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SUMMARY

This experiment was designed to study the relationship between the cross-
sectional area of rat skeletal muscle showing glycogen loss and the muscle
forces exerted during exercise. Muscular force exerted by the extensors of
the elbows and ankle was increased by 24 % by loading rats with 24 % of their
body mass while running them on a treadmill at 30 m. min"1. J^t increased
by 24 % and stride frequency was unchanged when the rats ran with loads.
Cross-sectional areas of the elbow and ankle extensor muscles showing
glycogen loss were compared from rats running with and without the load.
We found a nearly direct proportionality between the changes in force and
the changes in muscle area showing glycogen loss, i.e. when the force of the
extensors was increased by 24 %, the cross-sectional area of the elbow ex-
tensors showing glycogen loss increased by 28%, and that of the ankle
extensor group increased by 24%. The more peripheral muscles in each
group accounted for a greater proportion of the increase in cross-sectional
area of the group showing glycogen loss (i.e. lateral and long heads of triceps
brachii muscle accounted for 91 % of the increase in the elbow extensor
group, and gastrocnemius muscle accounted for 84 % of the increase in the
ankle extensor group). Most of the increases in muscle area showing glycogen
loss occurred in fast-twitch-glycolytic fibres (84% in the elbow and 88 % in
the ankle). The data suggest that increasing muscle force requirements by
24 % by loading resulted in proportional increases in cross-sectional area of
muscles recruited to produce the force, i.e. that spatial recruitment primarily
accounted for the elevation in force. The relatively greater increases in cross-
sectional area showing glycogen loss of peripheral muscles within a group
indicate the importance of studying whole groups of muscles when con-
sidering muscular recruitment patterns during exercise.

INTRODUCTION

Forces exerted by skeletal muscles increase with increasing locomotory speed
(Alexander, 1977; Cavagna, Heglund, & Taylor, 1977; Walmsley, Hodgson, &
Burke, 1978). Recruitment of additional muscle fibres serves as one important

jjechanism for providing these increases in muscular force (Stein, 1974). Evidence
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from electromyography (Smith et al. 1977; Walmsley et al. 1978), determination
of forces exerted by muscles using strain guages attached to tendons (Walmsley
et al. 1978), and estimations of loss of glycogen from muscles using histochemical
techniques (Sullivan & Armstrong, 1978) all indicate that animals first recruit the
deeper muscles and deeper muscle fibres within those muscles, but as they increase
in speed more peripheral muscles and muscle fibres start to be recruited. During
quiet standing, muscular force is provided almost entirely by deep, slow-twitch
extensor muscles (Smith et al. 1977; Walmsley et al. 1978). When animals walk, the
deep slow muscles continue to provide most of the force (Walmsley et al. 1978),
although slow and fast oxidative fibres are also recruited in the more superficial
muscles (Armstrong et al. 1977). As animals increase their speed during running and
galloping, this peripheral recruitment of fibres and muscles continues (Armstrong
et a/).1977; Smith et al. 1977; Sullivan & Armstrong, 1978; Walmsely et al. 1978).

A technique was described recently for quantitatively increasing the forces exerted
by locomotory muscles of running animals by having them carry loads (Taylor et al.
1980). In the present study we used this technique to investigate whether animals
would utilize the same peripheral pattern of fibre recruitment when force is increased
by carrying a load as has been observed when it is increased by increasing speed.

METHODS
Animals and training

Male Sprague-Dawley rats (n = 26) weighing 277 + 43 (s.D.) g were used in the
experiment. They were housed in groups of 13 animals per cage and were provided
food (commercial rat chow) and water ad libitum. Temperature was maintained at
24+2 °C. Days were divided into 12 h each of light and darkness. The rats were
trained to run on a motor-driven treadmill with a packload. The pack was fashioned
from a lightweight elastic tape and the appropriate mass was obtained by adding lead
shot. Running speed and added mass were gradually increased over a 3-week period
(10 min per day, 5 days per week) until the rats could run for 10 min at 30 m.min"1

with a load of 24 % of body mass.

Procedures

The forces exerted by the extensor muscles of rats were increased by 24 % as the
animals ran on a treadmill by having them carry a load equal to 24 % of their body
mass. Newton's second law states that force (F) is a function of mass (m) and accelera-
tion (a): „ , .

v ' F = ma. (1)

If the average accelerations of the centre of mass during the stride of an animal run-
ning at the same velocity are constant, force may be varied by changing the mass
supported by the animal's muscles:

a = k, AF = k&n. (2)

It has been demonstrated that average accelerations of the centre of mass of animals
do not change while carrying loads between 7 and 27 % of their body mass (Tayjj |
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al. 1980). Therefore, increasing the mass of a rat running at a constant velocity
by 24 % should increase the required muscular force of the muscles supporting the
animal (i.e. extensors) by 24%.

Xr
Oi during running at 30 m. min"1 was determined for each rat with and without

the load. The rats ran in a plexiglass box that slid on the surface of the tread. Air was
drawn through the box at a rate of 3-10 l.min"1 (STP). Part of the exhaust air was
dried and metered through an oxygen analyser (Beckman F-3). V~Ot was calculated
assuming an R value of o-8o using the following equation as described by Tucker
(Tucker, 1968).

K°« " 0-9581 ( 3 )

The box was checked for exhaled air leaks by decreasing the flow rate 30%. This
would increase the magnitude of exhaled air that was lost. No differences were found
between the two measurements. Flow meters were calibrated daily by drawing N2

through the box at a known rate and monitoring changes in O2 concentration using
the equation:

Flowalr = FlowN (o-2O94) ( 4 )
Aoa

Accuracy of the system was better than ± 3 %.
Stride frequency was measured simultaneously with j£,a to indicate whether ac-

celerations of the centre of mass of the rats changed with loading. The interval for
25 strides was timed with a stopwatch.

Rats were then randomly divided into three groups for the histochemical studies:
(1) controls, (2) loaded runners, and (3) unloaded runners. At least 48 h following the
previous bout of exercise, the latter two groups were run for 10 min at 30 m.min"1

with a load equalling 24 % of their body mass (group 2), or without a load (group 3).
POa was determined during the run. Runners were discarded if they did not run
steadily at the front of the treadmill box or if their POi showed fluctuations during the
run. Immediately following exercise, the rats were decapitated and the following
muscles rapidly excised: the lateral (L), long (Ln), and medial (M) heads of triceps
brachii; the soleus (S); the plantaris (P); and the gastrocnemius (G). One cross-section
of each muscle was mounted on a specimen holder and frozen in 2-methylbutane
cooled in liquid N2 for histochemistry. An adjacent cross-section of each muscle was
frozen in liquid N2 for subsequent determination of glycogen concentration using the
anthrone procedure (Seifter et al. 1950). All muscles were frozen within 6 min.
Glycogen loss in the muscles during this time frame is insignificant (Armstrong &
Peterson, 1981). The sequence in which the muscles were removed was the same for
all rats.

Muscle analysis

Serial sections cut from the muscle samples prepared for histochemistry were
stained for diphosphopyridine nucleotide-diaphorase (Novikoff, Shin, & Drucker,
1961) and myofibrillar adenosine triphosphatase (Padykula & Herman, 1955) so

in the sections could be classified as fast-twitch-oxidative-glycolytic (FOG),
14 EXB 97
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fast-twitch-glycolytic (FG), or slow-twitch-oxidative (SO) (Peter et al. 1972). ^
third serial section from each sample was stained for glycogen with the periodic acid-
Schiff's reagent (Pearse, 1961). Glycogen contents of at least 100 fibres of each fibre
type in each cross-section were subjectively estimated under the light microscope by
assigning the fibres a staining intensity of 4, 3, 2, or 1 for those with dark, moderate,
light, or negative stains, respectively (Armstrong et al. 1977). Fibre populations were
estimated by classifying 100-200 fibres in fascicles distributed throughout the muscle
cross-sections, and fibre diameters were measured using a micrometer eyepiece on
the microscope. Percentages of a given fibre type per cross-sectional area of each
muscle, average PAS staining intensity of each fibre type in each sample, and maximal
and minimal percentages of muscle cross-sectional areas showing glycogen loss were
calculated as previously described (Armstrong et al. 1977; Sullivan & Armstrong,
1978). The average of the maximum and minimum values was then calculated and
used to evaluate the changes in area showing glycogen loss. It was necessary to calcu-
late limits and use the averages of the limits for the percentage of fibres showing
glycogen loss after exercise, because there were four categories of glycogen staining
intensity. For example, if after running there were fibres with no glycogen remaining
(rating no. 1), there was no way of knowing if these fibres were darkly (no. 4), mod-
erately (no. 3), or lightly (no. 2) stained before exercise. If they were darkly stained
(no. 4), then a relatively low proportion of fibres would have been active, which would
be indicated by the minimal value. On the other hand, if the no. 1 fibres after exercise
were no. 2 fibres before, the no. 2 fibres after exercise were no. 3 fibres before, etc. a
relatively high proportion of fibres would have been active during the running. The
maximal value would reflect this situation. Determination of cross-sectional area of
muscles in absolute terms is extremely difficult, particularly for complex pennate
muscles like plantaris, gastrocnemius, and triceps brachii, long head. Therefore, to
estimate the proportional contribution of individual muscles to total muscle group
cross-sectional area, we used the mass of the muscles, recognizing the shortcoming of
the approach.

Statistical analysis

Differences among means for glycogen concentration (biochemistry) in each muscle
from the three groups were tested with a one-way analysis of variance and Tukey's
w. Differences between means for area showing glycogen loss for fibre types within
muscles and muscles from loaded and unloaded runners were tested with an inde-
pendent t test.

RESULTS

When rats ran with a load equal to 24 % of their body mass, stride frequency was
the same and VOi was increased by 24 % over that observed when they ran without
the load at the same speed (Table 1). From these two measurements, we concluded
that the loading increased the force exerted by the extensors by about 24%. The
assumptions involved in this conclusion have been discussed previously (Taylor et al.
1980).

There was nearly a direct proportionality between the increase in force and the
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fable 1. Oxygen consumption and stride frequency of rats running on a treadmill with a
load equalling 24 % of body mass and without a load at a speed of 30 m. min~x

VOi Stride frequency
(ml 0 2 . g"1. h"1) (strides. mirr1)

Unloaded 4'i3±o-O7 i6o±o-29
Loaded 5-i4 + o-o6a 158 ±0-37
Change (%) +24010-46 —1-3+0-21

Values are the means of 74 values on 26 rats ± S.E.M.
» Mean for loaded rats significantly different from that for unloaded (P < o-oi).

Table 2. Percentages of cross-sectional areas of the elbow and the ankle extensor muscle
groups showing a loss of glycogen in rats after running at 30 m.min~1 with a load equal
to 24 % of body mass or without a load

(A mean value calculated by averaging the upper and lower limits is given. The limits + S.E.M.
are also given in parentheses (see Materials and Methods for discussion of limits).)

Unloaded

Loaded

Change

Elbow extensors

4 0 %
(3°±3 104414)

51 %
(43 ±6 to5Q±8)

+ 28%

n

S

6

Ankle extensors

4 6 %
(42±5 to 5°±4)

5 7 %
(S2±5 to62±7)

+ 24%

n

7

7

increase in total extensor muscle area showing loss of glycogen (Table 2). The cross-
sectional area showing glycogen loss in the elbow extensor group increased by 28 %,
and in the ankle extensor group by 24%. Forty per cent of the cross-sectional area
of the elbow extensor group showed a loss of glycogen when the rats ran without a
load, which increased to 51 % when they carried the load. Forty-six per cent of the
ankle extensor group showed a loss when the animals ran without a load. This in-
creased to 57 % in the loaded animals.

Most of the increase in cross-sectional area showing glycogen loss occurred in the
peripheral muscles of each group (Table 3). In the elbow extensor group, 91 % of the
increase in cross-sectional area occurred in the lateral and long heads, and only 9 %
in the deep medial head (triceps brachii muscle). FG fibres contributed 84 % of the
increase, FOG fibres 10 %, and SO fibres 6 % (Table 4). In the ankle extensor group,
84 % of the increase in cross-sectional area occurred in the more peripheral gastro-
cnemius muscle. The more medial plantaris and soleus muscles accounted for 9 and
7 % of the increase. FG fibres contributed 88 % of the increase in cross-sectional area
in the ankle extensor group, FOG fibres 6 %, and SO fibres 6 %.

Muscle glycogen concentrations of the control and exercised rats are presented in
Table 5. Significant decreases in muscle glycogen in the loaded over the unloaded
condition occurred in L and Ln in the elbow extensor muscle group, and in G in the
ankle extensor group. These are the same muscles that had large increases in the area
of FG fibres showing glycogen loss in the loaded rats.

14-2
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Table 3. Percentages of cross-sectional areas of the individual muscles comprising th%

elbow and the ankle extensor groups showing a loss of glycogen in rats after running at

30 m. min~x with a load equal to 24 % of their body mass or without a load

(A mean value calculated by averaging the upper and lower limits is given. The limits + S.E.M.
are also given in parentheses (see Materials & Methods for discussion of limits).)

Elbow extensor group (triceps brachii muscle)

Unloaded

Loaded

Change

Relative contribution of
each muscle to
increase in cross-
sectional area of
total muscle group

Unloaded

Loaded

Change

Relative contribution of
each muscle to
increase in cross-
sectional area of
total muscle group

Medial head
(mass = 8%

of group)

65-5%
(6o±io to 71 ±9)

83-0%
(80+ 9* to 86 ±9)

+ 27%

9 %

n

5

6

Lateral head
(mass = 18%

of group)

47-5 %

70'5 %
(62 + io* to 79 + 7*)

+ 48%

33%

Ankle extensor group

Soleus
(mass = 6%

of group)

63'5%
(60 ± 8 to 67 ± 8)

76-o%
(73 ± 6 to 79+ 6)

+ 20%

7%

n

7

7

PI an tar is
(mass = 16%

of group)

S2-S%
(47±8tos8±9)

59-0 %
(54 ±9 to 64+11)

+ I2?/
O

9%

n

6

7

n

7

7

Long head
(mass = 74%

of group)

35-5%
(32±4to39±4)

43-0%
(35±6tosi±io)

+ 21%

58%

Gastrocnemius
(mass = 78%

of group)

43-5%
(4°±5 to47±4)

55'O%
(50 + 6* to 60 ±8*)

+ 26%

8 4 %

n

5

7

n

7

7

• Means of loaded rats significantly larger than those from unloaded rats (P < 0-05).

Table 4. Relative contributions of FOG, FG, and SO fibres to the increase in cross-

sectional area of muscle groups and individual muscles within groups showing a loss of

glycogen after rats ran with a load equal to 24 % of body mass compared to rats running

without a load at a speed of 30 m. min~x

Fibre type

Elbow extensor group
Medial head of triceps
Lateral head of triceps
Long head of triceps

Ankle extensor group
Soleus
Plantaris
Gastrocnemius

FG

84%
1 4 %
93%
89%
88%
0 %
98%
88%

FOG

1 0 %
2 2 %

7%
1 0 %

6%
4 %
2 %
6%

SO

6%
64%

0 %

1 %

6%
96%

0 %

6%
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5. Muscle glycogen concentrations of control rats and rats after running with and
without loads equalling 24 % of body mass

Condition

Control

Unloaded

d %
Loaded

d %

M

20-4

±4'4
(8)
4-3*

±i-3
(8)

- 7 9
4-0*

+1-8
(9)

- 8 0

L

26-5
±3'2

(8)
13-4*

+ 1'3
(8)

- 4 9
8-9*t

+ 2-O
(9)

- 6 6

Ln

25-2
±3-4

(8)
20'6

+ 28
(8)

- 1 8

I2-7*t
+ 19

(9)
-5°

Muscle
S

2 8 1

± 3 9
(8)
8-o»

+1-7
(8)

- 7 2
8-8*

+ i"5
(9)

- 6 9

P

266
±2-5

(8)
16-5*

±i-6
(8)

- 3 8
12-6*

±i-8
(9)

- S 3

RGJ

2 8 8

±3-o
( 8 )»

+ 27
(8)

- 6 9
5'4#

±2-O
(9)

— 8l

WGJ

3 0 9
± 1 9

(8)
2 8 2

±1-2
(8)
- 9

23-6*+
+ o-8

(9)
- 2 4

Values are given in mmoles glucose units x kg"1 wet weight and represent means+ S.E.M. Numbers
of animals are included in parentheses.

• Mean for exercised animals significantly lower than for control rats (P < 0-05).
t Mean for loaded animals significantly lower than for unloaded rats (P < 0-05).
X For biochemistry gastrocnemius muscle was divided into a deep red portion composed primarily

of FOG and SO fibres (RG) and a peripheral white portion composed of FG fibres (WG).

DISCUSSION

Patterns of recruitment of muscles and muscle fibres

The additional cross-sectional area of muscle recruited to provide the higher forces
in the loaded rats came primarily from the more peripheral muscles of the extensor
group. This pattern of peripheral recruitment is similar to that observed when animals
increase force as they increase locomotory speed (Smith et al. 1977; Sullivan &
Armstrong, 1978; Walmsley et al. 1978) or jump (Smith et al. 1977). Thus, it appears
to be a general pattern. Most of the increase in cross-sectional area in the elbow
extensor group of the loaded rats was in the more peripheral long and lateral heads of
the triceps brachii muscle and there was only a small contribution made by the medial
head. The situation in the ankle extensor group was the same, with the peripheral
gastrocnemius muscle being primarily responsible for the increase in cross-sectional
area.

There is a deep to peripheral organization of fibres within the extensor muscles
(Sullivan & Armstrong, 1978). Most deep fibres of these muscles are SO or FOG,
and the more peripheral, FG. Thus, the addition of primarily FG fibres when the
rats were loaded indicates that fibres within muscles, like muscles within groups, are
also recruited peripherally with increasing force.

The results of these experiments emphasize the importance of including whole
muscle groups rather than individual muscles, or small samples (e.g. biopsy samples)
from individual muscles, when studying either muscular recruitment patterns during
exercise or the acute or chronic effects of exercise on muscles. If we had utilized
muscle samples taken by biopsy instead of sectioning the entire cross-sectional area
of a group, our findings would have varied enormously depending on which muscles
the biopsy came from, or whether it was obtained from a deep or peripheral area
mithin the muscle.
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Significance of the direct proportionality between force and cross-sectional area of
muscle showing a loss of glycogen

The direct proportionality observed between the increase in muscular force and the
increase in the cross-sectional area of muscles showing a loss of glycogen is intriguing.
The simplest explanation is that the cross-sectional area showing glycogen loss is a
direct measure of the cross-sectional area of muscle fibres that were active. Area of
active muscle then increased in direct proportion to the force exerted by the muscle.
This would require that muscle lengths, shortening and lengthening velocities, and
motor unit discharge frequencies were approximately the same in the loaded and
unloaded rats. In our experiments the animals ran the same velocity and had the same
stride frequency (indicating they also had the same accelerations of their centre of
mass) when they ran with the load and without the load. The extensor muscular
forces in the loaded condition should have increased proportionately in all phases of
the contractile cycle, i.e. during the active lengthening, shortening, and static phases.
In other words, the forces required for positive and negative accelerations of the
centre of mass, as well as for isometric support, should have increased by 24 % in the
loaded rats. Also, it seems reasonably certain that muscle lengths and velocities of
shortening and lengthening were the same in the loaded and unloaded animals
(Taylor et al. 1980).

A second, more complex interpretation of our results could be that the direct pro-
portionality between force and cross-sectional area showing glycogen loss was
fortuitous and does not represent a direct proportionality between force and cross-
sectional area of active fibres. This would be the case if the muscular force in the
loaded rats was increased by increasing discharge frequencies of the same muscle
motor units that were active when rats ran without loads. Stein (1974) pointed out in
his review of peripheral control of locomotion that the relative importance of motor
unit recruitment and increased frequency of discharge (rate coding) remains contro-
versial. If the increase in force was accomplished solely by rate coding, it would be
possible to explain our results by postulating that cycling among motor units in-
creased in direct proportion to force. Cycling could be due either to fatigue of active
motor units or a neural control mechanism.

Several indirect lines of evidence argue against fatigue-induced cycling of units
under the conditions that were employed in these experiments. Since the treadmill
exercise was of relatively low intensity (Shepherd & Gollnick, 1976) and only lasted
for 10 min, it is doubtful if significant fatigue of motor units occurred. This would
be particularly true in the unloaded condition when primarily high-oxidative fibres
were recruited to produce the required muscular forces (Armstrong et al. 1977;
Armstrong et al. 1974; Baldwin et al. 1973; Sullivan & Armstrong, 1978). Also, in
rats running at low to moderate speeds, most of the glycogen is lost during the first
minutes of exercise, with little further loss occurring (Armstrong & Ianuzzo, 1977;
Baldwin et al. 1973). For example, in rats running at 23 m.min"1 up a 50 incline,
significant glycogen loss occurred in the muscles in the first 10 min, but no further
loss was observed over the next 20 min (Armstrong & Ianuzzo, 1977). If significant
cycling of units continued because of fatigue, one would expect a steady declinejj±
muscle glycogen stores as new units were recruited.
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) Evidence against motor unit cycling as a normal neural mechanism is not as clear.
However, the common observation (Armstrong et al. 1977; Armstrong et al. 1974;
Sollnick et al. 1973; Sullivan & Armstrong, 1978) that some fibres of a given type
ire devoid of glycogen after exercise, whereas others of the same type apparently have
lost no glycogen, would suggest that a certain number of motor units within types are
recruited during rhythmic exercise and the others are not. Also, the concept of the
'size principle' (Henneman & Olsen, 1965) would support the supposition that specific
motor units are recruited for generation of force as long as fatigue or other limiting
factors do not interfere.

One of the most obvious ways of experimentally deciding between these two
explanations of the direct proportionality between force and cross-sectional area
showing depletion would be to investigate the relationship over a greater range of
forces. This could be accomplished either by having rats run while varying the load
or by varying the speed while the rat ran with the same load. While theoretically
appealing, these experiments are not feasible because of the variability inherent in the
glycogen loss technique. We selected our experimental conditions so that the load
and speed were maximal. Still we were barely able to move out of the experimental
noise. Lower loads and/or speeds accentuate the problems of noise in the technique
because less glycogen is lost by the fibres.

In the absence of any evidence to the contrary, we prefer the simple explanation of
our results.

The authors wish to thank Ms Pat Marum and Ms Carolyn Johnson for their
assistance in the collection and analysis of the data. The study was supported by NIH
Grants AM25472 and AM18140.
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