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ABSTRACT
To study the detrimental effects of hypokinesia, many models of
reduced muscular activity (i.e., reduced-use), including alterations in
the size of the living environment, have been developed. Although
significant structural and functional changes have been documented, the
effect of reduced-use on muscle fatigability remains unclear.
This project was designed to study the effects of cage-size on
selected properties of rat hindlimb muscle, with particular emphasis on
fatigue.

Further, in vieH 9f the lack of information on the potential

effect of gender, both males and females were studied. The rats were
raised in either a small, conventional cage or one approximately 133
times larger. Subsequently, terminal experiments were performed to
characterize the contractile properties, fiber-type composition and
oxidative potential of tHO hindlimb muscles of the small- and largecage-reared rats. The test muscles, soleus and extensor digitorum
longus, were select.ed on the basis of their pronounced differences in
function, usage and fiber-type composition.
The results suggest tm t r.eductions in cage-size can influence
the properties of skeletal muscle (specifically, muscle mass, force and
fatigability) and that this effect is a function of both gender and
interanimal differences.

However,

due to the large variability

exhibited by all three factors, their overall effect will be minimal.
An analysis of the response of the test muscles to a 6 min
fatigue test revealed three findings. First, both muscles exhibited a
xiv

xv
wide range of fatigability, an unexpected finding particularly for
soleus but in keeping with the multiplicity of factors discussed above.
Second,

the association observed between whole-muscle force and the

electromyogram (e.m.g.) was found to be dependent upon the measure used
to quantify the e.m.g., the fi ber-type composition of the muscle and its
degree of fatigability. And third, a coexistence of twitch potentiation
and muscle fatigue was observed which also was dependent upon the fibertype composition and the extent" of fatigue.
Finally, a comparison of qualitative and quantitative
histochemical analyses revealed broad, overlapping ranges for oxidative
enzyme activity for each of the three muscle-fiber types.

This suggests

that differences in fatigability usually attributed to different fiber
types are not due solely to differences

in oxidative potential.

CHAPTER 1
INTRODUCTION AND AIMS
Introduction
A prominent characteristic of skeletal muscle is its ability to
adapt to varying levels of usage.

Reductions in activity, such as those

imposed by prolonged bed rest or, more recently, by space flight, have
resulted in significant alterations in the structural and functional
properties of muscle.

To further examine these changes, numerous models

which limit muscular activity (Le., reduced-use) have been developed.
The effects of the experimental paradigm are then determined by
comparing the neuromuscular performance of the test (i.e., reduced-use)
preparation to that of its control.

An array of studies has provided

considerable insight into the effects of reduced-use; however, several
critical issues still remain to be addressed.
The first issue concerns the appropriateness of the experimental
control for this type of study.

Most often, the animal model chosen for

these studies is the adult male rat, with the experimental control being
a rat that has been raised in the conventional, relatively small,
laboratory cage. However, little is known about the effects of cage-size
itself on neuromuscular function. Similarly, the potential effect of
gender has been ignored in the reduced-use literature; the impact of
this omission is underscored by the increasing observation of sexual
dimorphism in a variety of biological fields.
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The second issue concerns the relat ive lack of information on
the p.ffects of reduced-use on muscle fatigability. In t!1e reduced-use
literature, assessment of neuromuscular performance usually includes
measurements of selected physiological properties of skeletal (usually
hindlimb)

muscles.

The measurements most often include twitch

contraction time, as an indirect gauge of contractile speed, an.d peak
tetanic force, as a gauge of force-generating capacity.

Of at least

equal functiona1 importance is the assessment of fatigability.

However,

there are few studies of this property in the reduced-use literature,
and, when undertaken, they have usually been restricted to quite limited
features of the fatigue process.

Usually the focus is on the decline in

force-generating capacity throughout a standard period of time during
which the muscle is subjected to repetitive intermittent activation.
Far less attention has been directed to associated changes in the rate
of force Generation (and relaxation), the electromyogram (e.m.g.)-force
relation,

and the phenomenon of force potentiation, which often comes

into play when a muscle is activated repetitively.
The third, and final, issue concerns the tendency for reduceduse studies to rely on qualitative histochemistry to indirectly assess
the biochemical properties of muscle that bear on force-generating
capacity.

Qua~itative

histochemistry has contributed importantly in this

regard, revealing, for example, a general association between the
oxidative potential of a muscle and its fatigability.

However, the need

has long been recognized for more precise approaches, such as the
recently developed technique of quantitative histochemistry.

T,olhile use

of this let tel" technique is on the rise, lit tIe informat ion exists on
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the comp3.rison of qualitative and quantitative analyses of muscle-fiber'
histochemistry, with none available for fibers classified according to
the s.o.-f.o.g.-f.g. nomenclature of Peter et ale (1972)
Aims
In view of the above mentioned deficiencies, the present project
had three ai ms, all

dil~ected

towards refining the study of the effects

of reduced-use on muscle performance in general, and fatigability in
particular:
1. To test for cage-size and gender effects on the fatigability
of rat hindlimb muscle.
2. To evaluate a variety of indices of whole:-muscle fatigue.
3.

To compare quali tat ive and quantitative histochem ical

analyses of muscle fibers.
The test preparations were male and female Sprague-Dawley rats.
Following weaning (21 days of age), the rats were raised in either of
two cage-sizes for 100-160 days.

R~ts

have a relatively rapid life

cycle, reaching sexual maturity and adulthood by age 90-120 days (see
Chap

5).

Therefore,

all rats were adult

when

the experimental

investigation of muscle function was undertaken.
Pr'eliminary accounts of this work have appeared in abstract form
(Enoka ~t al., 1984; Rankin et al., 1984; Enoka, Rankin and Stuart,
1985; Enoka et al., 1985; Rankin et al., 1985; Volz et al., 1985; Ranldn
eta 1., 1986).

CHAPTER 2

FIRST AIM BACKGROUND: EFFECTS OF ENVIRONMENT AND GENDER
ON THE SKELETOMUSCULAR AND NERVOUS SYSTEMS

Overview
Although the studies are few, it appears that the effect of the
environment in which an animal lives is quite broad, causing changes
which range from structural alterations within the cerebral cortex to
changes in the contractile properties of muscle.

A primary feature of

these studies is that the specific effect(s) of environment, which may
01"

may not be manipulated by the experimenter, is determined by the

animal.

That is,

the environment merely provides the opportunity for

such things as increased activity or investigation of novel structures.
The animal, not the experimenter, determines the extent to which this
opportunity is exploited.

With few exceptions, this results in an

inability to quantify the "independent variable".

Although this

limitation, in itself, does not invalidate this type of

experiment, it

does result in requiring a broadened view of the cause and effect
relationships.
The particular animal species chosen may also be a complication,
since there appears to be considerable variation in the response of
different species to the same experimental paradigm (Geschvlind,

1974).

For various reasons, not the least of which is species stability, the
rat is frequently used as the experimental model in a wide range of
4
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research areas (Gill, 1985). However, in a recent study in Ganong's
laboratory, it was found that a response (increased renin secretion) to
immobilization was

"distressingly variable from one group of rats to

another" (Ganong, Gotch and Alper, 1984; see also Bahnson and Ganong,
1983; both studies on male rats). This intraspecies heterogeneity is
emphasized by Geschwind (1974) in his statement "One extremely important
factor is often overlooked in man, and it is rarely considered in animal
wOl~k •••

referring to individual variation, Le., differences in the

effect of lesions which are attributable to what one might describe as
host variation." Gender being one potent ial source of such variation, it
is interesting that the male rat is by far the more popular experimental
animal as compared to its female counterpart in a broad range of
research areas.

And, again according to Geschwind (1974), "••• although

it has sometimes been suggested that sex may affect recovery," (i.e.,
the outcome of the study) " there has been little systematic study of
the problem" (see below). With this in mind, the discussion below
includes the gender of the exper'imental animals for each study where
available.
Effec~

on the Central Nervous System

A majority of the studies investigating the effects of
environment on the development of the central nervous system (CNS) have
compared animals housed in environments which were "enriched" by the
inclusion of novel climbing structures or toys with standard laboratory
housing conditions in which one to several animals are housed in small
uniform cages.
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A variety of morphological characteristics have been studied.
Dowling, Diamond, Murphy and Johnson (1982) found that daily periods of
exposure to enriched environments resulted in an increased cortical
thickness in areas of

the frontal, parietal, and occipital lobes of the

male rat's cerebrum.

Further, "impoverished" male rats (Le., housed

alone in standard small cages) were characterized by a decrease in
cortical thickness as compared to controls,

with the implication that

social interaction or the quantity of activity associated with social
behavior influences cortical development.

This change in cortical

thickness was in keeping with the observed increases in neuronal soma
size (Diamond, Johnson, Ingham, Rosenzweig, and Bennett, 1975) and in
glial numbers (Diamond, La\'l, Rhodes, Lindner, Rosenzweig, Krecht, and
Bennett,

1966; Szeligo and Leblond,

enriched envj,ronments.

1977) in male rats exposed to

Increases in both the number and complexity of

dendritic branching have also been demonstrated in the

frontal

(Greenough, Volkmar, and Juraska, 1973), hippocampal (Fiala, Joyce, and
Greenough, 1978) and occipital (Greenough and Volkmar, 1973; Greer,
Diamond, and Murphy,

1982) areas of the brains of environment-enriched

male rats. Similar variations in dendritic morphology were observed in
the optic tectum of female jewel fish raised in the presence of others
of the same species or in isolation (Coss and Globus, 1978).

The optic

tectal interneurons of community-raised fish exhibited greater dendritic
branching and spine density as compared to those of isolation-reared
fish. At the present, no information exists regarding the effects of
such experimental paradigms on the morphology of CNS structures related
specifically to motor control. However, in view of the observations
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above, it is quite likely that similar morphological alterations occur
in the motor-related areas as well.
Held, Behesti and Gentile (1984) employed a functional parameter
to investigate the effects of envil'onmental variation. Adult male rats
were placed in one of three groups in \oThich they were: 1) provided wi th
exposure to enriched environments for 2 hours per day ("enriched"); 2)
placed in a small cage with an attached exercise wheel ("exercised"); or
3) maintained alone in standard laboratory cages ("impoverished").
term "exercised" is some.That of a misnomer,

The

were it not for the

observation that when provided with the opportunity to use an exercise
wheel, the rat usually takes advantage of it (Folk, 1966; Overton et
al.,

1986; C. Tipton, personal communication).
After 25 d in the above environments, all rats were trained to

traverse a narrow ramp. The mean travel time was established for each
rat.

Subsequently, the sensorimotor cortex was removed bilaterally in

order to induce a motor deficit.

Following recovery from the surgery,

the locomotor test was repeated and the number of trials needed to
regain pre-operative traverse times was noted.
groups eventually attained pre-operative times,

Although all three

the initial difference

between pre- and post-operative times was smallest in "enriched" rats
and was negligible within 1 or 2 trials.

Times for both "exercised" and

"impoverished" rats were considerably longer than pre-operatively;
however, the return to normal values was much more rapid in "exercised"
rats.

These data suggest that sensory stimulation (e.g., visual and/or

kinesthetic) plus increased act i vi ty levels i nd uces grea tel' cortical
differentiation than does increased activity alone.

Histological
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analyses to identify the site(s) of structural changes are presently in
progress (Gentile, personal !:ommunication),
In summary, it appear-s that neuronal activity secondary to the
quality of the environment consistEntly affects the structural and
functional characteristics of the central nervous system.
Effects on Muscle
The environmental conditions studied with respect to muscle
function are more diverse than those described above.
however, a common feature of these studies

js

In general,

that the relative amount

of gross motor activity is secondary to either habitat size or the
availability of exercise equipment.
Alterations in morphological parameters have been observed in
several species.

Fiber number and cross-sectional area were assessed

for the soleus muscle of male and female rat.s raised in either static or
revolving (exercise-inducing) cages (Eliot, Wigginton, and Corbin,
1943).

The cross-sectional-area value was significantly larger in

exercised rats of both sexes. The difference between exercise and
control groups reached a maximum at 3 months of age, decreasing somewhat
in the subsequent 9 months.

Laros,

Tipton and Cooper (1972)

demonstrated impaired ligament inser'tions as indicated by local bone
resorption and demineralization in the knees of male dogs which had been
subdued as a result of small cage size. The weight of the gastrocnemius
in these inactive dogs, hOHever, was similar to that in both exercised
and free-running dogs.

In contrast, casting of the hindlimb resulted in

both defective ligament insertions and muscle atrophy.
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The effects of hypokinesia as a result of small cage size were
ShOWll to vary with time and muscle

~n

male rats (Portugalov and Ilyina-

Kakuyeva, 1973; Ilyina-Kakuyeva and Portugalov, 1977).

Pathological

changes at the neuromuscular junction was observed in rat soleus over a
60 day period. Motor end-plate degeneration and edema were followed by
increased arborization of intramuscular nerve endings and appearance of
"target fibers" (Le.,

a "bulls-eye" type pat tern seen following

staining for oxidative enzymes).
gastrocnemius.

No such changes were observed in the

This fiber-type related difference in effects implies

that slow-contracting muscles are more dependent upon tonic activity for
the maintenance of their integrity than are fast-contracting muscles.
Metabolic profiles as discerned by histochemical techniques can
change with environmentally induced inactivity.

Davies and Gunn (1972)

investigated the fiber-type composition in the diaphragm from a variety
of species of both sexes ranging from laboratory-raised rats and rabbits
to farm-raised dogs, horses, pigs, and oxen.

The authors noted a

tendency for the laboratory-raised animals to have a higher percentage
of low-oxidative fibers.

They suggested that the reduced activity due

to small cage size (or general lethargy in the case of the pigs) was
responsible for the decrease in oxidative capacity.
gender was not investiga.ted.

The effect of

Similarly Dahl and Aas (1981) found that

the increase in percentage of type I fibers in the rat soleus that
occurs normally occurs with development was hastened in rats raised in a
relatively large cage. In contrast, in the extensor digitorum longus,
neither the developmental decrease in the type IIA:IIB ratio nor the
normal type I:II ratio was affected by cage size (the I-IIA-IIB and
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other muscle-fiber and motor-unit nomenclature schemes are reviewed in
Chapter 4).

These findings are in agreement with the fiber-type

dependency of effects indicated by Ilyina-Kakuyeva and Portugalov
(1911). Although not discussed, the data in the Dahl and Aas report
indicate a differential effect due to gender on the various parameters
they studied; however, due to the small sample size, no definitive
statement can be made regarding this issue.
McDonagh (1919;

see also. HcDonagh et al.,

1980b) offered

differences in activity and cage size as a plausible explanation for the
relatively high percentage of units classified as f.(int) in cat
tibia.lis posterior (both sexes) as compared to Burke's values for other
cat hindlimb muscles (Burke et al., 1913, 1914).

It has commonly been

argued that f.(int) units are tr'ansitional units,

shifting between f.f.

and f.r. types as the activity level varies. The cats used in Burke's
laboratory were retained in small cages for 6-8 weeks prior to the
experiment (Burke,

personal communication as cited in Reiny.ing et al.,

1915b), whereas animals used in the HcDonagh study were housed in small
cages for only one week after they were procured from the pound.
In a study of the effects of activity on tendon strength,
Barfred (1911) noted that the greatest occurrence of tendon rupture

~las

in "inactive" rats, i.e., wild male and female rats which had been
confined to small cages for at least 3 months.

Both this value and that

for domestic laboratory rats were significantly different from the
percent of ruptures in newly captured wild rats or second- generation
wild rats raised in much larger spaces. In addition, subfused tetanic
tension was obtained for the triceps surae.

Force for weight-matched
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animals of both sexes increased in the order: domestic = inactive
room-kept < wild.
differentiation of

<

Unfortunately, the author's data did not permit
the effects on soleus from those on gastrocnemius.

The most direct evidence that environment affects the functional
properties of mammalian muscle was provided by Luff (1975). His findings
were tangential to a study on t.he effects of cross-innervation in slow
and fast muscles.

The nerves to the slo\V-contracting soleus and the

fast-contracting extensor digitorum

longus

muscles in cat were

surgically crossed. Subsequently, the animals were allowed to recover
for one year

while housed in small cages.

Ho\Vever,

due to the

development of respiratory and intestinal infections, three "crossunion" cats were allowed to roam free in the laboratory.

The values for

peak tetanic force and contraction time of soleus for this group of
three cats were intermediate to those for soleus from normal cats and
that from "cross-union" cats raised in the small cages. Contralateral
controls for this group were similar to controls for all other groups.
The implication that the impact of cross-innepvation was reduced by
increased levels of activity questions the relative balance between
neural input

~nd

genetic composition in determining muscle properties.

For non-mammalian muscle,

one of the most clearcut and

intriguing findings involved an analysis of the development of a
"crusher" claw in the lobster (Lang, Govind, and Costello,

1978).

Normally, lobsters develop two asymmetrical claws, a smaller "cutter"
claw whose closer muscle is composed predominately of fast fibers (6575%) and a larger "crusher" claw whose closer muscle is composed
entirely of slow fibers. Lang and his colleagues (1978) found that if
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the lobster was raised in a tank devoid of items to crush (i.e., shells
and rocks), the crusher claw often failed to develop.

Further, the

fiber-type composition of the closer muscle of the two resultant
(symmetrical) claws was intermediate to those found in the crusher and
cutter claws.

This study demonstrated that disuse can influence the

development as well as the maintenance of muscle-fi tel" properties.
The Gender Issue
---Although the studies investigating this issue are few, the data
show that gender has a differential effect on a wide
physiological parameters.

range of

These included metabolic processes such as

.

.

cholesterol synthesis (Wiley, Howton and Siperstein, 1979; Feingold et
al., 1983) and lipid metabolism (Hansen, Fahmy and Nielsen, 1980), as
well as, evoked rGsponses, such as thermal. and adrenergic responses to
exercise (Sanchez et al.,

1980; Chen and Bouchard,

1986) and functional

loss and recovery from lesions of the central nervous system (Caulder
and Gentile, 1984; Lipsey and Robinson, 1984).

With respect to the

Skeletomuscular system, a sexual dimorphism has been observed in the
characteristics of motoneurons innervating muscles utilized during
mating in the rat (Seneglaub and Arnold, 1984; Nordeen et al., 1984), in
the overall C'.ndr'cgen sensitivity of skeletal muscle (Exner, Staudte and
FE::tte, 1973; Bleisch and Harrelson, 1984; Kamen et al., 1985) and in the
f1 be'r-type ccn:position and cross-sectional area of some skeletal muscles
(Exner et al., 1973; Chen and Bouchard, 1986).
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AlthouRh there is no

evjde~ce

to

dat~

for gender-related

differences in skeletal muscle function, the above
suggest this possibility.

st~dies

strongly

However, the potential effect of gender has

been ignored in the studies of either reduced-use or living environment.
The impact of ttis c·rr.iEsion i E ur.derscored by the observation that in
rats, a frequently chosen animal model, females exhibit considerably
more spontaneous activity when raised in cages equipped with exercise
wheels as compared with males of the same litter (Folk, 1966; Overton et
al., 1986; C.Tipton, personal communication). Thus, i t is likely that
the impact of the experimental housing will be significantly different
for the two sexes.

It is also likely that, in a reduced-use study, the

characteristics of the control animal (i.e., the laboratory-cage-reared
rat) will be influenced by the gender of the animal studied.
Summary and Rationale for the Aim

1.

Study

The levels of neuronal activity and gross motor function
secondary to environment seem to affect both central and peripheral
structures in the neuromuscular system.
related

In addition, the environment-

effects appear to be fiber- and motor unit-type dependerit.

There is also a strong possibility of a gender effect which could
interact with the environment-related effects.

In view of these various

findings and uncertainties, the first aim of this project fo"cused on the
effects of both cage-size and gender on developing rat hindlimb muscle.
To this end, selected P1ysiological and histochemical properties were
compared for the soleus and extensor digi torum longus ,muscles of male
and female rats that had been raised in either a small- or a large-cage
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environment. Of primary interest was muscle fatigability,

a

physiological property that has been underemphasized in reduced-use
studies to this point.

CHAPTER 3
SECOND AIM BACKGROUND: INDICES OF

~-1HOLE-MUSCLE

FATIGUE

Overview
The sensation of fatigue is a common experience and one that
elicits numerous and diverse descriptions.

With respect to the

neuromuscular system, however, the conventional definition has usually
been rather specific: "failure to maintain the required or expected
force" (Edwards, 1981).

Recently this defini tion has been modified

(Enoka and Stuart, 1985) to include the increasing sense of effort and
other central changes Which precede or accompany the reduction in force
(see also Bigland-Ritchie,

1984).

The simplicity of the measurement of a reduction of force belies
the complexity of the mechanisms Which produce it. Fig. 1 shows that the
development of fatigue can potentially result from failure at anyone of
a variety of sites within the central nervous system (CNS) and
peripheral neuromuscular system.

These include "psychological drive"

(presumed at the level of the cerebrum) and the associated higher
control centers, motoneuronal excitability and adaptation properties,
transmission at peripheral axonal branch pOints and neuromuscular
junctions, propagation and profile of the muscle-fiber action potential,
excitation-contraction coupling, and
and its energetic requirements.

myofib~illar

contractile activity

These can be separated into two broad
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1.·. ·.

--"Psychological" and "Coordination" Failures

IIHlah.rll~
Control
C.!,!!!!~

___ _

1-.- - Repetitive-Discharge Failure
Branch-Point Failure

-/

Neuromus~ular-

Transmission Failure

Muscle-Fiber Action-Potential Failure
Excitation-Contra ction Failure
Contractile-Machinery Failure

Fig.

1

Potential Sites of Fatie;ue.

Failure at anyone or a combination of these sites. may contribute to the
force-reduction aspect of fat1eu~. Modified from Fig. 17-14 in Stuart
and Enoka ( "983).
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categories:

those which are central (from cerebrum to the motoneuron)

and those which are peripheral (i .e., from the motor axon to the
myofilaments) •
Central Fa tigue
Reductions in the drive from higher brain centers can be
manifested as a reduction in force production or an increase in the
sense of effort, the latter being more difficult to substantiate than
the former.

Several investigators (e.g., Stephens, 1981; Jones and

Hunter, 1983) have suggested that the subjective feeling of increased
effort coincides with an increase in e.m.g. activity (Le., as
attributable to the recruitment of additional motor units and/or their
increased firing rate) recorded during low-intensity isometric
contractions.

The psychological nature of this type of failure is

illustrated by the recovery of the original force with bursts of "extr'a
effort" by the subject (Bigland-Ritchie, 1981b). At first glance,
failures of this type might not seem amenable to phYSiological analysis.
However, as emphasized by Enoka and Stuart (1985), much information on
this issue can be obtained by recording changes in firing patterns from
supraspinal structures in conscious primates.
During sustained or repetitive maximal voluntary contractions by
humans, a progressive decline has routinely been observed in both force
and mean rate of motor-unit discharge (e.g., Grimby, Hannerz and Hedman,
1981; Bigland-Ritchie et al., 1983a; Marsden, Meadows and Merton, 1983)
It was suggested by Bigland-Ritchie et al. (1983a) that this did not

represent a cause-and-effect relationship, but rather that the reduction
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in rate of discharge was in response to (or enabled by) the prolongation
of the relaxation phase of each contraction. Similarly, Marsden et al.
(1983) suggested that since the maintenance of "tension depends on the
total num ber of impulses delivered

and not on their frequency, the

best-maintained and longest contraction will be obtained i f the impulses
are spread out as thinly at each stage of contrac tion as is consistent
with optimal activation at that stage."

Thus, it appears that slowing

of motoneuron discharge serves as a protective mechanism to both
motoneuron and muscle by virtue of reducing the number of impulses and
therefore, muscular contractions, per unit of time required to maintain
a gi ven force.
Peripheral Fatigue
Branch-Point Failure.

Failure of an action potential to be

transmitted equally to all of an axon's branches is theoretically
possible, although very difficult to demonstrate experimentally because
of the problem of separating it from presynaptic failure at the
neuromuscular junction.

By recording simultaneously from two muscle

fibers of the same motor unit, Krnjevic and Miledi.(1958) were able to
demonstrate that branch-point failure did occur in vitro.

Subsequently,

however, it was suggested (McComas, 1977) that this was an artifact of
reduced oxygenation of the bath rather than a physiological phenomenon.
More recent reports (e.g., Spira, Yarom and Parnas, 1976; Smith, 1980)
have confirmed the existence of branch-point failure in invertebrate
preparations. Further, Stal ber g's group revealed branch -p oi nt fail ure by
use of single-fiber electromyography (Stalberg and Trontelj, 1979) in
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It was shown that when recording

intact and conscious humans.

simultaneously from severa.l muscle fibers from the same motor unit,
intermittent dropout (failure) of a subset of those fibers often
occurred during voluntary activation of the motor unit. If the subset of
failing fibers was consistently the same, it was presumed that these
fibers were activated by the same branch of the axon and that the
failure occurred at an axonal branch pOint proximal to these fibers.
Neuromuscular-Transmission Failure.

------

Failure of neuromuscular

transmission could result from alterations at either presynaptic sites
(e.g. depletion of ACh or failure of its release) or postsynaptic sites
(e.g., postsynaptic receptor-site desensitization to ACh). Reductions in
ACh did not appear

significan~

even wi th prolonged stimula tion in in

vitro preparations of rat diaphragm or graciliS (Krnjevic and Miledi,
1958).

However"

a marked decline in sensitivity to iontophoretic

applications of ACh was observed.

More recently, Pagala, Namba and Grob

(1984) have provided further evidence for failure of neuromuscular
transmission, particularly in muscles \vith a high proportion of type f.
(type f.g.

and f.o.g.)

fibers.

In an in vitro preparation of rat

muscles, they observed the changes in isometric force and the associated
e.m.g.

elici ted during either nerve stimulation or direct muscle

stimulation.

In extensor digitorum longus (approximately 95% type f.)

and, to a lesser extent, in the diaphragm (approximately 60% type f.),
peak tetani c force declined in parallel wit h e.m.g.
response

to nerve stimulation.

In contrast,

there

amplit ude in
was a

poor

correlation between changes in force and e.m.g. in the soleus
(approximately 15% type f.).

Subsequent stimulation applied directly to
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the muscle elicited the greatest increase in force in extensor digitorum
longus, less in the diaphragm and least in the soleus.

These

observations suggest that neuromuscular transmission failure was the
primary factor underlying the fatigue in the first two muscles, whereas
failure at more distal sites underlie the fatigue in soleus.
Can the e.m.g. give a similar insight into the status of the
neuromuscular junction in human muscles during maximum voluntary
contractions?

The answer is that the issue is still open (for a

selected ad seriatim review, see: Merton, 1954; Stephens and Taylor,
1972; Merton, Hill and Morton, 1981; Bigland-Ritchie et al., 1982;
Milner-Brown and Miller, 1986)

for reasons considered beyond the scope

of this report, except to pOint out that the commonly used technique of
assessing neuromusculal' status by analysis of e.m.g. response to single
shock stimulation of the nerve to the test muscle may provide misleading
information about how the junctioos are behaving during the sustained
repetitive discharges required for maximum voluntary contractions (see,
for example, Fig. 4 in Enoka and Stuart, 1984).
Muscle-fiber Action Potential Failure.

Failure of the

sarcolemma's action potential is indicated by a reduction in the
amplitude of the intracellularly recorded action potential, a
prolongation of its waveform and a slowing of its propagation.

It is

generally attributable to a change in Na+/K+ gradients across the
sarcolemma

(e.g.~

Milner-Brown and Miller,

1986) but, in addition

intracellular events associated with contraction may also come into play
(Luttgau, 1965; see also, Jones, 1981).

Recently, our laboratory has

reviewed some key papers concerning the safety factor of action
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potential propagation and the relationship between extracellular
(e.m.g.) and intracellular versions of the action potential (ad
seriatim: Lorente de No, 1947; Falk, 1961; Eberstein and Sandow, 1963;
Rosenfalck, 1969; Grabowski, Lobsiger and Luttgau, 1972; Dimitrov and
Dimitrov, 1974; Plonsey, 1974; Gydikov et al., 1976; Hanson and Persson,
1977; Gydikov,

Kosarov and Dimitrov,

Radicheva, Gerilovsky and Gydikov,

1979; Gydikov et al.,

1982;

1986). The inescapable conclusion of

this review is routinely ignored in the muscle fatigue literature, but
it is of far-reaching implications;

namely that " ... the indirect

relation between the amplitude of intra- and extracellular potentials
means that a change in a motor unit's e.m.g. ,magnitude is not
necessarily associated with an impairment of action-potential
propagation nor, consequently, with a decrease in the unit's forcegenerating capability." (Hamm, Reinking and Stuart, submitted for
publication) •
A reduction of ext,racellularly recorded e.m.p;. signals during
fatiguing contractions might also be attributable to muscle-fiber drop
out (Le.,

as caused by failure of branch-point or neuromuscular

transmission or both).

Given these various uncertainties, it is not

surprising that a disassociation of e.m.g. and force relationships
should have been emphasized in recent fatigability studies on the whole
muscles of anesthetized rats (Pagala et al., 1984; Enoka et al., 1985),
conscious humans (Hultman and Sjoholm, 1983b; Duchatau and Hainaut,
1985; Milner-Brown and Miller, 1986) and the single motor units of
anesthetized cats (Sandercock et al.,

1985).
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Excitation-contraction Failure.
evidence suggestive of failure of
(Jones, 1981).

Several studies have provided

excitation-contra~tion

coupling

For example, repetitive stimulation (alternating between

30 Hz and 100 Hz) of mouse soleus produced a considerable reduction in
force with no concurrent change in contraction time at both stimulus
frequencies (Jones, Bigland-Ritchie and Edwards, 1979).

The force

generated by the high-frequency stimulation rapidly recovered to 85% of
the initial value. However,

the force produced by 30 Hz stimulation

returned to only 58% of the initial value even after 60 min of recovery.
This latter decrement has been referred to as low-frequency fatigue (see
below).

The demonstration of relatively normal

forc~

at high

stimulation frequencies in the face of low-frequency fatigue suggests
that the contractile proteins retained their ability to generate force
and that the failure occurred during excitation-contraction coupling.

A

reduction in either the calcium released per action potential or in the
affinity of troponin for binding calcium have been hypothesized as
factors contributing to a failure of this sort (Jones, 1981).
There is a strong possibility that the stimulus regimen of the
fatigue test used in the present study (i.e., the "standard fatigue
test" as described below) induces a failure of excitation-contraction
coupling, particularly in f.f. units.

T\-Io lines of evidence are

compelling.
First, in a motor-unit study using the cat peroneus tertius
muscle (Jami, Murthy, Petit and Zytnicki, 1983b), the standard fatigue
test (2 min of intermittent 4b Hz activation) was shown to produce a
prolonged (3-5 hr) post-fa tigue-test depression of force-generating
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capacity at 40 Hz activation rates in all the f.f. units studied and
half the for. sample. However, far less depression (i.e., relative to
pre-fatigue-test values) was observed in force generation at 200 Hz
activation rates, as if to suggest that "the contractile mechanism was
still largely available for contraction."

In all lnstances,

the e.m.g.

recovered quickly after the fatigue test, such as to implicate a failure
of excitation-contraction coupling in the post-fatigue-test depressed 40
Hz responses.

These results are somewhat similar to those reported in a

subsequent motor-unit study, using the cat medial gastrocnemius muscle
(Sandercock et al., 1985).

As in the Jami et ale (1983b) study, the

e.m.g. recovered quickly after the standard fatigue test (2 min) but,
again,

the post-fatigue-test 40 Hz tetanic force values remained

depressed for type f.r. and f.f. units, which were tested up to 30 min
after the fatigue test.

In contrast, the responses of type f. units

(Le., f.f., f.1., and f.r.) to another 2-min fatigue test consisting of
continuous 80 Hz stimulation featured a rapid
of both the e.m.g. and force.

post~fatigue-test

These investigators

ar~ed

recovery

that their 40

Hz results were analogous to the "low-frequency fatigue" phenomenon,
previously reported for the whole muscles of conscious humans and
thought attributable to a prolonged failure of excitation-contraction
coupling (Edwards, Hill, Jones and Merton, 1977; Edwards, 1978), while
their 80 Hz results were analogous to the "high-frequency fatigue",
again reported in the whole muscles of conscious humans and thought
attributable to a relatively short-term failure of neuromuscular
transmission (Bigland-Ritchie, Jones and Woods, 1979; Jones, BiglandRitchie and Edwards, 1979).
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A second line of evidence thought to implicate a failure of
excitation-contraction coupling in the force decline of type f.f. units
was provided by Nemeth et al.,
posterior motor units.

(1986) j,n a study of cat tibialis

For 6 f.f. units, they tested the association

between an index of fatigue ( as determined through the use of the Burke
et ale (1973) fatigue test) and the enzymatic activity of the units'
constituent fibers for a glycolytic and several oxidative enzymes (as
measured with the quantitative microchemical techniques of Lowry and
Passoneau (1972)).

The correlation between fatigue and glycolytic (but

not oxidative) enzyme activity was significant for 5 of the 6 units.
However, the 6th unit, which was the only one to exhibit substantial
force potentiation in the first phase of the fatigue test, was the most
fatigable and yet its fibers had the highest glycolytic and oxidative
enzyme activities.

This suggested to the authors that the standard

fatigue test could produce a disassociation between fatigability and
metabolic capacity.

Since e.m.g. reductions were not manifested, the

inference was drawn that the standard fatigue test could evoke a failure
of excitation-contraction coupling, particularly in selected f.f. units.
Contractile-Machinery Failure.

In normal human subjects and

experimental animals, a wide variety of mechanisms have been suggested
for failure of the contractile machinery (for review: Karlsson, 1979;
Hultman et al., 1981; Wilkie, 1981).

Reductions in energy substrates

such as glycogen or creatine phosphate, alterations in calcium or
potassium concentrations, and c::hanges in pH have all been sho.Tn to alter
force- production capabilities but their relative contribution to the
development of fatigue is not yet clear.
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Summary. There are a variety of peripheral sites, excluding the
contractile machinery itself, which can contribute to the fatigue
process.

However, little is known about the relative contribution of

these sites in even standardized experimental tests, let alone in normal
daily acti vit ies.
Physiological Tests and Indices of Muscle Fatigue
A variety of stimulus regimens that have been used to quantitate
fatigue in the reduced-use literature are presented in Table 1.

They

were used to assess the effects of disuse on the fatigability of either
whole muscles or single motor units.

Of these, the present focus is on

a widely-used protocol for 'motor-unit studies (Burke et al, 1971; Burke
et al., 1983) which our laboratory has recently adapted for use in
whole·-muscle studies in rat (Enoka et al., 1984; Rankin et al., 1984;
Enoka et al., 1985; Rankin et al., 1985; Volz et al., 1985), following
its adoption for whole-muscle studies in the cat (Hammarberg and
Kellerth, 1975a).
Motor-Uni t Studies
The fatigue test described by Burke et al. (1971, 1973) for use
in motor-unit studies involves 2 min of motoneuron or motor-axon
stimulation with 1 per second trains of 0.1 ms shocks delivered for 330
ms at 40 Hz.

Results from these initial studies suggested that this

particular stimulus regimen had lit tle effect on the motor-units' e.m.g.
activity. Hhile some subsequent studies have provided support for this
presumption (e.g., Dum and Kennedy, 1980; Jami et al., 1982), it has

TABLE 1 Summary of Fatigue Tests Used in the Reduced-Use Literature
All studie::; were of whole-muscles except for two (indicated by *) in
which single motor uni ts were studied. NR = pulse parameters were not
reported. Muscle abbreviations are as follows: SOL = soleus, GASTROC
= gastrocnemius, EDL = extensor digitorum longus, MG = medial
gastrocnemius, PL = plantaris. References cited are as follows:
1•
2.
3.
4.

Bagust (1979)
Baldwin et al. (1984)
Corley et al. (1984)
Fell et al. ( 1981)
5. Fell et al. ( 1985)
6. Gardiner and LaPointe ( 1982)
7. Maier et al. (1976)
8. Mayer et al. ( 1981)
9. Munson et al. (1986)
10. Wi tzmann et aL ( 1983)

TABLE 1 • Summary of Fatigue Tests Used in Reduced-Use Literature
Stimulation Paradigm
Ref

Animal
Model

Muscle

Type

Unites) of Stimulation
traln
pulse
train
duration
duration
rate
(ms)
(Hz)
(ms)

Frequency cf
Stimulation

Test
Duration

(Hz)

(min)

2 (SOL)
5 (GASTROC)

10

Immobilization
7

guinea
pig

SOL
GASTROC

continuous
twitch

0.2

6

rat

SOL

intermittent
train

0.2

500

50

0.4

20

10

rat

SDL
EDL

intermittent
train

NR

250 (SOL)
100 (EDL)

100 (SOL)
200 (EDL)

1.83 (SOL)
0.5 (EDL)

30

8

cat

MG*

intermittent
train

0.1

330

40

2

Suseension H:iEokinesia
4

rat

GASTROC

intermittent
train

NR

100

50

0.75

20

5

rat

SOL
GASTROC

intermittent
train

0.5

100

50

0.75

16

3

hamster

SOL
PL

intermit tent
train

0.2

1,000

200

0.5

SOL

continuous

IIR

300

80

continuous

intermit tent
train

0.1

330

40

2

intermittent
train

0.1

330

40

2

Tenotom:i
rabbi t

0.3

SEinal-Cord Transect ion
2

cat

SOL
MG

9

cat

MG *
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Fatil3ue Index

Effects of Disuse
on Fnti~e Index

% initial force
at 10 min

no effect

% initial force
at 10 & 20 min

no effect

% initial force,
+dP/dt & -dP/dt at
5 min intervals

fJC .:~

% initial force

r.o effect

feet

at 2 min

% initial force
at 20 min

no effect

% initial force

SOL: no effect
GASTROC: more fa t ic;ab Ie

at 16 min

% initial force
at 1 min

no e:ffect

relative chonee in
force and e.m.g.
amplitude within train

decline in force
and e.m.G. amplitude
within train

% initial force
at 2 min

no effect

% initial force
at 2 min

no effect on sincle
motor units, but 0
decrease in % of
fatir.ue-resistant
units (5. & f.r.)
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been challenged by other studies reporting that changes in e.m.g.
activity during this particular fatigue test is yet another parameter
that distinguishes among the different motor-unit types (Reinking et
al., 1975; Goslow, Cameron and Stuart, 1977; McDonagh et al., 1980a;
Sandercock et al., 1985; Binder-Macleod and Clamann,

1986) particularly

when the test is extended to 4 min of stimulation (Stuart et al., 1983;
Hamm et aI., submitted).
All-in-all, the Burke et al. (1971. 1973) stimulus regimen has
proven extremely useful in sevei"al laboratories for the classification
of motor units in a wide r'ange of muscles in cats (Bot terman, Iwamoto
and Gonyea, 1985) and other species (Burke, 1981; Stuart et aI., 1984).
Hereafter, it is termed the "standard fatigue test", with the duration
(usually 2,4 or 6 min) specified.
Several methods of assessing motor-unit fatigability have been
developed for this standard fatigue test.

The Progressive Fatigue Index

(Burke et al., 1971, 1973) provides a comparison between the force
produced after 2 min of stimulation and the initial force.

Fatigue-

resistant units (type s. and f.r'.) have values of 0.75 or greater; that
is, they maintain at least 75% of their initial force after two min of
stimulation.

Values of 0.25 or less are characteristic of fatigable

units (type f.f.) indicating that their force-producing capability falls
off rapidly within the first 2 min of stimulation.
The Cumulative Fatigue Index introduced by Reinking et al.
(1975) provides a second method for evaluating fatigue resistance.

It

is the ratio of the cumulative force developed after 2 min of
stimulation (again as per the Burke fatigue test) to the cumulative
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force after 4 min.

By using the integral of the cumulative force

profile, it was suggested that both the rate of change of force

and the

vacillations in force (e.g., the early potentiation in some f.f. units)
which occur over the course of the stimulation would be taken into
consideration, and thus provide a more precise description of the
fatigue process (Le., the decline in force).

Fatigue resistant units

have values around 0.50 as compared to the values of greater than 0.70
for fatigable units.
In a study of cat tibialis posterior motor units, McDonagh et
ale (1980b) utilized both indices to assess fatigability.
correlation between the two indexes was extremely high.

The

The combination

proved very effective in delineating the various unit types and in
particular in differentiating FI from f.f. and f.r. units.
More recently, Kernell, Eerbeek and Verhey (1983) have addressed
the issue of pre-fatigue test stimulation history.

In the studies by

Burke and colleagues (Burke et al., 1971, 1973), the fatigue test vias
immediately preceded by a series of repetitive stimuli producing maximal
post-tetanic potentiation of the motor-unit's twitch.

Subsequently, the

first subfused tetanus of, the fatigue test was always the largest one.
While it is likely that the amplitude of this first subfused tetanus was
influenced by the pre-fatigue test potentiation, it is possible that the
stimulation also initiated the process of fatigue.

This issue remains

unresolved at present.
Use of the standard fatigue test in other laboratories (e.g.,
Hammarberg and Kellerth, 1975b; Kernell et al., 1983; Botterman et al.,
1985) has not been directly preceded by such a stimulus regimen,
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resulting in varying degrees of potentiation throughout the fatigue
test.

In one such study, Kernell et ale (1983) categorized motor units

in the cat peroneus longus using the Progressive Fatigue Index and two
new indices of fatigue (his index A and C) which considered the intratest potentiation.

Index A, somewhat analogous to the Progressive

Fatigue Index, was equal to the reciprocal of the ratio between the
maximally potentiated peak

~orce

and the peak force two min later.

Index C, somewhat analogous to the Cumulative Fatigue Index, was equal
to the ratio between the force accumulated during min 3+4 and min 1+2
respectively.

A high correspondence (90-95% overlap) between these 3

indices was demonstrated for these motor units.

Index C (renamed as the

cumulati ve force index) has subsequently been used by Botterman et ale
(1985) to classify motor units in cat

fl~xor

carpi radialis muscle.

Used in conjunction with a force-frequency parameter, they found this
index to be very effective in distinguishing three motor-unit types.
Type s. units, which neither potentiated nor fatigued significantly, had
a mean cumulative force index value of 1.0.
bimodally distributed;

Type f.

units were

units with values less than 0.75 (indicative of

significant fatigue) were classified as f.f. and those with values
greater than 0.75 (mean value
than fatigue) as f.r..

=

1.25, indicative of more potentiation

As with the Cumulati ve Fatigue Index, this index

appears to provide more detailed information regarding the progressive
changes in force produced during the fatigue test.
In summary, several indices of fatigue have proven useful in
differentiating the 3 motor-uni t

types.

While there is a high

correlation between the results of these indices, each one provides a
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slightly different perspective on the force-production process during
the fatigue test. It must also be emphasized that while these indices
have considerable utilitarian value in quantifying fatigue, they do not
provide insight into the mechanisms underlying this fatigue.
Whole-Muscle Studies
The stimulation parameters used to test for fatigue in whole
muscle vary considerably between laboratories (e.g., Table 1). Barnard,
Edgerton and Peter (1970a,b) used intermittent twitch stimulation to
study fatigue in the plantaris of trained and untrained guinea pigs.
Whole-muscle twitches were elicited at a rate of 5 Hz for 60 min;
fatigue resistance was measured as the percent of control twitch force
remaining at the end of stimulation.

Although they did not attempt to

use this parameter to determine muscle-fiber composition, they did note
that there was a concomitant increase in fatigue

~esistance

and the

percent of red fibers in the trained animals.
Fitts and Holloszy (1977) used 250 ms trains of 100 Hz at a rate
of 110 trains/min for 30 min to investigate the effect of training on
the mechanisms of fatigue in rats.

Although this frequency of

stimulation was considerably higher than that used in the Burke test,
the authors suggest tha t the dec line in force occurred as a resul t of
contractile fatigue rather than neuromuscular- junction fatigue since
supramaximal direct-muscle stimulation produced forces similar to those
with nerve stimulation even after 20-30 min of stimulation.

The

validity of this suggestion is suspect, however, since the force due to
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"direct muscle" stimulation has recently been shown to be due primarily
to stimulation of intramuscular nerve branches (Hultman et aI., 1983).
Corley, Kowalchuk and McComas (1984) employed yet another
stimulation regimen to test the fatigability of hindlimb muscles of
guinea pigs subjected to suspension hypokinesia.

A series of 30 1 s

tetanic trains at 200 Hz were delivered at a r'ate of 0.5 Hz.

A 30-50%

reduction in force was observed over the series of stimuli.

No

significant differences between control and suspended animals were
demonstrated.

It is quite likely that this high-frequency stimulation

elicited neuromuscular junction

failur~

(cf. Krnjevic and Miledi, 1958)

and, thus, did little to reveal the durability of. coo tractile processes
in the muscle.
The standard fatigue test (extended to 6 min) has been used in
our laboratory to study the fatigability of two rat hindlimb muscles
(soleus and extensor digitorum longus ) even though their twitch
contraction times are considerably faster than the corresponding musc.1es
in the cat (for which the test was originally designed).

In a manner

analogous to the Progressive Fatigue Index, the degree of fatigue was
calculated as the ratio of peak force at 6 min to the initial force.
Preliminary results (Rankin et al., 1984) showed that the degree of
fatigue was greater in the extensor digitorum longus than in the soleus,
as has been noted in many previous studies on several species. This
finding is attributable, in large part, to the preponderance of type
f.g. fibers in extensor digitorum longus and the preponderance of type
S.Q.

fibers in soleus.
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Due to the generally heterogeneous nature of whole mammalian
muscles, the. use of the fatigue indices described for motor units to
distinguish between the fatigability of different muscles

is

questionable, although it is plausible that these values could be
indicative of the predominate fiber type.
the different types

The relative percentages of

and the transient nature of oxidative enzymes (for

review: Saltin and Gollnick, 1983) compound this problem. HOVlever, for
single muscles, use of these indices has proven valuable to indicate the
effects of various experimental procedures such as training or reduced
use (e.g., see Table 1).
Summary
Use of the stimulus regimen introduced by Burke et a1. (1971,
1973) to assess motor-unit fatigability has been widespread, providing a
means of comparing motor-unit fatigability both within and across the
muscles of the same and different species.

This standard fatigue test

has also been used to test whole-muscle fatigability.
its use for whole-muscle studies seems advisable,

At this stage,

because While other

stimulus regimens have been employed, no evidence is yet available that
any of them are more effective than the standard test for bringing out
any particular nuance of whole-muscle

fatigabilit~

Furthermore, use of

this test invites the possibility of interpreting results on the basis
of previous motor-unit studies that have included this test for study of
the same or different muscles of the same and even other species.
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Parameters Sensitive

!£ Fatigue

Force Parameters
The indices of fatigability derived from use of the standard
motor-unit fatigue test have tended to differ (Batterman et al.,

1985).

A common feature of these various indices is the use of peak subfused
tetanic force as the fatigue-sensitive parameter.

Recently, Olha,

Pettigrew and Gardiner (1985) introduced a fatigue index which was based
on the changes in the force-time integral of the subfused tetani
produced throughout the stimulation period.

They found that type f.f.

and some f.r. units in rat plantaris were characterized as less fatigueresistant when using their index as compared to Progressive Fatigue
Index inasmuch as their units exhibited ·force profiles late in the
fatigue test which first peaked and then dropped in force.

The

importance of considering force-Ume relationships during a fatiguing
procedure is emphasized by these authors in sta ting tha t " ••• one must
consider the muscle's capacity to sustain force within each contraction,
as well as to generate peak force."

Similarly, while. the recent human-

muscle fatigue literature does· include indices based on changes in
absolute force (Porter and Whelan, 1981), it also includes indices based
on temporal aspects of force development.

For example, Bigland-Ritchie

et ale (1983b) have found that both the time course and the maximum rate
of relaxation of submaximal

\0

luntary contractions to be sensitive to

fatigue (cf. Jewell and Wilkie, 1960; Edwards, Hill and Jones, 1975;
Wiles et al., 1979).

The relevance of this type of measurement for

estimating motor-unit fatigability has not yet been studied.
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Recently, our laboratory has compared the force-time integral to
the peak force measurement and various relaxation characteristics of a
substantial number of motor units of the cat tibialis posterior muscle.
The results showed that: 1) the classification and study of motor units
based on isomet rj. c tests was accomplished jus t as adequately wi th
measures of peak force as with the force-time integral (Gordon et a1.,
1986); and 2) type f.f. and s. units e}thibited qualitatively different
changes in relaxation characteristics throughout the fatigue test while
type f.r. units relaxed either like f.f or the s. populations (Karst et
a1., 1986).

It is not known if these results will generalize to the

motor units of other muscles of the same or different species, or to the
whole-muscle stimulus paradigm.

For these reasons, it seems advisable

that several parameters of force changes

b~

measured in subsequent

studies of motor-unit and whole- muscle fatigability.
E.N.G. Parameters
During the development of motor-unit and "hole-muscle fatigue,
the e.m.g. also exhibits changes.

In the motor-unit literature, with

the exception of two reports (Clamann and Robinson, 1985; Hamm et al.,
submitted), Hhat little literature exists on fatigue-associated e.m.g.
changes has been limited to consideration of the peak-to-peak amplitude
of motor-unit action potentials, either considered singly (e.g., Burke
et a1., 1973) or on average (McDonagh et al., 1980b).

Other parameters

of the motor-unit action potential also require examination, such as
area as in the Clamann and Robinson study (1985; see also Binder-Macleod
and Clarnann, 1986) or peak-to-peak rate and "mean" amplitude (area x
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normalized rate) as studied by Hamm et al. (submitted).

The Hamm et ale

analysis, which extends upon the Stuart et ale (1983) abstract, was
based on a selected population of motor units from our laboratory's
previous McDonagh et ale

(1980b) study.

The additional analyses

revealed that while each 'e.m.g. parameter indirectly brought out a
different nuance of the action potential changes associated Hi th the
onset of fatigue,

peak-to-peak amplitude remained significantly

correlated with area and mean amplitude, both within unit types and for
the total sample. Again, however, it is not known whether these results
for the motor units of tibialis posterior will generalize to the units
of other muscles in the cat and other species.

For this reason, it

again seems advisable for future studies on motor-unit and whole-muscle
fatigability to include analyses of several e.m.g. parameters.
A substantial literature exists on e.m.g. changes during the
development of whole-muscle fatigue. However, this literature is again
focused largely on changes in either the spectral content (e.g.,
Bigland-Ri tchie, Donovan and Roussos, 1981a) or amplitude (e.g. Hultman
and Sjoholm, 1983a) of the "interference" (1.e., multi-unit) e.m.g.
during voluntary contractions in humans or, again, on the peak-to-peak
amplitude of the compound action potential response during subfused
tetani (e.g., Pagala et al.,1984). Although measurements of action
potential area and duration were included in this latter study, no
attempt was made to correlate
in force.

chan~s

in these parameters with changes

Thus, as with force development, there appears a need for a

temporal analysis of e.m.g. changes associated wUh whole-muscle fatigue
during the standard fatigue test.
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E.M.G.-Force Relationships during Fatigue Tests
In the animal motor-unit and whole-muscle fatigue literature,
any discussion of e.m.e;.-force relationships has usually involved an
analysis in which their profiles were measured separately throughout a
standard fatigue protocol.

However, the human muscle-fatigue literature

contains several analyses in which an e.m.g. parameter was plotted
against a fo'rce parameter for the duration of the fatiguing procedure
(e.g., Milner-Brown and Stein, 1975; Lind and Petrofsky, 1979).
The e.m.g.-force relationship was recently explored by Clamann
and Robinson (1985) in a study on the fatigability of motor units in the
cat medial gastrocnemius muscle.

They reported that e.m.g. area and

peak force exhibited a smooth decline during the course of continuous
stimulation at 80 Hz.
e.m.g.-force curve,

However, the rate of the decline, and thus the

differed for the three motor unit types.

In

general, f.f. units showed a marked loss of force which preceded the
decrease in e.m.g. area.

In contrast, in type s. units, the e.m.g. area

decreased substantially before there was a significant loss of force.
The f.r. units were characterized by either a concomitant decline in
both force and e.m.g. or a slightly more rapid decline in e.m.g. than
force.

These results sug08st that, at this sustained 80 Hz stimulation

rate, f.f. units are more susceptible to mechanical or contractile
failure whereas s. units are more susceptible to electrical failure.
Clamann and Robinson (1985) caution that "when failure begins,
the structure which fails is not the same one in all units.

Thus the

relation between electrical and mechanical activity in fatiguing units
is more complex that has previously been recognized ... ". This should
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especially be true for whole muscle in light of the heterogeneity of its
constituent motor units. Nonetheless, the e.m.g.-force relationship is
deserving of more attention in future studies of whole-muscle
fatigability, particularly when the fiber-type composition of the test
muscle(s) is known.
~

Potentiation

~

As mentioned briefly above, when the standardized (or any other)
fatigue test is applied to a single motor uni t or single muscle, there
is not necessarily a progressive reduction in the force generated.
Rather, force is often

a~g~ented

(potentiated) particularly in the early

part of the test (particularly in f.f. motor units).

There is even

evidence of its manifestation after the fatigue test but before recovery
has taken place.

These potentiation effects may occur with or without a

concomi tant augmentation of selected e.m.g. parameters.
Force Potentiation
There is no universally accepted definition of force
potentiation.

In the muscle literature, it generally refers to the

augmentation of force above that which is expected for a given stimulus.
Its manifestation is a function of the preceding activity of the reuscle,
and, like fatigue, it is substantially influenced by the experimental
paradigm.

Depending upon the type of preceding activity, several forms

of potentiation have been described, the most classic of which are the
staircase effect (treppe) and posttetanic potentiation. Both have a
bearing on potentiation effects observed during and after the standard
fatigue test.
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.I.!:!£ Staircase Effect

It is convert.loml to at tribute the first

description of the staircase phenomenon to Eowditch (1871), although, as
cited in Lee's 1907 article, earlier writings by Ranke (1866) and Marey

(1867) called attention to this effect.
Bowditch observed that when the isolated frog heart was
stimulated to beat after a period of quiescence, the force of eacb
contraction rose progressively (i.e., the staircase pr'ofj:!e') until a
steady state level was reached.

Subsequently, thi:::.

~,henor.~enc:n

bc::s been

studied intensively in cardiac (particularly mammalian) muscle, but even
today, the precise mechanisms underlying the event remain obscure.
Almost simultaneous to the 1871 report of Bowditch,
Kronecker's (1871; a::; cUed in Colomo anc Rocchi,
staircase effect in frog skeletal muscle.

was

1965) description of a
Its demonstration in

mammalian skeletal muscle, whether stimulated by the nerve or directly
after curarization, followed shortly (Rossbach, 1876; Rossbach and
Harteneck, 1877, both cited in Slomic, Rosenfalck and Buchthal,

1968).

In the subsequent 80 years, numerous studies were undertaken to further
delineate the phenomenon and to elucidate the underlying mechanisms (for
review: Colomo and Rocchi, 1965).

Out of these investigations arose a

variety of hypotheses for the cause of the staircase effect including
increased muscle temperature (i.e., "warm-up"), increased duration
and/or intensity of the active state, an accumulation of "fatigue
substances" such as lactic acid

Ot'

carbon dioxide, decreased viscosity

of the contract 11e elements and repeti ti ve nerve discharge. Despite a
lack of conclusi ve support, many of these theories were prom ulga ted
until relatively recently.

For example, it was not until 1965 that
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Colomo and Rocchi provided definitive evidence that the staircase effect
was not due to either repetitive nerve discharge or the recruitment of
additional fibers.

Also no longer considered a viable hypothesis is the

idea that the staircase effect is related to the accumulation of fatigue
products (for review: Colomo and Rocchi, 1965).

However, this idea

remains sip;nificant in that it suggests that the staircase effect is
induced by a substance released into the myoplasm, and, as such, is the
predecessor of present-day theories.
the renewed interest in the

It is also in tr:igui rg considering

coex~stence

of fatigue and potentiation (see

below) •
A negative staircase effect (i.e., a transient decrease in
twitch force during the initial period of stimulation) has also been
reported (for review see Colomo and Rocchi, 1965; Slomic et a1., 1968).
However, the manifestation of this phenomenon is considerably less
consistent than is the case for positive staircase.

For example, Colomo

and Rocchi (1965) reported a seasonal variation in the appearance of the
negative staircase (Le., present in summer but absent in winter) but no
such variation in positive staircase. This initial decline in twitch
force was observed in the adductor pollicis (Slomic et a1., 1968) and
selected elbow flexors (Krarup and Horowitz, 1979) of the conscious
human but not in the platysma (Krarup, 1977)

nor in a variety of rat

muscles (Hanson, 1974; Krarup, 1981a; Klug, Botterman and Stull, 1982).
In contrast, positive staircase was observed in all of the above
studies.

Reasons for the variable appearance of negative staircase are

unknown due to the relatively sparse number of studies on this
phenomenon.

However, it is probable that differences in species,
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muscles and experimental protocol are contributing factors.

(Note: all

further use of the term "staircase effect" will refer to positive
staircase unless otherwise noted.)
Although interest in the staircase effect appeal's to have waned,
the years subsequent to Colomo and Rocchi's hallmarl< study have provided
a few further insights with respect to its manifestation.

First was the

demonstration of the staircase effect in muscles of conscious humans
(Desmedt and Hainaut, 1967, 1968; Slomic et al., 1968), thus providing
impetus for the suggestion that the staircase effect has a role in
normal movement.

Second was the observation that the magnitude of the

staircase response \Olas muscle fiber-type dependen t,

wi th fast-

contracting muscles and motor units exhibiting a significantly greater
degree of potentiation than slow-contracting ones.
Kugelberg,

1968; Hanson,

1974; Krarup,

1977).

(Edstrom and

And third, was the

demonstration that the staircase effect was temperature-sensitive.
Exposure of .muscles to less-than-normal-bodytemperatures results in an
increased force for the unpotentiated twi tch which is thought to be due
to a more. complete activation of ·the myofilaments (Ritchie and Wilkie,
1955; Close and Hoh, 1968).

However, there is no change in the force of

the maximally potentiated twitch;

thus,

(i.e., staircase) is reduced (Walker,
1981b).

the magnitude of potentiation
1947; Hanson,

1974; Krarup,

This finding supports the view that the staircase effect is a

consequence of enhanced myofilament activation.
Three other lines of investigation during the last decade ha ve
provided further insights into the mechanism(s) 'underlying the staircase
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effect.

These relate to the role of calcium kinetics, myosin-light-

chain phosphorylation and mechanical properties.
First, through the use of radio-labelled calcium or calciumactivated light-emitting indicators such as aequorin and arsenazo III,
it has been shown that potentiated force is accompanied by alterations
in cytosolic calcium movements (for review:
increased intracellular

calciu~

Ashley,

1983).

The

concentrations observed in force

potentiation have been shown to be the result of a slowed reuptake by
the sarcoplasmic reticulum and l as reported most recently by Duchateau
and Hainaut (1986), an intensified calcium release from the sarcoplasmic
reticulum However, there is still considerable controversy surrounding
this latter pOint (see, for example: Blinks, Rudel and Taylor, 1978;
Miledi, Parker and Zhu, 1,983; Ochi, 1984).

Further support for this

role of calcium kinetics is provided by studies of the effect of
Dantrolene sodj.um, a drug which interferes with excitation-contraction
coupling by inhibiting the sarcoplasmic reticulum's release of calcium.
Krarup (1981c) observed that, although Dantrolene decreased the degree
of staircase exhibited early in a series of twitches, force eventually
potentiated to the same or even greater extent as control muscle

if the

stimulation was continued (see also, Parmiggiani and Stein, 1981).
Increases in the stimulation frequency (1.e., above fusion frequency)
produce a similar "escape" from the force-depressing action of the drug
(e.g., Ellis and Carpenter, 1972; Leslie and Pat't, 1981; Jami et a1.,
1983a). Consequently it has been postulated that repetitive stimulation
reduces the number of sites occupied by the drug, thus allowing a
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transient increase in the calcium released and a transient recovery of
excitation-contraction coupling (Krarup,

1981c).

A second possible mechanism for the staircase effect lies in the
observation that the degree of myosin light chain phosphorylation
correlates with the degree of twitch potentiation.

Using a stimulation

rate of 5 Hz to elicit the staircase effect in rat gastrocnemius, Klug
et ale (1982) found that the elevation in myosin light chain phosphate
concentration and its subsequent decline following cessation of
stimulation paralleled the changes in twitch force. Similarly, Moore and
Stull (1984) found that rates of 0.5,5 and 10 Hz resulted in a similar
matching of light chain phosphorylation and force potentiation in both
the gastrocnemius and soleus, although neither event occurred to any
great degr'ee in the latter muscle.

This correlation was also seen for

potentiation following tetanic stimulation in both rat (Manning and
Stull, 1979; Moore and Stull, 1984) and conscious humans (Houston, Green
and Stull, 1985).

It is known that phosphorylation of myosin light

chains is catalyzed by myosin light chain kinase Which, in turn, is
activated by a 2-step process requiring calcium levels equal to those
observed in contracting muscle (Stull, 1980).
suggested

that

this

Consequently it has been

phosphorylation may serve to alter certain

properties of myosin and thereby regulat e muscle contraction (Manning
and Stull, 1982).

A potential mechanism for this regulatory action has

been provided in a recent report by Sweeney and Stull (1986).

These

authors found that in isolated fibers from rabbit skeletal or cardiac
muscle, light chain phosphorylation increased the tension produced at a
given submaximal calcium concentration.

They suggested that the
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phosphorylation leads to enhanced calcium sensitivity of the
myofilaments and subsequent increases in the number of attached
crossbridges at submaximal calcium levels.
And finally,

the idea that potentiation could be attributable,

in part, to alteration in the structural components of muscle was
suggested by Parmiggiani and Stein (1981).

Comparing the whole-muscle

response to two consecutive stimuli in the cat, these authors found that
the second stimulus produced a net fac 11 ita tion of force but no net
facilitation of stiffness (i.e., the force change/length change ratio
vlhich is assumed to be an indicator of the number of actin-myosin cross

bridges formed; for review: Huxley, 1974). Parmiggiani and Stein (1981)
concluded that the observed more-than-linear summation of force was due
to "improved transmission of internal force via the viscoelastic
properties of the muscle."
In summary,

the staircase effect appears to be a robust

phenomenon, although the magnitude of the effect is muscle fiber-type
dependent.

The underlying mecranism(s), though still requiring further

investigation, undoubtedly include events which enhance myofilament
activation.
Post tetanic Potentiation.

Post tetanic potentiation is the

"increase in muscle force after as compared to before a relatively short
(ca. 0.5-2.0 s) high-frequency (ca. 100-250 Hz) stimulation.

The early

literature on this effect has been reviewed by Hughes (1958) and Colomo
and Rocchi (1965).

Apparently the phenomenon was first officially

reported in a book by Schiff in 1858 who noted that while tetanic
stimulation of the nerve to a frog muscle produced a decline of force,
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subsequent single-shock stimuli produced larger twitches than before the
tetanus.

In his book, Schiff (1858, as cited in Hughes, 1958) noted

that Ludwig and Bidder observed this same phenomenon in' cardiac muscle
during vagal stimulation.

Subsequently, there have been a substantial

number of papers which have investigated post tetanic potentiation from a
phenomenological and/or mechanistic point of view (for review: Hughes,
1958; Colomo and Rocchi,

1965, Krarup,

1981a).

The relevant, key

findings are summarized here briefly.
First, as in the case of the staircase effect, there is a muscle
fiber-type related difference in the magnitude of the potentiation.
Fast contracting fibers exhibit a considerably greater degree of
potentiation than do slow-contracting fibers in both whole muscles
(Close, 1964; Close and Hoh, 1968) and single motor units (Olson and
Swett, 1971; Burke et al., 1971, 1973; Reinking et al., 1975; Stephens
and Stuart, 1975).

The data from one of these reports (Reinking et al.,

1975) was further analyzed to show that on average, provisionally
classified type f.f. units required more potentiating trials than the
putative type f.r. and s. units (4.7, 9.7, and 7.2 respectively), again
in keeping with the characteristics of the staircase effect.
Furthermore, the soleus, ranging from 85-100% type s.o. fibers in
various species, has been considered somewhat unique with respect to
posttetanic potentiation (Buchthal and Schmalbruch, 1980; Burke,
Post tetanic potentiation has been shown to be minimal

01"

1981).

even negative

(Le., posttetanic depression) in that muscle in the rat (Close, 1964),

cat (Brown and von Euler, 1938; Bowman, Goldberg and Raper, 1962;
Standaert, 1964; Burke et al., 1974) and rabbit (Bowman et al., 1962).
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However, Brown and von Euler (1938) demonstrated that longer trains (20
s) of high frequency stimulation were often able to elicit twitch
potentiation in the cat soleus whereas shorter trains (2-4 s) were not.
And more recently, Dum et ale (1985) observed posttetanic potentiation
in approximately one third of their motor unit sample in normal cat
soleus (100% type s. motor units). These two findings suggest that
soleus does indeed have the capacity, albeit small, to exhibit force
potentiation.
Second, the site of origin for post tetanic potentiation also
varies with muscle or motor unit type.

The definitive demons trat ion of

this was provided by Standaert (1964) when he observed that in the cat
soleus muscle, composed exclusively of type s.o. fibers, the force
potentiation seemed largely attributable to posttetanic repetitive
activity of the muscle nerve (i.e., in response to single shock stimuli)
while in cat medial gastrocnemius, composed of s.o., f.o.g. and fog.
fibers, force potentiation seemed largely of muscular origin.
Subsequently, it was sho\-Tn at. the level of single motor units in these
two muscles, that type s. motor units in both muscles exhibited
post tetanic repetitive activity of the motor axons (and, hence, a
post tetanic potentiation of force), while the fast-twitch population of
medial gastrocnemius motor units exhibited a posttetanic potentiation of
force which, agaj.n, was of myogenic origin (Olson and Swett, 1971).
Third,

the degree of myosin light chain phosphorylation

correlates positively with the degree of potentiation following tetanic
stimulation in fast-contracting muscle; whereas, neither phosphorylation
nor potentiation occurs to any significant degree in slow-contracting
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muscle (Manning and Stull, 1979; Moore and Stull, 1984; Hestwood,
Hudlicka and Perry, 1984; Houston, Green and Stull, 1985).
Sweeney and Stull's recent finding

(see above),

In view of

light chain

phosphory;Lation undoubtedly plays a signifj.cant mechanis ti c role in the
demonstration of post tetanic potentiation.
And finally, enhancement of calcium kinetics (see above) also
appears to be one of the presently favored mechanisms underlying the
development of posttetanic potentiation as well as the staircase effect,
but clearly, further work is required on the various possibilities.
Potentiation During the Standard Fatigue Test.

This form of

potentiation has been described in the recent motor-unit literature.
Unfortunately, in experiments on motor units and their subsequent
description, no account is given of the number of motor-unit activations
that precede those of the standard fatigue test.

However, for at least

two reasons, it can be assumed that the prior activation history varies
considerably between motor units, both within and across individual
studies and laboratories.

First, a variable number of activations are

required to isolate a single unit, either in the spinal cord as secured
by intracellular stimulation of a single motoneuron or by extra-axonal
stimulation of a small groups of ventral root filaments (divided
progressively, until only one supplies the test muscle).

Second, the

fatigue test is conventionally applied to single motor units at the end
of a sequence of measurements Which usually include axonal conduction
velocity, twitch contraction time, profile of unfused tetanus ("sag"
test) and peak tetanic force, each of which requires further activation
of the motor unit.
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An additional variable in the activation history prior to the
fatigue test is whether or not a deliberate attempt was made to
potentiate the uni t. Posttetanic potentiation has been used

in some

motor-unit studies to standardize the size of the twitch for
characterization of its amplitude and time-to-peak (e.g., Burke et al.,
1973; Reinking et al, 1975; Goslow et al., 1977; McDonagh et al, 1980b).
The effect of this twitch-potentiation procedure

on the subsequent

fatigue test force profile appears equivocal at this point. One study
apparently found no subsequent motor-unit potentiation during the
standard fatigue test (Burke et al., 1973) while another made mention of
considerable potentiation during t.he test, particularly in type f.f.
units (Reinking et al., 1975).

In other

~tudies,

the fatigue test was

initiated with the units in an unpotentiated state, and potentiation of
particularly the fast-contracting units was observed in the early part
of the test (Hammarberg and Kellerth,

1975b;

Kernell, Ducati and

Sjoholm, 1975; Kernell et al., 1983; Botterman et al., 1985).
In the whole-muscle fatigue literature, this issue of
potentiation during the fatigue test appears not to have been addressed
as of yet.

Undoubtedly, the quantity of muscle activation prior to the

fatigue test would influence the phenomenon in whole muscle in a manner
similar to that described above for single motor units.
Potentiation After the Standard Fatigue Test.
nineteenth and early twentieth century observations

Following
(for review:

Hughes, 1958; Colomo and Rocchi, 1965), interest in the manifestation of
twitch potentiation in fatigued muscle appears to have abated until
relatively recent reports from four laboratories.
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In the initial study of a series investig8.ting the process of
fatigue in single frog muscle fibers, Vergara and Rapoport (1974)
observed a transient increase in twitch force immediately following a
fatiguing stimulation protocol (50-150 s of 10 s bursts of 20 Hz
stimulation).

They referred to this increase as posttetanic

potentiation in view of the intermittent,
fatiguing stimulus.
Nassar-Gentina,

tetanic nature of the

Two subsequent studies (Vergara, Rapoport and

1977; Nassar-Gentina et al.,

1978), in which the

phenomenon was examined in more detail, led the authors to conclude
that: '1) for short durations of stimulation, posttetanic potentiation
preceded the onset of fatigue development; 2) for longer periods of
stimulation, twitch potentiation coexisted with fatigue; and 3) both the
potentiation and fatigue were due to an alteration in calcium kinetics
rather than to an alteration (i.e., depletion in the case of fatigue) of
the energy available.
In 1979, Krarup and Horowitz reported a study on the electrical
and mechanical properties of elbow flexor muscles in normal and
myopathic conscious human subjects.

Using relatively low rates of

stimulation (1, 2, or 3 Hz), they observed a progress.i ve increase in
twitch force (i.e., staircase effect) which, at the two higher rates,
was followed by a steady decline (i.e.,
continued.

fatigue) as stimulation

However, after a brief pause, all muscles, regardless of the

initial stimulation rate, exhibited a marked enhancement of twitch
force.

These authors suggested that the change in twitch tension

involved the interaction of at least two opposing events: potentiation
and "diminution", stating that the latter term was preferable to fatigue
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particularly with respect to the early phase of the stimulation.
Further, in comparing this data from elbow flexors with that from an
earlier study of the platysma and adductor pollicis (Krarup, 1977), they
raised the possibility that this

inter~ction

may vary with muscle fiber-

type composition.
Subsequently,

Krarup (1981a) undertooi( a study of the

potentiation of isometric twitch force following either prolonged low
frequency stimulation or brief tetanic stimulation of the rat extensor
digitorum longus muscle.

Mathematical analysis revealed two concurrent

and opposing events which determined the rate of decay of 'this
potentiation, providing support for their suggestion of concomitant
processes of fatigue and potentiation in humans. Further, Krarup (1981c)
showed that twitch potentiation was also observable after the
administration of Dantrolene sodium, which as descril:ed above result.s in
a fatigue-like depression of force by impairing calcium release from the
sarcoplasmic reticulum.

The i(ey finding from this study was that this

drug could be regarded as "a competitive and reversible inhibitor of the
excitation-contraction coupling involved in potentiation".

In other

words, if the muscle fatigue induced is attributable, at least in part,
to a failure of excitation-contraction coupling,

then by analogy with

Krarup's (1981c) Dantrolene study results, the fatigue process should
interact competitively with the potentiation process.
In 1983, Jami and colleqgues (1983a) provided the most direct
evidence to date for the simultaneous occur'rence of fatigue and
potentiat ion in a study of peroneus tertius motor .uni ts in ca t.
observed an initial, brief potentiation and a delayed,

They

prolonged
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depression of twitch force following the application of a 2-min duration
of the standard fatigue test. The twitch potentiation occurred in a
majority of fast-contracting motor units (i.e., types f.f., f.i. and
f.r. which ranged from highly fatigable to fatigue-resistant,
respectively: ) motor units stimulation.

Twitch potentiation lasted for

a brief period after the fatigue test and

occur~ed

in all the f.r. units

and most of the f.f. units.
Further evidence, albeit less direct, for this phenomenon was
provided by two recent abstracts in which the effect of a fatiguing
protocol on post tetanic potentiation was studied in the rat
gastrocnemius (MacIntosh and Gardiner,
pollicis (Moussavi et al.,

1986) and intact human adductor

1986) muscles.

Although the absolute force

of the postfatigue twitches (both potentiated and nonpotentiatedl was
reduced in both muscles,

post tetanic potentiation could still be

elicited despite the preceding development of fatigue.

However, the

effect of the fatiguing protocol on the degree of posttetanic
potentiation differed in the two reports: no change in the percent of
potentiation was observed after prolonged stimulation (6 min at 15 Hz)
in rat gastr'ocnemius in contrast to the 50% reduction in potentiation
seen following fatiguing voluntary maximal contractions in human
adductor pollicis.

Further, Moussavi et al. (1986) suggested that the

early (first 5 min) recovery of voluntarily generated force and the
potentiated twitch in their human subjects after fatigue was dependent
on the restoration of high-energy phosphate levels in the muscle whereas
the delayed recovery was due to a prolonged impairment of excitationcontraction coupling.
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Summary.

It has been known for over a hundred years that

various forms of force potentiation can coexist and interact with the
process(es) of fatigue.

However, the mechanisms remain elusive. This

seems attributable, in large part, to a lack of sorting out of even the
phenomenological issues, such as the interrelationships between the
staircase effect and other forms of twitch potentiation before, during
and after standardized forms of fatigue tests.
E.t-l.G. Area

This laboratory has previously provided examples of "potentiated
e.m.g. activity" for f.f. and for. motor units at the conclusion of 2
min of the standard fatigue test (see Fig. 5 in McDonagh et al., 1980b).
However, subsequently, we have discarded the term "potentiation" as
applied to changes in e.m.g. throughout the standard fatigue test (e.g.,
Hamm et al., submitted), because potentiation implies the enhancement of
a capacity. However, the e.m.g. can increase in area (Le., the integral
of the absolute value of the signal) due to a slowing (longer duration)
of the action potential. This slowing can coexist with other factors
that reduce amplitude, such as a decline in the number of active muscle
fibers or in the amplitude of their action potentials (as reviewed
above) •
The fatigue-induced changes in e.m.g.
particular interest

are nonetheless of

but description of their presence (or absence) in

the face of force potentiation is absent in the literature on muscle
fatigue.
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Summary and Rationale for

~

Aim

~

Studies

The reduced-use literature includes only two published reports
on motor'-unit fatigue and eight on whole-muscle fatigue (Table 1).

As

with the far more extensive literature on fatigabil it y in no nnal (e.g.,
Porter and Whelan,
subjects,

1981) and diseased (McComas,

197'() muscles and

the focus is on the decline of peak force development

throughout some standardized epoch of intermittent, repetitive
activation of the test unit or muscle.

Other facets of the force-

generating process, including its rate of onset and decline, requires
more detailed consideration.

Similarly, virtually no attention has been

directed to e.m.g. changes associated with fatigue in the reduced-use
literature, the single exception being a report of Bagust (1979).
In the muscle-fatigue literature as a whole, much a tt ention has
been directed to descri bing e.m.g. changes during standardi zed fatigue
tests, but again the focus has usually been on a single parameter (e.g.,
spectral content, amplitude, area, etc.), rather than on a combination
of parameters that could give more insight into potential mechanisms
underlying the e.m.g. changes that accompany an:! possibly contribute to
muscle fatigue.

Other issues such as e.m.g.-force relationships and the

possible interaction between force potentiation and fatigue have also
been neglected in the muscle fatigue literat ure.
In summary, despite an extensive literature, the study of muscle
fatigue appears to be in its infancy.

What seems required is a short-

range focus on phenomenological issues, before the issue of mechanisms
can be addressed with rigor.

With this viewpoint in mind, both the

first and second aim of this project included the comparison of several
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indices of whole-muscle fatigpbility and associated e.m.g. responses as
based on force and e.m.g. measurements throughout a standard 6 min
fatigue test.

The test muscles were soleus and extensor digitorum

longus, and it was possible to study samples that exhibited a wide range
of fatigability, as a result of the use of animals raised in either a
small or a large-cage environment.

In the single first-aim study, a

comparison waz made of different indices of force development and
relaxation for animals raised in the two environments.

For the two

second aim studies, attention was directed to the empirical description
of the e.m.g.-force relationship and the coexistence of fatigue and
potentiation.

CHAPTER 4
THIRD-AIM BACKGROUND: QUALITATIVE AND QUANTITATIVE APPROACHES
TO THE CLASSIFICATION OF MAMMALIAN MUSCLE FIBERS
Overview
Since Ranvier's classic observation (1873) that "red" muscle
contracted more slowly than "white" muscle,

it has become well

established that mammalian skeletal muscle is composed of more than one
functional type of muscle fiber and motor unit.

At present these type

differences can be elucidated by histochemical, histological,
biochemical, and physiological methods.

While any single parameter may

yield a continuous spectrum of values, albeit skeHed in one direc tim or
another, combining the values of several properties allows delineation
of general classes of muscle fiber and motor-unit type.
A number of fiber classification schemes have been suggested
(Burke, 1981). Although attempts have been made to merge these into one
common system (e.g., Stuart et a1., '1984), the variation in techniques,
species, and muscles used have made such generalization difficult and
controversial. Two popular schemes are presently in use. Brooke and
Kaiser (1970) distinguished three types based upon myosin ATPase
activity as adjudged by qualitative histochemistry: type I, IIA, and IIB
represent increasing ATPase act iv it ies. The nomenclature introduced by
Peter et al., (1972) is more functionally descriptive. It was originally
based upon three criteria: the oxidative and glycolytic capacities (as
54
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adjudsed by both biochemical and qualitative histochemical techniques)
and the relative twitch contraction times (as adjudged indirectly by
consideration of the twitch contraction times of whole muscles with a
preponderance of one of these three fiber types).
The three classes described by Peter et ale (1972) are: f.g.,
for muscle fibers that are fast-contracting and depend primarily on
glycolytic (anaerobic) metabolism, f.o.g., for fast-contracting fibers
that have the capacity for both oxidative (aerobic) and glycolytic
metabolism;

and s.o.,

for slow-contracting fibers that have high

oxidative capacity. Subsequently, it has pl"Oven valuable to distinguish
an r.i. fiber with oxidative-enzyme activity intermediate to that of
fog. and f.o.g. fibers (McDonash et a1., 1980a).
It has become commonplace to use interchangably the I( s.o.)IIA(f.o.g.) - IIB(f.g.) nomenclatures.

This is unfortunate because they

are not strictly comparable (see below).

In this report, the s.o.-

f.o.g.-f.g. nomenclature is used \.,rherever possible, because its use is
now considered to be functionally more descriptive (McComas, 1977).
However, the I-IIA-lIB nomenclature is required when the interpretation
of a particular finding would be confounded by use of the preferred
terminology.
For the limi ted number of mammalian muscles studied to date
(McDonagh et al., 1980a;
al.,

Burke, 1981; Stuart et al., 1984; Batterman et

1985) it appears that the most popular and utili tarian motor-unit

classification scheme is tripartite in nature, with fast-contracting,
fatigable (f.f.) motor units composed of f.g. muscle fibers, fast,
fatigue-resistant (f.r.) units of f.o.g. fibers and slow, nonfatigable
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(s.) units of s.o. muscle fibers. A f'ourth unit (f.(int)) type is also
distinguishable, composed presumably of f.i. fibers.

Table 2 summarizes

some of the propel'ties of these different motor-unit and muscle-fiber
types.

It shows that type s. units produce relatively small forces. Its

constituent muscle fibers comprise a small proportion of the wholemuscle cross-sectional area and rely almost exclusively on aerobic
metabolism.

The alpha

moto~euron

of this unit type is the

small~st,

on

average. It has a low functional threshold and a comparatively slow
axonal conduction velocity.
Type f .r. units are capable of producing forces intermediate in
magnitude to those of s. and f.f. units.

At a first approximation,

motoneuron size and excitability are likewise of intermediate values;
axonal conduction velocity is relatively fast.

Their muscle fibers have

a high potential for both oxidative and glycolytic metabolism.
Type f.f. units exhibit the largest forces of .the three unit
types.

The muscular component presents a large cross-sectional

area;

the indi vidual fibers rely predominantly on glycolytic pathways for
energy production. The parent alpha motoneuron is the largest, on
average. It has a relatively high functional threshold and a rapidly
conducting axon.
These three groups may merely represent loci situated on a
continuum of motor-unit properties.

The exact role that genetic

composition and activity play in the relative position of a given unit
along this continuum has yet to be determined.

TABLE 2. SUlll.'nary of Selected Motor-Unit and Muscle-Fiber Properties
Modified from Table 17-1 in Stuart and Enoka (1983)

Unit (Fiber) Type
S.

(s.o.)

F.R. (F.O.G.)

F.F. (F.G.)

Unit Physiologv: Classification
Twitch contraction time

Slow

Fast

Sag

Absent
Very 10\1

Present

Present

Lou

High

Fatigability

Fast

Unit Physiology: Other Properties
Peak tetanic force

Lml

Variable but
low

Intermediate
Variable but
intermediate

II1Gh

Cumulative force (relative %
of total)

Usually
lower

Usually
lower

Usually
higher

Fiber diameter

Usually
lowest

Species
dependent

Species
dependent

Relative representation

Variable

Variable

Variable

iUr,h

Medium-hieh
HIgh

Low

Low

Unit-fiber Nomenclature
Brooke and Kaiser (1970)

I

Ill!.

Peter et a1. (1972)

S.O.

F.O.G.

lIB
F.G.

Unit-fiber Morphology
Innervation ratio

Variable but
hieh

Unit-fiber Histochemistry
Oxidative enz~~es
l1yofibril1ar ATPase (pH 9.4)

Hieh

V1
-.J
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In summary, as based upon a montage of characteristics, each
motor unit can be classified as one of the following three types: slow,
non-fatigable type s. units composed of slow-contracU.ng, oxidative
muscle fibers (type s.o. fibers), fast, fatigue-resistant type f.r.
units composed of fast-contracting oxidative and glycolytic muscle
fibers (f.o.g. fibers), or fast, fatigable type f.f. units composed of
glycolytic muscle fibers (f.g. fibers).

Activation of these units

occurs in an orderly fashion which is related to motor-unit type.

With

increasing force, motor units are recruited in the general order of type
s. units first, f.r. units next, and f.f. units last (Henneman and
Mendell, 1981).
relatively

10H

During normal daily ac ti vi ty, which generally requires
levels of force production, it is presumed that type s.o.

muscle fibers will be the most active and type f.g. fibers the least.
In conditions of reduced use, such as those possibly imposed by small
living environments, the magnitude of effects should be greatest in
muscle fibers which are most active during normal use. Similarly, in
both normal and highly trained individuals (Saltin and Gollnick,

1983),

it has usually been observed that fatigability increases in the order:
s. (s.o.)

< f.r.

(f.o.g.)

< f.f.

(f.g.). These generalizations bring out

the need to knol. . as much as possible about motor-unit and muscle-fiber
composition in the test muscle used to study the effects of r'educed use
and the phenomenon of muscle fatigue.

In the present project, the focus

is on the force-generating capacity of whole muscles rather than single
motor units.

Hence, the emphasis is the muscle-fiber characterization

of the two test muscles as revealed by the use of both qualitative and
quantitative histochemistry.
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Qualitative Histochemistry
The first technique used to test for a difference in, fiber types
involved application of

histological stains to frozen tissue sections

(for historical review: Needham, 1926). The intensity of the stain was
found to correlate with the relative activity of the enzyme or
concentration of the

s~bstrate

of interest.

employed to distinguish large dark fibers

Originally, Sudan dyes were
from smaller light fibers on

the basis of lipid content (Bullard, 1912, 1913, cited in HcDonagh,
1979).

Hith the development of new stains, it became apparent that

histochemical techniques could differentiate fiber types on two distinct
bases: 1) metabolic profile; and 2) myofibrillar ATPase activity.
Metabolic Profile
Skeletal muscle fibers are typical examples of facultative
cells, with the capacity for both aerobic and anaerobic metabolism.
Oxygen availabili ty generally being h iSh, aerobic pathways are used
preferentially, first converting glucose into pyruvate by glycolysis and
then oxidizing the pyruvate to CO 2 and H20 using molecular oxygen.
However, if the tissue's demand for oxygen exceeds the circulation's
ability to supply it, alternate pathways come into play using stored
glycogen as fuel to generate ATP by anaerobic glycolysis with the
production of lactate as the end product (Lehninger, 1982).

The muscle

cell's potential to produce sufficient energy for contraction in either
aerobic or anaerobic conditions therefore depends on its stores of the
requisite glycolytic or oxidative enzymes and substrates.
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SDH and NADH are representative oxidative enzymes.

In 1952,

using the nevlly described technique to demonstrate SDH, Padykula found
that skeletal muscle fibers within a single cross section stained with
varying intensities.

The smaller diametel' fibers stained most

intensely, indicating high SDH act i vi ty,

while the larger fi bers

appeared light in comparison. Three distinct fiber types were apparent
in the toad iliofibularis using NADH and SDH stains (Lannergren and
Smith, 1966); the activity, described as high, intermediate or low, was
similar for both enzymes in any given fiber. This distribution has since
been confirmed in a variety of muscles and species (e.g., guinea pig:
Barnard et a1., 1970:1; cat: Burke et al., 1971; and 5 mammalian species:
Ariano et a1., 1973).

In a study characterizing tibialis posterior

motor units in the cat, McDonagh et a1. (1980b) demonstrated not only a
wide range of NADH activities but also a variation in staining pattern.
Activity was lowest in f.g. fibers and relati vely high in both Lo.g.
and s.o. fibers with the blue granules of stain being concentrated in
the subsarcolemmal region in f.o.g. fibers and evenly distributed
throughout the s.o. fibers.
Stains for glycolytic enzymes such as alpha-glycerophosphate
dehydrogenase (aGPDH) and glycogen phosphorylase also demonstrate a wide
range of activity.·

In a given fiber,

however,

the activity of

glycolytic enzymes is generally inversely related to that for oxidative
enzymes.

The gastrocnemius muscle in rabbit and gUinea pig contains

fibers whose enzyme activities can be characterized as:

1)

high for

aGPDH and low for NADH and malate dehydrogenase (MDH, an oxidative
enzyme); 2) moderate for aGPDH and high for NADH and MDH; or

3) low for
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aGPDH but high for both NADH and MDH (Peter et al., 1972).

Burke et al.

(1973) demonstrated a similar reciprocal relationship between the
activities of oxidative and glycolytic enzymes in glycogen-depleted
motor units in the cat gastrocnemius.
The Periodic acid-Schiff (PAS) reaction can be used to indicate
the presence of glycogen in muscle fibers (Pearse, 1961).

However,

there is a relatively low correlation between the intensity of stain and
the absolute concentration of glycogen. In addition, glycogen
concentration appHars to be extremely labile, being influenced by the
acute exercise history and food intake of the animal (Saltin and
Gollnick, 1983). These two facts prevent this technique from being
useful in fiber typing per se.
On the other hand, the PAS reaction can be used as a· powerful
tool to identify active fibers within a muscle.

For example,

by

stimulating single alpha motoneurons or ventral-root filaments, the
physiological properties of single motor units can be determined.

With

continued stimulation (i.e., 15-90 min) the muscle fibers of the active
motor unit become glycogen-depleted and subsequently can be identified
by their PAS-negative stainine; pattern (Kugelberg and Edstrom, 1968).
The oxidative and glycolytic capacity of these fibers as determined by
other histochemical techniques can then be correlated with the
physiological characteristics of the parent motor unit.
In summary, three groups of muscle fibers emerge based on
qualitative histochemical identification of metabolic profile: 1) fibers
with high oxidative and low glycolytic capacity (type s.o.), 2) those
with low oxidative but high glycolytic capacity (type f.g.), and 3)

6~

fibers with intermediate to high capacity for both oxidative and
glycolytic metabolism (type f.o.g.).
Myosin ATPase Activity
Muscle contraction occurs as a result of a cyclic interaction
between actin and myosin filaments; the myosin head attaches and
detaches to sequential active sites on the actin filament, drawing it
towards the center of the sarcomere (Huxley, 1974).

~1yosin

ATPase, a

component of the myosin head, enables the detachment process and hence,
may determine the rate of attach-detach cycling. While other factors
such as rate of calcium release (Kugelberg and Thornell, 1983)

and

series elasticity (Kovanen, Suominen and Heikkinen, 1984) also appear to
influence contraction time, the data of Barany (1967) and Maxwell,
Faulkner and Murphy

(1982) indicate that the speed of contraction of

skeletal muscles from a wide range of speci ES correlates well with the
ATPase activity of myosin extracted from a variety of muscles.
Histochemical identification of myosin ATPase activity
distinguishes two populations of fibers: Type I with low ATPase activity

.

.

(Le., slow-contracting) and Type II with high activity (i.e., fastcontracting).

(This nomenclature proposed by Brooke and Kaiser in 1970

represents the other popular classification scheme.)

Alkaline (pH 9.4-

10.5) preincubation results in dark-staining of Type II fibers and light
staining (Le., negative staining) of Type I; acid preincubation at pH
4.0-4.3 causes a reversal of this pattern.
further subdivided
At pH 4.3-4.5,

The Type II class can be

by preincubation in slightly less acidic solutions.

a very small group of fibers (IIC) become lightly
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stained; at 4.5-4.6 the larger IIB class exhibits darker staining while
the IIa fibers remain negative (Dubowitz and Brooke, 1973).
The limitation of these widely used techniques lies in the allor-nothing staining pattern generally observed for myosin ATPase
activity;

all fibers of a given type either do not stain or stain with

uniform intensity.

Therefore, while this technique can provide a gross

division'of fibers which correlates with' the extremes in contractile
speed,

it cannot account for the wide range of contraction times

observed for a given class of fibers (Burke and Tsairis,

1974; Maxwell

et al., 1982). For example, contraction times for units in the cat
medial gastrocnemius are 23-45 ms for f.f., 30-45, ms for f.r. and 55-100
ms for s. units (Burke et al., 1973). Note, in particular, the wide
ranges of values for s. units. By way of contrast, the corresponding
values for cat peroneus tertius are 15-22 ms (f.f.), 17-27 ms

(f.r~)

and

26-42 ms (s.) (Jami et al., 1982). Finally, the differentiation of IIA

and lIB fibers based on acid-stability conflicts with the considerable
overlap in their range of contraction times (Kugelberg and Lindegren,
1979).

In 1976, Kugelberg intimated that gradations in myosin ATPase
staining intensities which were more linearly related to contraction
time could be demonstrated by regulating (Le.,
preincubation time.
Oakley,

i'educing) the

Gollnick and his colleagues (Gollnick, Parsons and

1983) have recently tested this idea by varying the acid

preincubation time over a 0.25-5.0 min range.

At pH 4.34,

three

different subclasses of type II fibers (A1,A2, A3, the "A" signifying
Acid-lability) and two subclasses of type I (I and ISL(soleus)) could be
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identified. According to the authors, these type II subtypes are not
synonymous with the IIA, B, and C fibers of Brooke and Kaiser (1970)
described above.
These results are intriguing for two reasons.

First, the

identification of two subtypes of slo\o/ fibers is in-keeping with the
mass of data indicating that soleus type I fibers are different from the
type I fibers found in most mixed muscles in a variety of species
(Kugelberg and Edstrom,
1980a;

1968; Burke and Tsairis, 1974; t-lcDonagh et al.,

Stuart and Enoka,

1983). Second,

these five subtypes are

consistent with the existence of three myosin isozymes in fast muscle
and two ins low muscle as suggested by Billeter et al., (1981) and
Fitzsimons and Hoh (1981).
Summary
Many studies have utilized both metabolic profile and ATPase
activity to identify individual fibers (e.g., Edgerton and Simpson,
1969; Burke et al., 1971, 1973; McDonagh et al., 1980b) enabling a loose
correlation to be made between the two fiber-typing schemes;
histochemically identified s.o. fibers correspond to Type I, f.o.g.
fibers with Type IIA and f.g. fibers with Type lIB.

However, two points

must be emphasized. First, each classification represents a range of
values and does not imply a specific value for any parameter. Second,
the two classification schemes are less superimposable than is usually
supposed.

Pullen (1977) demonstrated that as many as 24% of fibers

studied in several rat hindlimb muscles were dually classified in SDH
and ATPase preparation of serial sections. Similarly, Pette's group
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(Nemeth, Hofer, and Pette, 1979; Nemeth and Pette, 1981), using a
combination of qualitative and quantitative histochemical techniques,
showed that considerable metabolic heterogeneity exists among the fibertype groups differentiat.ed· on the basis of myosin ATPase activity.
Quantitative Histochemj.stry
Classical histochemical techniques are qualitative in nature.
Fiber-type differences are based on the relative intensities of stain. as
discerned by visual examination.

The ability of the human eye to

discriminate variations in intensities are limited, resulting in gross
classifications such as "dark, intermediate, light and negligible"
(e.g., Armstrong et al.,

1974). Further, the absolute intensity of stain

on a given section cannot be related directly to enzyme or substrate
concentration preventing comparisons bet ween muscles or even bet ween
sections of the same muscle processed on different days.

The

development of microphotometric techniques has enabled a more
quantitative determination of enzyme activity based on the rate of
staining.
At present, quantitative histochemical methods exist for several
oxidative and glycolytic enzymes. For example, Nolte and Pette (1972)
used microphotometric methods to determine the activities of
triosephosphatase dehydrogenase, lactate dehydrogenase and SDH in rat
hindlimb muscles.

In addition to characterizing the enzyme activities

for the muscles studied, the quantitative nature of these measurements
enabled direct comparisons with values for analogous muscles from
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thyrotoxic rats.

SDH activity was found to be significantly higher in

the thyrotoxic animals, particularly in the red fibers.
More recently, quantitative histochemical techniques have been
used to compare the enzyme activities for fibers of a given muscle fiber
type (classified on the basis of myosin ATPase staining: Kugelberg and
L~ndegren,

1979; Nemeth and Pette, 1981; Reichman and Pette, 1982;

Vetter, Reichman and Pette, 1984), for fibers within a single motor unit
(Nemeth, Pette and Vrbova, 1981; Nemeth et. al., 1986) and for fibers in
analogous muscles from various species (Reichman and Pette, 1982).
These studies revealed

much broader ranges of enzyme activity, both

within and between species, than would have been predicted
of qualitative histochemical studies.

fr~m

results

Further, there was considerable

overlap when comparing values for the different fiber types.
Although quantitative histochemical techniques require further
validation, they may eventually supplant classic histochemical
techniques as they provide more sped f'i c information about the fibers
studied and are free of the limitations discussed above.'
Summary and Rationale for the Aim

1 Study

Histochemical methods have contributed importantly to studies of
the adaptive properties of whole muscles and single motor units and the
closely allied issue of the development of muscle-fiber and motor-unit
classification schemes.

Despite the availability of more rigorous

microchemical techniques that provide a direct means of asse ss ing the
biochemical properties of single muscle fibers in both whole muscle and
single motor units, the value of histochemical techniques remain
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undisputed because they permit a far more rapid and substantial sampling
of muscle fiber propertie

".han appears achievable by use of single

fiber microchemistry, at least for the forseeable future.
At first glance, quantitative histochemistry appears to involve
a considerable advance of qualitative histochemistry.

However, aspects

of the more quantitative approach require further characterization,
particularly if it is combined with computer-assisted techniques.
Surprisingly, very little has been done towe.rds this end, even to the
extent of comparing results obtained by the use of both qualitative and
quantitative histochemistry.
to address this deficit..

The third aim of this project was to begin
Available were rat soleus and extensor

digi torum longus muscles from animals rai sed in either a small- or a
lar'ge-cage environment.

Thus, samples of each muscle were on hand that

exhibited a broad range of fatigability and,

~

priori, the potential for

a correspondingly broad range of oxidative enzyme activities.

The third

aim was simply to compare the activity of an oxidative enzyme, SDH, in
the muscle as revealed by the traditional qualitative
and the more recently developed quantitative one.

s~aining

technique

CHAPTER 5
TECHNICAL BACKGROUND: CHARACTERISTICS OF RAT SOLEUS
AND EXTENSOR DIGITORUt1 LONGUS MUSCLES
Soleus
The rat soleus muscle is classified as fusiform (Close,
based on fiber and tendon arrangement (Fig. 2A).

1964),

A majority of the

fibers are uniform in length (mean length at birth = 3.7 mm, in adults =
12 mm) and extend approximately 50% of the muscle length (Close,

1964).

In adults, the angle of pinnation (Le., the angle between the fibers
and the longitudinal axis of the muscle) is similar throughout the
muscle and is approximately 5° (Close, 1964), a value similar to that
seen in cat soleus (Spector et al.,

1980). t1uscle weight in adult

animals ranges from 1.17 to 1.40 mN (Close, 1964; Barany and Close,
1971; Rankin et aL, 1984).

Soleus is slowly contracting relative to other rat muscles:
contraction time

=

34-50 ms; half-relaxation time

sarcomere maximum velocity of shortening

= 17-20

=

36-70 ms; and

um/s (Table 3).

It

produces relatively small forces in response to nerve stimulation: peak
twitch force

=

0.29-.44 N,

peak tetanic force = 1.45-1.84 N,

specific tension = 19-29 N/cm2.

and

(Smaller forces are observed in

adolescent animals presumably as a result of smaller muscle size; no
specific tension data is available for these younger animals.)

Direct

muscle stimulatiol'1 in vitro (Lomo, Westgaard and Dahl, 1974; Ranatunga,
68

69

SOL

EDL

Fig. 2
Gross Architecture of Rat Soleus and Extensor Dieitorum Longus
r1uscles.
The right figure of each pair is a superficial view: the left fi~ure is
a side-on vieH of each muscle. SOL = soleus. EDL = extensor' dic;itorum
lon.'~us.
f = fiber. t = tendon. Mor:lified from Fig. 2 in Close (1964).

I

I

J

Table 3. Summary of Whole-Muscle Properties for Rat Soleus
Values are mean (+SD) and were obtained by nerve stimulation in situ,
with the exception of those from three studies (indicated by *) which
were obtained by direct muscle stimulation in vitro. CT = twitch
contraction time.
1/2RT = one-half relaxation time. Vmax = maximum
velocity of shortening for the sarcomere (s), fiber (f) or whole-muscle
(m). References cited are as follows:
1.

Ariano et al. (1973)

2.

Barany and Close (1971)

3.
4.

Booth and Kelso (1973)
Close (1964)

5.
6.

Close (1967)
Close and Hoh. (1969)

7.

Edgerton and Simpson (1969, 1971)

8.

Fitts et al. (1980)

9.

Fitts and Holloszy (1977)

10. Gauthier (1979)
11. Herbison et al. (1979, 1980)
12. Kugelberg (1973, 1976)
13. Lomo et al. (1974)
14. Luff (1975)
15. Pullen (1977)
16. Ranatunga (1979)
17. Staudte et al. (1973)
18. Templeton et al. (1984)
19. Witzmann et al. (1983)
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TABLE 3 Summary of vlhole-Muscle Properties for Rat Soleus

Ref

Peak
Twitch
Force
Illi

Peal:
Tetanic
Force

Ill)

Specific
tension

CT

IN/cm'1

I IllS I

Imsl

36=.2

4B::,3

lsi 18=.2

3":.2

49=.'

(5

1/2RT

Fiber tV2e
F.eG.

so.

Voax

f'i ber-typin.:;
Criteria

1"1

1%1

60

20

SOH, MOH,
ATPase, aGPD

e4

16

SOH, ATPase,
;lhosllhorylase

87

13

ATPase, NADH

10-20

SOH ,ATPase,
motor-uni t CT

75

25

ul trast ruct ure

70
7f>

30
24

SOH
ATPase

85

15

ATPase

~~

~

2

0.39=.0.05

1.56=..12

0.3 1=.°.0 4

1.8 4.=.21

0.44=.0.05

1.75=..22

19=.2

2,.!.2

38=.3

l 20.1
If') 101=.5

55.=5

49
12

80-90

17

41=.2

10
14

0.32=.0.06

1• 67=.. 18

I s I 18=.1

4O=.2

15
8

9

,23,!2

44,1

46:. 1

Iml

22=.1

41 .. 1

45=. 1

IMI 70

16=.1

50=.2

70=.3

lsi 17=.1

33

38

19

0.38=.0.03

1. 84=.. 14

13'

0.40

2.00

o. 33=.O • 01,

2.07

3E'.:2

1.45=.0.21

36=.2

5 1=.4

38

36

16'

".

21

Adolescent

2P

~

5

0.29=.0.06

18

0.27

~1
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1979; Herbison, Jaweed and Di tunno, 1980) was shown to produce somewhat
larger forces (peak tetanic force: 2.00-2.07 N) and slightly shorter
contraction times (contraction time: 28-38 ms).

While the latter can be

explained due to the by-passing of the time consuming events of
neuromuscular synaptic transmission with direct muscle stimulation, the
former is somewhat puzzling.

Probably, the

great~r

forces

w~re

produced

by a double activation of the muscle fibers, the higher- threshold
response being to sarcolemma stimulation and the lower-threshold
response to an obligatory activation of intramuscular nerve branches
(Hultman et al., 1983b).
Based upon the histochemical demonstration of oxidative and
glycolytic enzymes and ATPase, the muscle-fiber composition of soleus is
reported to range from 70-90% s.o. fibers and 10-30% f.o.g. fibers.
Although the two fiber types appear to be randomly distributed through
the muscle, there is a slight tendency for a greater density of f.o.g.
fibers in the lateral margin of ' the muscle (Pullen, 1977).
In keeping with its fiber-type composition, soleus is extremely
fatigue-resistant (Kugelberg, 1973, 1976).

Surprisingly, i t exhibits no

sag despite the presence of a substantial number of type f.o.g. fibers.
Only a few studies to date have investigated the properties of
indivj,dual motor units in soleus.

On the basis of contraction time and

peak tetanic force, Close (1967) and, with the addi tion of stains for
SDH and myosin ATPase of fibers of glycogen-deplete::! units, Kugelberg
(1973, 1976) found i t possible to distinguish two unit types: 80-90%
type s. (peak tetanic force: 47 .:!:. 8 mN, contraction time: 24-44 ms)
and 10-20% type f.r. (peak tetanic force: 59.:!:. 8.mN, contraction time:
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15-26 ms).

However, Andrew and Part (1972) were able to distinguish

only one group of units (type s.) with a continuous range'of forces and
contraction time values which were similar to those for the s. units
described by Close and by Kugelberg.

The mean innervation ratio

(Kugelberg's data pooled for both unit types) was 68-83 with the fibers
of a given unit distributed over 25-75% of the muscle's average cross
section. These values are in agreement with that estimated by Gutmann
and Hanzlikova (1966; 74 fibers/unit) based on the total number of
muscle fibers and the total number of alpha motoneurons supplying the
muscle.
The soleus in the adult rat has been shown to function in
postural maintenance and plaritar flexion of the ankle, similar to its
function in the cat and human.

Recording from indwelling e.m.g.

electrodes, Navarrete and Vrbova (1983, 1984) observed tonic activity
when the animal was at rest and during the stance phase of the step
cycle during spontaneous locomotion.
Extensor Digitorum Longus
Architecturally extensor digitorum longus is a fusiform muscle,
rather like soleus (Fig. 2B).

The muscle fibers are uniform is length,

mean values increasing from 3.7 mm at birth to 10 mm i!l adults (Close,
1964).

The angle of pinnation (ca 3.5°) is slightly less than that in

soleus.

Adult muscle weights range from 1.10-1.40 mN, again similar to

soleus.
Although structurally similar to soleus, extensor digitorum
longus differs significantly with respect to other properties (Table 4).

73

TABLE 4 Summary of Whole-Muscle Properties for Rat Extensor DigitoruliJ
Longus
Data are organized as in Table 3.

Ref

Peak
Twi tch
force
(N)

Peak
Tetanic
force
(!:1

Fiber tV2e
F.Q:J. f.G.

Specific
tension

CT

(N/cr:' I

(r:s 1

(11lS)

13,!2

8,!1

(5)

13,! 1

8,!1

(s) 45.. 2
(f) 206,!12

1/2RT

so.

VL'llIX

(~)

F1ber-t.)Ipin~

Criteria

(%)

('I)

36

60

SOH. t'.DH.
ATPase. aGPOH

6

37

57

SOl!. ATPase.
phOllphol"Ylase

34
1O

33
51

33
39

SOH
ATPase

~~

6

2

0.42,!0.O6

2.~4.!C.3(\

0.65,!C.11

3.17

0.5 1,!0.07

2.97,!0.4C

29

30,!4

1 3,! 1

4~5

9,!D.3

15
19

°.50,!0. 02

16'

2~1

17,! 1

37.5

9.5

17,! 1

Adolescent ~
5

1.86:,0.11

12,!1

8,!1

(s) 37,!3
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It is a rapidly contracting muscle: contraction time = 12-17 ms;

8-17 ms; and, sarcomere maximum velocity of shortening

1/2RT =

= 37-45

um/s.

Although the muscle weights are comparable in these two muscles,
extensor digitorum longus produces significantly larger forces: peak
twitch force

=

0.42-.65 N;

peak tetanic force

=

2.24-3.17 N; and,

specific tension = 29-44 N/cm2. Again, smaller forces were observed in
adolescent ahimals.
The histochemically demonstrated muscle-fiber composition for
extensor digi torum longus
properties:

4-6% s.o.,

correlates

36-37% f.o.g.,

well with its contracti le
and 57-60% f.g ••

These

percentages are from three studies in which a pattern of enzyme
activities (qualitative histochemistry) were used to classify muscle
fibers (Edgerton and Simpson, 1969,1,971; Ariano et al., 1973). These
data are in very close agreement.

However, when only one enzyme VIas

used (i.e., SDH or myosin ATPase), Pullen (1977) observed considerable
variation in the relative percentages of the different fiber types. Some
regional variation in fiber type distribution was also noted by Pullen
(1977) and others

(Yellin and Guth, 1967; Yellin, 1969) who observed

that the deeper regions of the muscle contained a higher proportion of
type s.o. and f .o.g. fibers.
Based on its location antero-lateral to the axis of rotation at
the ankle and on the considerable adaptation it undergoes following
removal of its synergist, tibialis anterior (Gutmann, Hajek and Horsky,
1969; James, 1973), the extensor digitorum longus has been presumed to
be a dorsiflexor of the ankle (physiolcgic al flexor) and an extensor of
the digits. More recently, support for these presumed functions has been
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provided by Navarrete and VI'bova (1983, 1984).

Chronic e.m.g.

recordings from indwelling electrodes demonstrated that the extensor
digitorum longus was silent when the animal was at rest. Extensor
digitorum longus displayed short bursts of activity during the stepping
movements of spontaneous locomotion. Hm-I'ever, in view of its relatively
small size, slightly lateral location and sparse e.m.g. activity, one
could question its importance in locomotion in normal situations.
Rationale for Muscle Selection
It was important to choose test muscles about which a great deal
was already known for normal living conditions.

By far the majority of

work on rat hindlimb muscles has been undertaken on soleus and extensor
digitorum longus (Vrbova, Gordon and Jones, 1978); the former because it
is a predominately slow-'contracting muscle (there is only one other in
the hindlimb, vastus intermedius) and the latter because it is of
similar size to soleus, but predominately fast-contracting (e.g., Close,
1964; Close and Hoh, 1969).

In the present study, we have continued

this tradition, but with recognition of the need for an additional
comparison wl'Jich was beyond the scope of the present proposal.

Soleus

is an antigravity extensor muscle, active for the majority of the
animal's daily activities.

Conversely, extensor digitorum

lon~us

is a

physiological flexor and minimally active and relatively non-load
bearing even when acti ve.

It would be valuable to compare soleus to

other fast-contracting muscles that are active in postural and locomotor
activities.

The two most obvious are gastrocnemius, an ankle extensor,

and tibialis posterior, an ankle extensor and inverter.

The fiber-type
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composition of these two muscles is almost identical to that of extensor
digitorum longus (Ariano et al.,

1973), making them at least as

appropriate as extensor digitorum longus for comparison to soleus.
However, medial gastrocnemius is almost twice as large as extensor
digitorum longus (and soleus) whereas tibialis posterior is half the
size of extensor digitorum longus.

Apparently, it is for this reason

that extensor digitorum longus has been studied far more frequently than
either gastrocnemius or tibialis posterior.
Matul"ation of Rat Hindlimb Muscles
Histochemical and physiological studies characterizing
developing rat hindlimb muscles suggest that maturation of the
neuromuscular structures occurs within the first 100 d of neonatal life.
The fiber-type composition in fetal and neonate rat soleus is.
significantly different from that observed in the adult (Kugelberg,
1976; Kelly and Rubinstein, 1980).

The pattern continually evolves,

achieving its final form by 80-90 d of age (Dahl and Aas, 1981; Sillau
and Bancher-o, 1977).

In contrast, muscles such as extensor digitorum

longus and gastrocnemius, which are composed primarily of type F fibers
(as adjudged by histochemical staining for myosin ATPase), exhibit their
adult fiber type pattern shortly after birth (Kelly and Rubinstein,
1980) •
Close (1964) reported that although the time course for is
different for soleus and extensor digitorum longus, adult values for
contraction time,

half-relaxation time and maximum velocity of

shortening in both muscles have been obtained by 35-40 d of age.
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Further, evidence suggesting that both the lensth-tension relationship
and the series elastic component have reached maturity by this time as
well (Close, 1964).

Post tetanic potentiation in the gastrocnemius

reaches a maximum and plateaus by age 40-60 d, but both the time to
reach this maximum and the duration of the effect
for another 30-60 d (Uramoto, 1980).

continue to chanse

Peak twitch and tetanic force also

mature somewhat more slowly, l'eaching adult values by ahout 90-100 d of
age (Close, 1964 and 1967).
In summary,

by 100 d of age both the histochemical and

physiological profiles of soleus and extensor digitorum longus are
characteristic of the adult rat.

CHAPTER 6
TECHNICAL BACKGROUND: QUANTITATIVE HISTOCHEMICAL METHODS
The majority of histochemical methods used to analyze muscle
tissue are based upon biochemical reactibns involving the substrate or
enzyme of interest.

These reactions are monitored by using an indicator

that 1) precipitates when it reacts with one of the reaction endproducts and 2) can be seen in its precipitated form.
intensity of stain is then usually monitored visually.

The relative
However, these

indicators can be measured spectrophotometrically (Pette, Wasmund and
Wimmer, 1979) i f the reaction end-product indicator emits maximally at a
particular wavelength and forms only one chemical specie.

This allows

for more accurate determinations of the relative intensity of stain.
The quantitative histochemical analysis for this project was
undertaken at the University of California, Los Angeles, Department of
Kinesiology under the supervision of Dr. V. R. Edgerton.

Analysis of

muscle tissue was facili tated by use of a specially de veloped computerassisted image processing system.

The protocol described here is in

specific reference to the UCLA analysiS system (Castleman et aI.,
Sieck et al.,

1986), although,

1984;

the underlying theory and general

protocol are similar to other such systems.
Frozen sections of uniform thickness are prepared and stained.
Traditional staining recip:s are modified by the addition of methoxy-

78

79
phenylmethyl sulfate (methoxy-PMS) which enhances
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CHAPTER 7
FIRST AIM STUDY: CAGE-SIZE AND GENDER EFFECTS
ON THE FATIGABILITY OF RAT HINDLIMB MUSCLES
Summary
1. To study the effects of gender and cage-size on the functional
properties of skeletal

muscle~

male and female rats were raised in

either of two cage-sizes (a small laboratory cage or one approximately
133 times larger).
2. For the two test muscles (soleus and extensor digitorum
longus), the parameters measured included mass, twitch and tetanic (100
Hz) force,

and contraction and relaxation times.

In addition, the

response to a 6 min fatigue test was evaluated.
3. Neither cage-size nor gender alone had a significant effect on
the data that could not be accounted for by differences in muscle mass.
4.

Subdivision of the. data on the basis of cage-si ze, gender and

batch in which the animal had been raised did reveal some significant
effects due solely to cage-size. However, these effects were minimal and
were essentially limited to one of the four groups studied.

5. A significant interaction was found between effects due to
cage-size, gender and batch.

However, due to the large variability in

the interactions between these factors, their overall effect was
negligi ble.
6. In keeping with the relatively minor quantitative differences
80
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between the groups,

the patterns of changes in contractile parameters

during the 6-min fatigue test were qualitatively similar. In general,
soleus exhibited minor, if any, changes in force, time-to-peak force and
relaxation time over the course of the test, whereas extensor digitorum
longus exhibited marked changes in all three parameters.
Introduction
The adaptability of skeletal muscle is readily apparent following
periods of either increased or decreased use.

Numerous paradigms, such

as exercise training or electrical stimulation to increase activity and
immobilization or hindlimb suspension to reduce activity, have been
developed to study this adaptation (see Appendix 1). Alterations in a
variety of structural and functional properties have been observed as a
consequence of these imposed changes in use (for review: Appendix 1;
Saltin and Gollnick, 1983). However, the effects on muscle fatigability,
although frequently the pri mary focus in the increased-use literature,
has been investigated in only a few studies of re::l uced-use.

While the

stimulus protocols used to determine fatigability have varied
considerably between these studies, there has been a general consensus
that muscle fatigability is not affected by reduced-use despite
significant reductions in muscle mass, oxidative potential and the
proportion of fatigue-resistant fi bel' types (for review: Appendix 1).
However, this issue was recently called into question by Fell et ale
(1985) who reported that one week of hindlimb suspension can indeed
increase the fatigability of the rat gastrocnemius muscle, While that of
the soleus remains unchanged.
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Less rigorous manipulations of the animal's behavior, such as
alterations in the living environment, have also been shown to influence
the characteristics of skeletal muscle (Chap 2).

Studie.s of animals

housed in comparatively small cages have demonstrated alterations in the
si<eletomuscular system that are qualitatively similar to those produced
by the more restrictive models of reduced-use.

Reductions in muscle

size, force production and connective-tissue strength, as well as
changes in the neuromuscular junction and in muscle fiber-type
differentiation appear to be characteristic of the small-cage reared
animal (Chap 2). These adaptations are similar to those observed with
the "reduced-use" animal, although the magnitude of the effect tends to
be greater in the latter.

These two general paradigms also suggest that

these effects are fiber-type dependent, occurring more rapidly and to a
greater extent in slow-contracting fibers and least in fast-contracting
fibers (Chap 2; Portugalov and Ilyina-Kakuyeva, 1973; Ilyina-Kakuyeva
and Portugalov, 1977; Dahl and Aas, 1981). As with the more traditional
models of reduced-use, little is known about the effects of cage-size on
muscle fatigue.
Although the data are sparse, gender has also been shown to have
a differential effect on a diverse group of physiological parameters,
including lipid metabolism (Hanson et al., 1980), cholest erol synthesis
(Hiley et al., 1979; Feingold et al., 1983), adrenergic responses to
isometric exercise (Sanchez et al.,

1980) and recovery from lesions of

the central nervous system (Caulder and Gentile,

1984; Lipsey and

Robinson, 1984). Further, a sexual dimorphism has been observed in the
characteristics of motoneurons innervating muscles utilized during
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mating in the rat (Sengelaub and Arnold, 1984; Nordeen

et a1., 1984)

and in the overall androgen sensitivity of skeletal muscle (Exner et
a1., 1973; Bleisch and Harrelson, 1984). HO\-lever, the potential effect
of gender has been ignored in the reduced-use literature.

The impact of

this omission is underscored by the observation that, in rats, a
frequently used species in this literature,

the female exhibHs

considerably more spontaneous act ivi ty than does its male littermate
(Folk, 1966; Overton et a1., 1986).
The present study was undertaken to investigate the effects of
cage-size and gender on selected morphological and physiological
properties in the rat soleus and extensor digitorum longus. Particular
emphasis was placed on the development of fatigue as determined by the
use of a 6 min fatigue test. The results showed that although neither
cage-size nor gender alone had a significant effect on the data, the
interaction between these two factors, and possibly others such as
batch, did influence some characteristics of skeletal muscle, including
fatigability and related changes in relaxation time. However, due to the
large variability in the interaction between these factors,

no

consistent pattern of effects could be described.
Methods
Housing
Male and female Sprague-Dawley rats were raised from weanling age
(21 days) for 89-156 days (X .:t.SD ::141 .:t. 17) in either of two sized
cages.

The small-cage animals

were raised in conventional small

laboratory cages (20 cm x 47 cm x 25 cm, 3-5 /cage). The large cage (99
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cm x 32 cm x 183 cm)

provided approximately 133 times

more usable

surface area (floor and 4 cage walls) for the 15 rats housed within it
and contained climbing structures and exercise wheels.
neither group of animals was monitored.

The activity of

The rats were provided with

food and water ad libitum.
Two batches of animals were studied.
1),

In the first group (Batch

the males \vere raised and studied first; the females were procured

subsequently.

In the second group (Batch 2) , the males and females Here

obtained at the same time and raised concurrently although in separate
cages.

By chance, but of subsequent relevance, the two batches were

raised in two different buildings (see Discussion).

All other details

of the experiments were identical for the two groups.
Preparation
Terminal experiments \vere performed with the rats under halothane
anaesthesia.

The anaesthesia Has delivered via a face mask, initially

at a concentration of 4% and flow rate of 5 L/min.

Following intubation

of the trachea, anaesthesia was maintained at a pain-free level for the
extent of the experiment at halothane concentrations of 1-2% as needed
in a 50% N20 - 50% 02 mixture with a total flow of 0.6 L/min.
Respiratory rate (90-120 breaths/min), percent expired CO 2 and rectal
temperature (35-37°C) were monitored and adjusted to maintain
homeostasis throughout the experiment.

The left soleus and extensor

digitorum longus muscles were surgically isolated by removing overlying
and adjacent musculature.

All branches of the sciatic nerve wer'e

transected near the hip, and those branches innervating the soleus
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(soleus muscle nerve) and the extensor digitoru m longus (lateral
peroneal nerve) were isolated for subsequent stimulation. The branches
to the, remaining muscles of the hindlimb were cut.
The animal was secured in a rigid frame, and the left hindlimb
was clamped with the knee at an angle of about 120 degrees.

The test

muscles were maintalned in situ in a paraffin oil-fIlled bath at a
temperat ure of 36 + 1°C.
Recording Procedures
A schematic diagram of the recording arrangement is proviced in
Fig. 3.

The test muscles were activated with a monopolar stainless-

steel, hooked, wire electrode (referred to a similar electrode in an
adjacent denervated muscle) by supramaximal cathodal stimulation (3-5 x
threshold, 0.1 ms square waves) of

their nerves.

The force elicited by

such activation was measured with a force transducer attached to the
tendon of the muscle by a low-compliance (approximately 0.03 um/N/cro)
dacron line (length = 15.6.!:. 1.3 em).

The whole-muscle electromyogram

(e.m.g.) was measured with a spring-mounted, flexible,

stainless-steel,

intramuscular electrode (18 mm long, 120 um thick, 40 um tip) that was
thrust into the distal one-third of the muscle, perpendicular to the
long axis of the muscle.

The intram uscular electrode was referred to a

similar electrode placed in an adjacent denervated muscle.
Preliminary experiments indicated that the optimum muscle length
for peak twitch force, for both soleus and extensor digitorum longus,
was achieved when the muscle was stretched to exert a passive force of
0.15 N (see Chap 5).

Throughout the test, the length of the test muscle
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.
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Fig. 3 Schematic Diagram of the Experimental ArranBement.
The test muscle was isolated in situ (see Methods) and activated by
supramaximal cathodal stimulation (3-5 x threshold, 0.1 ms square waves)
of its nerve. The force elicited was measured with a force transducer
attached to the distal tendon via a low-compliance dacron line. Wholemuscle e.m.e. was measured with a sprin£-mounted, stainless-steel
electrode in the distal one-third of the muscle belly. Both force and
e.m.g. measurements \-lere observed on an oscilloscope on-line and
recorded on FM tape for later analysis.
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was altered to sustain a passive force of 0.15 N (similar to the methods
of Burke et. a1., 1973; CI.amann and Robinson, 1985). No attempt was made
to determine length-tension relationships during the present experiments
for fear of prematurely fatiguing the muscle. Further, considering the
influence of connective tissue on passive force, the integrity of the
normal surrounding connective tissue was maintained by confining the
dissection to the distal tendon of the test muscle.
Experimental Protocol
Each muscle was activated separately with the follovling 5-step
protocol: 1) 32 twitches at 0.5 Hz were elicited by stimulation of the
nerve to both evaluate and circumscribe the staircase effect (see Chap
9); 2) a single tetanus of 100 Hz for 500 ms to determine tetanic force
(this stimulation elicited approximate peak force in soleus but
stimulation rates of 250 Hz are required to elicit peak force in
extensor digitorum longus (Close, 1964)); 3) a 6-min application of a
standardized st.imulus regimen (Burke et a1.,

1973) which involved

repetitive intermittent stimulation (40 Hz) of the nerve with trains of
13 stimuli, each train lasting 330 ms and occurring once each second to
evaluate fatigability; 4) 8 twi tches at 0.5 Hz to evaluate the effects
of the fatigue test on twitch force (see Chap 9); and 5) two 100 Hz
tetani,

10 s apart to evaluate the effects of the fatigue test on

tetanic force (see Chap 9).
consecutive

Approximately five seconds elapsed between

phases of the protocol.

The stimulus protocol

controlled with a small laboratory computer.

was

Data were recorded on-line
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with the computer and on FM magnetic tape for a more detailed off-line
analysis.
The animal was then terminated with an intracardiac injection of
magnesium sulfate.

The two test muscles were removed, frozen in

isopentane cooled to its melting point and stored at -70 o C for
subsequent histochemical analysis.
Data Analysis
Age and body weight were recorded for each rat at the time of the
physiological experiment.
Physiological.

The issues addressed in this chapter concern the

effects of cage-size and gender on the force production capacity of the
'two test muscles as revealed by the above stimulation protocol.

Each

twitch \Vas characterized by determining the peak force (N), time-to-peak
force (ms) and one-half relaxation time (ms) (Fig. 4A).

Values provided

in this report are based upon an average of the 8 twitches elicited
immediately preceding the fatigue test. The peak force was determined
for each of the three 100 Hz tetani. Only values fO,r the prefat igue 100
Hz tetanus are reported here. Post-fatigue test values are discussed
elsewhere (Chap 9). For the 360 trains of the fatigue test, peak force,
time-to-peak force, and two indices of relaxation time (i.e., time for
decay of force from 90% to 50% and from 50% to 20%) were determined
(Fig. 48).

The Fatigue Index was defined as the peak force of the 360th

train of the fatigue test expressed as a percent of the peak force of
the initial train. The whole-muscle e.m.g.

accompanying these force

Fig. 4 Off-Line Force Measurements.

! Measuremeuts derived from the twitch force profile included:

1 = peak
force (N), 2 = contraction time (ms), 3 = one-half relaxation time (ms)
(see Methods). On the lower e.m.g. tracing, the arrow indicates the
time of the isoelectric crossing for the depolarization of the
waveform.
S Measurements derived from the 40 Hz tetanic force profiles elicited
during the fatigue test include: 1 = peak force (N), 2 = time-to-peak
force (ms), 3 = 90%-50% relaxation time (ms) and 4 = 50%-20% relaxation
time (Ins). The arrow indicates the time of the 13th (Le., last)
stimulus in the train.
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profiles was also characterized in detail and is discussed elsewhere
(Chap 8).
Histochemical. Serial frozen sections (10 urn in thickness) from
the middle one-third of ihe muscle belly were

cut, with·alternate

sections stained for either succinate dehydrogenase (SDH), accord:lng to
a modification of the methods of Pette and colleagues (Pette et al.,
1979; Pette, 1981) or for myosin ATPase (pH 9.3 and 4.3), according to
the methods of Guth and Samaha (1972).

The fiber-type composition of

the muscles was determined by classifying

several hundred fibers per

muscle located in the more central region of the cross section.

Fibers

were classified according to the nomenclature of Peter et ale (1972):
s.o. (slow, oxidative) fibers stained light for myosin ATPase (alkaline
preincubation) and intermediate to dark for SDH; f.o.g. (fastcontracting, oxidative and glycolytic) fibers stained dark for both
ATPase and SDH; and f.g. (fast-contracting, glycolytic) fibers stained
dark for ATPase but light for SDH.

The relative percent contribution of

each fiber type was determined by dividing the number of fi bel's of a
given type by the total number of fibers counted in that muscle and then
multiplying by 100. These values represent the average of results from
two independent observers. In addition, a subset of these fibers (70-100
fibers/muscle) were characterized in more detail
computer-assisted image processing system.

through the use of a
This involved a

microphotometric analysis of SDH activity according to the methods of
Castleman et al., (1984) and determination of cross-sectional area (see
Chap 10).
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To test for significant effects due to cage-size, gender or
batch, a multifactor analysis of variance was used.

A Newman-Keuls

comparison was used for post-hoc analysis with a critical v::llue for
sign if i cance of p<O.05.
Results
The Effects of Cage-Size and Gender
Values for selected morphometric and contractile parameters are
gi ven in Appendix 2 (Tables 13 and 14) with the data grouped according
to either gender or cage-size.

Analysis revealed that neither factor

alone had a significant effect on a majority of these values.

An

exception to this observation was the expected larger body and muscle
masses in males as compared to females and the associated differences in
absolute force for both the twitch and tetanus (100 Hz).

When force was

expressed per unit muscle mass, these gender-related discrepancies were
eliminated.

For example, the absolute tetanic (100 Hz) force did not

differ between large- and small-cage groups for either test muscle (Fig.
5), but was significantly greater in males than in females in both
muscles. The relative force (force/muscle mass), however, displayed no
such gender-related differences (Fig. 6).
The average Fatigue Index for the test muscles,

similarly,

showed no effect due to either cage-size or gender alone (Fig. 7).
However,

the variability of the response,

as

indicated by the

coefficient of variation, differed with respect to both test muscle and
gender.

The variability exhibited by the four parameters measured

during the fatigue test (Le., Fatigue Index, time-to-peak, and 90-50%

Fig. 5

Effects of Cage-Size of Gender on Absolute Force.

Values for absolute tetanic force (N) for the pre fatigue 100 Hz tetanus
are given for soleus and extensor digitorum longus. The data are
grouped on the basis of either cage-size or gender. S= small-cage, L=
large-cage, M= male, F: female. Sample size for the various groups was
as follows: for soleus, small-cage=36, large-cage=39, male=33,
female=42; for extensor digitorum longus, small-cage=35, large-cage=38,
male=33 and female=40. 'G' (for gender) indicates significant
differences (p<0.05) between values for male and female.
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Effects of Cage-Size or Gender on Absolute Force.
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Effects of Cage-Size or Gender on Relative Force.

Values for relative 100 Hz force (absolute force of the prefatigue 100
Hz tetanus expressed per unit muscle mass; N/g) are given for soleus and
extensor digitorum longus. Data are grouped as in Fig. 5.
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Effects of Cage-Size or Gender on Fatigability.

Values for Fatigue Index (force at 6 min of the fatigue test expressed
as a percentage of initial force) are given for soleus and extensor
digitorum longus. Data are grouped as in Fig. 5.

95

and 50-20% relaxation times) was relatively-low for the soleus (Le.,
average coefficients of variation = 19%, 28%, 24% and 24% for largecage, small-cage, male and female groups,

respectively), with no

significant differences due to either cage-si ze or gender. In contrast,
the average values for the extensor digitorum longus were 47%, 55%, 37%
and 62% for the large-cage,

small-cage,

male and female groups,

respectively. Further, for the extensor digitorum longus, the difference
due to gender \'las significant, whereas that due to cage-size was not.
Finally, the fiber-type composition of the two test muscles
appears to be unaffected by cage-size (Table 5). However, there was a
slight difference due to gender (p=0.066) in the soleus composition.

In

the female rat, the soleus was composed of 82% (=.8%) s.o. fibers and 18%
(.=.8%) f.o.g. fibers; whereas in the male, these values were 88% (.=.5%)
and 12% (.=.5%) , respectively.
Interaction of Cage-size, Gender and Batch Effects
Although neither cage-size nor gender alone proved to have an
effect on the contractile properties of the

tw~

test muscles, a multi-

factor analysis of variance revealed a significant interaction

between

these two factors. Further, this interactive effect was influenced by
the batch in which the rat had been raj.sed (see Methods).

(No

significant differences were found \-lhen the data were grouped solely on
the basis of batch; data not provided).

Thus, the effect of cage-size

appeared to be dependent upon both the gender of the rat and the batch
in which it had been raised.
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TABLE 5. Cage-Size and Gender Effects on Fiber-Type Composition in the
Soleus and Extensor Digitorum Longus Muscles.
Mean (+SD) values for fiber-type percentages were based upon 265 (+75)
fibers-analyzed per soleus muscle and 344 (+93) fibers per extensor
digitorum longus muscle.
Male
Small Cage
n=4
Soleus
Type S. 0 • ( %)
Type F.O.G.

(%)

86.8
(5.2)
13.2
( 5.2)

Female
Large Cage
n=5

Small Cage
n=4

Large Cage
n=4

90.5
(4.7)

78.4
(4.3)

84.7
(10.3)

9.5
(4.7)

21.4
(4.3)

15.3
(10.3)

Extensor Digitorum Longus
Type S. 0 • ( %)

2 •5
(0.6)

4.2
(2.1)

3.5
( 1~ 2)

4.8
( 1.7)

Type F.O.G.

55.0
(5.3)

52.2
(4.5)

56.7
(6.6)

51.0
(4.5)

42.5
(5.1)

43.7
(4.6)

39.9
(6.8)

44.3
(5.3)

Type F.G.

(%)

(%)
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Thls three-way interaction is illustrated in Figs. 8-11 where the
/

data for four exemplary parameters have been grouped on the basis of
cage-size, gender and batch.
Tables 15-18).

(Complete data is provided in Appendix 2,

The primary observation which emerges from these figures

is that there is no consistent pattern of interactions between cage-size
and either of the .other two factors. In soleus, for example, the effect
due to cage-size differed significantly between male and females in both
batches for Fatigue Index (Fig. 10), in only Batch 1 for tetanic force
(Fig. 8) and in only Batch 2 for twitch contraction time (Fig. 9).

In

contrast, batch was a significant factor in the effect of cage-size for
soleus tetanic force (Fig. 8), but exhibited no influence on the twitch
contraction time (Fig. 9).
Further,

despite the statistically significant interaction

between the effect due to cage-size and that due to either batch or
gender, the actual difference between small- and large-cage values
within a given group was generally very small.

For example, in the

female rats, batch significantly influenced the effect of cage-size on
both the tetanic force (Fig. 8) and Fatigue Index (Fig. 10) for soleus
and the Fatigue Index for extensor digitorum longus (Fig. 11). However,
the absolute effect of cage-size was minimal in all three cases.
The one exception to this finding was the case of the Batch
males.

In fact,

with one exception (shown in Fig. 9),

the only

significant effects due to cage-size alone were exhibited by Batch 1
males.

Within this group, significant differences between small- and

large-cage values were found for total body mass, muscle mass and
absolute tetanic (100 Hz) force for soleus (Table 6 and Fig. 8) and

Fig. 8

Effects of Cage-Size and Gender on Soleus Force.

Values for absolute tetanic force (N) for the prefatigue 100 Hz tetanus
are grouped as a function of gender, cage-size and batch. S= smallcage, L= large-cage. For explanation of Batch 1 and 2, see Methods.
Sample sizes were as follows: for males, Batch 1 small-cage=9, largecage:l0, Batch2 small-cage=5, large-cage=6; for females, Batch 1 smallcage= 14, large-cage= '12, Batch 2 small-cage=6, large-cage=5. 'C' (for
cage-size) indicates a significant difference (p<0.05) between largeand small-cage values within a given gender and batch. 'B' (for batch)
indicates the the cage-size effects differed significantly between
Batch 1 and 2. 'G' (for gender) indicates that the cage-s'ize effects
differed significantly between males and females.
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Effects of Cage-Size and Gender on Soleus Force.
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Effects of Cage-Size and Gender on Soleus Twitch Contraction

Values for time-to-peak twitch force (ms) are given for soleus with the
data grouped as in Fig. 8.
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100
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s

L

Batch I

Fig. 10

s
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Batch 2

Effects of Cage-Size and Gender on Soleus Fatigability.

Values for Fatigue Index (force at 6 min expressed as a percentage of
initial force) are given for soleus with the data grouped as in Fig. B.
(C) for Batch 1 males indicates a near significant difference (p::0.067)
between small- and large-cage values.

Fig. 11 Effects of Cage-Size and Gender on Extensor Digitorum Longus
Fatigability.
Values for Fatigue Index (force at 6 min expressed as a percentage of
initial force) are gi yen for extensor digitorum longus with the data
grouped as in Fig. 8. Sample sizes were as follows: for' males, Batch 1
small-cage=7, large-cage=11, Batch2 small-cage=6, large-cage=5; for
females, Batch 1 small-cage= 15, large-cage= 13, Batch 2 small-cage:6,
large-cage=5.
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Fatigue Index for extensor digitorum longus (Fig. 11).

In addition, the

difference in values for soleus Fatigue Index for this group approached
significance (Fig. 10; p=0.067)
A possible explanation for the focal nature of these effects
could lie in the fact that the Batch 1 male rats were, on average, older
at the time of the physiolcgical experiments than the rats of the other
three groups (Table 6 and Appendix 2).

In view of the small, but

significant, correlation between age and both body mass (r=O.40, p<0.05)
and absolute 100 Hz soleus force (r=0.45, p<0.02), i t

wa~

expected that

these latter values would be largest in the significantly older male
rats of Batch 1.

This was indeed the case for the large-cage group

(Table 6). However, the small-cage group was characterized by
significantly smaller absolute values for body mass, muscle mass and 100
Hz force as compared to their large-cage-reared counterparts. Thus, it
appears that the small-cage environment did indeed affect the rats of
this batch.
Further, although the increased age of these rats could have
affected the fatigability of the test muscles, this influence would most
likely have been indirect by virtue of increasing the duration of time
spent in either the small- or large-cage environment (see Discussion).
In summary, the effects of cage-size appeared to be a function of
both gender and batch.

However, due to the lar'ge variability in the

interaction between these three factors, no consistent pattern of
effects could be described.

Further, the effects of cage-size alone

appeared to be minimal, being limited to a single group among the four
groups studied. Together these two facts suggest that although each of
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TABLE 6. Cage-Size and Batch Effects on Selected Morphometric and
Contractile Properties in Male Rats.
These data are excerpted from Table 15 in Appendix 2. Data from male
rats are grouped as a function of cage-size and batch. Relative muscle
mass = absolute muscle mass expressed per unit body mass. Relative
force = absolute force expressed per unit absolute muscle mass.
Significant differences (p<0.05) between values are indicated by the
following symbols:

*

between large- and small-cage values within a given gender and
batch;
~ between male and female values within a given cage-size and batch.
In addition, significant differences due to the interaction of two
factors are indicated by the following symbols:
a cage-size effects differed significantly between males and females;
b cage-size effects differed significantly between Batch 1 and 2.
Batch 2

Batch
Small Cage
n=9
Animal
Age (days)
Body mass (g)
Soleus Muscle Mass
Absolute (g)

Small Cage
n=5

Large Cage
n=6

155~

155~

12B~

131~

( 17)

(20)

(7 )

(7 )

431~

507*~a

436~

432~b

(57)

(30)

(22)

( 27)

0.22~

(0.03)
Relative (g/kg)

Large Cage
n=10

0.27*M
(0.04)

0.22~

(0.02)

0.22~b

(0.02)

0.051~

0.050~

0.051~

0.050~

(0.012)

(0.010)

(0.003)

(0.005)

Soleus 100 Hz Tetanus

----

2.33~

2.97*~a

( .24)

( .40)

(.55 )

(.29)

Relative Force (N/g) 10.67
(2.24)

11.0B
( 1.BO)

9.B7
(3.39)

9.79
(1.47)

Absolute Force (N)

2.17~

2.15~b
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these three factors did play a role in determining the characteristics
of skeletal muscle, the totality of their effects was negligible.
Progressive Changes During the

Fatib~e

Test

The progressive changes in the parameters measured throughout the
fatigue test are shown for' representative groups in Figs. 12-14.

In

keeping with the conclusion above, the patterns of change durine; the
fatigue test were qualitatively similar for the various groups within a
given test muscle.

It is evident, however, that these patterns were

markedly different for the two test muscles.
The typically
changes, if any, in

nonfa tigable soleus exh ibited relat i vely minor

force, time-to-pea\< force or relaxation time during

the course of the fatigue test.

The profile for changes in force (Fig.

12) was characterized by a small (4-7%) reduction in force within the
first 30-40 s, followed by either a return to initial values or a slight
potentiation which peaked by 60-120 s.

For the remainder of the test,

force remained relatively constant, declining by an average of 6% by the
end of the test.

Similar deviations in rat soleus force during a

fatigue test have recently been reported with respect to both the early
depression and recovery of force

(Carlsen and Grey, 1986) and the small

but consistent subsequent decline in force during the latter portion of
a fatigue test (Fell et al., 1985; Carlsen and Grey, 1986).
The time-to-peak force for the subfused tetanus (40 Hz
stimulation) in soleus did not vary over the course of the test (Fig.
13).

The relaxation time, however, became prolonged.

progressive

chan~s

Fig. 14 shows the

in relaxation time for the latter half of relaxation
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Fig. 12 Progressive Changes in Force During the Fatigue Test for the
Test Muscles.

Each pOint is the mean value for a representative group of soleus (SOL,
X ; small-cage, Batch 1 females; n= 14) and extensor digitorum longus
(EDL, a ; large-cage, Batch 1 females; n=13) muscles. Force for the 40
Hz tetani at specified time points is expressed as a percent of the
initial force (time 0). The relative values at 360 s (Le., 6 min) are
defined as the Fatigue Index.
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Fig. 13 Progressive changes in Time-to-Peak Force During the Fatigue
Test for the Test Muscles.
Values for soleus (X) and extensor digitorum longus (0) are for
representative groups, as indicated in Fig. 12. The time-to-peal< force
for the 40 Hz tetani (see Fig. 4B) at specified time points is expressed
as a percent of the value for the initial tetanus (time 0). Insert shows
exemplary force profiles (40 Hz) for the extensor digitorum longus at
o s (A) and 120 s (B) of the fatigue test. The time-to-peak force is
indicated by the line below each tetanus. The marked change in the
force profile results in shift in the appearance of the peak force from
the end of the profile (!!; 293 ms) to the beginning (~; 34 ms).
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Fig. 14 Progressive Changes in a Relaxation Time Index During the
Fatigue Test for the Test Muscles.
Values for soleus (X) and extensor digitorum longus (0) are for
representative groups, as indicated in Fig. 12. The 50%-20% relaxation
time (see Fig. 4B) at specified time pOints is expressed as a percent of
the value for the initial tetanus (time 0).
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(Le., 50%-20% relaxation time; see Fig. 4B). Relaxation increased to a
maximum within the first 1-2 min and remained relatively high throughout
the subsequent 4-5 min.

The changes for the first half of relaxation

(90%-50% relaxation time) were qualitatively similar although less in

magnitude.

This observation of an increased relaxation time in a

relatively nonfatigued muscle was surprising in view of the fact that
increased relaxation times are generally considered to be an indication
of fatigue (Edwards, Hill and Jones, 1975; Bigland-Ritchie et al.,
1983b).

The extensor 9igitorum longus, on the other hand, exhibited
dramatic changes in all three parameters. Force potentiated immediately,
increasing approximately two-fold within the first 30 s (Fig. 12).

This

was followed, initially, by a precipitous drop and, subsequently, by a
slower decline over the last 4 min.

The time-to-peak force (Fig. 13)

remained constant for the first 60 s, after which it declined linearly
to approximately 30-40% of the initial value.

This profile largely

represents a shift from the original condition in Which peak force is
attained at the end of the subfused tetanus to one in which the peak
force is attained at the beginning of the tetanus (see Fig. 13 insert).
This appears to be a potent indicator of the inability of the muscle to
maintain force, although it is not possible to determine the site at
Which the fatigue-producing failure occurred.
were seen in the relaxation time (Fig. 14).

The most marked changes
An approximate seven-fold

increase within the first 60 s was followed by a gradual decline,
although the relaxation time at

the end of the test

significantly longer than the initial value.

was still

Finally, it is interesting
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to note the timecourse of these events; the appearance of fatigue (i.e.,
force less than initial), the shift in the time-to-peak, and the peak
increase in relaxation time all occurred after approximately 60 s of
stimulation.
Discussion
Few studies have investigated the effects of environment on the
properties of skeletal muscle (see Chap 2).

While there is considerable

diversity between the experimental protocols of these studies, they have
all attempted to alter the relative amount of gross motor activity by
manipulating the size of the animal's environment.

The fact that the

resultant changes in muscle structure and function are analogous, though
of lesser magnitude, to those produced by the restrictive reduced-use
models suggests that the small-cage-reared animal is indeed relatively
inactive.
The results from one group of animals in our study tend to
support this suggestion. The soleus muscle of the small-cage male (Batch
1) was characterized by a significant reduction in muscle- and body
mass, absolute force and fatigue resistance.

Further, the relative lack

of effects in the fast-contracting extensor digitorum longus is in
keeping with the fiber-type dependency demonstrated for the effects of
other models of disuse.
However, the totality of our data suggests that the effect of
cage-size is extremely variable and that this variability is
attributable, in part, to both the gender of the animal and the batch in
which it has been raised or studied.
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Si8nificant differences between males and females have previously
been demonstrated for a diverse group of physiological parameters.
Although there is no evidence to date which shows differences in
skeletal muscle function due to gender, the observation of genderrelated differences in motoneuron characteristics (Sengelaub and Arnold,
1984; Nordeen et a1., 1984), muscle sensitivity to androgens (Exner et

a1., 1973; Bleisch and Harrelson, 1984), relative fiber-type composition
(Exner et a1.,

1973; Jansson,

1980;

Nygaard,

1981)

and metabolic

responses to exercise (for review: Chen and Bouchard, 1986) strongly
supports this possibility. A confounding issue lies in the fact that
female rats exhibit significantly more spontaneous activity when raised
in small cages equipped with exercise wheels as compared to

th~ir

male

littermates (Folk, 1966; Overtonet a1., 1986). Thus, while a male rat
may be markedly subdued by a small-cage environment, a similarly housed
female may not experience nearly the same degree of reduction in
activity.
The variability due to batch most likely stems from at least two
sources; the first of which is int'eranimal variability. For various
reasons, not the least of which is species stability, the rat is a
frequently chosen model in a wide range of research areas (Gill,

1985).

However, in a recent study in Ganong's laboratory, i t was found that a
response

(increased

renin

secretion)

to

immobilization

was

"distressingly variable from one group of rats to another" (Ganong et
al., 1984).

This problem is underscored by Geshwind's (1974) statement

"One extremely important factor is often overlooked in man, and is
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rarely considered in animal work, ••• referring to irx:lividual variation,
i.e., differences in the effect of lesions which are attributable to
what one might describe as host variation." Many of the parameters in
the present study showed a trend towards cage-size effects. HOVlever, due
to the large standard deviations, these effects were not significant.
This problem of interanimal variation undoubtedly plays a greater role
in this model relative to other

~odels,

since the animal, not the

experimenter, determines the effect that cage-size will have. Rats
living in the wild have been shown to exhibit a social hierarchy which
is characterized by a division of labor (Ewer, 1971).

Thus, it is

possible that in the l.arge-cage groups, with 15 rats, such a hierarchy
could exist resulting in significantly different activity patterns
between rats. This social order is also a possibility for animals raised
together in small cages, although the opportunity for broad differences
in activity are obviously limited.
Differences in the quality of the environment could also underlie
the variability due to batch.

It is possible that the significant

differences between the Batch 1 and Batch 2 groups in the present study
were due to the difference in location of the two sets of cages.

The

room containing the Batch 1 large-cage animals also housed a variety of
other animals and was frequented by numerous researchers.

In contrast,

the Batch 2 large-cage animals were housed in a non-stimulating,
relatively unpopulated room. Exposure to enriched environments (Le.,
filled with novel structures and toys and other animals) has been shown
to result in significant morphological changes in the cerebral cortex
(e.g., Diamond et a1., 1966, 1975; Greenough et a1., 1973) and enhanced
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recovery of locomotor function following cortical damage (Held et al.,
1984). It has been suggested that these changes are due to increased
levels of both motor activity and sensory input secondary to exposure to
such environments. Thus, it is possible that the more stimulating
environment afforded the Batch 1 animals resulted in relatively
increased activity levels in these rats.
In summary, it does appear that reductions in size of the cage ill
which an animal is housed can influence the properties of skeletal
muscle and that this effect is a function of both gender and batch.
However, due to the large variability exhibited by all three factors,
their overall effect will be minimal.
\..[ith respect to the effect of cage-size on the fatigability of
skeletal muscle, our data from Batch 1 males appears to be in conflict
with the few studies in the reduced-use literature that have addressed
this issue.

With one exception (Fell et al.,

1985),

the general

consensus of these studies was that reduced-use, imposed by a variety of
methods, did not affect muscle fatigability. Although Fell et al. (1985)
did report a significant reduction in fatigue resistance following one
week of hindlimb suspension, this reduction was seen in the fastcontracting gastrocnemi us muscle and not in the soleus.

This lat ter

finding is not consistent with the demonstrated preferential affect of
inactivity on the type s.o. as compared to the type f.g. fibers. In
contrast to the Fell et al. study, we observed a significant reduction
in fatigue resistance in the small-cage soleus muscle but not in the
small-cage extensor digitorum longus muscle.

Thus it appears that the
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issue of the effects of reduced-use on muscle fatigability is still
unsettled.
Further, the question arises as to why the extensor digitorum
longus for the large-cage Batch 1 males was significantly less fatigable
than that for any of the other groups. This is most likely a combination
of two effects. First, it is possible that the magnitude of the cagesize effects increased as a function of the length of time in which an
animal was housed in a particular cage. The average,age, and thus the
duration of time in the cage, was significantly greater in the Batch 1
males. And second, although this muscle has been shown to play a minor
role in locomotion and even less in posture (Navarette and

Vrbova,

1984), it is possible that the increased climbing activity afforded by
the structure of the large cage could have resulted in a large
proportional increase in the activity of extensor digitorum longus.
Thus, the increased activity over a more prolonged period of time could
have resulted in an increase in the fatigue resistance of these muscles
such as that seen following training paradigms (for review: Saltin and
Gollnick, 1983).

Obviously, this effect would not be apparent in the

nlready fatigue-resistant soleus.

CHAPTER 8
SECOND AIM STUDY: FATIGABILITY OF RAT HINDLIMB MUSCLE:
ASSOCIATIONS BEI'HEEN E.M.G. AND FORCE DURING A FATIGUE TEST
Summary
1. An experimental protocol designed to assess fatigability in
motor units (Burke et al., 1973) has been applied 'to the whole-muscle of
anesthetized adult rats and the associations between the electromyogram
(e.m.e.) and force were monitored over the course of the test.

2. Both test muscles (soleus and extensor digitorum longus)
exhibited a wide range of fatigability, which was defined as the decline
in isometric peak force at 6 min, such that the data for each test
muscle could be separated into groups of high, intermediate, and low
fatigability.
3. The e.m.g. was quantified \-lith four measures of amplitude,
four of duration, and one interaction term (area).

Correlation analyses

indicated that the e.m.g. was adequately represented by one measure of
amplitude (absolute amplitude), one of duration (peak-to-peak duration),
and area.
4. The

e.m~.-force

associations for soleus varied markedly

between the three fatigability groups.
the test,

In contrast, over the course of

all three extensor digitorum longus groups displayed

qualitatively similar e.m.g.-force associations.
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5.

Multiple regression analyses indicated that the e.m.g.

parameters were able to predict peak force better for extensor digitorum
longus than for soleus.

Furthermore,

for both test muscles the

prediction was best for the high fatigability group.
6. The associations between e.m.g. and force exhibited three
patterns for the two test

mus~les

and the three levels of fatigability.

These differences suggested a variation in the mechanisms, related to
both fiber-type composition and susceptibility to fatigue, that dictate
the performance elicited by this particular stimulus regimen.
Introduction
There is no doubt that fatigue is a multi mechanism phenomenon
whose manifestation is substantially affected by the experimental
paradigm (Bigland-Ritchie, 1984; Enoka and Stuart, 1985).

Numerous

protocols have been proposed to examine the various nuances of this
phenomenon.

Burke and colleagues (1973) pioneered one such experimental

protocol whose use has been widespread due probably to its considerable
utilitarian value.

This test assesses the fatigability of a motor unit

as the decline in force that it exerts in response to an intermittent
train of low frequency stimuli.

Burke et al. (1973) suggested that

since all three motor-unit types (i.e., f.f., Lr. and s.) exhibited
only a minimal decline in the amplitude of the motor-unit action
potentials under these conditions, that the early course of motor-unit
fatigue (i.e., up to 2 min) probably reflected mechanisms intrinsic to
the muscle fibers.

More recent evidence, however, has indicated that

the e.m.g. of some motor units, particularly those that are fast-twitch
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and fatigable (type f.f.), does decline during the Burke et al. (1973)
protocol (Reinking et al.,

1975; Stuart et al.,

1983;

Eerbeek and

Kernell, 1985; Sandercock et al., 1985; Binder-Hacleod and Clamann,
1986; Hamm et al., submitted).

Similarly, ·the compound muscle action

potential evoked by supra maximal nerve stimulation has also been shown
to decline during an intermittent-stimulus, low frequency, fatigue test
(Pagala et al., 1984).
The association between e.m.g. and force during various fatigueinducing stimulus regimens has proven to be variable, ranging from
highly correlated to completely dissociated.

Based on studies of both

whole-muscle and motor-unit properties, it appears that this association
depends on both physiological and analytical factors; these include
muscle type (Pagala et al.,

1984),

fatigability (Kugelberg and

Lindegren, 1979; Clamann and Robinson, 1985; Sandercock et al., 1985;
Gardiner and Ohla, in press; Hamm et al., submitted), degree of' usage
(Duchateau and Hainaut,

1984; Kernell et al., in press), ischemia

(Kugelberg and Lindegren,

1979), stimulus frequency (Sandercock et al.,

1985), and the parameter used to quantify the data (Kernell et al., in
press) •
In reduced-animal preparations, there are a number of mechanisms
between the site of stimulus initiation and the contractile machinery
that may cont.ribute to disruption of the association between e.m.g. and
force.

In general,

these mechanisms may contribute to an e.m.g.

depression, such as failure of propagation at axonal branch points,
failure of neuromuscular-junction transmission and decrease in the
amplitude and temporal features of the action potential of individual
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muscle fibers, or to a reduction in force, such as a variation in
excitation-contraction coupling and contractile-machinery failure (Enoka
and Stuart, 1985; Kernell et al., in press).

If the failure occurs at

either the branch points or the neuromuscular junction, it is more
likely to appear as an all-or-none phenomenon which will cause force and
e.m.g. to decline in parallel.

Conversely, there may be substantial

variation in the action potentials of single muscle fibers without any
affect on muscle force (Luttgau, 1965).

Similarly, i t is possible to

elicit a decline in muscle force without alteration of membrane
excitability or action-potential transmission (Grabowski et al.,

1972),

Thus, the presence of a dissociation between e.m.g. and force during a
fatigue test suggests the involvement of mechanisms peripheral to the
neuromuscular- junction.
The purpose of the study was to examine the effects of muscle
type, fatigability and e.m.g. parameters on the association between
e.m.g. and force during a standardized fat igue test.

He hypothesized

that all three factors (muscle type, fatigability and e.m.g. parameter)
would exhibit variable degrees of association between e.m.g. and force
over the course of a fatigue test.

Indeed, based upon changes in e.m.g.

area, the data revealed dissociations between e.m.g. and force for both
soleus and extensor digitorum longus, but only for the most fatigable
muscles of soleus and the least fatigable ones of extensor digitorum
longus.

Thus,

the integrity of sarcolemmal action-potential

propagation, excitation-contraction coupling, and/or the contractile
machinery are affected by muscle type, fatigability and the e.m.g.
parameter measured.
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A preliminary report of some of this material has appeared
elsewhere (Enoka et al.,

1985).
Methods

Housing and Preparation
Details of the housing and prepal"ation are described in Chap 7.
In brief, male and female Sprague-Dawley rats were raised from weanling
age for a mean (.:!:,SD) of 141 (.:!:, 17) days in either of two sized cages.
Terminal experiments were performed with the rats under halothane
anaesthesia maintained at a pain-free level.

The left soleus and

extensor digitorum longus muscles were surgically isolated.

All

branches of the sciatic nerve were transected near the hip, and those
branches innervating soleus (soleus muscle nerve) and extensor digitorum
longus (lateral peroneal nerve) were isolated for subsequent
stimulation.

The animal was secured in a rigid frame, and the left

hindlimb was clamped with the knee at an angle of about 120 degrees.
The test muscles were maintained in situ in a paraffin oil-filled bath
at a temperature of 36 + 1°C.
Recording Procedures
The test muscles were activated with a monopolar, stainlesssteel, hooked, wire electrode (referred to a s1m ilar electrode in an
adjacent denervated muscle) by supramaximal cathodal stimulation (3-5x
threshold, 0.1 ms square waves) of

their nerves.

The force e lici ted by

such activation was measured by a force transducer that was attached to
the tendon of the muscle by a low-compliance (0.03 um/N/cm) dacron line
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(X.:!:.SD length

was

= 15.6.:!:. 1.3 cm).

measured

with a

The whole-muscle electromyogram (e.rn.g.)

spring-mounted,

flexible,

stainless-steel,

intramuscular electrode (18 mm long, 120 urn. thick, 40 urn tip) that was
thrust into the distal one-third of the muscle, perpendicular to the
long axis of the muscle.

The intramuscular electrode was referred to a

similar electrode placed in an adjacent denervated muscle.
As indicated in Chap 7, the length of the test muscle was altered
to sustain a passi ve force of 0.15 N.
Experimental Protocol
Each muscle was activated separately with the following 5-step
protocol: 1) 32 twitches at 0.5 Hz were elicited by sti mulat ion of the
nerve to both evaluate and circulTJscribe the staircase phenomenon; 2) a
single tetanus of 100 Hz for 500 .ms to determine tetanic force (.this
stimulation elicited approximate peak force in soleus but stimulation
rates of 250 Hz are required to elicH peak force in extensor digitorum
longus (Close,

1964)); 3) a 6-min application of a standardized fatigue

test (Burke et al.,

1973) which involved repetitive intermittent

stimulation (40 Hz) of the nerve with trains of 13 stimuli, each train
lasting 330 ms and occurring once each second; 4) 8 twitches at 0.5 Hz
to evaluate the effects of the fatigue test on twitch force; and 5) two
100 Hz tetani, lOs apart, to evaluate the effects of the fatigue test
on tetanic force.

Approximately five seconds elapsed between

consecuti ve phases of the protocol.

The stimulus protocol was

controlled with a small labora tory computer.

Data were rec or ded on-line
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with the computer and on FM magnetic tape for a more detailed off-line
analysis.
Data Analysis
The issues addressed in this chapter concern the changes in force
and e.m.g. that occurred over the course of the fatigue test.

Force was

quantified as the peak force elicited by each 40 Hz train of stimuli,
thus 360 measurements (l/s) for each 6-min test.

The e.m.g., which

comprised the action potentials associated with each train of stimuli,
was represented by the averaged waveform, and quantification was based
on this average waveform (Fig.

15).

Measurements on the average

waveform included four measures of amplitude, four of duration , and a
single measur'e of area, each

of which reveal dj.ffer'ent features of

muscle action-potential generation an.d propagation (see Discussion).
The e.m.g. measurements are defined in the following manner (Fig. 15):
1) absolute peak-to-peak amplitude, the magnitude of the difference (mV)
between the absolute maximum and minimum;

2) first peak-to-peak

amplitude, the magnitude of the difference (mV) between the maximum of
the initial positive phase and the minimum of the subsequent negptive
phase; 3) mean amplitude, the ratio (mV) of area

to waveform duration;

4) "mean" amplitude, the ratio (mV) of area to peak-to-peak duration; 5)
baseline-to-baseline duration, the time (ms) from the beginning to the
end of the waveform where the beginning and end are defined as a 5%
deviation of the waveform from the preceding and succeeding baselines;
6) peak-to-peak duration, the time (ms) between the maximum of the
initial positive phase and the minimum of the subsequent negative phase;

B
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Fig. 15

Off-Line E.M.G. Measurements.

The 13 e.m.g. waveforms associated with each stimulus train (A) were averaged, and measurements
were made on the average waveform (B). The triphasic waveform comprised initial and final
positive phases with an interposed negative phase. The beginning and end of the e.m.g.
waveform was defined as a 5% deviation from the pre- and postwaveform baselines.
The e.m.g.
was characterized by measures of amplitude, durat.ion and area. (See text for more details on
the specific measurements). a = absolute peak-to-peak amplitude. b = baseline-to-baseline
duration. c = peak-to-peak duration. arealb = mean amplitude. arealc = 'mean' amplitude. alc
= peak-to-peak rate. llc = normalized peak-to-peak rate.

N
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7) peak-to-peak rate, the average rate (mV/ms) of change between the
initial positive-phase maximum and the negative-phase minimum; 8)
normalized peak-to-peak rate, the reciprocal (l/ms) of peak-to-peak
duration; 9) area, the integral (mV·ms) of the e.m.g. waveform where the
beginning and end are defined as for the measure ment of basel ine-tobaseline duration.
Statistical differences were assessed with single and multiple
linear regression analyses and with an analysis of variance.
Significance is reported as p<O.05.
Results
The test muscles (soleus = 69, extensor digitorum longus = 68)
exhibited a wide range of fatigability, as assessed by the Fatigue Index
in response to the fatigue-test protocol.

Fatigability did not

correlate with either cage-size or gender. In general, soleus was
significantly less fatigable than extensor digitorum longus as evidenced
by fatigue indices (X

~

SD) of 94

~

24% and 38 + 23 %, respectively.

The range of fatigue indices for soleus was 38-167, and for extensor
digitorum longus, it was 3-125.

Surprisingly, there was no correlation

(r=O.12, p<O.2) between the degree of fatigability exhibited by the
soleus and extensor digitorum longus muscles for each animal; i.e., the
Fatigue Index of a soleus muscle for an
Fatigue Index

animal was unrelated to the

of the extensor digitorum longus from the same animal.

The variance of the Fatigue Indices was similar for the two muscles (SDs
were 24 and 23%), although in relative terms, as expressed by the
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coefficient of variation, it was greater for extensor digitorum longus
(0.61) in comparison to soleus (0.26).
Given this distribution of fatigability, the data for each
muscle were separated into groups of high, intermediate, and low
fatigability.
8% (n=12), 91

The Fatigue Indices for the three soleus groups were 54
~

8% (n=30) and 116

~

~

14% (n=17), and for extensor

digitorum longus they were 13.:!:. 7% (n=24), 42.:!:. 8% (n=24) and 71 .:!:. 17%
(n=15).

Fatigue Indices greater than 100% actually represent

potentiation and not fatigue. Table 7 shows that these arbitrary
groupings did not distinguish between the three groups for the two test
muscles with respect to animal age, body mass, muscle mass, time-to-peak
twitch force or the relative force elicited by a 100 Hz stimulus.
Since the purpose of the study was to examine the effects of
muscle type, fatigability and e.m.g. parameter on the fatigue-related
association bet ween e.m.g. and force, the first issue to consider was
how to quantify the e.m.g. signal.

As outlined in the Methods, the

e.m.g. measurements included four indices of magnitude (absol ute peakto-peak amplitude, first peak-to-peak amplitude, mean amplitude and
"mean" amplitude) and four describing temporal features of the waveform
(absolute duration, peak-to-peak duration, peak-to-peak rate, and
normalized peak-to-peak rate).

For both soleus and extensor digitorum

longus, the four measures of amplitude exhibited similar trends to one
another as did the four duration--related measures to each other.

These

similarities are demonstrated in Table 8 where correlation coefficients
quantify the relationships between absolute peak-to-peak amplitude and
the three other amplitude parameters and the relationships between peak-
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TABLE 7. Selected Characteristics of the Experimental Fatigability
Groups for the Test Muscles.
The fatigability groups are high fatigability, intermediate
fatigability and low fatigability, as defined in the text. The values
are mean (+SD). Time-to-peak twitch force was measured from an average
(n=8) twitch profile. Relative force is the absolute force for the prefatigue test 100 Hz tetanus expressed per' unit muscle mass.
High

Intermediate

Low

146
( 17)

141
( 16 )

138
( 13)

388
( 122)

370
(95)

329
(90)

Absolute muscle mass (g")

0.20
(0.03)

0.20
(0.06)

0.21
(0.04)

Time-to-peak twitch force (ms)

86.4
(13.4)

81.2
( 11 • 1 )

81.4
(8.8)

10.5
( 1.8)

10.7
( 1.9)

10.9
(3.2)

0.22
(0.05)

0.21
(0.04)

0.19
(0.05)

Time-to-peak twitch forGe (ms)

29.3
( 1.8)

29.9
(3.6)

28.7
(2.7)

Relative force (N/g)

16.7
(4.0)

15.5
(4.1)

15.8
(4.5 )

Animal
Age (days)
Body mass (g)
Soleus

Relative force (N/g)
Extensor Digitorum Longus
Absolute muscle mass (g)
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TABLE 8. Correlat ions Among the E.M.G. Measurements.
Correlation coefficients are presented for the three measures of
amplitude relative to absolute peak-to-peak amplitude (Amplitude) and
the three duration parameters relative to peak-to-peak duration. Each
correlation coefficient represents the mean (+SD) of the values for the
low, intermediate and high fatigability groups as defined in the text.
All correlations were significant (p(0.05).
Soleus

Extensor Digitorum
Longus

First peak-to-peak amplitude

0.82
(0.02)

0.96
(0.02)

Mean amplitude

0.68
(0.15 )

0.90
(0.07 )

"Mean" amplitude

0.89
(0.10)

0.99
(0.00)

0.41
(0.28)

0.60
(0.08)

Peak-to-peak rate

-0.67
(0.18)

-0.67
(0.04 )

Normalized peak-to-peak rate

-0.79
( 0.28)

-0.91
(0.05 )

Amplitude

Peak-to-Eeak duration
Absolute duration
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to-peak duration and the three other duration variables.

The absolute

peak-to-peak amplitude and peak-to-peak duration were chosen as the
standards because of the certainty with

\~hich

they could be measured.

With one exception (Le., the correlation between absolute

and peak-to-

peak duration (p=0.014) for the low fatigability soleus group), all
correlations were highly significant (p<O.OO1).

The results of this

comparison provided the basis. for the characterization of

who~e-muscle

e.m.g. by three measures: absolute peak-to-peak amplitude, peak-to-peak
duration, and area (Fig. 15).
As expected, a range of associations between e.m.g. and force in
response to the fatigue regimen was observed.

Three examples of the

change in e.m.g. and force over the course of the fatigue test are shown
in Fig. 16.

These qualitatively difference examples represent parallel

changes in e.m.g. amplitude and peak force (Fig. 16A), a slight decrease
in e.m.g. amplitude with a substantial increase in peak force (Fig. 16B)
and an increased e.m.g. amplitude in association with a moderate
reduct ion in peak force (Fig. 16C).
To further explore these associations during the fatigue test,
the three measures of e.m.g. (amplitude, duration, area) were plotted as
a function of peak force for each fatigability group (low, intermediate,
high) and test muscle (soleus and extensor digitorum longus).

Both the

e.m.g. and force measures were normalized relative to the values at the
beginning of the test.

Thus, in each graph (Figs. 17-19), the initial

data point has the coordinates 100, 100 (indicated by a star), and the
e.m.g. values as function of force radiate out from this point.

In

interpreting these data, the critical issue concerns the extent to which

Fig. 16

Exemplary Associations Between E.M.G. Amplitude and Peak Force

at the Conclusion of a Fatigue Test.
Each panel comprises a train of 13 action potentials (e.m.g.) and the
associated tetanic force profile.

Each row represents the initial and

final fatigue-test responses for a different soleus muscle.

The left

column contains the ini tial response and the right column shows the
final (6 min) response.

A: Average e.m.g. amplitude decreased by

and peak force declined by 5%.

7%

B: A 3% decrease in the average e.m.g.

but a 400/0 increase in peal< force •

.£:

A substantial increase (36%) in

average e.m.g. amplitude but a moderate decline (12%) in peak force.
These data illustrate the variability of associations between e.m.g.
and force in response to a fatigue test.
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Fig. 16 Exemplary Associations Between E.M .G. Amplitude and Peak Force
at the Conclusion of a Fatigue Test.'
.
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force and e.m.g. change in parallel; that is, non-parallel changes
indicate a dissociation between t.he two parameters.

In addition, since

the time between each data point is known (see Fig. 17 legend), the
temporal aspects of these

chang~s

can also be ascertained.

The most striking feature of the e.m.g.-force associations for
the three fatigability groups was their similarity for extensor
digitorum longus but their divergence for soleus (Figs. 17-19).

For the

three sOleus groups, peak force declined for the most fatigable group
(final value

=

54%), stayed more-or-less the same for the intermediate

group (final value
(final value

= 91%),

= 116%).

and potentiat.ed for the least fatigable group

The changes exhibited in beth e.m.g. amplitude

(peak-to-peak amplitude) and duration (peak-to-peak duration) were
directly related to the degree of fatigability for each group.

The most

fatigable soleus group had the greatest decline in absolute amplitude
and the greatest increase in peak-to-peak durat ion while, conversely,
the least fatigable group had the smallest change in both amplitude and
duration (Figs. 17A and 18A).

Absolute amplitude for the high and

intermediate fatigability groups declined over the course of the test
but remained relatively constant for the low fatigability group (Fig.
17A).

In contrast, area changed little for the high fatigabi li ty group

but increased for the intermediate and low fatigability groups (Hg.
19A) •
In con trast

to soleus,

peak force for all three extensor

digitorum longus groups exhibited a bidirectional change which included
first a potentiation and then a decline. For the extensor digitorum
longus groups, absolute peak-to-peak amplitude decreased over the course

Fig. 17 The Association Between Peak Force and Absolute Peak-to-Peak
E.M.G. Amplitude During the Fatigue Test.
In this and the subsequent figures, the data are divided into groups of
low (triangles), intermediate (squares) and high (circles)
fatigability. For each group, the 13 data points are for train numbers
1, 10, 20, 30, 40, 50, 60, 90, 120, 180, 240, 300 and 360, and are
expressed as a percentage of the initial value; thus, in all cases the
beginning value has the coordinates 100, 100 and is indicated by a
star. Temporally, the data for each group radiate outward from the
star (initial condition). The stimulus trains were delivered once each
second. A: The e.m.g.-force associations for three soleus groups .lere
qualitatively different. The low fatigability group (triangles)
experienced a potentiation in peak force and no change in amplitude.
The other two groups exhibited a reduction in both force and amplitude,
though less so for the intermediate group (squares). B: All three
extensor digitorum longus groups exhibited a similar assoCiation which
involved a decrease of absolute peak-to-peak amplitude throughout the
test and a potentiation followed by a decline in peak force. These
profiles illustrate a similarity for the extensor digitorum longus
data but a divergence among the soleus groups.
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Fig. 17 The Association Between Peak Force and Absolute Peak-to-Peak
E.M .G. Amplitude During the FatiBue Test.

Fig. 18 The Association Between Peak Force and Peak-to-Peak E.M.G.
Duration During the Fatigue Test.
Data are grouped as in Fi& 17. The arrows indicate the return of the
force to the initial value. A; Duration increased for all three soleus
groups but greatest for the high fatigability group and least for the
low fatigability group. B: Duration increased for all three extensor
digitorum longus groups for the first paI't of the test and then either
declined (low-fatigability group), remained constant (intermediatefatigability group) or continued to increase (high-fatigabili ty group).
The changes in peak force are the same as those outlined in Fig. 17.
To a first approximation, the profiles wer'e qualitatively similar for
all six groups.
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Fig. 18 The Association Between Peak Force and Peak-to-Peak Duration
During the Fatigue Test.

Fig. 19 The Association Between Peak Force and E.M.G. Area During the
Fatigue Test.
Data are grouped as in Fig. 17. A: The high fatigability soleus group
(circles) exhibited a slight deCline in area over the course of the
test.
The other two groups (intermediate and low fatigability)
experienced an increase in area, at least for 4 min. B: All three
extensor digitorum longus groups displayed qualitatively similar
changes in area which were characterized by an initial increase and a
subsequent decline. The changes in peak force are the same as those
outline in Fig. 17. As with amplitude (Fig. 17), the profiles were
similar for the extensor digitorum longus groups but divergent for
soleus groups.
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of the fatigue test

(Fig.

l'7B),

peak-to-peak duration increased

initially before diverging at about 60 s (Fig. 18B), and e.m.g. area
first increased and then declined as fatigue progressed (Fig. 19B).

In

most instances, there was little change in the extensor digitorum longus
data (e.m.g. and force) for the last 4-5 trains ShOrln in these figures
(180-360 s), which suggests that most of the information could have been
acquired with a 3-min test.
Qualitatively,

each of Figs.

dissociation between e.m.g. and force.

17-19 reveals at least one

Considering the general trend of

each association (e.m.g. as a function of force), it is apparent that
there are several instances when force and e.m.g. do not change in
parallel.

In fig. 17A, the low fatigability group experienced an

increase in force during the test but essentially no change in e.m.g.
amplitude.

In contrast, the intermediate and high fatigability soleus

groups exhibited a decline in both e.m.g. amplitude and peak force.

The

force exerted by extensor digitorum longus during the fatigue test

VIas

not monotonic, as for each of the soleus groups, but rather first
increased before a subsequent decrease.

Throughout the test, however,

e.m.g. amplitude declined for all extensor digitorum longus groups (Fig.
17B) •
With one exception, the soleus low-fatigability group, the
changes in e.m.g. duration mirrored those for e.m.g. amplitude (Fig.
18).

That is, for five of the six groups, e.m.g. amplitude declined and

e.m.g. duration increased over the course of the fatigue test.

The

exception to this trend was the constant e.m.g. amplitude but increasing
e.m.g. duration exhibited by the soleus low fatigability group.

The
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interaction of these two effects (amplitude and duration) is apparent in
the e.m.g. area measurements.

There seem to be three examples of

dissociations between e.m.g. area and peak force (Fig. 19): the soleus
intermediate and high fatigability groups and the low fatigability
extensor digitorum longus group.

For the soleus intermediate

fatigability group, e.m.g. area generally increased over the duration of
the test despite a modest decline in peak force.

Conversely, e.m.g.

area more-or-less remained the same while force decreased for the low
fa tigabili ty soleus group.

Finally, for the extensor digi torum longus

group e.m.g. area declined substantially

(50% by 90 s) before force

began to decrease.
From these associations, it was quite apparent, part ic ularly for
soleus that fatigability (the decline in peak force) was variably
related to the e.m.g. parameters.

In order to investigate the extent to

which changes in e.m.g. could predict changes in force,
regression analyses were conducted in which

t~e

multiple

e.m.g. parameters were

the independent variables and force was the dependent variable for the
three fatigability groups of each muscle.

Area was the best

sin~le

predictor of peak force in four of six instances (two muscles times
three fatigability groups),

absolute amplitude was best for one group

and duration was the most significant for one group (Table 9).

As was

evident in Figs. 17-19, the e.m.g. parameters, as indicated by the
multiple correlation coefficients (Table 9), provided a reasonable
estimate of peak force for extensor digitorum longus (R 2 :O.529-0.727),

TABLE 9. Estimation of Peak Force During the Fatigue Test Based Upon the E.M.G. Measurements
The fatigability groups are high fatigability, intermediate fatigability and low fatigability
as defined in the test. The table provides the coefficients and parameters for multiple
regression equations which express peak force as the reperdent variable and the three e.m.g.
measures (absolute amplitude, peak-to-peak duration and area) as the independent variables.
The equations have the form: peak force = BO + B,X, + B2X2 + B)X), where the B terms are
coefficients and the X terms are e.m.g. varIables. The SlY. equations represent the best
estimates for the three fatigability groups of each muscle. Within each equation, the e.m.g.
variables are listed in descending order (greatest to least) of significance for predicting
peak force. The multiple correlation coefficient (R2) indicates the degree to which each
equation could estimate the dependent variable (e.g., R2 = 0.727 means that 72.7% of the
variance could be accounted for by the regression equation: peak force = 6."4 + ~.489
(amplitude) + 0.8)) (area).

BO

+

81

Xl

+

82

X2

+

B3

X3

R'

Extensor Digitorum Longus
6.114

0.833

area

0.489

amplitude

0.727

Intermediate

28.357

0.599

area

0.650

amplitude

0.560

Low

47.537

1.381

area

High

47.871

0.553

amplitude

-0.175

area

Intermediate

96.258

0.126

duration

-0.023

amplitude

Low

82.486

0.386

area

-0.165

amplitude

High

0.529

Soleus
0.362
-0.088

area

0.124
0.152
w

-"'"
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but less so for' soleus (R 2 :0.152-0.362).

Furthermore, for each muscle

the prediction of peak force based upon e.m.g. parameters was best for
the high fatigability group.
Discussion
As has been reported previously, but not as rigorously, we have
observed variable associations between e.m.g. and force over the course
of a fatigue test.

In particular, we noted dissociations between the

two parameters due to muscle type (soleus and extensor digitorum
longus),

fatigability (groups of low,

intermediate and high

fatigability), and the e.m.g. measure (amplitude, duration and area).
These dissociations are of interest because,

as outlined in' the

Introduction, they probably represent the involvement of fatigue-related
mechanisms peripheral to the neuromuscular junction.

It i's well known,

for example, that the duration of motor-uni t potentials increases while
their propagation velocity along the muscle decreases during sustained
activity (Gydikov et al., 1984) and that force can decline without any
change in membrane excitability or action-potential transmission
(Grabowski et aI., 1972).
Interpretation of the changes in e.m.g. and force over the
course of the fatigue test appear to be confounded by the dependence of
these associations on the e.m.g. parameter.

In this study, the e.m.g.

was characterized with nine different parameters,

each of Which

represented different features of the waveform (Hamm et al., submitted).
These measures comprised four of amplitude, fO,ur of duration and one of
area.

It was apparent, based on a correlation analysis, that the e.m.g.
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could be adequately represented by measurements of peak-to-peak
amplitude, peak-to-peak duration and area.
there

t... ere

still differences :i.n e.m.g.-force associations for a given

set of data.

For example, the final 6-min amplitude value for the

intermediate soleus group was 79

~

23%, a 21% reduction (Fig. 17A),

whereas the final area value was 115
19A).

Despite this agreement,

~

29%, a 15% potentiation (Fig.

Furthermore, both of' these changes, the decrease in amplitude and

the increase in area, were largely monotonic throughout the test for
this group.

With one e.m.g. measure, therefore, there was a decrease,

yet for another mea::1ure there was an increase for the same peek-force
data.
The e.m.g., measured as an extracellular potential, depends upon
the amplitude of the transmembrane potential and its spatial form. It is
apparent, however, that the spatial features of the transmembrane
potential dominate the extracellular signal.

For example, measurements

from isolated frog muscle fibers in hypertonic solution indicate that
pronounced decreases in the amplitude of the extracellular potential
during sustained activity correspond most directly to changes in the
second spatial der'ivative of

the

transmembrane

potential

(intracellularly recorded) rather than to ch.anges in the amplitude of
the intracellularly recorded potential (Radicheva et al., 1986).

The

spatial features of a transmembrane potential depend primarily on the
length of the muscle fiber that is depolarized.

The measurement of this

potential is also affected by the distance between the depolarized
membrane and the electrode.

In addition, whole-muscle e.m.g. is also

influenced by the number of active muscle fibers and the temporal
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coincidence of their respective pos:!.tive and negative phases.

Given

these conditions, it seems reasonable to argue, as other's have (e.g.,
Bigland-Ritchie et al., 1982), that the most appropriate monitor of
change in an e.m.g. signal (extracellular potential) is that of waveform
area.

That is, area is the variable that is least sensitive to changes

in the spatial extent of the transmembrane potential (e.g., Table 9).
Accordingly, the effects of muscle type and fatigability on the e.m.g.force associations should focus on the area measurements.
Figure 19 indicates, to a first approximation, that of the six
e.m.g.-force associations (2 muscles x 3 levels of fatigability),

there

are three instances of a dissociation between e.m.g. area and force; the
intermediate and high fatigability soleus groups and the low
fatigability extensor digitorum longus group.
groups,
parallel.

For the other three

the changes in e.m.g. and force more-or-less occurred in
Interestingly, the form of the dissociation was different for

each of. the three groups; that is, the temporal relations between which
variable changed and which did not differed for the three groups.
First, for the intermediate-fatigability group of .soleus,
declined slightly over the course of the test while e .m.g.
increased throughout.

force
area

Second, the high-fatigabili ty group of soleus

exhibited a substantial, continuous reduction in force while e.m.g. area
first increased and then decreased slightly.

Third, the low-

fatigability group of extensor digitorum longus experienced an initial
increase in force without a concomitant increase in e. m. g. area and a
subsequent depression in e.m.g. area (below initial values) without a
reduction in force.

Taken together,

these data illustrate the effects
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of muscle type and fatigability on e.m.g.-force associations.

Given the

interpretation that e.m.g.-force dissociations reflect variations in
mechanisms peripheral to the neuromuscular junction, these data comprise
three conditions susceptible to such

changes~

These conditions involved

two for soleus and one for extensor digitorum longus, but the most
fatigable muscles of soleus (high and intermediate groups) and the least
fatigable of extensor digitorum longus.
There is no doubt that the physiological properties of the two
test muscles are different.

This is readily apparent by the change in

force exhibited by the two muscles during the fatigue test (Figs. 17-19)
and the extent to which the change in force for each muscle can be
predicted by the e.m.g. (Table 9).

For example, the three soleus groups

displayed monotonic force-time histories over the course of the test.
Conversely, the extensor digitorum longus groups exhibited bidirectional
force-time histories which inc luded an initial interval (about 60 s) in
which force was greater than the beginning value and then a subsequent
decline in force.

This qualitative difference in performance (monotonic

vs. bidirectional changes in force) could not be due to fatigabi li ty, as
assessed in this study, because the high fatigability soleus group was
more fatigable (Fatigue Index = 54

~

8%) than the low fatigability group

of extensor digitorum longus (Fatigue Index

= 71

~

17%).

Rather, this

difference was probably related to differences related to the fiber-type
composition of the two muscles; composition of the present soleus sample
was 85% type s.o. and 15% type f.o.g. while corresponding extensor
digitorum longus values were 4% type s.o., 54% type f.o.g. and 42% type
f.g. (Chap. 10).
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One unexpected difference between the two muscles was the lack of
an association between the fatigue indices (6-min values) for the two
muscles.

An implicit assumption in the motor-control literature is that

the fatigability assessed with the Burke et ale (1913) protocol is
functionally relevant.

Accordingly, the fatigability of a particular

muscle, including its synergists and antagonists, should reflect the
functional demands which it encounters.

There is some evidence which

suggests that, although soleus is tonically active during locomotor
tasks, it is phasically modulated in a reciprocal manner with extensor
digitorum longus (Navarette and Vrbova,

1983).

The failure to find an

association between the fatigue indices for these two muscles suggests
that either the functional demands placed on the two muscles do not
covary to any substantial level or else the fatigue protocol is not as
functionally relevant as is normally assumed.
Qualitatively, the association between e.m.g. and force for the
six groups comprised three patterns; these were parallel declines,
dissociations and a parallel increase.

The most fatigable muscles of

the entire dataset (intermediate- and high-fatigability, extensor
digitorum longus groilps) revealed parallel changes in e.m.g. and force
(Table 9).

Such parallelism invokes the possibility of transmission

failures at axorial branch-points and neuromuscular junctions as
contributors to the fatigue displayed by these muscles.

That is,

failure at these two sites would cause e.m.g. depression that would be
manifested as a reduction in the contractile activity and the
concomitant force.

In contrast, the muscles of intermediate

fatigability (extensor digitorum longus 10\-1-, soleus intermediate and

140

soleus- high fatigability groups) exhibited dissociations between e.m.g.
anp force which suggest the involvement of fatigue mechanisms related to
sarcolemmal act ion-potent ial propagat ion,

exci tat ion-contraction

coupling and contractile machinery activity.

The role of these

mechanisms may well be related to muscle-fiber types (Donaldson, 1986).
The least fatigable muscles (soleus low-fatisability group) did not
actually display fatigue, defined as a reduction in peak force at 6 min
relative to the initial force, but rather a parallel increase in both
e.m.g. and force.

The mechanisms responsible for this as so ci at ion are

probably similar to those underlying the staircase phenomenon and
include altered calcium kinetics,

increased myosin light-chain

phosphorylation and optimized mechanical properties (Chap. 9).
Taken together,

these e.m.g.-force associations suggest a

variation among rat soleus and extensor digitorum longus muscles in the
mechanisms that limit the performance elicited by this particular
:stimulus regimen.

Furthermore, there seem to be differences between the

two test muscles that are probably related to fiber-type composition.

CHAPTER 9
SECOND AIM STUDY: FATIGABILITY OF RAT HINDLIMB MUSCLE:
COEXISTENCE OF TWITCH POTENTIATION AND FORCE-DECLINE
Summary
1. An experimental protocol designed to assess fatigability in
motor units (Burke et al.,

1973) has been applied to two hindlimb

muscles of anaesthetized adult rats in order to study the effects of
muscle fatigue on the posttest isometric twitch.
2. Both test muscles (soleus and extensor digitorum lon'gus)
exhibited a wide range of values for a fatigue index (force at 6 min
expressed as a percent of initial force) and the relative posttest
twitch force (expressed as a percent of pretest twitch force).

A linear

relationship between these two parameters was found, although the
relationship was not the same for the two test muscles.
3. Posttest twitch force was potentiated (Le., greater than the
pretest value) in many muscles despite the development of considerable
fatigue during the fatigue test.

This coexistence of fatigue and twitch

potentiation was observed in 7% (5/70) of soleus muscles as compared to

48% (31/64) of extensor digitorum longus muscles; however, the deeree of
fatigue was significantly less in the soleus than in extensor digitorum
longus.
4. The concurrent manifestation of these two opposing processes,
i.e., fatie;ue and potentiation, suggests that the stimulation protocol
141
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of the present study invoked at least one mechanism common to both,
perhaps implicating intramuscular calcium kinetics and myosin light
chain phosphorylation.

Introduction
In the muscle liter'ature, potentiation refers to the augmentation
of force above that which is expected for a given stimulus.

Its

manifestation is a function of the preceding activity of the muscle,
and, lil<e fatigue, it is substantially influenced by the experimental
paradigm.
Depending upon the type of preceding activity, several forms of
potentiation have been described, the most classic of which are the
staircase effect (treppe) and posttetanic potentiation.

The staircase

effect, whose definition is attributed to Bowditch (1871),

is the

progressive increase in twitch force observed over a series of twitches.
Post tetanic potentiation, originally described by Schiff (1858), refers
to the enhancement of twitch force following a period of tetanic
stimulation.

It has

become well established that,

although the

magnitude of potentiation varies with muscle fiber type (Close and Hoh,
1964; Olson and Swett, 1971; Hansen, 1974; Stephens and Stuart, 1975),
both the staircase effect and post tetanic potentiation can be
demonstrated in a wide range of preparations (i.e., single muscle
fibers: Colomo and Rocchi, 1965; motor units: Olson and Swett, 1972;
Burke et al., 1973; Stephens and Stuart, 1975; and whole muscle: Close
and Hoh,

1964) and in many different animal species (e.g., frog: Colomo
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and Rocchi, 1965; rat: Walker, 1947; cat: Gruber, 1923; human: Desmedt
and Hainaut,

1968).

A third form of potentiation is much less well delineated:
potentiation which occurs concomitant to fatigue.

This coexistence of

potentiation and fatigue was alluded to in Schiff's original report on
post tetanic potentiation (1858, as cited in Hughes,

1958) and again in

1904 by Hoffmann (as cited in Rosenblueth and Morison, 1937). Several
early studies even reported that the greater the fatigue, the more
marked was the potentiation (e.g., Guttman, Horton and Wilbur. 1936;
Rosenblueth and Morison, 1937).
effect,

Similarly, in studies on the staircase

the hypothesis that the "products of fatigue" induced the

potentiation was promulgated well into the late 1930's (for review:
Colomo and Rocchi, 1965).
More recently, studies of fatigue in isolated frog muscle fibers
(Vergara and Rapoport, 1974; Vergara et al., 1977; Nassar-Gentina et
al., 1978) led to the observation that, although the process of twitch
potentiation was initiated prior to the onset of fatigue,

the two

processes proceeded concurrently with longer periods of stimulation.
Further, these authors suggested that an alteration in excitationcontraction coupling, most probably at the level of calcium exchange,
was underlying both processes.

Subsequently, analysis of the rates of

onset and decay of staircase and posttetanic potentiation led Krarup and
colleagues (1979, 1981a) to propose that the changes in twitch force
were attributable to two concurrent and conflicting processes, one which
diminished

t~vitch

force and one which enhanced it.

Jami and colleagues

(1983b) provided evidence for the coexistence of fatigue and
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potentiation at the level of the single motor unit, reporting

that a

majority of fast-contracting motor units (Le., types f.f., f.i. and
f.r. which range from highly fatigable to fatigue-resistant,
respectively) exhibited twitch potentiation immediately after a 2-min
fatigue test.

And, in two recent abstracts, the degree of post tetanic

potentiation following a fatiguing protocol in the rat (MacIntosh and
Gardiner, 1986) and in the human (Moussavi et al., 1986) seem to depend
on the fatigue regimen.
The purpose of this study was to examine the coexistence of
fatigue and potentiation in muscles of differing fiber-type composition
and levels of fatigability.

We hypothesized that fatigue and

potentiation would coexist more frequently in fast-rontracting muscles,
and among this group, those that were the least fatigable "ere more
likely to exhibit the coexistence.

We found a linear relationship

between the Fatigue Index and the postfatigue-test twitch force in both
the soleus and extensor digitorum longus.

However, the coexistence of

fatigue and potentiation was essentially limited to the least fatigable
muscles of extensor digitorum longus, a fast-contracting hindlimb
muscle.
A preliminary report of some of this material has been reported
previously (Rankin et al., 1985).
Methods
Housing and Preparation
Details of the housing and preparation are described in Chap 7.
In brief, male and female Sprague-Dawley rats were raised from weanling
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age for a mean

(~SD)

of 141 (.:!:. 17) days in either of two sized cases.

Terminal experiments were performed with the rats under halothane
anaesthesia maintained at a pain-free level.

The left soleus and

extensor digitorum longus muscles were surgically isolated.

All

branches of the sciat ic nerve were transected near the hip, and those
branches innervating soleus (soleus muscle

n~rve)

and extensor digitorum

longus (lateral peroneal nerve) were isolated for subsequent
stimulation.

The animal was secured in a rie;id frame, and the left

hindlimb was clamped with the knee at an angle of about 120 degrees.
The test muscles were maintained in situ in a paraffin oil-filled bath
at a temperature of 36 .:!:. lOC.
Recording Procedures
The test muscles were activated with

a monopolar,

stainless-

steel, hooked, wire electrode (referred to a similar electrode in an
adjacent denervated muscle) by supramaximal cathodal stimulation (3-5x
threshold, 0.1 ms square waves) of

their nerves.

The force elicited by

such activation was measured by a force transducer that was attached to
the tendon of the muscle by a low-compliance (0.03 um/N/cm) dacron line
(X.:!:.SD length
was

=

measured

15.6.:!:. 1.3 cm).
with a

The Whole-muscle electromyogram (e.m.g.)

spring-mounted,

flexible,

stainless-steel,

intramuscular electrode (18 mm long, 120 urn thick, 40 urn tip) that vias
thrust into the distal one-third of the muscle, perpendicular to the
long axis of the muscle.

The intramuscular electrode was referred to a

similar electrode placed in an adjacent denervated muscle.
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As indicated in Chap 7, the length of the test muscle was altered
to sustain a passi ve force of 0.15 N.
Experimental Protocol
Each muscle was activated separately with the following 5-step
protocol: 1) 32 twitches at 0.5 Hz were elicited by stimulation of the
nerve to both evaluate and circumscribe the staircase phenomenon; 2) a
single tetanus of 100 Hz for 500 ms to determine tetanic force (this
stimulation elicited approximate peak force in soleus but stimulation
rates of 250 Hz are required to elicit peak force in extensor digitorum
longus (Close,

1964)); 3) a 6-min application of a standardized fatigue

test (Burke et al.,

1973) which involved repetitive intermittent

stimulation (40 Hz) of the nerve with trains of 13 stimuli, each train
lasting 330 ms and occurring once each second; 4) 8 twitches at 0.5 Hz
to evaluate the effects of the fatigue test on twitch force; and 5) two
100 Hz tetani, 10 s apart, to evaluate the effects of the fatigue test
on t e tani c force.

Approxi rna te ly five se conds elapsed between

consecuti ve phases of the protocol.

The stimulus protocol was

controlled with a small laboratory computer.

Data were recorred on-line

with the computer and on FM magnetic tape for a more detailed off-line
analysis.
Data Analysis
The database comprised force and e.m.g. records of twitch and
tetanic responses.

Peak force (N), time-to-peak force (ms) and one-half

relaxation time (ms) \Olere determined for each isometric twitch (i.e., 32
pre- and 8 postfatigue test).

Peak force was also determined for the 3
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100 Hz tetani (1 pre- and 2 postfatigue test), as well as for the
subfused tetani elicited by the 40 Hz stimulation during the fatigue
test.

The amplitude (peak-to-peak amplitude; mV), duration (peak-to-

peak interval; ms) and area (integral of absolute value of the action
potential; mV·ms) were measured for the evoked action potential (see
Fig. 15) associated with each twitch.
The degree of staircase for the prefatigue test series of 32
twitches was expressed as the maximum peak force obtained as a
percentaGe of the peak force of the initial twitch (Fig. 20A).

In order

to evaluate the effect of the fatigue test on the isometric twitch, the
8 twitches immediately preceding the fatigue test (Fig. 20A1) were
averaged and compared to the average of the 8 t wi tches following the
fatigue test (Fig. 20D).

Potentiation of twitch force was defined here

as the force of the post test twitch exceeding that of the pretest twitch
(Le., posttest force value/pretest force value X 100

> 100%).

The

Fatigue Index was defined as the peak force at the end of the fat igue
test (6 min) expressed as a percentae;e of that at the beginning (0 min).
Statistical differences were assessed with a multi-factor
analysis of variance, followed by a Newman-Keuls comparison.
Significance is reported as p<0.05.
Results
The Staircase Effect
Exemplary responses of the test muscles to the stimulus paradigm
are shown in Fig. 20. The twitches elicited in soleus were in keeping
with its predominate s 10H-contracting fiber composition (85% s.o. and

Fig. 20.

Effects of the Experimental Stimulus Regimen on Force and

E.M.G ••

The effects of the stimulus regimen on force (upper traces) and the
associated e.m.g. (lower traces) are shown for an exemplary extensor
digitorum longus muscle. A-E show components of the five steps of the
stimulus regimen, which wer-e deli vered 5 s apart. A shows the first
(1) and the last 8 (2) of the 32 twitch responses (elicited at 0.5 Hz).
In A1, the staircase effect is exhibited; within the series of 32,
twitch force increased to a maximum of 141% of the value for the
initial twitch in this example. The 8 twitches of A2 were averaged to
provide pre-fatigue test measures of peak force, ti~-to-peak force and
one-half relaxation time and e.m.g. measures of amplitude, duration and
area. B shows the single 100 Hz tetanus elicited prior to the fatigue
test. C-shows the first (0 min) and last (6 min) responses to the 40 Hz
stimulus trains used in the fatigue test. The Fatigue Index (peak
force at 6 min as a percentage of the initial peak force) was 54% in
this example. D shows the 8 twitches that were evoked (at 0.5 Hz) after
the fatigue test. The averaged responses (both force and e.m.g.)
provided the post-fatigue-test values that were compared to the A2
averaged values. Twitch force potentiation (posttest force value
greater than the pretest force value) was 129% in this.example. E shows
the first post test 100 Hz stimulus response. This was compared-to the
B response (i.e., pretest 100 Hz tetanus) for indication of the
presence or absence of fatigue 26 s after completion of the fatigue
test. Here, the posttest 100 Hz force was 57% of that for the pretest
100 Hz.
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15% f.o.g., Chap 10).

Mean (=..SD) values for the initial twitch of the

series (as in Fig 20Al) are given in Table 10. Subsequent shocks (0.5
Hz) resulted in a

sli~ht

enhancement of twitch force, a slight decrease

in time-to-peak force and an increase in one-half relaxation time (Table
10). With respect to the staircase effect, the soleus exhibited a mean
maximal potentiation of 148

~

29% Which was reached by the 13-15th

twitch in the series of 32, although in some muscles (17/70), force
plateaued as soon as the 3rd or 4th tWitch.
In extensor digitorum longus, the twitch profile was again in
keeping with its fiber type composition (4% s.o., 54% f.o.g. and 42%
f.g., Chap 10).

Values characterizing the initial twitch (Fig 20Al) are

given in Table 10. As for the soleus, the force increased over the
series of twitches (Fig. 20A2, Table 10); however, both contraction and
relaxation times decreased slightly. The degree of staircase was
slightly greater in extensor digi torum longus than in soleus (p=0.04),
with the mean maximal potentiation of 159

~33% occurri~,

on average, by

the 23rd or 24th twitch, although in 34% of muscles force appeared to
still be increasing even at the 32nd twitch.
Fatigue Test Effects
In response to the 6-min stimulus regimen, soleus was
characteristically less fatigable than extensor digitorum longus as
indicated by the Fatigue Index values (Table 11).
in Chap 7-8,

th~

Hm-lever, as indicated

range of fatigability was broad for both test muscles.

In soleus, the Fatigue Index ranged from 48 to 127%, with 57% of the
sample (40170) exhibiting some fatigue (Le., force at 6 min less than

150

TABLE 10. The Staircase Effect in Soleus and Extensor Digitorum Longus
Muscles.
Values are expressed as mean (+SD). Initial twitch values are for the
first in the series of 32 twitches (see Fig. 20A 1). The last 8
twitches of the series (see Fig. 20A2) are averaged to provide pretest
values.
--

n

Peak Force
(N)

Time-to-Peak
Force
(ms)

One-half
Relaxation
(ms)

Soleus
Initial twitch

70

0.27
(0.10)

,87
(13 )

84
(23)

Pretest twitch

70

0.29
(0.10 )

83
( 11) )

90
(25)

Extensor

Di~itorum Lon~us

Initial twitch

64

0.28
(0.09)

30
(3)

23
(4)

Pretest twitch

64

0.34
(0.11)

28
(3)

21
(3)
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100% of initial force), while in the other 43% (30/70), the force either
remained constant (i.e., Fatigue Index
at 6 min.

=

100%) or was slightly increased

In contrast, all but one (63/64) extensor digitorum longus

muscles exhibited fatigue with the Fatigue' Index values ranging from

3

to 93%, excluding the one aberrant value of 125% (* on Fig. 21). We
doubt thflt the fatigue exhibited by these muscles was attributable to
compromised blood flow inasmuch as the superficial vessels (particularly
those to soleus) were visually monitored with a microscope throughout
the experiment.

Evidence of impaired flow, such as constricted vessels

or paled muscle, provided criteria for discarding the data.
To determine the effect of the fatigue test on the isometric
twitch, values for the averaged post test twitch (see Fig. 20A2) were
expressed as a percentage of those for the averaged pretest twitch (Fig.
20A 1). The mean values in Table 11 indicate that the average posttest
twitch for soleus was characterized by a relatively unchanged force and
time-to-peak force and slightly longer one-half relaxation time as
compared to the pretest twitch.

For extensor digitorum longus, the

post test twitch was characterized by a slightly reduced force and longer
times for both contraction and relaxation.
The extensive ranges of these values, however, revealed that the
faUgue test elicited a broad spectrum of effects on the subsequent
twitches.

In particular, the effect on the post test force ranged from

sever depression to marked potentiation in both test muscles.

In

soleus, 29 of 70 muscles exhibited potentiation (posttest force greater
than 100% of pretest force) with a mean relative force of 124%

(~18);

in
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TABLE 11. Rela ti ve Values for Se lect ed Properties of Fatigue-Test and
Post-Fatigue Test Responses.
All values for twitch paraemters are posttest twitch values expressed
as a percent of pretest twitch values. Fatigue Index is defined as the
peak force of the 40 Hz train at 6 min expressed as a percent of the
initial 40 Hz train (time 0). 100 Hz force values are posttest 100 Hz
values expressed as a percent of pretest 100 Hz values. Sample size for
e.m.g. measurements: 15 for each test muscle. Sample size for all
other parameters: as indicated on table.
Soleus

Extensor Digitorum Longus
n=64

n=70
X

Range

Range

(+SD)
TwHch
Force

97
( 18)

31-172

82
( 19)

7-186

Time-to-peak force

98
(8)

75-120

124
( 17)

100-172

One-half relaxation
time
E.m.g. amplitude

117
( 16)

78-156

172
(28)

95-280

87
( 18)
118
(24)

51-114

43
(29)

10-125

78-182

192

64-324

111
(34)

59-159

92
(22)

48-127

36
(24)

3-93

104
( 18)

57-150

36
( 14)

4-69

E.m.g. duration
E.m.g. area
40 Hz Tetanus
Fa tigue Index

(77)
77

20-69

(38)

100 Hz Tetanus

----

Force
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extensor digitorum longus, 32 of 64 muscles exhibited potentiation with
a mean relative force of 125% (.=.19).
Regression analyses revealed that this large val'iation in
relative posttest twitch force was not attributable to variation in any
of the morphometric parameters (e.g., age, body- or muscle mass) nor was
it correlated to any of the prefatigue-test response

parametel~s

(e.g.

twitch and 100 Hz force, time-to-peak force and one-half relaxation
time). A small, but significant correlation (r=0.2725, P<0.025) was
found between the magnitude of the staircase effect and the magnitude of
the relative posttest twitch force for soleus; no such correlation was
found for the extensor digitorum longus.
The magnitude of the relative posttest twitch force was found to
be inversely related to fatigability of the muscle (Fig. 21).

That is,

the less fatigue exhibited during the fatigue test, the greater was the
relative post test force.

The linear relationship between Fatigue Index

and post test twitch force was significant for both soleus and extensor
digitorum longus (r=O. 782, 0.916 , respectively; p<O.OO 1). Indirect
measures of fatigability, including absolute and relative post test 100
Hz force

(see below) and the relative posttest twitch one-half

relaxation time, were also significantly correlated with posttest twitch
force in both tes t muscles.
The most striking observation involved the subset of extensor
digitorum longus muscles which exhibited posttest twitch potentiation.
In all but one case

(*

on Fig. 21), enhanced twitch force (ranging from

104-169%) was elicited immediately following the development of
substantial fatigue (range in Fatigue Index = 30-78%).

In soleus, this
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Relationship Between Fatigue and Post test Twitch Force.

The relative posttest twitch force (i.e., absolute posttest twitch force
expressed as a percentage of pretest twitch force) is plotted as a
function of the Fatigue Index (i.e., force at the end of the fatigue
test relative to the initial force) for soleus (X) and extensor
digitorum longus (0) muscles. A linear relationship exists for both test
muscles (soleus r:0.782, extensor digitorum longus r:0.916; p<O.OO1),
but, as indicated by their slopes (0.96 and 1.81, respectively), the
relationship is different for the two muscles.
The shaded area
indicates a coexistence of fatigue (Fatigue Index < 100%) and
potentiated posttest twitch force (relative twitch force> 100%). This
occurred much more frequently in the extensor digitorum longus as
compared to soleus.
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coexistence of twitch potentiation and force fatigue was only observed
in 5 muscles (15% of those that potentiated, 7% of the total) whose
Fatigue Indices ranged from 84-99%. The regression analyses indicated
that, as represented by the line of best fit, the coexistence of fatigue
and potentiation was exhibited only by the least fatigable of the
extensor digitorum longus muscles.
Analysis of the e.m.g. waveforms associated with the posttest
twitch revealed different patterns for the two test muscles (Table 11).
For soleus, as with the twitch parameters, the e.m.g. parameters
measured (i.e., amplitude, duration and area) were relatively unchanged
as compared to the pretest waveforms, although all three exhibited a
wide range of values.

There was no correlation betHeen the relative

post test twitch force and any of the e.m.g. parameters. In contrast, the
post test e.m.g. for the extensor digitorum longus was characterized by a
reduction in both amplitude and area and an increase in the duration as
compared to pretest e.m.g., again with broad ranees of values.

A

significant, positive correlation was found between the relative values
for all 3 parameters and posttest twitch force (1':0.470, 0.573, 0.561,
for amplitude, duration and area, respectively; P<0.02).

However, the

posttest e.m.g. values recovered to or exceeded pretest values in only
6% of muscles in the case of amplitude and 27% in the case of area as
compared to the 50% of muscles which exhibited fully recovered or
potentiated posttest twitch force.
To assess the impact of the fatigue protocol on the force
elicited by 100 Hz stimulation, the pretest and first posttest 100 Hz
tetani were compared (Table 11).

This value appeared to be another
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effective indicator of fatigue,

being almost identical to the Fatigue

Index for a given muscle (r=0.96).

This high correlation was someVlhat

unexpected considering that the 100 Hz stimulus was delivered 26 s (and
8 twitches) after the end of the fatigue test.

This finding shows that

the potentiation of the intervening twitches cannot be attributed to
recovery from fatigue.
Discussion
The Staircase Effect
Several forms of force potentiation have been described in the
muscle literature, these being differentiated by the type of contractile
activity which precedes the potentiation.

In the present study, the

staircase effect was induced by eliciting a series of 32 twitches in
rested muscle.

As a result, potentiation of twitch force

vTaS

observed

in both test muscles, although the magnitude of the staircase effect was
significantly greater in the

fast-contracti~~

than in the slow-contracting soleus.

extensor digitorum longus

This muscle-fiber type related

difference in the degree of potentiation is widely acknowledged;
however, documentation of this phenomenon is based primarily on studies
in which potentiation was elicited following high frequency, tetanic
stimulation (e.g., Brown and von Euler, 1938; Standaert, 1964; Close,
1964; Olson and Swett, 1911; Burke et aI, 1911, 1913).
Few studies have actually compared the response of muscles or
motor units of different fiber types using the low frequency stimulation
rates (i.e., 0.1-10 Hz) which elicit the staircase effect. Data from
Edstrom and Kugelberg (1968) indicate that, with stimulation rates of 5-
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10 Hz,

twitch force enhancement was greatest in rat tibialis anterior

motor units composed of type A (f.g.-like) fibers and ieast in those
composed of type C (s.o.-like) fibers (see their Fig. 6).

Hanson (1974)

reported increases in twitch force of 257, 133 and 125% for rat musclefiber bundles composed of f.g., f.o.g. or s.o. fibers, respectively, in
response to 15-60 s of stimulation at 8-10 Hz.

Similarly, a series of

studies on normal human muscle (Slomic et ale, 1968; Krarup, 1977;
Krarup and Horowitz,

1979) demonstrated that

the degree of staircase

exhibited by the platysma, selected elbow flexors and adductor pollicis
was proportional to the percent of fast-contracting fibers comprising
the musc lese
In addition to this difference in magnitude, it also appears that
the number of stimuli required to reach maximal staircase varies with
fiber type.

Peak potentiation occurs with considerably fewer stimuli in

sloVT- as compared to fast-contracting muscles

(13-15 and 24-25,

respectively in our study; see also: Edstrom and Kugelberg,
Hanson, 1974).

1968;

Thus it appears that the differential response of slow-

and fast-contracting muscles in the case of the staircase effect is
consistent with that seen for twitch potentiation following high
frequency stimulation (e.g., posttetanic potentiation).
The magnitude of staircase that we observed in soleus (141%) was
consistent with the few values reported for slow-contracting muscles
(Desmedt and Hainaut, 1968, Slomic et al., 1968; Hanson, 1974); that for
extensor digitorum longus (159%), however, was considerably lower than
values reported for analogous fast-contracting muscles (Hanson, 1974;
Krarup, 1977; Krarup, 1981a; Moore and Stull, 1984). This difference is
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most likely due to a combination of the low stimulation rate (0.5 Hz)
and the few stimuli (32) delivered in our study. The staircase effect
has been shown to be a function of both the frequency of sUmulation and
the number of stimuli, particularly in fast-contracting muscles (Colomo
and Rocchi, 1965; Krarup, 1977; Krarup and Horowitz, 1979; Krarup,
1981a).

For example, increasing the .stimulation rate from 2 to 5 Hz

resulted in a 30% increase in the staircase effect at the end of the 250
stimuli (Krarup, 1981a).

Hmvever, at the 5 Hz stimulation rate, maximal

potentiation was reached by the 200th twitch, but force had not yet
peaked even by the 250th stimulus at the lower frequency. Thus, it is
not surprising that we observed that the force in 34% of extensor
digitorum longus muscles appeared to still be increasing at the end of
the series of 32 twitches.
A negative staircase effect (i.e., a transient decrease in twitch
force during the initial period of stimulation) has also been reported
(e.g., Colomo and Rocchi, 1965; Slomic et al., 1968), although its
presence is considerably less consistent than is positive staircase.

In

the present study, none of the muscles exhibited this early negative
staircase.

However, 11% (8170) of the soleus sample exhibited a slight

(8-14%) decrease in force which occurred late in the series of twitches
and after the positive staircase.

Reasons for the inconsistent

appearance of negative staircase are unknown due to the relatively
sparse number of studies on this phenomenon. HOHever, it is probable
that differences in species, muscles and stimulation protocol are
contributing factors.
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Coexistence of Potentiation and

Fa~igue

The second form of potentiation observed in this study was that
which

occu~s

concomitant with fatieue.

The stimulation protocol used to

investigate fatigue was first designed by Burke and colleagues (1971,
1973) to characterize single motor units.

Applied to whole-muscle in

the present study, a 6 min duration of this fatigue test produced two
distinct but not totally unrelated effects.
subfused tetanic force,

The first effect, on the

was consistent with that of other stimulation

paradigms: soleus was significantly less fatigable than extensor
digitorum longus.

The second effect, vrhich became evident following the

fatigue test, was on the subsequent twitch force, ranging ,from severe
depression to marked potentiation relative to pretest twitches.

The

spectrum of this latter effect was similar for both test muscles,
although there was a tendency for augmented twitch force to occur more
frequently in the extensor digitorum longus.
As discussed above,

previous studies have shown that the

magnitude of twitch potentiation is influenced by both the frequency and
the duration of stimulation, increasing with more repetition and higher
frequencies. In a majority of these studies, however, the total amount
of muscle activation (as indicated by the total number of stimuli
delivered) is relatively limited (e.g., Close and Hoh, 1968; Slomic et
al., 1968; Stephens and Stuart, 1975).

The possibility exists that, in

these studies, the quantity of muscle activation was sufficiently high
to elici t maximal force potentiation but low enough to avoid inducing
fatigue (although Stephens and Stuart did discuss the possibility

~f

fatigue interfering with potentiation in the most fatigable motor
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units).

Support for this suggestion that maximal potentiation occurs

prior to the onset of fatigue lies in the fact that the relaxation time
of the augmented twitch is unchanged or even decreased with respect to
the unpotentiated twitch (Close and Hoh, 1968; Desmedt and Hainaut,
1968;

Krarup and Horowitz,

1979) in contrast to the lengthened

relaxation time that is indicative of fatigue (Edwards et aI., 1975;
Bigland-Ritchie et al., 1983b). On the other hand, it has been suggested
that following even relatively brief periods of st imulation, the force
profile of the ensuing twitch is the result of two concurrent and
conflicting processes: one that enhances force and one that diminishes
it (Krarup and Horowitz, 1979; Krarup, 1981a), although the authors
.expressed reticence in equating the process of dimunition with fatigue
especially in the early phase of the stimulation.
Our observations on the coexistence of twitch potentiation and
tetanic fatigue are consistent with other qualitatively similar reports
in· the literature.
colleagues (1974,

In isolated frog muscle fibers,

Vergara and

1977) found that twitch for'ce was transiently

increased immediately following a fatiguing stimulation protocol.
Kugelberg and Lindegren (1979) observed potentiation of twitch force in
fatigue-sensitive motor units after a continuous period of stimulation
(30 min at 10 Hz) that

produced not only a significant reduction in

force but also a marked decrease in e.m.g. amplitude.

Jami et al.

(1983b) reported that twitch potentiation occurred in a majority of
fast-contracting motor units in cat peroneus tertius despite the
development of considerable fatigue during an intervening 2-min fatigue
test (330 ms trains of 40 Hz delivered once per second).

MacIntosh and
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Gardiner (1986) reported that a 1 s tetanus (200 Hz) could elicit a
similar degree of posttetanic potentiation in rat gastrocnemius that had
been fatigued (6 min stimulation at 15 Hz) as in control muscles (no
previous stimulation). In this latter study, however, it appears that
the twitch force immediately following the fatiguing stimulation but
preceding the 200 Hz tetanus was reduced with respect to the prefatigue
twitch. Similarly, in human adductor pollicis, posttetanic potentiation
could still be elicited following a fatiguing maximal voluntary
contraction (Moussavi et aI., 1986). In contrast to the results of
MacIntosh and Gardiner (1986), however, the degree of potentiation in
adductor pollicis was markedly reduced by the fatiguing activity.
Our data, combined with the findings from these five studies,
demonstrate that the processes of force potentiation and fatigue can
occur concomitantly. Furthermore, the coexistence of these phenomenon
seem largely confined to the least-fatigable muscles of the fastcontracting extensor digitorum longus.

It could be argued that recovery

from fatigue occurred in the time between the fatiguing stimulation and
the subsequent twitch, and that this 1 in turn, enabled the
of twitch force.

potentiat~on

However, three observations in our study refute this

possibility. First, in contrast to the potentiated twitch in nonfatigued
muscle, the post test potentiated twitch exhibited a prolonged relaxation
time which has been shown to be indicative of fatigue (Edwards et al.,
1975; Bigland-Ritchie et al., 1983).

Jami et aI. (1983b) also noted

that lengthened contraction and relaxation times regularly accompanied
post-fatigue test twitch potentiation in single motor units.

Second,

althoueh some recovery of the whole-muscle e.m.g. was evident between
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the end of the fatigue test and the first posttest twitch, there was no
correlation between this recovery and the appearance of twitch
potentiation. Similarly, Jami et al. (1983b), reported a lack of
correlation between the size or shape of the e.m.g. waveform and the
degree of potentiation.

Third, the fact that the relationship between

the pre- and posttest 100 Hz tetanic forces was equivalent to the
Fatigue Index for a given muscle demonstrated that the muscle was still
in the same relative state of fatigue even after the potentiated
twitches.
The observation of posttest potentiation in 41% of our soleus
sample is somewhat perplexing considering that posttetanic potentiation
has been shown to be minimal or even negative (Le., posttetanic
depression) in that muscle in rat (Close, 1964), cat (Brown and von
Euler, 1938; Bowman et al., 1962; Standaert, 1964; Burke et al., 1974)
and rabbit (Bowman et al., 1962).

This difference in the magnitude of

these two forms of potentiation probably lies in the duration of the
stimulus eliciting the potentiation.

Brown and von Euler (1938) found

that a brief tetanus (2-4 s) resulted in a slight depression of the
subsequent tWitch, whereas a longer tetanus (20 s) was often succeeded
by a potentiated twitch.

Thus, it is possible that prolonged

stimulation, such as the 6 min fatigue protocol, could evoke the
potentiation in soleus, while a brief tetanic stimulation, such as the
1-2 s pulses used to study posttetanic potentiation, fail to do so.
Underlying Mechanisms.

Numerous mechanisms have been postulated

for tpe processes underlying both fatigue (Porter and Whelan, 1981) and
potentiation.

In reality, their manifestation is undoubtedly the result
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of a combination of mechanisms which is paradigm- or task-dependent. The
coexistence of potentiation and fatigue in the least fatigable muscles
of the extensor digitorum longus sample (Fig. 21) suggests that the
stimulus protocol invoked at least one mechanism that was common to
both. The demonstration that twitch potentiation can be elicited by
direct stimulation of curarized muscle (e.g., Gruber, 1923; Brown and
von Euler, 1938; Vlalker, 1947; Standaert, 1964; Colomo and Rocchi, 1965)
narrows the focus to sites beyond the neuromuscular junction.

Recent

evidence supports alterations in calcium kinetics and/or the degree of
myosin light chain phosphorylation as likely candidates.
Although considerable controversy still surrounds the issue
(e.g., Miledi et al., 1983; Ochi, 1984), augmented calcium release from
the sarcoplasmic reticulum has recently been shown to accompany the
potentiat ion underlying the nonlinear sum mat ion of contrac tions
(Duchateau and Hainaut,

1986). Further eVidence arises from studies on

the effects of Dantrolene sodium, Which interferes with excitationcontraction coupling by inhibiting the release of calcium from the
sarcoplasmic reticulum.

It has been shown that repetitive stimulation

can overcome the force-depressing action of the drug,

with each

subsequent stimulus potentiating force towards predrug levels (e.g.,
Ellis and Carpenter, 1972; Krarup, 1981C; Jami et al., 1983a).

Krarup

(1981c), suggested that the repetitive stimulation reduces the number of
sites occupied by the drug, thus allowing a transient increase in the
calcium released and a subsequent potentiation of force. Conversely,
slowed calcium sequestration by' the sarcoplasmic reticulum and a reduced
affinity for calcium in the contractile filaments may contribute to the
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development of fatigue (Edwards et al., 1975; Bigland-Ritchie et al.,
1983).

I t is possible that in the time between the fatiguing

stimulation and the following twitch (5 s in the present study) some
recovery at the level of the myofilaments occurred, allowing an increase
in their affinity for calcium.

This, combined with the increased

myoplasmic calcium concentration due to the attenuated sequestration,
could then enable potentiation of the subsequent twitch. Further, recent
studies on cardiac muscle (Bers, 1985) suggest that the 5 s delay would
allow sufficient recovery of the sarcoplasmic reticulum functions to
enable a maximal release of calcium for the subsequent twitch.
Twitch potentiation has also been shown to be correlated to the
extent of phosphorylation of myosin light chains (I>lanning and Stull,
1979; Klug et al., 1982; Manning and Stull, 1982; Moore and Stull, 1984;
Houston et al., 1985).

In both human and rat fast-contracting muscles,

twitch force potentiation was accompanied by an increase in light chain
phosphorylation; similarly both the force and phosphorylation decayed in
parallel following cessation of the potentiating stimulation.

Although

the phYSiological significance of light chain phosphorylation is not yet
known, data provided by Sweeney and Stull (1986) suggest that the
phosphorylation enhances calcium sensitivity of the myofilaments which,
in turn,

results in an increased number of cross bridges formed.

Further, the degree of myosin light chain phosphorylation increases with
both stimulation frequency and duration (Stull, 1980; Moore and Stull,
1984).

Thus, in the present study, it is likely that the twitches
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following the fatigue test were elicited in the presence of an elevated
light chain phosphate concentration which resulted in potentiated twitch
force.
Given the acknowledged differences between slow- and fastcontracting muscles, we expected to find that the association between
fatigue and

potentia~ion

would differ for soleus and extensor digitorum

longus. Several lines of evidence are consistent with this finding.
First, as mentioned above, the magnitude of the potentiation response is
significantly greater in fast-contracting muscles.

Therefore, for a

given Fatigue Index value, it would be expected that extensor digitorum
longus would exhibit a greater degree of potentiation than soleus.
Second, in line with this physiological difference, is the greater
volume of the sarcoplasmic reticulum in fast- as compared to slowcontracting muscle fibers (Eisenberg, 1974; Eisenberg and Kuda, 1976;
Kugelberg and Thornelll, 1983).

In view of the probable involvement of

calcium kinetics in force potentiation, this structural variation
undoubtedly plays a role in this distinction between fiber types.
Third, Stull and his colleagues (ManninB and Stull, 1982; Moore and
Stull, 1984; Houston et al., 1985) have shown that fast-contracting
muscle,

in both rat and human, phosphorylates myosin light chains

coincident with force potentiation to a much greater degree than does
SlOVl mus cleo
There is no doubt, based on the regression analyses of Fig. 21,
that the coexistence of fatigue and potentiation is a phenomenon
exhibited by the fast-contracting extensor digitorum longus and not the
slow-contracting soleus.

This distinction may be based on fiber-type-
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related differences in calcium kinetics and/or myosin-light-chain
phosphorylation.

Furthermore, it is possible that the fatigue test used

in this study affected the two test muscles dissimilarly (Chap. 8),
invoking different mechanisms of fatigue and subsequent differential
interactions with the process of potentiation.

Our data do not

distin6uish among these possibilities but do suggest further lines of
investigation.

CHAPTER 10
THIRD AIM STUDY: COMPARISON OF QUALITATIVE AND QUANTITATIVE
HISTOCHEMICAL ANALYSES OF RAT HINDLIMB MUSCLE FIBERS
Summary
1. The fiber-type composition for the adult rat soleus and
extensor digitorum longus muscles was determined on the basis of
histochemical staining for succinate dehydrogenase
ATPase (pH 9.4).

(SDH) and myosin

Fibers were classified according to the s.o.-f.o.g.-

f.g. nomenclature of Peter et al. (1972).

In addition, a quantitative

(densitometric) analysis of the SDH activity and determination of crosssectional area was accomplished through the use of a computer-assisted
image processing system for a subset of these fibers.
2. The soleus was characterized by 85% type s.o. fibers and 15%
f.o.g. fibers based upon a mean (.::SD) of 265 (.::75) fibers classified per
muscle (n=17).

In contrast, the extensor digitorum longus was composed

of 4% s.o., 54% f.o.g. and 42% f.g. fibers based upon a sample of 344
(.:!:,93) fibers per muscle (n= 18).
3. Quantitative histochemical analysis revealed significant
differences in the mean SDH values for the fiber types in both test
muscles. In soleus, the mean activity was much greater in the f.o.g.
fibers (117 .:: 54 OD/min·10 4 ) as compared to the s.o. population (55 .:: 30
OD/min·10 4 ), whereas, in the extensor digitorum longus, the mean values
for these two populations were similar (99 +28 and 108 .:!:, 37 OD/min"10 4
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for s.o. and f.o.g., respectively) while the mean SDH activity was
significantly lower in the f.g. fibers (41 .:!:. 17 OD/min·10 4 ).
4. Broad and overlapping ranges for SDH activity existed for the
fiber types in both test muscles. In the average soleus, a substantial
percentage of s.o. and f.o.g. fibers exhibited SDH activities wHhin the
same range.

In the average extensor digitorum longus, approximately 20%

of each of the three fiber types exhibited SDH activities within the
same range.

Thus, it was

impossible to differentiate

fiber types on

the basis of this parameter alone.
Introduction
Mammalian skeletal muscle is generally considered to be composed
of three or

fo~r

fiber types which differ with respect to metabolic

profile and contractile properties.

Discrimination between these fiber

types is usually accomplished by employment of histochemical techniques
in which the staining intensity for selected enzymes is assessed
qualitatively (see Chap 4).

Based upon the reaction for myosin

adenosine triphosphatase (myosin ATPase), fibers can be classified as
either type I or tI, with further subdivision

o~

the type II group

possible by varying the pH of the preincubation media (Brooke and
Kaiser, 1970).

Alternatively, fibers can be classified according to the

s.o.-f.o.g.-f.g. nomenclature of Peter et a1. (1972) on the basis of
histochemical staining for both myos in ATPase and oxidat i ve and
glycolytic enzymes. Again, staining for myosin ATPase differentiates the
two major groups: type s. (s.o.) and type f. (Le., f.o.g. and f.g.)
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fibers.

Subsequent inspection of stains for oxidative enzymes allows

the f.o.g. fibers

~o

be distinguished from f.g. fibers.

The utility of these techniques for muscle fiber classification
has been strengthened by the general agreement found between the fiber
types based upon htstochemical techniques and those

based upon

physiological parameters both in whole muscles (e.g., Peter et a1.,
1972) and in motor units (e.g., Edstrom and Kugelberg, 1968; Burke et
a1., 1973, 1974; Kugel berg, 1973).

Recently, however, more quantitative

techniques have revealed a metabolic heterogeneity among fibers within a
given type.

Following classification solely on the basis of myosin

ATPase staining, microphotometric (Kugelberg and Lindegren, 1979; Nemeth
and Pette, 1981; Reichmann and Pette, 1982, Vetter, Reichmann and Pette,
1984) and microchemical (Spamer and Pette, 1980; Hintz et al., 1984)
techniques were used to assess the activity of a variety of metabolic
enzymes in rat and human muscle fibers.

These studies showed that, in

contrast to the relative homogeneity of fibers within a motor unit
(Nemeth, Pette and Vrbova, 1981; Nemeth et a1., 1986; cf, however, Roy
et a1., 1984), the fibers of a single fiber type from different motor
units exhibited a broad range of activities. Further,

there was

considerable overlap when comparing val ues for different fiber types
(i.e., I, HA, HB, HC).

Similarly, Sieck et ale (1986) found an

extensive range of succinate dehydrogenase (SDH) activities, also
determined microphotometrically, for both type s. and f. fibers in the
cat diaphragm.
the type f.
groups.

Further, the unimodal distribution of SDH activity for

group precluded subdivision into type f.o.g.

and f.g.
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In the present study we have demonstrated for the first time a
similar metabolic heterogeneity for rat hindlimb muscle fibers
classified according to the s.o.-f.o.g.-f.g. nomenclature of Peter et
al. (1972).

Using quantitative histochemical techniques, broad and

overlapping ranges for succinate dehydrogenase (SDH) activity were found
for the fiber types in both soleus and extensor digitorum longus
muscles. Further, the group of fibers which most closely resembled the
soleus s.o. fibers with respect to both SDH activity and cross-sectional
area was the f.g. population in the extensor digitorum longus.

The

implications of these findings with respect to muscle fiber
classification are discussed.

In addition, the implications of such

classification with respect to muscle

~atigability

are considered.

A

preliminary report of this material has appeared elsewhere (Rankin et
al., 1986).
Methods
Housing and Physiological Protocol
The details of animal housing and experimental protocol for the
physiological assessment of muscle function have been provided elsewhere
(Chap 7 and 8).

In brief, terminal experiments were performed on male

and female Sprague-Dawley rats of mean

~SD

age of 162

~17

d. Halothane

anesthesia was used to maintain the rats at a pain-fr'ee level for the
duration of the experiment.

The soleus and extensor digitorum longus

muscles and their nerves were surgically isolated for in situ assessment
of selected functional properties.
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Each muscle was activated separately by stimulation of its nerve
according to the following 5-step protocol: 1) 32 twitches at 0.5 Hz; 2)
a single 100 Hz tetanus; 3) a 6-min application of a fatigue-testing
stimulus regimen (Burke et a1., 1973) which involved 330 ms trains of 40
Hz stimulation

delivered once each second; 4) 8 twitches at 0.5 Hz; and

5) two 100 Hz tetani, 10 s apart.

The stimulus protocol was controlled

by a small laboratory computer with approximately 5 s elapsing between
consecuti ve steps.

Whole-muscle force and electromyographic activity

were measured and recorded on FM tape for offline analysis (see Chap 7,
8and9).
Tissue Preparation
Immediately following the stimulation protocol, the rat was
terminated by an intracardiac injection of magnesium sulfate.

The

soleus and extensor digitorum longus muscles were removed and cleaned of
external tendons and excess connective tissue.

Cross-sections (2-3 mm

thick) were cut from the mid-portion of each muscle and quick frozen in
isopentane cooled to its melting point in liquid nitrogen.

Tissue

samples were maintained at -70 o C for subsequent processing.
Twelve serial

frozen sections (10 urn in thickness) were cut and

allowed to come to room temperature.

Four of these sections were

stained for myosin ATPase after alkaline (pH 9.4) preincubation (Guth
and Samaha, 1969).

Four others were stained for succinate dehydrogenase

(SDH) according to the methods of Pette et ale (1979, 1981) as modified
by Sieck et a1.
succinate,

(1986).

The incubation medium contained 80 mM

1.5 mM nitroblue tetrazolium,

5 mM EDTA,

0.2 mM

1-
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methoxyphenazine methosulfate and 0.1 mM sodium oxide in a 0.10 M
phosphate buffer solution (pH 7.6).

The 4 remaining sections were

incubated in a similar medium except that the succinate was omitted.
These latter 4 sections served as controls for nonspecific staining.
Preliminary experiments revealed that in rat muscle,

the resction for

SDH, as indicated by the staining intensity, progressed linearly for
approximately 10 min (Blanco and Rankin, unpublished observations).
Therefore, an incubation time of 8 min was used for all sections (in
media with or without succinate).

The reaction was stopped by

thoroughly rinsing the sections with double distilled water.

The

sections were then air-dried in the dark and mounted on slides in
glycel~in

jelly.

Quantitative Histochemical Procedures
The histochemical reaction for SDH was quantified using a
computer-assisted image processing system,

details regarding which have

been described previously (Castleman et al., 1984; Sieck et al., 1986).
In brief, an area of the muscle cross-section which was identifiable in
each of the 12 serial sections was scanned by a video camera using a
monochromatic light source (550.::5 nm) and digitized.

In the extensor

digitorum longus, regional variation in the fiber-type distribution has
been demonstrated (Yellin and Guth, 1967; Yellin, 1969; Pullen, 1977);
s.o. and f.o.g. fibers were found in higher proportions in deeper
regions of the muscle. Therefore, to ensure representative sampling in
this muscle, the area to be scanned was limited to the central portion
of the muscle cross-section.

During the digitization process each pixel
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of the video image (640 X 480 pixels) was assigned a gray level (ranging
from 0-256) which represented the relative intensity of staining. Gray
levels were subsequently converted to optical density (O.D.) units, as
made possible by the appropriate photometric calibrations (Slecl< et al.,
1986) •
On the digitized image, 70-100 muscle fibers were individually
outlined (Fig. 22C).

The optical density for' each fiber was determined

by averaging the optical density for the pixels within the fiber's
outline.

By similarly analyzing serial sections Which had been

incubated in media lacking the enzymatic subst rate (succinate), the
nonspecific staining for the same fibers could be determined.

Values

for both SDH and nonspecific activity for each muscle fiber were
obtained by averaging values from 2-4 replicate serial sections.

The

mean SDH activity for each fiber was derived by subtracting the average
nonspecific activity value from the average SDH value for a given fiber.
Determination of Fiber Cross-Sectional Area
The cross-sectional area for each muscle fiber was determined
from the number of pixels within the fibers outline.

Using a microscope

magnification of 25X, each pixel had a calculated area of 0.753 um 2 with
a measurement error of 3% (Sieck et a 1., 1986).
Classification of Fiber Types
Following the quantitative histochemical procedures, polaroid
micrographs were taken of the serial sections (Fig. 22). Several hundred
fibers, including those analyzed as above, were typed according to the
classification scheme of Peter et a1.

(1972):

slow-contracting,

Fig. 22 F.xemplary SecUons llsed for Qualitative and QU:1nUtatjve Histochemical Fiber-TYfle
Analysis.
Alternate sections, stained for myosin ATPase (II) or SOB (B), were lIsed to classify fibers
according to the s.o.-f.o.~-f.r; nomenclature of Peter et a1. (1972; see Methods). In addition,
a subset of these fibers was characterized throll~h the use of a comfluter-assisted ima~e
processin~ system. Individual. fibers were outlined and di~itized (e) enablinr; a
microflhOtometric analysis of SDH activity and determination of cross-sectional area. The area
enclosed by the red line in A and B encompasses the fibers which were so analyzed. The outline
of the di~itized fibers as seen by-the comfluter is provj.ded in C.
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oxidative (s.o.) fibers stained intermediate to dark for SDH but light
for myosin ATPase; fast-contracting, oxidative and glycolytic (f.o.g.)
fibers stained dark for both SDH and myosin ATPase; fast-contracting,
glycolytic (f.g.) fibers stained light for SDH but dark for myosin
ATPase (Fig. 22A-B).

Type-assignments for each fiber were based upon

the results from two indE!pendent observers.

Approximately 3% of the

fibers were classified differently by the two observers and were omitted
from the database.
Data Analysis
Mean and standard deviation values were determined for the SDH
activity and cross-sectional area for each of the fiber types in both
test muscles.
test.

Statistical differences were assessed with a student-t

Significance is reported as P<O.05.
Results
The fiber-type composition for both soleus (n= 17) and .extensor

digitorum longus (n=18) muscles was similar to that previously reported
(see Chap 5).

The soleus was characterized by 85% (.::7%) type s.o.

fibers and 15% (.::7%) f.o.g. fibers based upon 265 (.::75) fibers
classified per muscle.

In contrast, . the extensor digitorum loogt1 s was

composed of 4% (.::3%) s.o., 54% (.::5%) f.o.g. and 42% (.::5%) f.g. fibers
based upon a sample of 344 (.::93) fibers per muscle.
Table 12 shows values for SDH activity and cross-sectional area
for each fiber type in both soleus (n=15) and extensor digitorum longus
(n=13) muscles.

In soleus,

the mean values for the predominant

population of type s.o. fibers were significantly different from those

TABLE 12. SDII

Activit~.'

and Cross-sectional Area for Qualitatively TYl?ed Muscle Fibers

Fibers were in1 tially type by tr&ditionnl histochemical methods accordinr; to the nomenclature
of Peter et 31. (1972; see t1ethods). Mean (+SD) values are presented for the total number of
fibers analyzed from 15 soleus and 13 e.xtensor dir;itorum loneus muscles.
Succinate
1
dehydror;enase (SOH) activity is expressed as a rate of optical density COO/min·l0 ,). CSA =
cross-sectional area. Sicnificant differences (p<O.05) bet\-Ieen values are indicated by the
followin~ symbols:
* between values for type s.o. and f.o.e. fibers in soleus;
lH bet\-leen values for type f.r;. and both s.o. and f.o.Z. fibers in extensor dir:itorum lonGus.
11 between values for analor;ous fiber types in soleus and extensor dJr,itorum lonc:;us.

TABLE 12. SDH Activity and Cross-Sectional Area for Qualitatively Typed Muscle Fibers

Type F.O.G.

Type S.O.
Numberof
Fibers

Soleus

987

Type F.G.

(Jun' )

Ilumber
of
Fibers

SDH
Activity
(OD/min)

55

3702

144

117'

2335

(30)

( 1124)

(54)

(508)

99'

1249'

108

1537'

(28)

(2711

(37)

(451)

SOH
Activity
(OD/minl

CSA

CSA
(JIm' )

Number
of
Fibers

SOli
Activity
(OD/MIN)

CSA
(pm' )

1

Exlensor
Dicitorum
Longus

47

605

443

41. 1

( 17)

3145

II

(7891

--J

0'
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for the relatively small f.o.g. population.

The average s.o. fiber was

approximately 1.6 times larger in cross-sectional area but exhibited
approximately one half the SDH activity per unit area as the average
f.o.g. fiber.

However, as can be seen in Fig. 23A, the range in SDH

activity was extensive for both types (0-169 and 22-249 OD/min·10 4 for
s.o. and f.o.g. fibers, respectively) with considerable overlap evident
between the two types.

Approximately two-thirds of the f.o.g. fiber

sample fell within the range exhibited by the s.o. population.
The three fiber types comprising the extensor digitorum longus
manifested quite different profiles (Table 12).

In contrast to the

soleus, the mean values for the s.o •. and f.o.g. fiber types in the
extensor digitorum longus were similar with respect to both SDH activity
and cross-sectional area, although s.o. fibers tended to be slightly
smaller in area.

The average f.g. fiber, on the other hand,

was

characterized by a cross-sectional area that was 2.5-3 times larger than
that for the other two types, while its SDH activity was only about onethird of their values.

Again, as was true in the soleus, the range in

SDH activity for all three fiber types was extremely broad (Fig. 23B).
The range for the type s.o. fibers (49-206 OD/min·i0 4 ) fell entirely
within the range exhibited by the f.o.g. population (41-249 OD/min·10 4 ).
Although the range of values for the f.g. fibers was more limited (0-105
OD/min·10 4 ) than for the other two types, it still overlapped the lower
third of their respective ranges.
It is possible that the wide ranges in SDH activity observed were
due to intermuscle variations, thus leading to an artificial overlap in
values for the different fiber types.

Considerable variation did indeed
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exist between animals, as indicated by the coefficients of variation.
For the soleus, the interanimal variation was 44% and 45% for s.o. and
f.o.g. fibers, respectively; for the extensor digitorum longus, these
values were 26%,

22% and

37% for

s.o.,

f.o.g.

and f.g.

fibers

respectively.
However, substantial heterogeneity was apparent within individual
muscles as well.

For example, histograms of SDH activities for- a

representative single experiment (which displayed neither the greatest
nor the least overlap) are shown in Fig. 24.

In this soleus (Fig. 24A),

SDH values for 35% (5/14) of the f.o.g. fibers fell within the range
exhibited by the s.o. fibers, despite the significant difference in
their mean values (93.:.15 and 58.:.11 OD/min·10 4 , respectively).

In the

extensor digi torum longus example (Fig. 24B), the f.o.g. range totally
encompassed that for the type s.o. fibers and both were overlapped by
the type f.g. values.
To further demonstrate the intramuscle variability,

the percent

of fibers of each fiber type which exhibited overlapping SDH activities
(as in Fig. 24A-B) was determined for each muscle.

The mean percentage

of overlap is shown in Fig. 25. On average in the soleus, 27% .:.28% of
s.o. fibers and 52% .:.31% of f.o.g. fibers exhibited SDH activities
within the same range (Fig. 25A). In the extensor

digitoru~

longus (Fig.

25B), the values for the s.o. population fell completely within the

range exhibited by the f.o.g. fibers in all of the muscles.
17% .:.29% of s.o. fibers,

Further,

17% .:.11% of f.o.g. fibers and 21% .:.14% of f.g.

fibers displayed SDH activities wh ich all overlapped one another (Fig.
25B). However, it is important to note that a wide range of percent
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Distribution of SDH Activities for Fibers in u Sinr:le Experiment.

4
The ranp;e of SDH activities (expressed in units of optical density/rain·l0 ) is r,iven f.or s.o.,
f.o.~. and f.e fibers in a sinGle soleus (A) and extensor di~itorulll longus (B) muscle. Note the
overlap in SDH activities, as indicated by the mixed shadincs, for the different fiber types.
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Fig. 25 Average Overlap of SDH activity for the Different Fiber Types
ln the Test Muscles.
The fiber type composition for soleus (SOL) and extensor digitorurn
lonGus (EDL) is indicated by the len3th of the bar for each fiber type:
soleus = 85% s.o. and 15% f.o.e.; extensor digitorum longus = 4% s.o.,
54% f.o.g. and 42% f.e.. The shaded portion of each bar indicates the
mean percentage of fibers for each fiber type which exhibited
overlappinG SDI: activities. In the averaee ~oleus (n= 15), considerable
overlap existed for the two fiber-type populations (27% and 52% in s.o.
and f.o.g., respectively). In the averace extensor digitorum longus
(n=13), a proportion of each fiber type population (17%, 17% and 21% for
s.o., f.o.g. and f.g., respectively) displayed SDH values which were
common to all three fiber types. In addition, the SDH values for the
s.o. fibers fell entirely within the range for the f.o.g population in
all extensor dic:i torum 10n13us [Tiuscles.
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overlap existed for all fiber types ( 1-94% and 6-100% for s.o. and
f.o.g. types in soleus and 0-100%, 3-45% and 9-56% in s.o., f.o.g. and
f.g. types in extensor digitorum longus), further emphasizing the
animal-to-animal variation. Thus, it is apparent that both interanimal
and intramuscle variability underlie the observed diversity in SDH
activity both within and between fiber types.
Despite these sources of variation, a significant correlation was
demonstrated between the mean SDH activity for the s.o. population and
that for the f.o.g. population within a given muscle for both the soleus
(n=15, r=0.96) and the extensor digitorum longus (n=13, r=0.92).

This

suggests that the oxidative capacity in these two fiber types covaries.
Further,

the SDH activity for the f.g. population is weakly, but

significantly,

correlated with that for both the s.o.

and f.o.g

populations (r=0.63 and 0.68, respectively; p<0.02) within individual
extensor digitorum longus muscles.

Thus, the oxidative car:acity of the

f.g. population does appear to be related, at least to some extent, to
that of the other two fiber types. However,

as indicated by the

relatively low correlations, the factors which determine the aerobic
potential of the f.g. population may not be identical to those which
influence the other two fiber types.
Discussion
The present study provides the first quantitative histochemical
analysis of muscle fibers classified according to the s.o.-f.o.g.-f.g.
nomenclature of Peter et ale (1972). Three findings deserve emphasis, as
does the implications of this work for the study of fatigability.
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First, each of the three fiber types displayed an extensive
spectrum of oxidative potential, as indicated by SDH activity (Fig. 23AB). Such metabolic heterogeneity among fibers within a given type has
previously been demonstrated for fibers classified solely on the basis
of the histochemical reaction for myosin ATPase (Spamer and Pette, 1977,
1979; Edjtehadi and Lewis, 1979; Kugelberg and Lindegren, 1979; Nemeth
and Pette,

1981; Reichmann and Pette,

1982; Hintz et al.,

1984).

However, this diversity was somewhat unexpected when, as in the present
study, fiber types were assigned on the combined bases of myosin ATPase
and SDH staining, as adjudged subjectively.

This was particularly

surprising for the f.o.g. and f.g. classes in the extensor digitorum
longus in that they

we~e

distinguished from one another by their obvious

"dark" and "light" staining, respectively, for SDH.

Despite this, the

average variance in SDH activity for these two classes was similar to
those found for the type IIA and lIB categories based solely on myosin
ATPase staining (Nemeth and Pette, 1981; Reichmann and Pette, 1982).
However,

the inability of the human eye to discriminate further

variations in staining intensity is underscored by Reichmann and Pette
(1982): "The scattering of microphotometrically assessed SDH activity ...
is more pronounced than would be expected by visual examination of
sections stained for SDH." Thus, the results of the present analysis are
in agreement with previous findings that despite the relative
convenience of qualitative histochemical techniques for the
classification of muscle fibers, the utility of such techniques obscures
the within-group variability among fibers.
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Second, there was considerable overlap when comparing SOH values
for the different fiber types (Fig. 23A-B). This was true not only for
the two oxidative fiber types (i.e., s.o. and f.o.g.), but also, in the
extensor digitorum longus,

for a significant component of the "non-

oxidative" (f.g.) fibers. As seen in Fig. 23B, 58% of f.o.g. and 44% of
f.g. fibers exhibited SDH activities within the same range of values
(40-109 OO/min·10 4 ).

Use of the s.o.-f.o.g.-f.g. classification scheme

relies on the qualitative assessment of oxidative enzymes to
differentiate f.o.g. and f.g. fibers.

However, when SOH activity is

assessed quantitatively, this subdivision is not possible. This pOint is
more apparent in Fig. 26 in which the combined type f. (Le., f.o.g.
plus f.g.) fiber sample for extensor digitorum longus displays a
continuous, unimodal distribution of SDH activity, similar to that seen
for the sample of type f. fibers in the cat diaphragm (Sieck et a1.,
1986) •
Finally,

an inhomogeneity was found between the two s.o.

populations in the two test muscles.

While the two f.o.g.

populations

exhibited very similar profiles with respect to both SDH activity and
cross-sectional area,
markedly from

the s.o.

population in the soleus differed

that in the extensor digitorum longus.

population in the latter muscle resembled the f.o.g.

The s .0.

populations,

whereas the group which most closely matched the soleus s.o. population
was the f.g. group in the extensor digitorum longus.

Such inhomogeneity

for a given fiber type within different muscles of the same ani mal has
been demonstrated previously in rat (Nolte and Pette, 1972, Nemeth and
Pette, 1981), rabbit (Spamer and Pette, 1977, 1979) and human (Reichmann
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Fig. 26 Unimodal Distr-ibution of SDH Activities for Type F. Fibers in
Extensor Digitorum Longus.
The range of SDH activities (expressed in units of optical
density/min·10 4 ) is given for the combined population of type f. (i.e.,
f.o.g. plus f.g.) fibers in the extensor digitorum longus. Data is
taken from that seen in Fig. 23B.
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and Pette, 1982).

The relationship between the fiber types with respect

to biochemical and contractile properties within a given muscle,
however, has generally been assumed to be consistent throughout the
muscles for a given species, although this has not been studied
systematically.

That this was not the case for the two muscles in the

present study suggests that in the rat either this general assumption is
not valid or that the soleus represents a unique population of s.o.
fibers. The results from microphotometric (Nolte and Pette, 1972; Nemeth
and Pette, 1981) and microbiochemical (Hintz et al., 1984) analyses of
various oxidative enzymes support the latter possibility.

The ratio of

the enzyme activity of the type I fiber (which has been shown to
correspond to type s.o.; Nemeth, Hofer and Pette, 1979) and that for the
type IIA fiber in soleus is considerably lower than that observed for
several other hindlimb muscles in the rat.

Further supportive evidence,

albeit less direct, is found in the cat motor unit literature in which
the contractile properties of the type s. motor units (composed of s.o.
fibers) in the soleus are found to differ in some respects from those of
type s. units in other hindlimb muscles (for review: Burke, 1981).

(lur

data, taken together with these previous observations, suggest that the
s.o. population in the soleus represents a unique population of fibers.
The utility of muscle classification schemes based upon
qualitative histochemical analysis is widely acknowledged.

However, our

results, in agreement with those o.f previous studies, suggest that such
classification is potentially misleading with respect to metabolic
profile and the associated physiological properties.
contrast to these previous studies,

Further,

in

this was true even when the
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classification criteria included oxidative enzyme staining intensity.
The broad and overlapping ranges in SDH activity observed in the present
study demonstrates that it is not possible to characterize a muscle
fiber strictly on the basis of qualitative histochemical analysis.
Implications for the Study of Muscle Fatigability
In a recent review on the effects of exercise on single motor
units, Edstrom and Grimby (1986) stated that "It is well known from
single motor unit studies in rats (citing Edstrom and Kugelberg, 1968)
and cats (citing Burke et al., 1973) that the capability of the muscle
fibers to keep up tension is related to their content of oxidative
enzymes."

This viewpoint is widespread (e.g.,

Kugelberg and Lindegren,

1979; Nemeth, Pette and Vrbova, 1981; Roy et aI., 1984; Martin and
Edgerton,

1985) and has been further supported by our laboratory's

recent application of microchemistry to the study of a motor unit's
fatigability.

Although based upon a relatively small sample,

an

association between fatigue resistance and aerobic capacity was found
across motor unit types and within the f.r + s. motor unit population
(Hamln et al., 1986) but not within the f.f. population (Nemeth et al.,
1986a) •
Given the data in the present study,

Edstrom and Grimby's

statement would imply that for the muscles of the present study, many of
the type s. motor units (composed of s.o. fibers), type f.r. units
(composed of f.o.g.

fibers) and type f.f.

units (composed of f.g.

fibers) would exhibit similar fatigabilities. However, by definition
f.f. motor units are significantly mor'e fatigable than either f.r. or s.
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units (Burke, 1981) irrespective of the site(s) of impairment underlying
the fatigue (Stuart and Enoka,

1985). Similarly, in the present sample

of soleus muscles, the average s.o. fiber exhibited markedly lower SDH
activity than did the average f.o.g. fiber.

However, i t is clearly not

the case that the s. motor units in rat soleus are more fatigable than
the f.r. units (Kugel berg, 1973).
Three factors could underlie the potential discrepancY between
the present results and those on which the Edstrom and Grimby statement
was based. First, as suggested above, the soleus s.o. fiber population
may be anomalous.

Second, it is possible that the fatigability of a

muscle is determined by several factors, only one of which is its
oxidative potential.

Hamm et al. (1986) suggested that a "threshold"

level of oxidative enzyme activity existed with respect to a motor
unit's fatigability; those which exhibited act ivity above this threshold
were relatively fatigue-resistant and those with below-threshold
activity were relatively "fatigable.

The differences in fatigability

observed on either side of this threshold

level are then more

attributable to other factors such as efficiency of ATP utilization or
calcium release and resequestration.Third, several recent studies have
suggested that the commonly-used fatigue-testing protocol originated by
Burke et ale (1971) does not test the fatigability intrinsic to the
muscle fibers equitably in all fiber types.
stimulus,

particularly in the f.f.

The fatigue induced by this

motor units,

appeared to be

attributable to a failure in the chain of events prior to the actinmyosin interaction (for review: Hamm et al., submitted; Nemeth et al.,
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1986a). Subsequently, in those units, the aerobic capacity of the
constituent muscle fibers would have no bearing on the unit's
fatigability.
In summary, classification of muscle fibers on the basis of
qualitative histochemical analysis according to the s.o.-f.o.g.-f.g.
nomenclature must be interpreted with caution with respect to the
physiological properties assumed to be associated with those fiber
types.

APPENDIX 1
EFFECTS OF REDUCED USE ON NEUROMUSCULAR PERFORMANCE
Models -of Reduced Use
It has long been apparent that muscle size dwindles with
reductions in use.

As early as 1776, John Hunter noted severe wasting

of the segments surrounding a pathologically stiff joint (cited in
Solandt, Partridge and Hunter, 1943).

To investigate the mechanism(s)

responsible for this change and other potential alterations associated
with disuse, several experimental models have been developed. Fig. 27
shows that two general types have emerged.

The first group includes

denervation, nerve block, and spinal-cord transection alone or combined
with deafferentation. These have in common the attempt to reduce or
eliminate neural activation of the musculature which secondarily
eliminates muscle contraction.

The primary goal of the second group

which includes immobilization, tenotomy, suspension hypokinesia and
environmental restraints, is to reduce muscl e activity directly while
leaving the neural circuitry intact.
Neural Alterations
Denervation, a model typical of the first group, involves
cutting the peripheral nerve supplying the muscle.

Not only does this

eliminate the normal nerve action-potential input to the muscle but it
also separates the muscle from its parent motoneuron, a potential source
of chemical trophic support.

Thus, it is unclear whether changes
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Fig. 27

Models of Reduced-Use.

Experimental models attemptinB to reduce muscle use fall into two
eeneral cateeories: 1) those directed towards reducinG the neural input
to the musculature (i.fl., general anaesthesia, spinal cord isolation or
transection, denervation or synaptic block); and 2) those directed
primarily at the muscle itself (i.e., suspension hypok:inesia, tenotomy
and immobilization). Modified from Fig. 9.2 in ~1cComas (1977).
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following denervation are due to a reduction in electrical activity or
trophic interactions. The development of acetylcholine (ACh)
supersensitivity, spontaneous fibrillations, and the potential for
reinnervation present further drawbacks for use of this mOdel.
The application of local anesthetics or,

more recently,

tetrodotoxin (TTX, a sodium-channel blocker) to the peripheral nerve has
been used to block the normal impulse traffic to a muscle.
denervation,

Unlike

this method does not interfere with the axoplasmic

transport of potential trophic substances, enabling differentiation
between trophic and activity-related effects.
extrajunctional sensitivity

t~

However, increased

ACh and fibrillation occur following

nerve block as Hell (Lomo and Rosenthal, 1972).

In addition, care must

be taken to ensure that the method of application of the impulseblocking substance (Le., by cuff or injection) does not produce axonal
damage thus compounding the desired effects with those of denervation.
Transection of the spinal cord at a seGmental level above that
which innervates the muscles under study removes the supraspinal drive
to the relevant motoneurons.

\tJhile this reduces voluntary use of the

affected musculature, increased reflex activity and spasticity can often
result.

Tower (1937) developed a technique which isolated one or more

spinal cord segments by transecting the cord above and beloH test
segments and cutting the incoming dorsal roots.

This is effective in

reducing the hyperreflexia, but due to removal of the incoming trophic
influences to the motoneuronal soma,

it may also result in motoneuron

degeneration and subsequent muscle denervation.
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Muscle Alterations
Tenotomy invol ves separat ing the muscle from one of its bony
attachments. Contraction then proceeds against no external load. This
technique is based on the assumption
contribute to a task,

that when a muscle fails to

it will no longer be recruited; that is, it will

go "unused".

The correctness of this assumption, however, appears to be

muscle- and

time-dependent (Vrbova,

1963).

Also, spontaneous

reattachment of the tendon may occur, alterinG the original experimental
condition.

The potential development of the delta state,

first

described by Ramsey and Street (1940), represents a major drawback of
this model. Contraction against no external load results in abnormally
shortened lengths.
the delta state),

This appears to result in myofibrillar damage (Le.,
particularly in the myosin component (Jakubiec-Puka,

Kulesza-Lipka and Krajewski,

1981).

Immobilization of specific joints can be accomplished either by
fixing the articular structures in place with pins or by casting the
entire limb in an appropriate restraint. The opportunity for shortening
and lengthening contractions is thus eliminated but isometric
contractions are still possible.

As with tenotomy, the degree of disuse

as indicated by electromyoGraphic (e.m.g.) activity is variable. Both
the frequency and ampli tude of e.m.g. act i vity Here considerably reduced
in immobilized bushbaby hindlimbs (Edgerton et al., 1975) whereas only a
slight decline in amplitude with no chanGe in frequency was observed in
the immobilized cat £!astrocnemius muscle (Mayer et al., 1981).
Suspension hypokinesia, first developed by t-1orey (1979), has
been used to mimic the weightlessness of spacefliGht.

Using either a
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sling or a clamp permanently attached to the dorsum of the animal, the
hindlimbs are suspended above the floor and relieved of their weightbearing responsibilities.

AlthouGh the affected muscles are still able

to contract, they do so against reduced loads.

And, as was discussed

above for tenotomy, it is presumed that the muscles "'hich are no longer
effective in locomotion or tvei8ht-bearing will not be activated, a fac.t
which must be substantiated with e.m.g. recordings.

Increased levels of

stress (as indicated by high levels of glucocorticoids) and increased
central but decreased hindlimb arterial pressures are detrimental sideeffects which may affect the observations.
The final model,

reduced-LIse due to environmental alterations,

represents a diverse group of experimental paradigms. Unlike the models
above, these experimental paradigms involve alteration of the subject's
environment rather than of the subject himself. Examples of such
alterations include reduction in cage size, presence or absence of novel
playthings, and prolonged bed rest.

The effects of this group of

paradigms will be considered separately (Chap 2).
In summary, all of these models result in reduced use of
skeletal mU3cle.

The mechanism by which they invoke this hypokinesia,

their efficacy in accomplishing this task, and the related dra",backs or
side-effects are unique to each model and must be considered when
interpreting results.

This caution notwithstanding, the overall effects

of reduced-use produced by these models are impressed upon the
properties (characteristics) used to classify muscle-fiber and motorunit types.
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Effects on Muscle Properties
MorpholoGical Changes
Alterations in the components of the musculoskeletal system have
been observed at both the macroscopic and ultrastructural level.
~lacroscopic

Changes.

Atrophy, defined as loss of muscle mass,

comprises the one common result of these diverse models of reduced-use.
The most dramatic decrease in whole-muscle weight occurs followinc
denervation (Cooper,

1972; Herbison, Jaweed and Ditunno,

1979). Unlike

the other models, the effect of denervation appears similar in all fiber
types (Stonnincton and Engel, 1973, Herbison et al., 1979) although
Nelson (1969) and Engel, Prooke and Nelson (1966) provide evidence for
greater atrophy in type f.
s.o ..

(i.e., f.g.

and Lo.e.) fibers than type

Reflex atrophy (disuse due to pain) can initially result in

breater overall rates of atrophy but this attenuates rapidly as the
painful stimulus subsides (Hnik, Holas and Payne,

1977; Teisinger et a1.

1981) •
The remaining models result in a more selective atrophy.

vlith

respect to whole muscles, slow-contractine; muscles atrophy more than
fast-contracting ones (Edgerton et al., 1975; Meszaros et al., 1980) and
"extensor" muscles reduce more than "flexors" (Eccles,
a1., 1975;

~1usacchia,

Steffen and Deavers, 1983).

1944; Edgerton et

Reductions in fiber

cross-sectional area are generally in the order s.o. > f.o.g. > f.2;.
regardless of the species,

muscle or experimental model used:

immobilization in cat (Mayer et al., 1981), rat (Jaffe, Terry and Spiro,
1978), bushbaby (Edgerton et a1., 1975) and guinea pig

(~1aier

et a1.,
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1976); suspension of hamster (Corley, Kowlachuk and McComas, 1984) and
rat (Templeton et al., 1984aj Templeton et al., 1984b)j and, tenotomy in
(';uinea pig (Tomanel< and Cooper, 1972).

Some exceptions to this pattern

have been citedj no preferential atrophy vias seen in the hibernating
squirrel (Albuquerque, Deshpande and Guth, 1978), whereas a greater
relative decrease in f.o.g. fibers as compared to s.o. fibers was found
in the immobilized rat vastus intermedius (Boyes and Johnston, 1979) and
superficial gastrocnemius (Gardiner and LaPointe,

1982) and in the

quadriceps of patients with Parkinson's or upper motoneuron disease
(Edstrom, 1970a).
In support of the observation that extensor muscles atrophy more
than flexors, it has been argued that the relative decrease in activity
of the antigravity extensor muscles will be much greater, producing
proportionally gl'eater effects (Eccles, 1944; Edgerton et al., 1975).
This argument could also apply to "slow" muscles (usually extensors)
which are chronically more active than "fast", phasically active ones.
The only exception to the rule of atrophy \-lith reduced use is
provided by results from muscles immobilized in a lengthened position.
Their weights are either' not different from control or are slightly
increased.
rat

For example, Booth (1977) demonstrated that the weights of

tibialis anterior,

gastrocnemius,

and soleus immobilized in

lengthened positions shoHed no change from control, a transient 10%
increase and a maintained 30% increase, respectively.

This conflicting

observation is the result of an increased number of sarcomeres added in
series, apparently in response to the increased passive tension (Tabary
et a1.,

1972; Goldspink,

1977b).

Conversely, immobilization in a
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shortened position results in a decrease in the number of sarcomeres per
fiber.

Tabary et a1. (1972) reported that casting the cat soleus in a

lengthened position led to an increased fiber length,
sarcomere length,

and

decreased

19% increase in sarcomeres/fiber,

whereas

immobilization in a shortened position resulted in a decreased fiber
length,

a

normal

sarcomere

length,

and

a

40%

decrease

in

sarcomeres/fiber. (Note - from this point for Hard , immobilization will
refer to that in a shortened position unless otherw ise stated.)
BOH inactivity affects the muscle's fiber content is a point of
considerable controversy at present.
cross section,

Based upon fiber counts per muscle

Booth and Kelso (1973) showed a selective absolute loss

of type I fibers in immobilized rat soleus w"ith no commensurate chance
in the type II (Le., IIA and lIB) fiber number. Templeton and
colleagues (1984a) confirmed this preferential loss in hypokinetic rat
soleus as indicated by a decrease in slow-myosin content with no
reciprocal increase in fast-myosin.

On the other hand, Cardenas, Stolov

and Hardy (1977), using the same experimental protocol as Booth and
Kelso (1973), found no change in fiber number and suegested that the
previously reported decrease was an artifact of the altered muscle
architecture and incomplete fiber counts.

Other studies have likeHise

reported no change in fiber number v:ith reduced use (e.g., Boyes and
Johnston,

1979;

Corley et a1.,

1984).

The significance of this

controversy lies in the calculation of fiber-type composition using
fiber number count and the issue of fiber-type conversion versus
selective fiber-type loss (see below).
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Ultrastructural Changes.

Significant degenerative changes in

muscle-fiber ultrastructure occur, some of which appear within 24 hours
of the reduction in activity.

The extent of this degeneration appears

model- and time-dependent; the rapidity of onset and severity of damae;e
are greatest following denervation with no significant differences
demonstrable between the other r,lOdels (Tomanek and Lund,
1972).

1974; Cooper,

In general, the degeneration progresses as follows: 1-4 days,

peripheral (Le., subsarcolemmal) myofibrillar fragmentation;

3-7 days,

swelling and subsequent degeneration of mitochondria and sarcoplasmic
reticulum; and, at 5-15 days, fragmentation of central myofibril Is with
subsequent centripetal migration of the mitochondria (Cooper, 1972;
Stonnington and Engel, 1973; Tomanek and Lund, 1974).
of myofibrillar proteins exceeds

that for

sarcoplasmic reticulum (Herbison et a1.,

the

The relative loss
mitochondria and

1979; Stonnington and

Engel,1973) resulting in an early increase but eventual return to normal
in mitochondrial concentration and a continuous increase in sarcoplasmic
reticulum concentration.
If disuse is continued for prolonged periods (i.e., up to 20
weeks), many fibers are converted into "sarcotubes" (Le., tubes of
basement membrane filled with fluid,
sarcolemmal fragments).

precipitated protein and

Cooper (1972) noted that these tubes retain

some regenerative capacity, at least following immobilization, as
reparative processes became apparent within 3-5 days of remobilization.
Alterations of the neuromuscular junction endplate also occur
with inactivity.

Denervation results in a loss of characteristic shape

of the primary grooves and an endplate shape and area which passively
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follow the fiber circumference (Labovitz, Robbins, and Fahim, 1984).

In

contrast, vlith models of disuse in which the axon remains intact, such
as TTX nerve block, the structural inte6rity of the primary grooves is
maintained but their orientation becomes distorted with fiber atrophy
(Labovitz et al., 1984).

These differential effects would appear to be

due to the additional loss of trophic
HOIVever,

support following denervation.

Pachter and Eberstein (1983) have shown that electrical

stimulation of denervated rat extensor digitorum longus helps to
preserve the endplate structure.
Jakubiec-Puka et al. (1981) observed a preferential loss of
myosin thick filaments within the first f~w days folloIVin6 denervation
plus tenotomy. The thin filaments disappeared more SlOHly in a fashion
parallel to muscle-IVeight loss.

\-lith reinnervation,

filaments Here also the first to reappear.

the myosin

These data suggest selective

protein turnover rates for myosin and actin.

It is possible that the

initial rapid fraGmentation of myosin filaments could be due to
development of the delta state subsequerit to tenotomy. HOHever, a
proportionally Greater loss of myosin as compared to act in has also been
seen follovling immobilization (Guba et al., 1980).
Distinct fiber-type related differences in this degenerative
process have been observed.

The s.o. fibers of the soleus in

tenotomized (Tomanek and Cooper,

1972) or immobilized Guinea pig

(Toffianek and Lund, 1974) and suspended rat (Templeton et al., 1984a) are
the most rapidly and severly

affected.

In addition to the above

changes, s.o. fibers display focal sarcomere disolution, a loss of
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normal sarcomere patterns and an undulating or discontinuous sarcolemma.
Lo.g. fibers maintain a more normal sarcomere arrangement with isolated
filament degeneration and are d1 aroc ten zed by increased intracellular
space.

Altered f.g. fibers, which appear least often, are characterized

by a disorientation of myofibrills and a loss of Z lines.
Both qualitative and quantitative changes in connective tissue
have been observed.

An increase in the collagen:myofibrill ratio occurs

within the first few days following immobilization (Williams and
Goldspink, 1984) with increased connective tissue appearing first in the
perimysium and subsequently in the endomysium (Tomanek and Lund,
Hilliams and Goldspink, 1984).

1974;

In addition, ultrastructural analysis

indicates that the collagen fibers are arranged in a more acute angle to
the axes of the muscle fibers in immobilized muscle (Williams and
Goldspink, 1984).

These structural changes may be responsible, in part,

for the increased passive tension and decreased muscle extensibility
observed following immobilization and tenotomy (Williams and Goldspink,
1978; Witzmann, Kim, and Fitts, 1982a).
Changes have also been observed in ligaments and bone.

For

example, following 6-12 weeks of immobilizaUon, the strength of dog
knee ligament insertions as indicated by the force required for
separation was si,:;nificantly reduced compared to cont rols (Laros et a1.,
1971).

Marked alterations in bone morphology indicative of increased

bone resorption were also observed in the casted limbs.

Interestingly,

similar but less dramatic chanees were also noted in the non-casted
contralateral hindlimb, suggesting that the presence of the cast forced
the animal to be less active in general.
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Summary.

Reduced use appears to result in a se Ie ct ive atrophy

that is related to muscle fiber type, the loss being most dramatic in
s.o.,

less in f.o.g.

and least in f.g.

fibers.

The effects of

denervation do not follow this pattern and appear to depend not only on
activity levels and patterns but also on some as yet

undefined

neuromuscular trophic effects.
Histochemical and Biochemical Changes
Studies

investi~ating

the effects of disuse on histochemical and

biochemical properties of muscle have focused

primarily on

the

metabolic-enzyme and myosin-isozyme profiles and on the sarcoplasmic
reticular system.
Netabolic

Capacity.

The individual

changes in metabolic

capacity following reduced use are fairly diverse.

However, the overall

pattern is dedifferentiation of the muscle fiber types. Hhile most of
the r.letabolic enzymes are affected,

the enzymes which normally

characterize a given fiber type (e.g., the oxidative enzymes in s.o.
fibers and the glycolytic enzymes in f.g. fibers) appear most vulnerable
to reduction.

Romanul and Hocan (1965) reported that by 2 months

following denervation, the histochemical demonstration of the oxidative
enzymes in rabbit soleus muscle (predominately type s.o.) and the
glycolytic enzymes in gastrocnemius (predominately

type f.) had

declined to such an extent that fiber-type classification was no longer
possible.

These investigators also made biochemical determinations of

enzyme activities in immobilized muscles "'hich revealed proportionately
greater decreases in isocitrate dehydrogenase and malate dehydrogenase
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activities in soleus but relatively greater decreases for lactate
dehydrogenase and aldolase in gastrocnemius.
This pattern appears typical of all models of inactivity and is
generally enhanced with time.

However,

longer durations of

immobilization are often characterized by a reversal of some of these
changes.

FOt" example, the activity of lactate dehydrogenase and

cytochrome oxidase declined for the first 2-4 weeks followed by an
increase to near normal in rat hindlimb muscles (Courtwright et aI.,
1980).

Citrate synthase activity and cytochrome c concentration showed

a similar biphasic response within the first month of immobilization
(Booth, 1977).

This tendency to return to normal suggests that the

metabolic machinery of muscle fibers is able to accommodate to this form
or level of disuse.
The functional significance of these enzymatic changes, however,
is unclear.

The report by Sargeant and colleagues (Sargeant et aI.,

1977) that a 12-17% decrease in maximum oxygen-uptake values during
exercise follows casting in humans j.s consistent with the observation
that oxidative capacities are reduced even in fast muscle following
immobi11 zat ion (Rifenberick, Gamble, and Max, 1973).

Paradoxically,

fatigue resistance, which is also generally correlated Hith oxidative
capacity (Karlsson, 1979; Hermansen, 1981), appears to be unchanged
folloHing disuse. For example, Fell et al. (1981) reported that the rat
gastrocnemius exhibited normal fatigue resistance after one Vleek of
suspension hypokinesia despite a 12% decline in citrate synthase
activity.

FolloVling immobilization, no chanB,;e in fatigability Has

observed in any of several muscles studied, Vlhich represented a Hide
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variation in fiber-type composit ion: triceps surae in human

(l~lhite,

Davies, and Brooksby, 1984) and rat (Gardiner and LaPointe, 1982); rat
soleus and extensor die;itorum longus
and,

cat

(~Iitzmann

, Kim and Fitts,

medial gastrocnemius (Mayer et a1.,1982).

1983),;

A potential

explanation was offered by Fell et a1. (1981) who demonstrated that
f.o.e. fibers in hypokinetic rats utilized more glycogen during their
fatigue test than control f.o.g. fibers.

The authors suggested that

this represents a shift in the preferred metabolic substrate and
pathVTay.

Similarly,

Vlitzmann et a1.

(1983)

have sugGested

that

immobilized rat muscle adapts to its reduced oxidative capacity by
depending more on anerobic elycolytic metabolism. While this idea is
enticinG, it is in conflict with the reports of decreased glycogenolytic
enzymes which also occur with disuse (Teisinger et al., 1981; Kalapos et
a1.,

1983). At present, the maintenance of fatigue resistance in face of

disuse remains unexplained, and, indeed, is intuitively inconsistent,
unless the fatigue test used (Table

1)

had no direct association VTith

the oxidative capacity of the muscle (see Chap 10).
Mvofibrillar Components.

As \'las discussed above, the loss of

myofibrillar proteins (or more specifically myosin) represents the
greatest contribution to muscle-fiber atrophy. Gel electrophoresis
studies demonstrate a selective loss of slow-type myosin.
colleagues (Carraro, Catani and Libera,

Carraro and

1981) reported that folloVTing 2

weeks of denervation, the normal complement of both light and heavy
chain SlOiV myosin \"as almost undetectable for rat gastrocnemius and
diaphragm.

Following spinal-cord transection (Steinbach, Schubert and

Eldridge, 1980) or immobilization (t-leszaros et al., 1980), the normal
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slow light-chain (LC) pattern seen in the rat soleus was

significantly

if not completely replaced by light chain patterns typical of fast
muscle.

The most remarkable change \-las the appearance of the light

chain 3f isozyme which is normally absent in homogeneous type I muscles
(Guba et al._, 1980).

Although changes in fast muscle do occur,

they are

characterized by a change in the ratio betHeen the 3 fast light chain
subtypes (i.e., LC1f:LC2f:LC3f) rather than a conversion
(i.e., fast to SlOH or vice-versa).

of major types

Data from Julian, Moss and Waller

(1981) suggest that the change in ratio betHeen major myosin types will
have an effect on the contractile properties of the muscle (rabbit psoas
and soleus), Hhereas the change in ratios between subtypes vIi 11 not. In
contrast, l1nsHorth, lrlitzmann and Fitts (1982) found no change in the
myosin light-chain pattern for the rat vastus lateralis, extensor
digitorum longus or soleus muscle folloHing six '-leeks of immobilization.
The references citing evidence for alterations in myosin ATPase
activity are feH and conflicting in nature.

For example, UnsHorth et

a1., (1982) reported an increased ATPase activity in immobilized rat
soleus Hhereas Edgerton et al. (1975) noted a small but significant
decrease in the immobilized plantaris muscle.

Although these effects

seem contradictory, this reciprocal response

in fast and SlOH muscles

is in keeping Hith the dedifferentiating trend seen in metabolic
enzymes.
Additional Biochemical Alterations.

As Hould be expected, fiber

atrophy is accompanied by alterations in protein content and turnover
rates.

In general, models of reduced use result in a decrease in whole-

muscle protein concentration. This reduction parallels the selective
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atrophy related to fiber types.

Jaspers and Tischler (1982) reported a

34% decrease in soleus protein but little or no change in gastrocnemius
or extensor digitorum longus from hypokinetic rats. In vivo evidence of
elevated proteolytic activity (Musacchia et al., 1980; Templeton et al.,
1984a) combined with results from in vitro studies (Jaspers and
Tischler, 1982; Goldspink, 1980) indicate that: 1) the rate of protein
synthesis is diminished while that for protein degradation is elevated;
and 2) the magnitude of these changes is greatest in type s.o. fibers
and least in type foo
Absolute DNA levels have been shown to remain unchane;ed with
disuse; thus as atrophy progresses, DNA concentration was shown to
increase (Sziklai et alo, 1980; Guba et al., 1980).

Two distinctly

different situations could yield this result: 1) muscle fiber nuclei are
not inpacted by changes in activity level; or 2) some nuclei are indeed
lost but are replaced by neHly activated satellite cells (Larocque,
Politoff, and Peters,

1980). The relative significance of these two

mechanisms is unkno1tTn.
Finally, the ability of the sarcoplasmic reticulum to release
and resequester calcium also appears to be altered by changes in
activity level.

Rat sarcoplasmic ret iculum isolated from immobilized

muscle exhibited fiber-type related effects (Kim et alo, 1980).

The

rate of calcium uptake was initially increased in all three fiber types
but subsequently returned to normal in type I fibers. At the end of

6

weeks total calcium uptake/mg sarcoplasmic reticulum protein was
significantly greater in type II fibers than either type I (immobilized
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or control) or type II control fibers.

In immobilized rabbit hindlimb,

Jakab, Gajdos, and Guba (1980) also found a marked elevation in total
calcium uptake by the sarcoplasmic reticulum. HO\'lever, these values
returned to control levels by 6 weeks providing further evidence for
accommodation to reduce use.

This increase in the efficiency of calcium

uptake together Hith the observed increase

in sarooplasmic reticulum

concentration most likely plays a significant role in the alterations of
contractile time observed following disuse (see below).
Summarv.

The general trend for reduced-use effects on metabolic

enzymes is toward fiber-type dedifferentiation,

i~.,

smoothing out the

fiber-type related differences in enzymes activities.

Also, there

appears to be a dissociation of fatigue resistance and oxidative
capacity that is intuitively inconsistent.
Changes in Fiber-Type Distribution
A majority of the studies investigating dis us e rely primarily on
qualitative histochemical techniques for muscle-fiber classification.
Considering the trend towards dedifferentiation discussed above, the
individual fiber types may become less distinct from each other
rendering these techniques less reliable than in control situations.
Given this caution, many of the studies report a shift in fiber type
from type s.o. to type Lo.g. followinB inactivity. The occurrence and
subsequent magnitude of this shift appears to depend upon the normal
fiber type composition of the muscle studied. The larger the s.o.
population, the larger is the shift. The soleus muscle (normally 80-100%
type s.o. in various mammals) is characterized by a marked increase in
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its f.o.g. population follolVing disuse (Booth and Kelso,

1973; Edgerton

et a!., 1975; Gardiner and LaPointe, 1982; Templeton et al., 1984a).
The normal 70:30 ratio for s.o. and f.o.g. fiber types in rat vastus
intermedius is essentially reversed (Le., 65-80% f.o.g. fibers) \vith
immobilization (Boyes and Johnston,

1979).

This is in contrast to the

small change (ca., 5%) seen in hamster plantaris (Corley et aI., 1984)
and the lack of change in gastrocnemius (Maier et a!., 1976; Mayer et
a!., 1981; Gardiner and LaPointe, 1982) or vastus lateralis (Sargean t et
al., 1977), three muscles in which type f. fibers are predominant.
The determination of whether this shift occurs as a result of
f1 ber-type convers ion or as a result of preferent ial fi ber-type loss
depends, in part, upon correct muscle-fiber counts. If the number of
fibers does not change,
conversion

then these results indicate a fiber-type

as suggested by Cardenas et a1.

(1977) and Boyes and

Johnston (1979). If, ho"ever, there is selective loss of one fiber type,
merely a relative change in tre fiber population occurs as was suggested
by Booth

a~d

Kelso (1973) and Templeton et a1.

(1984a).

A t hi I'd

possibility exists in which these two phenoQena occur simultaneously.
The solution to this controversy will most likely be provided by
investigations using either quantitative microchemistry (LolVry and
Passonneau, 1972) or imQunocyotochemical techniques (e.g., Gauthier et
a!., 1983) which enable more specific determinations of the musclefiber types.
In summary, following disuse, a change in the fiber type
composition is more frequently seen in muscles which are normally
characterized as slow contracting.

Generally the change consists of a
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shift from type s.o. to type f.o.g .•

Hhether this occurs as a result of

fiber type conversion or selective fiber loss is still in question.
Physioloeical Changes
Studies considering the effects of disuse on the physiological
properties of muscle have focused primarily on changes in membrane
properties, contraction time and force output, and only slightly on the
effects on fatigue resistance.
Membrane Properties.

Vlhilc membrane

properties are not

typically used to classify muscle-fiber types, they may provide the
biophysical substrate for physiological characteristics which are fibertype specific.
Denervation has long been l<nolVD to lead to a 15-20 mV drop in
the restins membrane potential, increased numbers of ACh receptors and
ACh sensitivity, and a cessation of miniature endplate potentials
(~1EPP's;

for review see Thesleff, 1974).

effects of denervation

As discussed earlier, these

could be a result of reduced impulse traffic or

reduced trophic substance.

Application of TTX to nerve axons, vlhich

produces impulse blockade without interfering with axoplasmic transport,
has a similar effect on resting membrane potential (although of a longer
latency) and a similar but less dramatic effect on ACh sensitivity
(Mills, Bray and Hubbard, 1978; Stanley and Drachman, 1979).
frequency and amplitude are unchanged.

MEPP

Thus it appears that maintenance

of restinl3 membrane potential and ACh sensitivity is dependent upon
neuromuscular junction and/or muscle activity.

That contractile

activity alone is insufficient to maintain these properties is suggested
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by the observation that direct muscle stimulation did not {X"event the
development of denervation-induced ACh supersensitivity (Herbison,
Jaweed and Ditunno, 1983).
The level of activity that is actually required for maintenance
of membrane properties, however, is unclear.

Studies on immobilized rat

muscle .(Fischbach and Robbins, 1971) and hibernating squirrel muscle
(Albuquerque et al.,

1978) suggested that the necessary quantity of

activity may be very levI.

l\lthour;h e.m.e;. activity \vas not monitored,

it is possible, in fact quite likely, that neither immobilization nor
hibernation result in a total absence of neurorruscular activity. Yet no
change in resting membrane potential occurred
slight

transient

increase

in ACh

in either case and only a

sensitivity

was seen vlith

immobilization. Thus,' these presumed low levels of activity appear
sufficient to maintain these properties of mu s::: le mem brane.
A prolongation of the muscle action potential has also been
observed (Lewis, 1972; Lewis, Pardoe and Hebb, 1978).

2-160 days

following denervation, single muscle fiber action potentials were
recorded intracellularly in cat soleus, flexor hallucis longus, and
flexor digitorum longus.

As early as nine days post-denervation the

recorded action potentials exhibited a significantly reduced amplitude
and increased duration; the absolute refractory period also increased
following denervation.
Contraction Time.

As \'laS true for the metabolic profiles,

inactivity tends to diminish the difference between fiber types with
respect to contraction times.

Both the twitch contraction and one-half

relaxation time are shortened in Slovl muscles whereas there is either no

--

._--------------------------------
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change or a prolongation of these times in fast muscles.
in the immobilized rat,

For example,

contraction time and one-half relaxation time

values for soleus decreased by approximately 28% and 20%, respectively,
\lhile they increased 12-16% and 25-28% in extensor digitorum longus
(predominately type f.o.g. and f.g.) and superficial vastus lateralis
(100% type f.g. fibers) (hlitzmann et al, 1982b).

Following tenotomy,

twitch times shortened significantly in soleus but showed no change in
plantaris (Dasse et a1.,
decrease in

the

1981).

Bagust (1979) also demonstrated a

mean contraction times for

tenotomized rabbit soleus (95-100% type S).

motor units

in the

However, Mayer et al.

(1981) found a trend for shortened contraction times in all motor-unit
types in immobilized cat medial gastrocnemius although the change was
significant only for type s. units.
Several studies have also included measurements of peak rate of
tension development (dP/dt).

There appears to be a eeneral trend for

this rate to decrease follovling periods of reduced use regardless of the
muscle studied.

Thus,

the relationship between changes in contraction

time and changes in dP/dt will be considerably different for fast and
slow muscles.

For example, in immobi lized rat ext ensor dieitorum longus

(l-1itzmann et a1.,

1983) and rabbit tibialis anterior (Takamori,

Hazama

and Tsujihata, 1978) the decline in dP/dt was matched by an increase in
contraction time and one-half relaxation time values.

Templeton et al.

(1984) reported similar findings for the hypokinetic rat gastrocnemius
although the increase in the latter values was not statistically
significant.

In contrast, the contraction- and one-half relaxation time
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values for immobilized rat soleus (Hitzmann et a1.,
decreased despite a reduced dP/dt.

1982,

1983)

Inasmuch as the rate of force

development peaks during the initial phases of the active state (Julian
and Moss, 1976), the value for peak dP/dt, unlike that for contraction
time, should not be influenced by the early phase of active state decay
(Le., relaxation).

It may be this difference underlies these

paradoxical observations; however, this remains unresolved at present.
Fusion frequency (the stimulus frequency required for tetanic
fusion) is inversely related to twitch contraction time, and, following
periods of reduced use, it was shown to exhibit changes in keeping with
this pattern.

The fusion frequency fell in flexor digitorum longus

follm'ling prolonGed anesthesia or spinal-cord transection (Davis and
Hontgomery, 1977) but increased in immobilized rat soleus (Booth, 1977).
Hhile the mechanisms underlyinG the above changes are not yet
elucidated, the contraction time quickening exhibited by slow muscle is
consistent with the observations of a preferential loss of slow myosin
and an increased sarcoplasmic reticulum concentration.
slowing of fast-muscle

However, the

contraction time appears in conflict with these

observations but is in keeping Vlith the reports of decreased myosin
ATPase activity in fast muscle.

In addition, Hitzmann et a1. (1982b)

reported that the maximum velocity of shortening (V max ) increased in all
muscles studied even though their contraction times changed in aereement
with the general pattern described above.

Although these two findings

appear contradictory, it must be recalled that Vmax is a relatively
specific indicator of the rate of myosin-actin interaction whereas
contraction time is influenced not only by this interaction but also by
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the rates of calcium release and reuptake and by the series elasticity
(Close,

1972; Kugelberg and Thornell,

1983).

I-lhile each of these

factors has evidenced chances folloHing disuse,

their individual

contribution to the resultant change in contraction time is unclear at
present and requires further investigation.
Several exceptions to this pattern have been reported.

For

example, Cooper (1972) found a prolongation of contraction times for all
muscles studied (soleus, gastrocnemius, and flexor digitorum longus) in
the casted cat hindlimb Hhile both Gardiner and LaPointe (1982) and
Torok et al.

(1980)

observed decreased contraction and one-half

relaxation times in immobilized fast-contracting muscles.

The most

notable exception is in the case of denervation in Hhich both SlOH- and
fast-contract ing musc les exhi bi t prolonged contract ion times (e.g.,
Cooper, 1972; LeHis et al., 1978).

The changes in membrane properties

(see above) and the proloneation in r.'!Usc).e action potential observed
subsequent to denervation possibly underlie this contractile sloHing.
Interestingly, hOHever, direct stimulation at 10 Hz, "vlhich has been
shoHn to be ineffective in preventing the membrane-property changes,
tended to reverse the prolongation of contractile times (Lomo et al.,
1974)

again

pointing

to

the

multiplicity

of factors underlyine

contraction time.
Force.

As Hould be expected from the observed loss of

myofibrillar protein, force production falls Hith disuse.

That it falls

ina fiber-type related fashion is consistent Hith the select ive atrophy
described above.

The reduction in soleus tetanic tension Has relatively

larger than that for gastrocnemius in both tenotomized cats (Nelson,
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1969} and hypokinetic rats (Templeton et al.,

1984a, 1984b) or for

extensor digitorum lonGus in immobilized rats (Witzmann et al.,
1983).

Force production fell least in f.f.

1982,

units of cat medial

gastrocnemius and approximately equally in for. and s. units follo\ling
immobilization (Hayer et al.,

1981).

If the force is normalized to cross-sectional area or muscle
weight, these marJ{ed reductions are attenuated.

Immobilized rat soleus

and extensor digitorum exhibi ted absolute peak twitch-force values \Vhich
were 37% and 82% of control values, respectively, as compared to 60% and
114% of control values for specific tension (g/cm2; Witzmann et al.,
1983) . . Similarly, absolute tension

shovm to fall in both soleus and

,laS

medial gastrocnemius in immobilized Guinea pig (Maier et al., 1976).
However, when expressed either as specific tension or relative to muscle
mass, there was no change in the force-generating capacity for soleus
and a slight increase for gastrocnemius. I\lbuquerque et al. (1979)
reported much the same findings for the hibernating squirrel in which
both whole-muscle force and muscle weight declined in parallel.
Burke and colleagues (Hayer et al., 19B1) demonstrated a one-toone relationship betVleen the change in twitch tension and the change in
motor-unit cross-sectional area in type f.f.
gastrocnemius following immobilization.

units of cat medial

However, they also showed that

this correlation was not the same for f.r. and s. units. The percent
change in tension Has greater than the corresponding chane;e in area.
This suggests that normalizi ng procedures (e.g.,

force per unit cross-

sectional area) would tend to underestimate forces in muscles comprised
primarily of type for. and s. units.

It also implied that additional
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factors may contribute to the disproportionate loss of force-Generating
capacity in these muscles.
In the special case of immobilization of muscle in a lengthened
position, the reductions in absolute force are often qualitatively
similar to those seen in other models of disuse (see, however, Hillia[IJs
and Go1dspink, 1978). For

examp~e,

Gallego et a1. (1979a) found that

immobilization in either a shortened or 1enethened position resulted in
a 50-60% decrease in absolute tetanic tension for cat soleus motor units
as compared to control.
in force

vJaS

HOI'lever, in the lengthened muscle, this decline

not paralleled by a decline in muscle weight.

Thus, these

d~ta suggest that the reduction in normalized force (force/muscle

weight) vlere significantly larger in the lengthened immobilized r.lUsc1e.
This could be explained by the fact that althou£;h the weight of these
muscles VIas maintained,

it Vias accomplished by the addition of

sarcomeres in series (Tabary et a1., 1972) which would contribute little
to the production of force.
Increases
investigators.

in tVIitch force

have been reported by some

Following denervation, twitch amplitude and duration

were shown to increase in cat and rat soleus and extensor digitorum
10ne;us (Lewis et al., 1978; Fino1, Lewis and Owens, 1981). The authors
suggested that the increased twitch tension occurred as a result of a
prolongation of the active state which, in turn, might result from an
increased duration of the muscle action potential.

The observed

prolongation of the muscle action potential is consistent with the
chanGes in membrane properties that occur with denervation. Thus, this
seems a plausible explanation for that particular model.

HOVIever, other
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models of disuse do not appear to significantly alter muscle membrane
properties and Hould not be expected to result in changes in the muscle
action potential (although data to this effect are lacking).

Therefore,

an alternative explanation must be provided for the increase in
normalized twitch force (g/mg muscle) recorded in immobilized plantaris
(Edgerton et a1., 1975).

It is possible that the preferential atrophy

of type s.o. fibers contributes l'elatively more to the loss of wholemuscle mass than to the loss of whole- muscle force.
Fatigability.

The effects of disuse on fatieue resistance was

discussed above Hith respect to changes in oxidative metabolism. Table 1
(Chap 3) summarizes results from studies in which a attempt was made to
quantify fatigue resistance. Although the stimulation paradigms used to
determine fatigability varied considerably between studies, they all
used the relative reduction in force over a period of intermittent
stimulation as the indication of fatigue. Interestingly, only one of
these studies found a chanf,e in force fatigabi 11 ty in muscle subsequent
to disuse. Following a \-leek of hindlimb suspension, Fell et ale (1985),
observed a decrease in the fatigability of fast-contracting rat
gastrocnemius muscle
fatigue test.
soleus muse leo

2.S

indicated by the force decline over a 16 min

No such change was observed in the slow-contracting
Although this finding is

intriguing,

it

is

not

consistent with the demonstrated preferential affect of inactivity on
the type s.o. as compared to the type Lg. fibers.

Further, in the

single study Which tested for precontractile fatigue,

Ba~ust

(1979)

provided evidence for neuromuscular fatigue in motor units of
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tenotomized rabbit soleus. In response to a continuous train of 80 Hz
stimulation, tetanic tension first rose to a peak and subsequently
declined; a parallel decline occurred in the e.m.g. amplitude.
FolloH ing exposure to curare, no such reduct ion in force was seen in
response to direct muscle stimulation. And, finally, while Munson et al.
(1986) found no change in the fatigability of iOO iv id La 1 motor units of
the cat medial gastrocnemius following spinal cord transection, they did
report that the percentage of fatigue-resistant
s. and f.r.) had decreased signficantly.

motor units (i.e., type

In view of the fact that

fatigability and sag were the two criteria used to differentiate motor
unit types, these results also

sug~est

that reduced-use has an effect on

muscle fatigue. Thus, it appears that the question of the effects of
reduced-use on muscle fatigability requires further investigation.
Summary. Only the most severe reductions in use result in
demonstrable effects on muscle membrane properties. However, most models
of reduced use produce fiber-type related changes in contraction times
Which result in a narrowing of the di.stinction between fast and slow
muscles and muscle fibers. Inactivity also results in a decrease in
force output that is generally proportional to muscle fiber atrophy.
The magnitude of these effects appears slightly greater in type s.O. and
f.o.g. fibers than in f.g. fibers.

Surprisingly, only two studies have

reported any effect on fatigue resistance , \vi th the results of one of
these being contradictory to the observed fiber-type dependency of
reduced-use effects. Sustained fatigue resistance appears inconsistent
with the numerous other changes observed following disuse and with the
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observed increase in fatigue resistance seen following increased use
(see beloH).
Effects on tlotoneuronal Properties
While a majority of the studies investigating reduced-use have
been directed at t':1e muscular component of the motor unit, there is some
evidence that the motoneuron is also influenced by the level of activity
undertaken by the organism.

As is true in the case of muscle

pr.operties, denervation, as a model of reduced use, has been shOvln to
have the most dramatic,ffects.

Motoneurons whose axons have been cut

have been characterized by a reduct ion in rest inE membrane potential, an
increase in action-potential overshoot, an increase in axonal conduction
veloc i ty, a decrease in after-hyperpolari zat ion (Huizar et a1., 1977)
and a decrease in amplitude of the monosynaptic
potential (Galle£;o et a1., 1979b).

excit~ory

post-synaptic

The first three of these effects

appear to be unique to denervation and thus may not reflect changes due
to activity levels.

On the other hand, alterations in after-

hyperpo la ri za t ion and exc ita tory pos t-synapt ic potential (EPSP)
amplitude do result following employment of other

models of reduced

use, as discussed below.
Spinal-cord transection and TTX-induced nerve block (Czeh et
a1., 1978) and immobilization (Gallego et a1.,

1979a) have all been

shown to result in significant muscle atrophy and a concomitant decrease
in after-hyperpolarization duration in cat soleus motoneurons.

That

this change in after-hyperpolarization is not influenced by altered
sensory feedback

was

supported by

tvlO

observations.

First,
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deafferentation alone did not alter the after-hyperpolarization dUration
in cat soleus motoneLirons (Kuno et al., 1974).

Second, stimulation of

the nerve proximal to the TTX block did not prevent the decrease in
after-hyperpolarization duration (Czeh et al., 1978).

However, Hhen

structural degeneration of the muscle was prevented to some extent by
stimulation of the nerve distal to the block (Czeh et a1., 1978) or by
immobilization in a lengthened position (Gallego et aI., 1979a), the
after-hyperpolarization recorded was not significantly

dif~erent

from

control. These data suggest that maintenance of the normal afterhyperpolarization is dependent upon the integrity of the associated
muscle fibers Hith the implication that this trophic effect is mediated
by retrograde axonal transport of a trophic substance originatins in the
muscle.

This is consistent Hith the observation that the rate of

protein turnover in muscle varies with activity levels (Goldspink, 1980;
Jasper and Tischler,

1982) if, as is characteristic, the presumed

trophic factor is proteinaceous (i.e. peptidergic) in nature (Varon and
Adler, 1980; Purves and Lichtmann, 1985).
The

functional

significance

hyperpolarization is not yet established.

of

a

change

in after-

However, the shift in values

(i.e., towards those recorded in type f. motoneurons) is consistent wi th
the trend seen in muscle properties, (i.e., towards those characteristic
of type f. fibers). Furthermore, if, as seems likely (Kernell and
Monster,

1982a,

1982b),

the reduc tion in after-hyperpolariza ti on

duration leads to faster motoneuronal firing rates and a lessened
ability to sustain steady-state firing, then this change in afterhyperpolarization may ultimately lead to a reduction in the motor unit's
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ability to maintain force production (Le.,

decreased fatigue

resistance).
Changes in the monosynaptic Ia EPSP amplitude (Le.,

the

motoneuron's monosynaptic response to sensory input from muscle-spindle
Ia afferents) suggest that the synaptic efficacy at the motoneuron may
be altered following

~riods

of disuse.

Mayer et ale (1981) reported a

decrease in the amplitude for both homonymous and heteronymous Ia EPSP's
in ca t medial gas trocnemius motoneurons folloHing immobi lization.

The

amplitude fell in a parallel fashion in all motoneuron types such that
the characteristic pattern (s.
et al.

> f.r. > f.f.) ,·:as maintained.

Gallego

(1979b) saw a similar declir.e in EPSP amplitude in medial

G8.strocnemius 17l0tone urons following denervat ion.

These observations are

consistent ,-lith the reduction and subsequent loss of reflex activity in
the tenotomized rabbit soleus and tibi81is anterior (the changes in the
latter muscle had a longer latency; Vrbova,· 1963) suggesting that
synaptic efficacy declines subsequent to a reduction in neural impulse
activity.

However, two other observations by Gallego and colleal3ues

(1979b) contradict this suggestion.

First, electrical stimulation of

the sciatic nerve proximal to transection did not prevent the reduction
in EPSP amplitude.

Second, TTX nerve block resulted in an increase in

EPSP amplitude.
Maier, Eldred and Edgerton (1972) provided further evidence
contradicting the hypothesized decrease in synaptic efficacy. They found
that folloHing immobilization, medial gastrocnemius spindle afferents
exhibited an

increase

sensitivity to stretch.

in baclcground

discharge and an

increased

Similarly, Robbins and Nelson (1970) reported
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that the monosynaptic reflex in tenotomized cat medial gastrocnemius vias
2-3 times larger than that elicited in the contralateral limb. Thus it
appears that synaptic efficacy of the motoneurons is influenced by
several factors, of which activity level is just one.
In summary, several characteristic properties of motoneurons
have been shmvn to be influenced by reduced use.

The magnit ude of the

impact does not appear to be significantly related to motor-unit type,
but this may be due to methodological limitations. For example, the
recently developed histoche mi ca 1 pr oc ed ure s fo r charac te ri zing
motoneurons (Sickles and Oblak, 1984) has not yet been applied to the
issues addressed in this proposal.
Epilogue: Potential Relevance of Overuse Models
It is interesting to speculate vlhether the effects of reduced

use are mirror images of those seen in condi tions of increased use such
as exercise,
hypertrophy.

chronic electrical stimulation, or compensatory
Evidence suggests that this is the case for some but not

all of the demonstrated effects.
Results from studies using chronic electrical stimulation of
fast muscle (e.g., Pette et a1., 1976; Heilmann and Pette, 1979; Heilig
and Pette, 1980), exercise training programs (e.g., Barnard et a1."
1970a,

1970b; Holloszy and Booth,

1976; Green et a1.,

1984), and

compensatory hypertrophy brought about by removal of synereists (e.g.,
Ianuzzo,

Gollnick and Armstrong,

1976;

qualitatively similar in most respects.

Halsh et a1.,

1978) are

The most marked change occurred

in the aerobic capacity of the muscles due to combine increases in

---------------------------"----""-"

-
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oxidative-enzyme activities and mitochondrial volume and content.
keeping with this, fatigue resistance was significantly greater.

In

Little

or no change in glycolytic capacity was observed suggesting that this
property is already at an optimum.

Reductions in sarcoplasmic reticulum

concentration and calcium uptake rates were seen in several of these
studies, the change being greatest in cases of electrical stimulation. A
greater percent of fibers exhibit ultrastructural characteristics
typical of s.o. fibers.

In the cases of most severe increases in muscle

activity (i.e., compensatory hypertrophy or hypergravity), alterations
in fiber-type distribution occur. Based upon myosin types or oxidative
enzyme activity, this shift in type is toward a relative increase in
type s.o. fibers.
The results from the various over-use paradigms do di ff er wi th
respect to contractile times.

While no changes are seen following

exercise programs, a significant prolongation of contraction time is
seen following electrical stimulation of fast muscle.
exp~ained

This is easily

by realizing that, in the latter case, not only the quantity

but also the pattern of activity was changed, whereas only the quantity
is presumed to be increased in the case of exercise.
Thus,

it appears that

some characteristics

(particularly

oxidative capacity and sarcoplasmic reticulum content) are more
susceptible to change by alterations (either an decrease or an increase)
in muscle usage and that the magnitude and direction of the change is
determined by both the particular demand imposed and the type of muscle
fibers involved.

APPENDIX 2
DATA TABLES

EFFECTS OF CAGE-SIZE, GENDER AND BATCH
ON THE TEST MUSCLES
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TABLE 13.
Cage-Size and Gender Effects on Selected Parameters for the
Full Sample of Soleus Muscles.
The data are grouped on the basis of either gender or cage-size.
Relative muscle mass = absolute muscle mass expressed per unit body
mass. Relative force = absolute force expressed per unit absolute
muscle mass. Time measurements are as defined in Fig. 4A for the twitch
and Fig. 4B for the fatigue test. Values for the fatigue test are the
absolute values for final stimulus train of the test (i.e., #360).
Values for both the twitch and 100 Hz stimulation are pre-fatigue test
values (see Methods).
* indicates significant differences (p<0.05) between either male and
female values or large- and small-cage values.

223
TABLE 13. Cage-Si ze and Gender Effects on Selected Properties for the
Full Sample of Soleus Muscles.
Caee-size
Small Cage
n:36

Gender

Lar6e Care
n=39

Male
n=33

Female
n=42

336
(90)

373
( 112)

459
(53)

268*
( 21)

0.19
(0.04)

0.20
(0.06)

0.24
(0.04)

0.16 *
(0.02)

0.058
(0.005)

0.055
(0.007)

0.051
(0.005)

0.061*
(0.007)

1.88
(0.39)
10.18
( 2.53)

2.02
(0.41)
10.02
( 1.84)

2.18
(0.37)
9.16
(2.09)

1.81 *
(0.37)
10.86
( 1. 95)

0.27
(0.08)

0.30
( 0.11 )

0.34
(0.10 )

0.25*
(0.08)

1.42
(0.43)

1.50
(0.55)

1.42
(0.28)

1.56
(0.42)

Time-to-peak
force (ms)

82
( 10)

84
( 14)

84
( 14)

82
( 10)

One-half relaxation
time (ms)

91
(25)

86
(23)

85
(23)

93
(26)

Fatigue Index (%)

93
(41)

97
(21 )

100
(34)

T1me-to-peak

290
(14 )

291
(13 )

88
(27)
283
(7)

295
( 15)

90%-50% relaxation
time (ms)

67
(22)

60
( 14)

62
( 18)

65
( 19)

50%-20% relaxation
time (ms)

67
(21)

59
( 16)

64
(21 )

64
( 18)

Animal
Eody mass

(e)

Muscle Mass
Absolute

(~)

Relative (g/k6)
100 Hz Tetanus
Absolute Force
Relative Force

(N)

(N/[;;)

Twitch
Absolute Force

(N)

Relative Force (N/e)

Fatir;ue Test

(m3)
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TABLE 14. Cage-Size and Gender Effects on Selected Properties for the
Full Sample of Extensor Digitorum Longus Muscles.
Data are organized as in Table 13.
Cage-size
Small Cap;e
n=35
Muscle ~
Absolute (g)
Relative (g/kg)

Gender

Large CaCe
n=38

Male
n:33

Female
n=40

0.19
(0.04)

0.20
(0.05)

0.24
(0.03)

0.059
(0.006)

0.055
(0.008)

0.052
(0.004)

0.16*
(0.02)
0.061*
(0.006)

2.97
(0.73)

3.33
(0.77)

2.42*
(0.60)

15.11
(3.63)

14.19
(3.81)

14.61
(3.79)

0.31
(0.10 )

0.37
(0.10 )

0.42
(0.07 )

0.27*
(0.07)

1.63
(0.65)
29
(3)
21
(4)

1.85
(0.51)

1.75
(0.24)

1.69
(0.33)

29

29

28

(3)

(3)

(3)

21

20

22

(3)

(4)

(3)

38
(25)

39
(23)

45
(21 )

32
( 25)

68
(47)
24
( 10)

96
(72)
23

69
(29)
23

98
(82)

(7)

(7)

23

20

22

( 4)

(3)

(4)

100 Hz Tetanus
Absolute Force (N)

2.53
(0.96)
Relative Force (N/e) 13.18
(4.52)
Twitch
Absolute Force

(N)

Relative Force (N/g)
Time-to-peak
force (ms)
One-half relaxation
time (ms)
Fatie;ue Test
Fati~ue

Index (%)

Time-to-peak
900/0-50%
time
50%-20%
time

(ms)

relaxation
(ms)
relaxation
(ms)

24
( 10)
21
(3)

TABLE 15.
Cage-Size and Batch Effects on Selected Properties for Male
Soleus Muscles.
The data from Table 13 are grouped as a function of gender, cage-size
and batch. Measured parameters are as in Tables 13 and 14, except for
the fatigue test parameters which are expressed as a percent of the
initial value (i.e., train #1). Significant differences (p<O.05)
between values are indicated by the following symbols:
* between large- and small-cage values within a given gender and
batch;
~ between male and female values within a given cage-size and batch;
~ between Batch 1 and 2 values within a given cage-size and gender;
In addition, significant differences due to the interaction of two
factors are indicated by the following symbols:
a cage-size effects differed significantly between males and females;
b cage-size effects differed significantly between Batch 1 and 2.
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TABLE 15. Cage-Size and Batch Effects on Selected Properties for Male
Soleus Muscles.
Batch 1
Small Caee
n=9
Animal
A[5e (days)
Body mass (g)

Batch 2

Large CaGe
n=10

Small Caze
n=5

Large Cae;e
n=6

155 ll
( 17)
431 ll
(57)

155 ll
(20)
507*lla
( 30)

128 ll
(7)
436 ll
(22)

131 ll
(7)
432 l1b
( 27)

0.22 ll
(0.03)
0.051 ll
(0.012)

0.27*lla
(0.04)
0.050 ll
(0.010)

0.22 ll
(0.02)
0.05 1t.
(0.003)

0.22 llb
(0.02)
0.050 ll
(0.005)

2.33t..
( .24)

2.97*lIa
( .40)

2.17 ll
( .55)

2. 15 t.b
( .29)

Muscle Mass
Absolute

(g)

Relative (g/kg)
100 Hz Tetanus
-

Absolute Force

(N)

Relative Force (N/r;) 10.67
(2.24)

11.08
( 1.80)

9.87
(3.39)

9.79
(1.47)

0.38 lla
(0.10 )

0.26
(0.11)

Twitch
Force (N)

0.33 ll
(0.06)

73
( 19)

One-half relaxation
time (ms)
Fatip;ue Test

( 13)

83
( 13)
81 a
(20)

Fatigue Index (%)

68
(32)

90 a
( 16)

88
(23)

110a
( 17)

Time-to-peak (%)

100
(2)

100
(1)

90%-50% relaxation
time (%)

130
( 10)

129
( 14)

98
(3)
14411
( 14)

99
(1)
147 11
(22)

50%-20% relaxation
time (%)

178
(37)

142
( 18)

156
(23)

155
( 47)

Time-to-peak
force (ms)

83
(8)

0.37
(0.10 )
96*a
( 18)
107ab
( 31)

83

77
( 10)
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TABLE 16. Cage-Size and Batch Effects on Selected Properties for Female
Soleus Muscles.
Data are organized as in Table 15.
Batch 1

Batch 2

Large Cage
n=12

Small Cage
n=6

Lar6e Ca,ee
n=5

132 6
( 13)
267(\
(25)

134 6
( 10)
270 6a
( 19)

136
(7)

138
(7)

264 6
( 13)

271 6
( 14)

O. 17 6
(0.02)
0.063 6
(0.007)

0.16 l1a
(0.02)
0.060 6
(0.008)

O. 17L\
(0.01)

O. 16 6
(0.02)

0.065 6
(0.008)

0.059 6
(0.009)

1.87 6
(.44 )

1.736a
( .29) .

1.69 6
( .26)

1.786
( .21 )

10.53
( 1.90)

10.03
(2.79)

11.27
( 1.47)

0.22 6a
(0.07)

0.25
(0.05)

Small Caee
n=14
Animal
Age (days)
Body mass

(13)

Muscle Mass
Absolute

(g)

Relative (g/kg)
100 Hz Tetanus
-

Absolute Force

(N)

Relative Force (N/e) 11.07
(2.44)
Twitch
Force (N)

0.27 6
(0.07)

102
(26)

83
( 10)
87 a
( 18)

98
(31 )

0.27
(0.08)
75 a
(8)
76 a
(24)

96
(21)

103a
( 27)

96
( 14)

88ab
( 18)

Time-to-peak (%)

101
(2)

99
(3)

98
(3)

90%-50% relaxation
time (%)

136
(26)

136
(24)

148
(28)

138 b
( 16)

50%-20% relaxation
time (%)

180
( 136)

159
(43)

150
(36)

198
(72)

Time-to-peak
force (ms)

83
( 10)

One-half relaxation
time (ms)
Fati~ue Test
Fatigue Index (%)

83
(8)

101
(3)

TABLE 17.
Cage-Size and Batch Effects on Selected Properties for Male
Extensor Digitorum Longus Muscles.
The data from Table 14 are grouped as a function of gender. cage-size
and batch. Measured parameters are as in Tables 13 and 14, except for
the fatigue test parameters which are expressed as a percent of the
initial value (i.e., train #1). Significant differences (p<O.05)
between values are indicated by the following symbols:
* between large- and small-cage values within a given gendel' and
batch;
~ between male and female values within a given cage-size and batch;
~ between Batch 1 and 2 values within a given cage-size and gender;
In addition, significant differences due to the interaction of two
factors are indicated by the following symbols:
a cage-size effects differed significantly between males and females;
b cage-size effects differed significantly between Batch 1 and 2.
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TABLE 17.' Cage-Size and Batch Effects on Selected Properties for Male
Extensor Digitorum Longus Muscles.
Batch 1
Small Car;e
n=7

Batch 2

Large Car.;e
n=11

Small Cae;e
n=6

Large Ca~e
n=5

0.24£1
(0.03)

0.26£1
(0.02)

0.23£1
(0.02)

0.049£1
(0.006)

0.059£1
(0.004)

0.053£1
(0.006)

3.78/).
( 1 • ,17)

3.95£1
(0.96)

3.70 ll

(0.34)

3.72£1
(0.38)

Relative Force (N/f,) 16.39
(5.43)

16.66
(5.24)

14.89
(3.26)

16.10
(2.14 )

0.40 6
(0.08)
29
(3 )

0.43 6
(0.06)

0.38 6
(0.05)

0.47/J.
(0.06)

29
( 1)

29
(2)

30
(5)

20
( 4)

20
(2)

22
(2)

21
(5)

36
(20)
26
( 10)

63*a
( 16)

35
( 16)

30 b
( 14)

25
( 12)

19
(6)

23

Muscle Mass
Absolute
Relative

0.23t.

(C; )

(0.02)
0.054£1
(0.007)

(C;/k~)

100 Hz Tetanus
Absolute Force

(N)

Twitch
Force (N)
Tirne-to-peak
force (ms)
One-half relaxation
time (ms)
Fati,sue Test
Fatigue Index
Time-to-peak

(%)
(%)

(8)

90%-50% relaxation
time (%)

320
(93)

301
(129)

348
(78)

283
(75)

500/.-20% relaxation
time (%)

360
(92)

254
(67)

342
(32)

309
(87)
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TABLE 18. Cage-Size and Batch Effects on Selected Properties for Female
Extensor Digitorum Longus Muscles.
Data are organized as in Table 17.
Batch 2

Batch 1
Small Car;e
n=15

Huscle Mass
Absolute ([';)

Large Ca1\e
n=13

Small Car:;e

o. 16 11

n=6

Larr.;e CaBe
n=5

o. 16 6
(0.02)

(0.02)

O. 16 6
(0.01)

(0.01 )

0.062 6
(0.008)

0.060 6
(0.009)

0.060 6
(0.006)

0.063 6
(0.006)

2.50 tl
(0.48)

2.03/\
(0.74)

2.72 6
(0.53)

(3.45)

15.49
(3.89)

12.63
(5.48)

15.91
(3.36)

0.26 6
(0.05)

0.28 6
(0.07)

0.24
(0.06)

0.31
(0.09)

Time-to-peak
force (ms)

29

28
(3)

30
( 3)

26

(3)

One-half relaxation
time (Ins)

23

21
(2)

22
(1)

20

(3)

(23)

34 a
(22)

( 18)

27 b
(21 )

30
(32)

41
( 29)

24
( 11 )

46
( 36)

325
(143)

317
( 126)

( 107)

343
( 119)

266
( 139)

274

259
(51)

325
( 101 )

Relative (elk,3)

O.17 ll

100 Hz Tetanus

Absolute Force (N)

2.27 A
(0.54)

Relative Force (N/C)
Tvlitch
Force (N)

13.81

Fati 0 ue Test
Fati~ue

Index (%)

Time-to-peak (%)
90%-50% relaxation

time

(%)

50%-20% relaxation
time (%)

31

(83)

33

254

(3)
(2)
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