) were subjected to
minimal stimulation (at 0-1 Hz). Potentiated twitches have tensions some two to
three times larger than rested ones and times to peak at least 50% longer. All of our
units were resistant to fatigue so all the fast ones will be referred to as FR following
the classification of Burke et al. (1973). Similarl the slou units (showing no sag at
any frequency: Fig IBa) will be termed type S.
Type S units are shown as circles in Figs 1, 3 and 4 and type FR as squares. In

these illustrations units that were also classified histochemically are indicated by
filled symbols - in all cases S units consisted of type I fibres and FR, were all type II A
(see below).

Contractile speed was assessed on the basis of measurements of the time taken
from the initial development of tension to the peak tension, which will be referred to
as twitch time to peak.

Figure IA shows the distribution of twitch times to peak of those units isolated.
The shaded areas represent units which were classified by histochemical criteria.
V'alues were normally distributed around 32-6 ms (S.D. = 6'07 ms. n = 128). There
was no evident bimodal division into fast- and slow-type units on the basis of time
to peak alone (contrast Close, 1967).

In an attempt to differentiate unit types physiologically motor units were assessed
for the presence or absence of 'sag' in the unfused tetanus (see Burke et al. 1973).
Motor units either dexveloped sag at interpulse intervals between 125 and 175% of
time to peak, or completely failed to show sag over the range tested (50-300 %). On
this basis all units showing sag at any interval were classified as fast and those units
that failed to develop sag were classified as slow. The responses of two rat soleus units
to various stimulation frequencies are shown in Fig. lB. All units that showed sag
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had contraction times equal to or less than 21 6 ms. There was some overlap since one
unit with this time to peak had no sag.
Motor units were also tested for fatigue resistance. Figure 1 C shows the

relationship between twitch time to peak and fatigue resistance of rat soleus motor
units. Histochemical type and the presence or absence of sag are shown by different
symbols. All units had fatigue indices greater than 0-7. Units showing sag (squares
in Fig. 1 C) were generally more fatigue-resistant and had indices greater than 0-88.
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Fig. 1. A. distribution of 128 motor unit twitch times to peak tension. Shaded columns
represenit units in which the component fibres were identified by histochemical methods
as type I (filledl) or type IIA (hatched). B, isometric tetanic myogramns from: a, a type S
motor unit (twitch time to peak 44 nis). There is no sag in the tetanic envelope at any of
the frequencies of stimulation shown. b. a type FR motor unit (twitch time to peak
15 6 ms) showing sag at all interstimulus intervals of greater than 150,/. of the twitch
time to peak. Reading from top to bottom the interpulse interval was 100, 125. 150 anid
2000o0 of the twitch time to peak for the particular unit under investigationi. C. fatigue
index of eighty-nine soleus motor uinits plotted as a functioin of their twitch time to peak.
Motor units were classified as fast or slow by the presence (squares) or absence (circles) of
sag in the unfused tetanus. Filled symbols represetnt units identified histochemically as
type IIA (filled squares) and type I (filled circles). Note these un1its were also FR all(n S
respectively. All motor units had a fatigue index above 07. and were considerdcl to be
fatigue-resistant. The regression of the slope of the relationship is significantly different
from zero (r = -0-63. P < 0001).
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Only three units fell below an index of 0-75 (Burke's lower limit for classification as
fatigue resistant) and these had very slow contraction times. The present data
cannot be compared directlv with those of Burke et al. (1973) obtained from cat
motor units, as at a stimulation frequency of 40 Hz the degree of mechanical fusion
is less in rat than in cat motor units. If stimulation frequency is increased
neuromuscular failure is more likely to occur (Krnjevic & Miledi, 1958; Kugelberg &
Lindegren, 1979). In the present study, the duration of the stimulus bursts was

TABLE 1. Summary of the properties of rat soleus motoI unit and fibre types: either slow motor
units/type I fibres (left column) or fast units/type IIA fibres (right columnll)

Type 5/1 Type FR/T1 A

(1) Proportion of each fibre tvpe (0) 93-3 67
(2) Number of fibres 2706 194
(3) Proportion of unit types (%) 94-5 5i46
(4) Number of each unit type 246 14
(5) Mean tension (0YO whole muscle) 37 71
(6) Contribution to whole-muscle tenisioni (0) 90 10
(7) Innervationi ratio (direct) 98 +14 142+ 16
(8) Innlervationi ratio (indirect) 110 138
(9) Mean motor unit tension (mN) 90+256 176+37-7

(1(0) MIean cross-sectional area (plm2) 3985 4550
(11) Specific tension. direct (N/mm2) 024 +0030() 029 +00052
(12) Specific tension, indirect (N/mm2) 021 0-28

Explanations in text or as indicated as follows:
(1) Mlean percenitage of each fibre t-pe in soleus; (2) calculated numbers of each fibre type per

muscle, using a calculated mean of 2900 (±205, ni= 11) fibres per musele: (3) percentage
contribution to whole-muscle tetanie tension of each unit type: (4) numbers of each unlit type in
muscle (assuming the total nutmber of motor units is twenty six; see text): (5) meani tensioni of unit
type as a percentage of whole-muscle tension: (6) percentage contributioni of each unit type to
whole muscle = (4) x (5) (77) innervation ratio measured from fibre counlt of depleted uniits; (8)
indirect estimate of innlervationi ratio = (2)/(4); (9) and (10) are direct measurements on depleted
units: (11) mean specific tension from innervationi ratio and fibre areas of individual uniits; (1 2)
sp)ecific tension calculated indirectly = (9)/((8) x (i10)).

increased to 500 ms from the 330 ms used in the cat by Burke et al. (1973). This gives
a total of 2400 stimuli over the 2 min period, which is equivalent to 60 Hz for 330 ms.
This regime was sufficient to cause a fall of 90% from peak tension in a gastroc-
nemius unit over 2 min (S. Chamberlain, unpublished observation). Bearing this in
mind, all units isolated were classified as fatigue resistant.

C'ontractile properties
The values for several variables are set out in Table 1 but some general comments

are presented below.
The distribution of motor unit tetanic tension is shown in Fig. 2. expressed in

terms of absolute tension (Fig. 2A) and as a percentage of parent muscle tetanic
tension (Fig. 2B) to normalize data obtained from different animals. WAe have found
differences between the FR and S units (classified on physiological characteristics
alone, as described above). The mean tetanic tension of type S units (3 7% of whole-
inuscle tension) was approximately half that of type FR (7'1 %). The mean tension
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Fig. 2. Distribution of 115 motor unit tetanic tensions expressed in A as absolute tension
and in B as a percentage of whole-muscle tension. Shaded symbols represent units
identified histochemically as type I (filled) and type IIA (hatched).

of all units was 3-9% of whole-muscle tension, which leads to an estimate of twenty-
six units per muscle, (cf. Close, 1967; Brown, Jansen & Van Essen, 1976). The
relative proportions of the two types of unit isolated were 94 5% (type S) and 5-46%
(type FR). The values can be used to make an estimate of 24-6 type S motor units
and 1 4 type FR motor units per muscle. The relative contribution of each unit type
to whole-muscle tension can, therefore, be calculated for FR units as 10% (1-4
units x 741 % of whole muscle) and for type S as 90% (246 units x 3-7% whole
muscle).
The relationship between twitch time to peak and tetanic tensions of the motor

units is shown in Fig. 3A. There appears to be a division of the population into two
groups, one of large-tension, fast-contracting units and the other of smaller, slow-
contracting units. There is a significant correlation between these two parameters
both for type S units considered separately and for the whole population (see legend
to Fig. 3 for statistics). There are too few data points to comment conclusively on the
relationship for the type FR units.

Figure 3B shows the relationship between motor unit twitch time to peak and the
ratio of twitch to tetanic tension. For type S units the twitch: tetanus ratio
increased with increasing twitch time to peak. Type FR units form a separate group.
The sample is small and it is not possible to confirm if a significant relationship exists
for FR units. The range of twitch: tetanus ratios displayed by type S units
(0-07-0{29) was greater than that of type FR units (0 15-0-23). In the overlap zone
of twitch time to peak of the two unit types the twitch: tetanus ratio ofFR units was
about twice that of type S.
The motoneurones of type S units tended as a group to have more slowly
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Fig. 3. Units classified as type S are shown as circles and type FR as squares; filled
symbols represent units that were identified histochemically (type I = circles, type
IIA = squares). A, tetanic tension plotted against twitch time to peak. Regression for
slopes of all the data (r = -0-65, P < 0001, n = 117) and for type S units (r = -0-46,
P < 0-001, n = 110) are significant. The relationship for type FR units was not significant
(r = -035, P < 0-2, n = 7). B, twitch tetanus ratio plotted as a function of twitch time
to peak. Slope of the regression for all data (r = + 045, P < 0 001, n = 116) and for type
S units (r = +0-68, P < 01001, n = 109) are significant. For type FR units there are too
few data to confirm if a different relationship exists (r = -0-69, P < 0-1, n = 7, not
significant). C, conduction velocity plotted against twitch time to peak. Regression is
significant for all data (r = -0-59, P < 0001, n = 109) and for type S (r = -0-49, P <
0-001, n = 102). That for type FR units is not significant (r = -0-48, P < 0-2, n = 7).
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conducting axons (60 8, S.D. = 6 40 m/s, n = 120) than those of type FR units (72 6,
S.D. = 7 32 m/s, n = 7). There was a significant correlation between conduction
velocity of axons of type S units and the twitch time to peak of the muscle fibres
illustrated in Fig. 3C but correlation was not significant for type FR units. The two
groups, however, appear by eye to be adequately represented by a single regression.

In addition to the relationships illustrated in Fig. 3. there was also a significant

Fig. 4. Section (10 ,um thickness) of a whole soleus muscle stained for glycogen (PAS) to
show the distribution of fibres belonging to a single depleted motor unit. Phvsiological
characteristics were: time to peak = 18 ms, fatigue index 0 90. sag present. (The bottom
part of the section is part of the contralateral soleus muscle cut together with soleus for
control staining.) Calibration bar 1 mm.

linear increase of motor unit tetanic tension with axonal conduction velocity
(r = 035, n = 103, P < 0001). The data were fitted no better by a semilogarithmic
regression, and in this resembles cat slow muscle rather than fast despite the presence
of fast motor units found in rat but not cat soleus.

Histochemical characteristics
In most experiments one unit was stimulated repetitively to deplete its component

fibres of glycogen. Fibres of that unit therefore appeared unstained in sections
treated to reveal the presence of glycogen. It is very difficult to be sure of the
completeness of the glycogen-depletion routine, but we attempted to verify its

9
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Fig. 5. For legend see facing page.
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efficienicy in two experiments in which the entire muscle nerve was stimulated to
fatigue. Over 90% of the total number of muscle fibres were found to be depleted.
Two muscles were also examined after 8 h motor unit recording sessions in which no
unit glycogen depletion was attempted. Neither of the muscles contained more than
one or two unstained fibres (0-07 %) and commonly these were hypertrophied fibres
of unusual histological appearance. In twelve of the fifteen muscles where a unit was
subjected to the depletion regime there was no ambiguity in identifying fibres of the
unit, in that muscle fibres were either completely free of pink-staining reticulum or
deeply stained. as in control muscles. In the remaining three cases, where EMG and
tension declined more rapidly than usual, many fibres were depleted but there were
also some pale-pink fibres suggesting that depletion was not complete. These muscles
were not used in analysis of innervation ratio as some unit fibres may have gone
undetected leading to inaccurate fibre counts.

Figure 4 shows the distribution of fibres of a single depleted unit. They are
scattered throughout most of the muscle. A part of this section is shown at higher
magnification in Fig. 5. together with the same field in serial sections stained to show
the activities of myosin ATPase. This unit was classified by physiological criteria as
type FR with a twitch time to peak of 18 ms, and displayed sag. The constituent
fibres were type IIA.

Inneriation ratio
Fibres were estimated to run for approximately 55-60% of whole-muscle length,

based on measurements of single fibres teased from relaxed muscles. The number of
muscle fibres innervated by a single motoneurone was determined directly by
counting glycogen-depleted fibres in mid-belly cross-sections. Innervation ratio
ranged from 84 to 178 fibres per unit (see Table 2). The mean for type S units was
110 (S.D. = 32 6, n = 7) which is not significantly different to that for type FR units
where the mean innervation ratio was 142 (S.D. = 15 9, n = 5).
One type S unit was unusual in that it was selected for depletion because its tetanic

tension wras far larger than other type S units. It was found to have a correspondingly
high innervation ratio of 178. If this selected unit is excluded from mean ealculations
detailed above the innervation ratio for type S units was 98 (S.D. = 14'1, n = 6) which
is significantly different to that of type FR units (t = 5-68. P < 0001).

Figure 6A shows the relationship between the innervation ratio and tetanic
tension for the depleted units. The regression between innervation ratio and tetanic
tension generated by the unit was significantly different to zero. Figure 6B shows the
relationship between twitch time to peak and innervation ratio of the units; there is
apparently a negative slope but statistically the regression was not significant.

Fibre areas

Cross-sectional areas of fibres were measured from camera lucida images of the
glycogen-depleted units. and the mean fibre area for each of these units is shown in

Fig. 5. Serial sections of the same soleus muscle shown in Fig. 4. Sections stained for
glycogen (B). for ATPase with a pre-incubation at pH 10-4 (A) and at pH 4-35 (D) or for
succinie dehydrogenase (C). Fibres belonging to the depleted unit were classified as type
II A. Calibration bar (in D) 100 pum.

It
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Table 2. The overall mean area for type I fibres in seven glycogen-depleted type S
units was 3985 (S.D. 969) /tm2 (n = 770) and 4550 (S.D. 1646) ,um2 (n = 711) for type
II A fibres in five glycogen-depleted type FR units. Type II A fibres were significantly
larger (t = 8 2, P < 0(001, n = 1481) than type I fibres. Motor unit tetanic tension is
plotted against total fibre area in Fig. 6C. and there was a significant regression
between these two parameters. indicating that total fibre area plays the major part
in determining miotor unit tension.

TABLE 2. Summary of the properties of single depleted soleus motor units

(4) (5) (6)
(1) (2) (3) PO Area ST
Type Type JR (MN) (Ium2) (N/mm2)
S 1 84 881 4858 022
S 1 88 809 3362 027
S I 178 166 4021 023
5 1 97 114 4138 028
s 1 92 817 4005 0-22
S 1 110 888 3891 0-21
S I 121 115 3756 025
FR IIA 126 164 5513 024
FR IIA 149 226 4580 033
FR IIA 161 221 4302 032
FR IIA 150 158 4776 0-22
FR IIA 125 143 3596 0-32

Physiological and histochemical classifications are given in columns (1) and (2) respectively; (3)
innervation ratio (IR) is a direct count of the number of fibres in a depleted unit; (4) PO is the
tetanic tension of the unit in miN. (5) mean area of the fibres in the unit; (6) specific tension (ST)
has been calculated from columns as (4)/((3) x (5)).

One source of error is that muscle length was not controlled during freezing,
leading to a variable degree of contracture of muscles during the freezing process. XTe
have made measurements of mean fibre area in right and left soleus muscles from
four rats. One muscle of each pair was frozen as described in the Methods; the other
was held at optimum length during freezing. The ratio of fibre areas of freely
shortening to fixed-length muscle was 1-53 (S.D. = 0137). Almost identical average
ratios were obtained for type I (I 53) and type IIA fibres (IP51) calculated separately.
Areas of fibres frozen at fixed length may have been more liable to distortion by ice
artifact which was more common than in muscles frozen by the method used for
glycogen-depleted motor units. It is also known that sections shrink during
histochemistrv. XVe have estimates of 2% wvidth reduction in PAS stains,
corresponding to 4% loss of area.

Specific tension
In Fig. 6C there was an indication that the FR units (squares) developed more

tension than S units (circles) of similar total area. This was investigated further by
calculating the intrinsic strength of the fibres, or specific tension, for each unit from
the cross-sectional area of its fibres, innervation ratio and tetanic tension. There was
a difference between the specific tension of type S (0-24, S.D. = 0-03 N/mm2, n = 7)

12
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and type FR units (0-29, S.D. = 0 05 N/mm2, n = 5) that was just significant
statistically (t = 1P88, P < 0 05). These estimates of specific tension may be corrected
to optimal length by allowing for the free shortening before freezing. We calculate
that the true specific tension would have been 60% greater than the values quoted
above, i.e. for S units 0-38 N/mm2 and for the FR units 0-46 N/mm2. The relative
difference between the two types was not affected by these corrections.

A B X
250 E 50

2 0 0 _UV*ZE200 c 40

o 150 * o 30

O 100 E20 * * *

C 50 10
e 0 'H

50 100 150 200 50 100 150 200
c Innervation ratio D Innervation ratio
2 250 - z 250
E 200 E 200
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00 00 150 -* c 150

C ~~~~~~~~~~~~~~~~~~~~~~~~~C.

E E* C
+J 50 50

o 0)

0.2 0.4 0-6 0.8 0.1 0.2 0.3 0.4
Total fibre area (mm2) Specific tension (N/mm2)

Fig. 6. A, relation between absolute tetanic tension and innervation ratio in single motor
units. Regression for all data is significantly different from zero (r = +0-84. P < ()001.
n = 12). B, twitch time to peak versus innervation ratio (r = -0 57. P < 0-05, n = 12, not
significant). C, tetanic tension as a function of total area of the ullit fibres. Regression is
significant (r = +0-36, P < 0-02, n = 12). D, tetanic tension plotted as a function of
specific tension. There is a significant regression between these two parameters (r = +0-6.
P < 0-05, n = 12). Symbols as in Fig. 3.

There was a significant relationship between tension developed by a unit and the
estimated specific tension of its fibres, illustrated in Fig. 6D. Total tension, however,
was not significantly related to mean fibre area (r = 0 30, P < 0-2).
We have also looked for a relationship between the specific tension of motor units

and the size of the component fibres, as measured by their mean cross-sectional area.
The relationship was an inverse one, the smallest fibres having the highest specific
tensions (r = -0-56, d.f. = 10, P < 0 05). Within this regression. the fast motor units
appeared to have higher specific tension than the slow units at any given size of
fibre.

Indirect estimates
In most previous studies innervation ratio and specific tension have been

determined indirectly from the relative proportions of motor unit and fibre types
within the muscle.
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Such calculations have been performed on the present data to see how, they
compare to results obtained by the more direct methods employed in this study. The
findings are summarized in Table 1. Innervation ratio was calculated from the
number of each type of fibre within the muscle (direct total fibre counts), and the
proportion of each unit type isolated. Only three of fifteen muscles contained type
IIC fibres (mean 2, S.D. = 1t4%). These have been grouped together with type IIA
fibres. The indirect estimates of 110 fibres for type S and 137 fibres for type FR units
compare favourablv with those obtained by direct counts. Specific tension was
calculated from mean fibre areas, innervation ratio and the mean motor unit tension.
The estimate for type S units was 0-21 N/mm2 which was slightly lower than that
observed directly for single type S units (0'24 N/mm2). The estimate of 0X28 N/Mm2
for type FR compares well with the value of 0-29 N/mm2 from direct estimates.

Conclusions
In summary, innervation ratio was higher in type FR than in type S units and

increased with motor unit, tension. Fibre area was also higher in FR units than S. but
correlation with tension was not statistically significant. Specific tension was slightly
larger in high-tension units, and was related to fibre type.

DISCUSSION

As is generally agreed, we confirmed that one factor accounting for the range of
motor unit tensions was variation in muscle fibre area, the highest tension units
having larger fibres. WVe have found two additional factors to explain differences
between large and small motor units.
The most important of these two was the direct relationship between motor unit,

tension and innervation ratio; so units are large, in part. because thev consist, of more
fibres. We are not sure whether this conclusion is true within subpopulations of units
or whether it is just that the slow units have a smaller number of fibres than the fast
units. This contrasts with the conclusion of Burke & Tsairis (1973) that there is no
difference in the average number of fibres between fast and slow cat, motor units.
The conclusion of Burke & Tsairis (1973) was based on indirect, measurements of
innervation ratio. and they thought that there was error in their direct measurements
in which they had counted small numbers of fibres in glycogen-depleted slow motor
units. They guessed that, there was substantial failure to deplete slow units com-
pletely. In the present study only muscles in which fibre glycogen was either high
or completely absent were used in the measurements of innervation ratio and any
muscles with pale-pink fibres were discarded on the basis that depletion might not
be complete. Such pale fibres were not found in control muscles. AMid-belly sections
were estimated to contain at least 90% of the total complement of muscle fibres. In
rat soleus Finol, Lewis & Owens (1981) found a fibre length: muscle length ratio of
0-71 (S.E.M. = 0-035) and Elmubarak & Ranatunga (1988) reported a value of 0'64
(S.E.M. = 0-05). In some of our experiments we have observed that the ratio was
greater than 55% by inspection of the ends of the aponeuroses into which muscle
fibres are inserted. tTnit fibres were quite evenly distributed throughout the cross-
section of the muscle, unlike in cat soleus (Burke et al. 1974). Wre consider, therefore,
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that our direct counts of innervation ratio are reasonably reliable, and it may be that
those of Burke & Tsairis (1973) should also be accepted in preference to their indirect
estimates.

In our experiments, innervation ratios measured directly were also consistant with
those estimated from indirect estimates by dividing the total number of muscle fibres
by the number of motor units.

It is known that slow motor units are innervated by axons with smaller diameters,
and we deduce from innervation ratios that small axons branch less than large ones.
There is some evidence for this from Eccles & Sherrington (1930) who dissected single
axons, and found a lower incidence of branching in smaller axons. If the number of
branches were directly proportional to axon diameter, the innervation ratio would
increase exponentially with axon diameter. This would account for the logarithmic
relationship between motor unit tension and axon conduction velocity found by
Bagust, Knott, Lewis, Luck & Westerman (1974) in cat fast muscle. The relationship
between tension and conduction velocity in our data was fitted equally well by linear
as semilogarithmic regressions. Linear regressions also fit the data of cat soleus
(Bagust, 1974). The difference between fast and slow muscle motor units may lie in
the smaller range of tensions in the latter, which would conceal any non-linear
relationship.
The third factor accounting for the differences in tension between units was a

difference in specific tension between type S and type FR units. There has been
considerable debate about such differences, partly because a number of experimental
approaches have been made to the problem.
Our estimates of specific tensions were 0-29 N/mm2 for seven fast (fatigue-

resistant) units and 0-24 N/mm2 for five slow. The difference was significant at the
0 05 level, although there was a considerable range within each group (0-22-0-32 and
0*21-0X28 N/mm2, respectively). These values must be low because the muscle was
allowed to shorten freely during freezing, so that measured fibre areas were too high
by about 50%. Although this is a large error, the area changes were almost identical
in type I and type II fibres, so the difference of specific tension between fast and slow,
units was not affected. The specific tensions corrected for length changes during
freezing were 0-46 (mean, range 0-35-0-51) N/mm2 for fast and 038 (0-33-0-44)
N/mm2 for slow units.
There are very few other estimates of motor unit specific tension made directly

that can be compared with our data. Burke & Tsairis (1973) examined one fatigue-
resistant fast unit in cat gastrocnemius muscle and obtained a value of 0 27 N/mm2.
This is within our range of directly estimated values because they did not control
muscle length during freezing.

There are, however, a number of indirect estimates of specific tension. derived
from the proportions of fast and slow units, their mean absolute tensions and the
mean areas and the proportions of type I and II fibres. Most authors find that fast
units have higher specific tensions than slow. Uniquely in this group Edjtehadi &
Lewis (1979) held the muscle (cat extensor digitorum longus) at optimum length
during freezing and calculated 0 39 and 0-29 N/mm2 for fast (both types combined)
and slow units, respectively. These are somewhat lower than our results corrected for
shortening. It may be that our correction is too high, as the muscles frozen at
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optimum length had ice artifact which might have caused some expansion of the fibre
areas. Ice artifact was not a problem in the results from the larger cat muscle in the
work of Edjtehadi and Lewis. Despite these differences the two papers agree in the
ratio of specific tensions for fast and slow motor units. Gardiner & Olha (1987, rat
plantaris) also found that fast units developed 1P4 times more tension than slow
units.
A much larger difference has been reported in several papers (Burke & Tsairis,

1973:cat gastrocnemius; McDonagh et al. 1980a: cat tibialis anterior; Dum, Burke,
O'Donovan, Toop & Hodgson. 1982: cat extensor digitorum longus). For example,
Burke and Tsairis calculated values of 017 and 0-29 N/mm2 for fast easily fatigued
(FF) and fast fatigue-resistant (FR) units, but slow units gave a value as low as
0-06 N/mm2. Experiments on single fibres from this muscle (Lucas, Ruff & Binder,
1987) indicate that type I and fibres are not very different, so it is likely that the
indirect method of measuring specific tension may be subject to additional errors.

Clearly it is based on four rather than two measurements and random errors must be
higher; however, there must be systematic errors to account for such a large
difference in specific tensions. One likely source of such errors is in the unit selection
procedure which may be biased, resulting in a false ratio of numbers of slow-to-fast
units. Burke and his colleagues isolated units by penetration of motoneurones by
microelectrodes, a technique that may be expected to select preferentially large
somata connected to fast motor units. Certainly the present data show no major
difference between specific tensions calculated directly and indirectly, indicating
that ventral root splitting introduces much less bias.
A number of authors working with whole muscle also report lower specific tensions

for slow compared with fast muscles. Early data (discussed by Close. 1972) indicated

a small difference between fast and slow muscle. Some more recent measurements
confirm a difference: Kean. Lewis & MeGarrick (1974) gave values of 038 and

025 N/mm2 for cat extensor digitorum longus and soleus: Finol et al. (1981) 0'26 and
0'22 N/mm 2 for rat extensor digitorum longus and soleus. In contrast measurements
intvitro on small bundles from the same two rat muscles showed no significant
differences (Ranatunga. 1984:0W21 and 020N/mm 2. respectively). The differences
between fast and slow whole muscle might depend on factors other than intrinsic
specific tension. WNhole-muscle cross-sectional area is calculated as weight divided by
fibre length, and this procedure assumes that fibres contract strictly as units in

parallel. If this assumption were incorrect, errors would be introduced that might
depend on the fibre length: muscle length ratio. In cat muscles these ratios are 0-26
and 0-41 for fast and the slow muscles (Al-Amood & Pope, 1972); in rat whole muscles
they are 0-42 and 071 (Finol et al. 1981) and in rat bundles 0-76 and 0'81 Ranatunga
(1984). The rank order of specific tensions is the inverse of the order of fibre: muscle
length ratios. Perhaps fibre arrangement and cross-linkage are morecomnplex in

whole muscle than has been assumed in calculating specific tensions.
Another complication in whole-muscle data is that the cross-sectional areas

include connective tissue, blood vessels etc. Close (1972) discussed several estimates

of non-muscle tissue that range between and % of the total area. Even this

may be an underestimate since muscles swell during recording (H. J.Finol, personal

communication. found % weight increase in rat muscle after about h in vito

16



MOTOR 1 WNITS I RAT SOLElVS

under liquid paraffin). This increase is presumably due to oedema consequent on
increased blood flow, and even larger increases may be expected with in ritro
preparations in saline solutions without proteins to maintain normal fluid equilibrium
(Owens, 1978, found increases in weight in excess of 50% in a perfused preparation).
If non-contractile tissue formed a larger eomponent of slow muscle or if it swelled
more during recording, specific tensions would be estimated lower for slowr muscle
even if there were no inherent differences. Another problem is that various fast
muscles contain very different proportions of type II A and II B fibres and Burke &
Tsairis (1973) found large differences for the specific tensions of fast fatigue-resistant
motor units (0-29 N/mm2) and fast easily fatigued ones (0419 N/mm2).
Although some of the uncertainties discussed above are absent in single-fibre

measurements, there may be an additional problem of fibre swelling, particularly in
skinned-fibre preparations (Godt & Maughan, 1977). Close (1972) discussed early
data from myofibrillar bundles and concluded that there was no evidence for
differences between preparations from fast and slow muscles. More recently
Stephenson & Williams (1981) examined rat fibres that were skinned and activated
with Ca2+, and obtained specific tensions of about 0-4 N/mm2 in extensor digitorum
longus fibres and lower values from soleus (0-3 N/mm2). Lannergren & Westerblad
(1987) examined single, intact mouse fibres, which were probably fast, and found
specific tensions averaging 039 (range 030-0-48) N/mm2, which is close to our
corrected value for fast motor units (0'46 N/mm2). Lucas et al. (1987) have studied
5 mm lengths of single soleus and medial gastrocnemius i-iusele fibres of the cat,
which had been skinned with EGTA and activated with Ca2+ at 22 'C. Lucas et al.
(1987) identified the fibres histochemically, and found no differences between type I
fibres and soleus (0'23 N/mm2) and those of medial gastrocnemius (0'25 N/mm2).
Type II fibres also gave similar values (0-24 N/mm2). They concluded that the
specific tensions of all fibre types were similar although there was very wide variation
within the subpopulations, perhaps because some fibres were more damaged by being
cut and skinned. Their values ranged between 041 and 0-35 for soleus and between
0412 and 0-46 N/mm2 in medial gastrocnemius. If it is assumed that their lowest
values were obtained from damaged fibres then the means would be less
representative of the fibre types than the upper values which were similar to the data
reported here.
A study by Rall, Wilson & Woledge (1986) in single frog fibres is relevant to this

discussion. They showed that specific tension (0-17-0'34 N/mm2) increased directly
with fibre cross-sectional area. This relationship was not found in our results and,
indeed, the reverse appeared to be more likely. However, we found that fast motor
units had a higher specific tension than slow, ones at any given fibre size. and this
could also have been a factor in the results of Rall et al. (1986).
There seems to be sufficient evidence in our work and that discussed above to

accept that there may be a real difference between the intrinsic ability of fast and
slow muscle fibres to develop force. It is not known which factors account for this
difference. Engel & Stonnington (1974) have measured the various intracellular
components of rat fast and slow muscles. They found that myofibrils formed about
the same proportion of fibre area in both types, because the additional mitochondria
of slow muscle almost exactly balance the abundance of sarcoplasmic reticulum of

17



S. CHAJIBERLALV AND D. AM. LEWIIS
fast fibres. Unfortunately they did not attempt to subdivide the fast fibres, for the
fatigue-resistant ones would be expected to have many mitochondria as well as

abundant elements of the sarcoplasmic reticulum and so a lower proportion of
myofibrils and lower specific tensions, opposite to our motor unit observations.
Another possible reason for the difference in specific tensions between fast and slow

muscle is in the arrangement of thick and thin filaments in the fibres. H. J. Finol
(personal communication) has found that the typical regular hexagonal filament
array of cross-sections in the electron microscope is seen consistently in fast muscle,
whereas slow muscle shows a number of irregularities with fewer or more than six
thick filaments around each thin filament. An example of such irregularities is shown
in Fig. 11 a of Al-Amood, Finol & Lewis (1986). Unfortunately there is no estimate of
the incidence of these irregularities, although they are not rare. If common in slow
fibres they could reduce the number of force-generating sites and specific tension.

In summary, the evidence presented here for rat soleus muscle suggests that type
S and FR units have different specific tensions, but most of the differences in total
tension generated are due to differences in innervation ratio and fibre cross-sectional
area.
The criteria for classification of motor units of cat muscle established by Burke

et al. (1973) have been found adequate for the classification of rat soleus motor units.
Physiological properties of rat motor units have been previously described in rat
soleus by Close (1967) and Kugelberg (1973), who classified motor units as fast or

slow on the basis of twitch time to peak. There was no clear-cut bimodal population
apparent in the present study but units that demonstrated sag had twitch times to
peak equal to or less than 21-6 ms and units failing to develop sag had twitch times
to peak equal to or greater than 21-6ms, but there was a small region of overlap. The
sag criterion has been used to classify motor units into fast or slow types in rat
plantaris muscle by Gardiner & Ohla (1987). We believe this test to be valid only if
several interpulse intervals are tested.

Relationships between twitch time to peak and tension were comparable with
those described for cat motor units by Bessou, Emonet-Denand & Laporte (1963)
with fast units developing greater tensions than slow ones. Close (1967) said there
was no relationship between motor unit tetanic tension and twitch time to peak in
the rat. We, however, found a significant inverse relationship similar to that
described by many authors for the cat. The relationship held not only for the whole
set of soleus units but for the subpopulation of slow units.

Relationships between time to peak and axonal conduction velocity were also
similar to those of the cat (Bagust, 1974). Close (1967) did not measure conduction
velocity in his investigation of rat motor units. Our results also differ from those of
Close (1967) in that we found that the twitch: tetanus ratio increased with twitch
time to peak for the slow soleus units. Other reports from this laboratory have
described such a relationship in cat fast muscle (Bagust, et al. 1973) and soleus
(Bagust, 1974). Further, if fast units and slow units with similar twitch times to peak
are compared (Fig. 3B), it is seen that the former have larger twitch: tetanus ratios.
Lewis (1983, his Fig. 12A) has commented on a similar observation in the cat but had
to depend on comparisons between units in different muscles.

Several mechanisms could account for these relationships, but we favour the one
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that follows. It may be argued from similarities in histochemistry and immuno-
cytology that all motor units within one subpopulation have similar contractile
proteins and would, therefore, develop tension at the same rate in a fully fused
tetanus. Differences in twitch contraction and relaxation times between units within
the same subpopulation would, then, have to be the result of differences in the rate
of release and re-uptake of calcium in response to a single stimulus. Thus some units
would have fast twitches because the calcium transient is brief; these units would
have a short time to develop tension and, therefore, show the smallest twitch: tetanus
ratios. Fine control of motor unit properties (as distinct from major neurotrophic
regulation of myosin isoforms) would be by modulation of the properties of the more
labile sarcoplasmic reticulum.

Physiological properties were found to correlate with histochemical profile, type
FR units being composed of type II A muscle fibres and type S units of type I muscle
fibres. Three of the nineteen muscles examined histochemically contained type II C
fibres (2+1t4%). Kugelberg (1973) found that IIC fibres in soleus occurred in
heterogeneous motor units together with either type I fibres or type IIA fibres, and
that units containing type II C fibres had a narrow range of twitch contraction times
intermediate to units composed of purely type I or IIA fibres. None of the units
depleted in the present study was found to contain any type II C fibres.
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