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SUMMARY

1. Contractile, enzyme-histochemical and morphometrical properties of muscle
fibres were studied in single motor units of tibialis anterior (t.a.) and soleus muscles
in young (3-6 months) and old (20-24 months) male albino rats. The technique of
measuring glycogen depletion as a marker of previous muscle contraction was used
for direct correlation of enzyme-histochemical and contractile parameters within
single motor units of the fast- and slow-twitch type.

2. In t.a., the fast-twitch motor units covered 18+ 9 and 22 + 16% (P = not sig-
nificant, n.s.) of t.a. cross-sections, included 148+ 65 and 162 + 63 muscle fibres per
unit (P = n.s.) and had a cross-sectional area of 0-50+0-32 and 0-44+0-22 mm2
(P = n.s.) in the young and old animals, respectively (means+ S.D.).

3. In soleus, the slow-twitch motor units covered 53+ 11 and 71 + 12% (P = n.s.),
included 55+10 and 83+ 13 muscle fibres per unit (P < 0-01) and had a total cross-
sectional area of 0 14+ 0-02 and 0-22 + 0-06 mm2 (P < 0-01) in the young and the old
animals, respectively. The calculated number of motor units in soleus accordingly
decreased (P < 0'01) from 49+10 in the young to 29+ 10 in the old animals resulting
in a loss of muscle fibres and an increased innervation ratio in old age (mean + S.D.).

4. Clusters ofmore than three muscle fibres were rarely seen in any of the glycogen-
depleted motor units in either the young or the old animals. However, in the slow-
twitch motor units of old animals the muscle fibres were less randomly distributed
within the motor unit territory (P < 0 05), indicating a denervation-reinnervation
process.

5. The contraction and half-relaxation times of the isometric twitch were signifi-
cantly prolonged in old age. In 274 randomly isolated single motor units of t.a. the
contraction time increased from 13+1 in young animals to 17 + 3 ms in old ones and
the half-relaxation time from 12 + 2 to 16+ 5 ms (P < 0-01 in both cases). In 236
randomly isolated soleus single motor units, the contraction and half-relaxation
times increased (P < 0-001) from 24+ 5 to 31 + 7 ms and from 26+ 8 to 35 + 9 ms,
respectively (means+ S.D.).

Authors' names are in alphabetical order.
* To whom reprint requests should be addressed.
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6. The results show that the age-related decrease in the number of muscle fibres is
due to a loss of whole motor units and that in old age reinnervation of previously
denervated muscle fibres is incomplete.

7. It is concluded that the reduced speed of isometric contraction during ageing is
primarily related to changes in the contractile properties of both fast- and slow-
twitch motor units, and that the age-related decrease in the number of type II muscle
fibres observed in soleus is of less importance in this respect.

INTRODUCTION

During ageing, profound impairment of different neuromuscular functions takes
place and senile muscle atrophy is by far the most. commonly encountered type of
muscle atrophy in man. In spite of this, the effects of ageing on striated muscles,
especially at the single motor unit level, have received little attention and many of
the results of those studies published have been divergent and conflicting (for ref-
erences see Larsson, 1982). However, there has been agreement that the amount of
contractile material and the speed of contraction decrease in the process of ageing in
both fast- and slow-twitch muscles in many mammals, including man (Gutmann,
Hanzlikova & Vyskocil, 1971; Campbell, McComas & Petito, 1973; Caccia, Harris &
Johnson, 1979; Belanger, McComas & Elder, 1983; Davies, White & Young, 1983;
Larsson & Edstrom, 1986a). In histopathological studies of striated muscle in old
age, alterations indicating a process ofdeterioration of both myogenic and neurogenic
origin have been observed (e.g. Serratrice, Roux & Aquaron, 1968; Tomlinson,
Walton & Rebeiz, 1969; Tomonaga, 1977). The mechanism underlying the changes
in morphological and contractile properties of ageing skeletal muscle remains ob-
scure, however, partly on account of the paucity of correlative morphological and
physiological studies of ageing skeletal muscle. In a previous series of studies in
humans we attempted to shed some light on the factors underlying the impaired
muscle function in old age and the senile muscle atrophy (for references see Larsson,
1978, 1982). Observations were made of a number of significant age-related trends in
enzyme-histochemical, biochemical and ultrastructural properties of skeletal muscles
that co-varied with alterations in maximum voluntary strength and speed of move-
ment. It cannot be determined, however, whether the findings in these in vivo studies
represent causal relationships or not.

In a recent study the effects of ageing on fast- and slow-twitch muscles of young
adult and old rats were investigated (Larsson & Edstr6m, 1986a). In the present
study those experiments have been extended to include the final functional unit in
the motor system, i.e. the motor unit. The technique of measuring glycogen depletion
as a marker of previous muscle contraction was used in order to permit direct
evaluation of the correlations between enzyme-histochemical and physiological fac-
tors within single motor units of different types (Edstrom & Kugelberg, 1968;
Kugelberg & Edstr6m, 1968; Kugelberg & Lindegren, 1979). A preliminary account
of this work has been presented elsewhere (Larsson & Edstr6m, 1986b, c).

130



SINGLE MOTOR UNITS IN YOUNG AND OLD RATS

METHODS

The study was carried out on male albino rats of the same strain (Wistar), fed ad libitum with
standard laboratory food and tap water. Animals that were sick or moribund or which displayed
gross pathological organ changes were excluded from the study. The animals were anaesthetized
with pentobarbitone (30 mg/kg) administered intraperitoneally. Rats of the Wistar strain have a
mean life duration of 24 months and may live for approximately 36 months (ILAR, 1981). In order
to avoid unpredictable effects on skeletal muscle in very old age, such as those of extreme obesity,
disease and disuse, we chose to study old rats that had not yet reached an advanced age. The rats
were divided into a young (3-6 months) and an old (20-24 months) group.

Physiological technique. With the animal under pentobarbitone anaesthesia, the ventral roots, L4
to the fast-twitch tibialis anterior (t.a.) or L5 to the slow-twitch soleus muscle, were exposed by
laminectomy, transected proximally and maintained in a mineral oil pool formed by the skin
around the incision over the vertebral column. The skin over the lower part of the left hindlimb
was removed. When t.a. was to be studied, the fascia overlying the muscle was removed, the distal
part of the muscle was freed and the plantar flexor muscles were denervated by transecting the
motor nerves (Edstrom & Kugelberg, 1968; Kugelberg & Lindegren, 1979). The innervation of t.a.
and the other plantar extensors was kept intact, since denervation of these muscles is apt to impair
the blood supply to t.a. (Edstrom & Kugelberg, 1968). For studies of soleus, the distal half of this
muscle was exposed, the plantar extensors were denervated and the tendons of the gastrocnemius
and plantaris muscles were cut (Kugelberg, 1973). The left popliteal artery was exposed and a fine
thread was placed loosely around it to make it more easily accessible.
The animal was placed in the prone position on a steel plate which was heated to maintain the

body temperature. The dissected limb was put into a bath through a hole in the wall of the bath
chamber. The skin of the thigh was stretched over a flange around the hole to make the bath leak-
proof. The limb was fixed rigidly in the bath by means of a steel rod drilled through the tibia close
to the knee joint, and a clamp on the foot. Mineral oil was circulated through the bath. The bath
temperature was thermostatically controlled at 36 °C (Kugelberg & Lindegren, 1979).

Single motor units in t.a. or soleus were functionally isolated by microdissection of the L4 or L5
ventral roots, respectively. The criterion was an all-or-none twitch response to finely graded current
pulses 0-2 ms in duration. Supramaximal stimulation was used in all experiments.
The tendon of the t.a. or soleus muscle was oriented along the natural pull of the muscle and

attached to a strain gauge (UC 2, Statham Instr., Inc., Oxnard, CA, U.S.A.). A load cell accessory
(UL 4-10, Statham Instr.) was attached to the strain gauge when the muscle twitch response was
recorded during whole ventral root stimulation in order to increase the load range of the strain
gauge. The strain gauge was calibrated after each experiment. The mechanical responses were
amplified (AD 6, Medelec Ltd, Old Woking, Surrey, U.K.), displayed on an oscilloscope (M-scope,
Medelec, or a dual-beam storage oscilloscope, Tektronix 5113) and recorded on Kodak Linagraph
direct print paper (Eastman Kodak, Rochester, NY, U.S.A.). Contractions were recorded with the
muscle set at an optimum length as determined from the maximum isometric twitch force. The
isometric twitch contraction time was measured from the beginning of contraction to the peak
force, and the half-relaxation time from the peak force to the time at which the force had decreased
by 50 %. Mechanical properties of single motor units were recorded during repetitive stimulation.
Trains of 4 s duration and with stimulation frequencies of 10, 46 and 196 Hz were used. The motor
unit was allowed to recover for 3 min between each train in order to avoid potentiation and fatigue
effects.
The muscle fibres of the unit were depleted of glycogen by stimulation with trains of twenty

impulses with a frequency of 100 Hz repeated once a second until the tetanic force had decreased
to near zero. The stimulation was then terminated and the unit was stimulated with one impulse
train every 10 s until the force had almost recovered. This sequence was repeated 3-5 times.
Fatigue-resistant units in the t.a. muscle and all units in the soleus muscle were stimulated during
ischaemia, which was produced by clamping of the popliteal artery with a small clip. The clip was
removed during the recovery periods (Kugelberg, 1973; Kugelberg & Lindegren, 1979).

Histological technique. After each experiment the muscle was gently dissected free from sur-
rounding tissue and clamped at approximately the in situ length. The muscle was then weighed,
frozen in Freon chilled with liquid nitrogen and stored at -80 °C until processed further. The
muscle was then cut perpendicular to its longitudinal axis into serial 10 ,tm thick cross-sections
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with a cryotome (-20 °C) at the motor point (soleus) or at the greatest girth (t.a.). For comparison,
another fast-twitch muscle, the extensor digitorum longus (e.d.l.), was also analysed histochemi-
cally, since it has an identical enzyme-histochemical fibre composition to that of t.a. but has a less
complicated fibre arrangement than t.a. and is similar in size to soleus. Unfortunately, this muscle

5
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Fig. 1. Glycogen-depleted fibres in two slow-twitch motor units in the soleus muscle from
a young (A) and an old (B) animal. The randomness of the muscle fibre arrangement was
assessed as the mean difference between the measured and predicted (within squares)
numbers of muscle fibres in eight sectors of the motor unit territory. The differences were
corrected for inter-individual variations in the number of depleted fibres. The average of
the corrected differences was 2-4 in the young (A) and 4-8 in the old (B) animal.

has not been found suitable for studies of single motor units with the present experimental set-up.
This is probably associated with the low innervation ratio in this muscle, which makes it unfeasible
to determine whether the microdissected, stimulated nerve root filaments contain single or multiple
motoneurones to e.d.l. (Larsson & Edstr6m, 1986a).
The muscle fibres in the motor units were mapped as unstained fibres in PAS (periodic acid-Schiff

reagent) -stained sections and identified in the subsequent sections stained for myofibrillar ATPase.
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Cross-sectional areas of the individual glycogen-depleted muscle fibres were measured semiauto-
matically from magnified black and white photographic prints of PAS-stained muscle cross-
sections with the aid of a digitizer (Apple Graphic tablet) connected to an Apple II microcomputer
(Apple Computer Inc., CA 95014, U.S.A.). The t.a. and e.d.l. cross-sections were stained for
myofibrillar ATPase (Padykula & Herman, 1955) after alkaline and acid pre-incubations (Brooke
& Kaiser, 1969, 1970; Dubowitz & Brooke, 1973). All fibres in the cross-sections were classified
according to the pH sensitivity of the myofibrillar ATPase, type I fibres being those with acid-
stable ATPase (after pre-incubation at pH 4 35) and alkali-labile ATPase (after pre-incubation at
pH 9-4), and type II showing the reverse pH sensitivity. Type II fibres were further subdivided into
types IIA and IIB, the former of which were inhibited at pH 4-5. The soleus cross-sections were
stained for myofibrillar ATPase (1) at pH 9-4 (Brooke & Kaiser, 1969), (2) after 55 min of
formaldehyde fixation at 4 °C (Hayashi & Freiman, 1966) and (3) after acid pre-incubation at pH
4-35 (Brooke & Kaiser, 1969). The fibres were classified into types I and II according to the pH
sensitivity of the myofibrillar ATPase in the same way as for the fast-twitch muscles. The
modification devised by Hayashi & Freiman (1966) involves fixation in methanol-free formaldehyde
before the routine enzyme-histochemical procedure. This causes almost complete inhibition of type
I fibres and the type II fibres are presented in many grades of activity from intermediate to strong
(i.e. from light grey to black). Type II fibres were then subdivided into types IIA and IIC, the
former being completely inhibited at pH 4-35 (for detailed presentation of the fibre classification,
see Kugelberg, 1975, 1976; Kugelberg & Lindegren, 1979). The total number of fibres of each type
was counted on magnified photomicrographs of whole e.d.l. and soleus muscle cross-sections and
the relative number of each type was calculated.
A model was designed to assess the randomness of the muscle fibre arrangement in the motor

unit. The difference between the predicted and measured numbers of glycogen-depleted fibres in
PAS-stained sections in eight different sectors of the motor unit territory was calculated. The angle
between the two radii of the sectors was 45 deg, the centre of the sectors was at the mid-point of
the axis between the two most distant glycogen-depleted fibres in the motor unit, and the motor
unit territory border was the base of each of the eight different sectors (Fig. 1). Assuming that the
muscle fibres were randomly arranged within the motor unit territory, the number of muscle fibres
in each sector could be predicted on the basis of the size of the sector in relation to the size of the
unit territory and the 'total' number of muscle fibres in the unit. The 'total' number of muscle
fibres was larger than the innervation ratio, since the glycogen-depleted fibres that were divided
by a sector radius were counted in both the adjacent sectors. The difference between the measured
and predicted number of muscle fibres was calculated in the different sectors. In order to avoid a
systematic overestimation of these differences in motor units including a large number of muscle
fibres, the differences were corrected for variations in 'total' number of fibres, i.e. each difference
was multiplied by the factor 100/' total' number of fibres. The average of the corrected differences
was used as an index of the randomness of the fibre arrangement in the motor unit.

Statistics. All the values reported in the following are means and standard deviations (S.D.),
which were calculated from individual values by standard procedures. The two-tailed independent
t test was used for inter-group comparisons. Differences were considered significant at P < 0-05.

RESULTS

Animal and muscle weights
In conformity with results of studies of this and other albino rat strains (e.g.

ILAR, 1981; Larsson & Edstrom, 1986a) the body weight increased from 452+
72 g in young animals (3-6 months, n = 60) to 586 + 82 g in old ones (20-24 months,
n = 41). The weights of the fast-twitch t.a. (932 + 147 vs. 976+ 252 mg) and e.d.l.
muscles (243 + 59 vs. 248 + 103 mg) and the weight of the slow-twitch soleus muscle
(241 + 56 vs. 247 + 90 mg) did not differ significantly between young and old rats.
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Enzyme-histochemical fibre spectra of fast- and slow-twitch muscles
The relative numbers of muscle fibre types and subtypes were identical in the

young and old fast-twitch e.d.l. muscles (Table 1). In this study, detailed enzyme-
histochemical measurements were only performed in the e.d.l., because of the large
size of the t.a. and the identical proportions of fibre types in t.a. and e.d.l. in both
young and old rats (Larsson & Edstrom, 1986 a). Total fibre counts from single cross-
sections of the e.d.l. and t.a. have to be considered with reservation, since all muscle
fibres do not pass through the mid-portion or the greatest girth of the muscle (for
references see Larsson & Edstr6m, 1986a).

In the slow-twitch soleus muscle, all muscle fibres pass through the mid-portion
(motor point) of the muscle and accurate total fibre counts can accordingly be made
from single cross-sections of this muscle (for references see Larsson & Edstrom,
1986 a). The total number of muscle fibres was 11 % lower (P < 0 00 1) in the old rats
than in the young ones. The decrease in the number of fibres was mainly referable to
fibres of type II, in particular type IIA, while no significant difference was found in
the number of type I fibres. The proportions of different types of fibres accordingly
changed in the old animals. Thus, the proportions of fibres of types I and IIA were
higher and lower (P < 0-001), respectively, in the old than in the young animals,
while there was no significant difference in the percentage number of type II C fibres
(Table 1). The absolute and relative numbers of fibres of type IIA were small, or such
fibres were absent in many old animals, whereas type II A fibres were never lacking in
the young animals (Table 1). Similar results were recently obtained in young adult
(6 months) and old (20-24 months) male albino rats (Larsson & Edstrom, 1986a).

Motor unit territory, innervation ratio and motor unit cross-sectional area

In the fast-twitch motor units in t.a., the average motor unit territory, innervation
ratio and motor unit cross-sectional area did not differ between young and old
animals. The fast-twitch units covered 18 and 22% of t.a. cross-sections, included
148 and 162 muscle fibres per unit and had a total cross-sectional muscle fibre area
of 0 50 and 0 44 mm2 in the young and old animals, respectively (Table 2). These
values conform with the motor unit territory (17%) and innervation ratio (132)
found by Edstrom & Kugelberg (1968) in fast-twitch units in the t.a. of young
animals. The fast-twitch motor units containing type IIA fibres covered a smaller
proportion of the muscle, were seen in the deep part of the muscle and had muscle
fibres of small or intermediate size irrespective of the animal's age. The motor units
containing type II B fibres covered on average 21 and 27% of the cross-sections in
the young and old animals, respectively, were seen in the superficial part of the
muscle and contained muscle fibres of large size (Plate 1).

In the slow-twitch motor units in soleus, the average motor unit territory did not
differ significantly between young and old animals; it ranged from 41 to 68%
(53+11) in the young animals and from 49 to 81% (71+12%) in the old ones
(Table 2). The innervation ratio, on the other hand, was significantly higher
(P < 0-01) in the old animals, the number of muscle fibres per motor unit ranging
from 39 to 65 (55+ 10) in the young and from 63 to 96 (83+ 13) in the old animals
(Table 2). The cross-sectional area of the slow-twitch motor units was increased
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(P < 001) by 37 % in the old animals compared with that in young ones (0-22 + 0-06
and 0-14+0-02 mm2, respectively), since there was no significant change in the area
of type I muscle fibres (Plate 2).
The motor unit territory and innervation ratio of the slow-twitch units of young

animals in this study conform with those originally reported by Kugelberg (1973). In
a later study, Kugelberg (1976) found a higher innervation ratio in slow-twitch units
of young rats, i.e. 83+ 16 (range 47-120), which is identical to that in the old animals
in this study. The reason for the discrepancy in innervation ratio between the slow-
twitch units in the soleus of young animals is not fully clear. As discussed by
Kugelberg (1973, 1976), the innervation ratio may be underestimated as a result of
incomplete glycogen depletion, which will presumably be due to a conduction block
in some terminal nerve branches or to a block in neuromuscular transmission during
the repetitive nerve stimulation under ischaemia. It seems unlikely, however, that a
systematic error in the completeness of the glycogen depletion was the reason for the
discrepancy in innervation ratio between the young animals, since the experimental
conditions were almost identical in the two studies, except for a difference in the male
albino rat strains used (Sprague-Dawley rats in Kugelberg's studies and Wistar in
the present one). Kugelberg (1973, 1976) reported innervation ratios as high as 120
in the slow-twitch motor units of young rats. An innervation ratio as high as this was
never found in the present study, either in young or in old animals. Motor units with
similar twitch forces and with almost identical thresholds for activation were often
found to be closely packed in the same part of the ventral root. Microdissected root
filaments can thus be mistakenly believed to include one single motor axon to soleus
instead of two. Most of the slow-twitch units in this study had an innervation ratio
that was approximately 50% of that of the largest motor units studied by Kugelberg
(1976) and the possibility cannot be ruled out that some of the largest slow-twitch
motor units reported by Kugelberg (1973, 1976) were in fact two single motor units
with very close thresholds for activation and highly intermingled territories. A
systematic error due to incomplete glycogen depletion in young but not in old animals
is an unlikely reason for the finding of an age-related increase in innervation ratio.
If anything, the reverse would be expected, since the number of complex terminal
nerve branches has been reported to be increased in old age (Harriman, Taverner &
Woolf, 1980), indicating a reinnervation process. These reinnervating sprouts would
in fact be expected to be especially vulnerable to ischaemia and conduction block and
it cannot be excluded that the age-related increase in innervation ratio observed in
this study is underestimated.

Randomness of the muscle fibre arrangement in the motor unit

Clustering of muscle fibres of the same enzyme-histochemical type is a common
histopathological finding, which indicates a rearrangement of the muscle fibres in the
motor unit. This is due to reinnervation of denervated individual muscle fibres due
to collateral sprouting from nearby axons (Kugelberg, Edstrom & Abbruzzese, 1970).
In this study, clusters of more than three muscle fibres were rarely seen in single
motor units either in young or in old animals, irrespective of the motor unit type.
However, in a slow on-going denervation-reinnervation process it is assumed that the
distribution of muscle fibres in the motor unit becomes rearranged before the clus-
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tering becomes manifest. A special model was therefore designed to test whether
there were any signs of muscle fibre rearrangement in the old motor units. With this
model the randomness of the muscle fibre arrangement was assessed as the mean
difference between the measured and predicted number of muscle fibres in eight
sectors of the motor unit territory. These differences were corrected for individual
variations in innervation ratios and motor unit sector areas (see Methods). The
average absolute differences between predicted and measured numbers of fibres in
the eight sectors were not affected by age in the fast-twitch units; they ranged from
2-0 to 5-2 (3-5±+ I) in the young and from 1-7 to 5-9 (3-0+ 1-3) in the old animals. In
the slow-twitch motor units, on the other hand, the absolute differences were in-
creased (P < 0-05) in old age; ranging from 1-6 to 4-1 (2 9+ 0 8) in the young animals
and from 2-9 to 4-8 (4-1+0±7) in the old ones, indicating a rearrangement of the
muscle fibres in the old slow-twitch motor units (Fig. 1).

Number of motor units
The total number of motor units can be calculated assuming that (1) the mapped

motor units are representative of all the units in the muscle, (2) all fibres in the unit
are depleted of glycogen and (3) the total number of muscle fibres is known. As
discussed above, all fibres in t.a. do not pass through the greatest girth of the muscle,
and the total number of muscle fibres cannot be accurately determined from a single
cross-section of this muscle (for references see Larsson & Edstrom, 1986a); the
number of motor units was therefore not calculated in t.a.

In the slow-twitch soleus, the total number of fibres can be accurately determined
from a single cross-section and the number of muscle fibres in fast- and slow-twitch
units is similar in this muscle (Kugelberg, 1976). The number of motor units was
calculated to range from 41 to 66 (49 + 9) in the young and from 17 to 44 (29 + 9) in
the old animals; thus there was a 40% smaller (P < 001) number of motor units in
old age. These results indicate that the muscle fibre loss in old soleus was due to a loss
of whole motor units and that the higher innervation ratio in old age was a result of
reinnervation of previously denervated fibres. Kugelberg (1976) calculated the
number of motor units to be approximately 34. This value conforms with the findings
in some morphological studies, where 30-32 az-motoneurones have been counted in
the motor nerve to soleus in young rats (see Kugelberg, 1976). However, as discussed
by McComas (1977), calculations of innervation ratios based on studies on peripheral
nerves, as opposed to ventral roots, are unlikely to prove helpful, since ac-moto-
neurones cannot be separated from other myelinated neurones and the relative
number of a-motoneurones among the total number of myelinated neurones in the
nerve supplying a muscle is not known.
The number of motor units was also estimated in soleus by whole ventral root

microdissection and also by comparison of L5 and single motor unit twitch forces.
When the whole L5 ventral root was microdissected, the numbers of motor units in
a young and an old animal were found to be 42 and 24, respectively. When, on the
other hand, the twitch force evoked by L5 ventral root stimulation was divided by
the average twitch force of the single motor units in the same animal, the number of
motor units was found to range from 24 to 44 (35+7, n = 6) in the young animals
and from 13 to 33 (25+ 5, n = 12) in the old ones, which meant that the number was
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29% smaller (P < 001) in old age. Thus, an age-related decrease in the number of
motor units was found in soleus irrespective of the method of evaluation used.
However, the total number of soleus motor units is probably underestimated by both
the above methods, since all motoneurones probably do not survive the dissection
and the large majority, but not all, motoneurones to soleus are included in the L5
root.
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Fig. 2. The contraction times of single motor units in the tibialis anterior (A) and
soleus (B) muscles in young (3-6 months, @) and old rats (20-24 months, 0).

Contractile properties
In randomly isolated single motor units, the average twitch duration in t.a. and

soleus was significantly longer in the old (20-24 months) than in the young animals
(3-6 months), as a result of an increased contraction and half-relaxation time. In t.a.,
the contraction and half-relaxation times increased (P < 00001) from 13+1 to
17+3 ms (Fig. 2) and from 12+2 to 16+5 ms, respectively (a total of 138 motor
units were studied in the young animals and 136 in the old). The twitch force was
significantly (P <001) higher in the old (61 +42 mN) than in the young (38 +
35 mN) animals. In soleus, the duration of contraction and half-relaxation increased
(P < 0 001) from 24+ 5 to 31 + 7 ms (Fig. 2) and from 26+ 8 to 35+ 9 ms, respectively
(a total of 94 motor units were studied in the young animals and 142 in the old). In
this muscle the twitch force did not differ significantly between young (6-9+ 2 9) and
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old (8-8 + 4-9 mN) animals. Thirty single motor units in t.a. and seventeen in soleus
were marked through glycogen depletion and subsequently identified enzyme-his-
tochemically. (Morphometrical properties were presented in twenty-five of these
motor units in Table 2. The remaining five units were identified enzyme-histo-

10 Hz 46 Hz 196 Hz

I DiliIbllill I I [0 j

I -.EIIIIIIIIIIIIII I [ i L I
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Old [

Slow-twitch

Young I [smI s_m II

Old[ [l

lOims is is is

Fig. 3. Isometric twitch and force responses to stimulation at 10, 46 and 196 Hz in typical
fast- and slow-twitch single motor units in young (3-6 months) and old (20-24 months)
rats. The contraction and half-relaxation times are indicated in the isometric twitches.
The vertical bars denote 01 N.

chemically, but it was not possible to make an accurate estimation ofthe total number
of muscle fibres in these units. Since, a diffuse regional glycogen depletion was noted
just beneath the muscle fascia in these units. This regional glycogen depletion is
probably related to a local trauma when the muscle is dissected free from surrounding
tissue prior to the freezing.) All the glycogen-depleted muscle fibres in t.a. were
classified according to their enzyme-histochemical features as type II fibres and those
in soleus as type I fibres. In the fast-twitch motor units contraction time increased
from 12 + 2 to 15+4 ms (P < 0 05) and half-relaxation time from 13 + 3 to 15+4 ms
(P < 0 05). In the slow-twitch motor units corresponding increases from 26 + 4 to
31+3 ms (P < 0-05) and from 28+7 to 36+6 ms (P < 0-01), respectively, were
found. In the soleus of old animals, in which the relative number of type II fibres was
1% (Table 1), the contraction and half-relaxation times were almost identical in the
randomly isolated and the enzyme-histochemically classified motor units. In the
soleus of young animals the relative number of type II fibres was 9% (Table 1), and
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on average the duration of both contraction and half-relaxation times was 2 ms
shorter in the randomly isolated than in the glycogen-depleted and enzyme-histo-
chemically classified motor units. However, this latter difference was much smaller
than the age-related change in contraction and half-relaxation times, indicating that
the age-related change in the proportions of different types of fibres was of minor
importance for the reduced speed of contraction observed in old age.
Age had no significant effect on the force in a completely fused tetanic recording

in either fast- or slow-twitch motor units. However, in the fast-twitch units, the
twitch: tetanus ratio increased (P < 0 01) from 0-20 + 008 (n = 16) in the young
animals to 0 30+ 0-08 (n = 14) in the old ones as a result of an increase in twitch force.
Since there was no change in the staircase potentiation with age, the force on
stimulation at 10 Hz in relation to the tetanus force was also increased (P < 01),
from 0-26+0-09 in the young to 0-35+0011 in the old animals. A more complete
fusion and a less prominent sag were observed on stimulation at 46 Hz in the old fast-
twitch units and the force at 46 Hz in relation to the tetanus force was higher (P <
0-05) in the old (0-87 + 0-09) than in the young (0-68 + 0-17) animals (Fig. 3). In the
slow-twitch motor units there was no significant difference in the twitch:tetanus
ratio between young (0-07 +0-04, n = 10) and old animals (0-12 +0-07, n = 7). The
force at 10 Hz in relation to the tetanus force increased (P < 0-05) from 0 13 + 0I0
(n = 10) in the young animals to 0-30+0-18 (n = 7) in the old ones, since summation
was more pronounced in the old animals on account of the longer twitch duration.
The force at 46 Hz in relation to the tetanus force, on the other hand, was not
influenced by age in the slow-twitch units, this value being 0-92 + 0-07 in the young
animals and 0 93 + 0-03 in the old ones.
The tetanus tension, i.e. tetanus force per motor unit cross-sectional area, was

calculated in twenty-four fast- and slow-twitch motor units. Very high tensions were
found in both young and old animals irrespective of the motor unit type. The average
tetanus tensions ranged between 43-1 and 57'8 N/cm2 in the two age groups. Es-
pecially high values were noted in some old fast- and slow-twitch units. The reason for
these erroneously high tensions (cf. Barany & Close, 1971) is not known, but they
may be due to incomplete glycogen depletion of some fibres in the unit, or to an
underestimation of the motor unit cross-sectional area as a result of overstretching
of the muscle when clamped or shrinkage of the fibres when frozen or during the
histochemical staining procedure. Further work is in progress in an attempt to
clarify this point.

DISCUSSION

The decreased speed of contraction in old age, which is observed before senile
muscle wasting becomes manifest (Larsson & Edstrom, 1986 a), has been proposed to
be secondary either to a loss of fast-twitch motor units or to changes in the properties
of the contractile material during ageing, or both (Campbell et al. 1973). An age-
related decrease in the proportion of fast-twitch (type II) muscle fibres has been
reported in various mammals (for references see Larsson, 1982) and a loss of type II
fibres, especially of type II A, was seen in the slow-twitch soleus muscle in this study.
However, it was found that the contraction speed, determined from the isometric
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twitch, decreased to a similar extent in old age in both fast- and slow-twitch tor
units. This reduced speed of contraction at the single motor unit level parallels the
age-related changes in the speed of contraction observed previously in both fast-
twitch t.a. and slow-twitch soleus muscles (Larsson & Edstrom, 1986a). The pro-
portion of different types of fibres only changed in soleus, however, during this age
span (Larsson & Edstr6m, 1986a). It is therefore concluded that the reduced speed
of contraction in old age is primarily due to alterations in contractile properties in
remaining motor units in both fast- and slow-twitch muscles and that the age-related
decrease in the number of type II fibres in soleus is of considerably less importance.
A series ofevents in the excitation-contraction coupling determines the time course

of the contractile response. The capacity of the sarcoplasmic reticulum for calcium
release and recapture and the composition of fast and slow isoforms of the myo-
fibrillar proteins are the two key factors that determine the contraction time of the
muscle twitch (e.g. Brody, 1976; Dulhunty & Valois, 1983; Kugelberg & Thornell,
1983). In skeletal muscle of young adults, the sarcoplasmic reticulum proteins and
myofibrillar proteins appear in a very co-ordinated way in the different muscle fibre
types (Salviati, Betto, Danielo Betto & Zeviani, 1983), presumably triggered by
motoneurone discharge properties. In old age, however, this co-ordination is partially
lost in fast- and slow-twitch skeletal muscle fibres (Salviati et al. 1983) and the surface
and volume densities of the T-tubules and of the sarcoplasmic reticulum are reported
to be decreased (DeCoster, DeReuck, Sieben & Vander Eecken, 1981). Thus, the
complex age-related changes reported in T-tubules, sarcoplasmic reticulum proteins
and myofibrillar proteins, have obvious effects on the excitation-contraction coup-
ling and probably underlie the reduced speed of contraction observed in both fast-
and slow-twitch motor units in this study. The mechanisms underlying these changes
in the properties of the sarcoplasmic and myofibrillar proteins are not known, but
they may be related to an alteration in muscle protein synthesis or catabolism
induced either by a primary myogenic age-related mechanism or by a change in
motoneurone properties. The close connection between motoneurone discharge pro-
perties and the synthesis and accumulation of calcium ATPase in the sarcoplasmic
reticulum (Jolesz & Sreter, 1981), together with the changes in motoneurone dis-
charge properties in old age (Borg, 1981; Nelson, Soderberg & Urbscheit, 1984), lend
some support to the latter alternative.
The age-related alterations in fibre-type proportions and the number of fibres in

the soleus conform with those recently presented in young adult (6 months) and old
(20-24 months) male albino rats (Larsson & Edstr6m, 1986 a). It was suggested that
the most probable mechanisms underlying these alterations were a continuation of
the transformation process that occurs during development and a subsequent fibre
loss irrespective of the enzyme-histochemical type, or alternatively, a selective de-
generation of fast-twitch motor units during ageing (Larsson & Edstr6m, 1986a). It
was found that severe muscle atrophy (cross-sectional fibre areas less than 1000 jtm2)
occurred predominantly in type II fibres and these atrophic fibres often had an
angular appearance, indicating previous denervation (Larsson & Edstr6m, 1986a).
These findings, together with the selective degeneration of the largest and most
rapidly conducting motoneurones reported in old age (for references see Larsson,
1982), lend some support to the hypothesis that the altered fibre-type proportions
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and the loss of muscle fibres in ageing soleus muscle are related to a selective loss of
fast-twitch motor units. However, preliminary results from rats of ages 6-20 months
show that the fibre-type proportions are altered prior to the muscle fibre loss (T.
Ansved, L. Larsson & L. Edstr6m, 1986, unpublished observations), suggesting a
transformation of type II muscle fibres to type I followed by an unselected loss of
motor units beginning in middle age. The atrophic angular type II fibres observed in
old rats (Larsson & Edstrom, 1986 a) may in fact be type I fibres which through loss
of neural control have been transformed to type II. In support of this idea it has been
reported that fast myosin is preferentially synthesized in type I muscle fibres after
denervation (for references see Jenny, Weber, Lutz & Billeter, 1980). Further studies
of the whole spectrum of ages between 6 and 20 months are presently being under-
taken to clarify this point.

Histopathological studies of aged skeletal muscle have shown that both neurogenic
(e.g. grouped atrophy and fibre-type grouping) and myogenic changes (e.g. central
nuclei, necrosis, phagocytosis and interstitial fibrosis) occur, the neurogenic type
predominating (e.g. Tomonaga, 1977). Interestingly, myogenic changes are also seen
in long-standing neurogenic disorders and may thus reflect a disturbance of the
motoneurone (Mumenthaler, 1970). The redistribution of the muscle fibres and the
increased innervation ratio indicate a slow on-going denervation-reinnervation pro-
cess in the ageing soleus. The site of the age-associated denervation process is,
however, controversial. Both a slow loss of neuromuscular contact due to degener-
ation at the end-plate region and a loss of entire motoneurones have been suggested.
Gutmann & Hanzlikova (1966) concluded that the age-related fibre loss in rat soleus
muscle, between adult (4 months) and old (24 months) animals, was secondary to a
degeneration of motor end-plates, which was found to cause a 33 % decrease in motor
unit innervation ratio but no change in the number of motor units. This conclusion
was based on measurements of the number of myelinated nerve fibres in the motor
nerve to soleus and the total number of muscle fibres in soleus together with mor-
phological studies of end-plate structures. However, in the present study an increased
innervation ratio, a redistribution of muscle fibres in the unit and a decreased
number of motor units were observed in the soleus of old rats, indicating that the
muscle fibre loss in old rat soleus muscle is due to a loss of entire motoneurones and
incomplete reinnervation of denervated muscle fibres by the remaining moto-
neurones. These findings are supported by the results of various studies in which the
number of functioning motor units has been estimated by the method of McComas,
Sica & Campbell (1971), where an age-related decrease in the number of motor units
both in man (Campbell et al. 1973) and in the mouse and rat (Caccia et al. 1979) has
been found. As discussed by McComas (1977), calculations of innervation ratios
based on studies on peripheral nerves are unlikely to prove helpful, since c-moto-
neurones cannot be separated from other myelinated nerves and the relative con-
tribution ofo-motoneurones to the total number of myelinated neurones in the nerve
to a muscle is not known. Furthermore, electrophysiological studies have shown that
the profound ultrastructural alterations in the neuromuscular junction in old age
(Gutmann et al. 1971) do not impair neuromuscular transmission and that they are
either not rate limiting or are well compensated for (Banker, Kelly & Robbins,
1983).

143



L. EDSTROM AND L. LARSSON
We wish to thank Ms Birgitta Lindegren and Birgitta Hedberg for excellent technical assistance.

The study was supported by grants from the Swedish Medical Research Council (B86-12X-03875-
14A), the Swedish Society of Medical Sciences, the Karolinska Institute and the Swedish Sports
Research Council.

REFERENCES

BANKER, B. Q., KELLY, S. S. & ROBBINS, S. S. (1983). Neuromuscular transmission and correlative
morphology in young and old mice. Journal of Physiology 339, 355-375.

BARANY, M. & CLOSE, R. I. (1971). The transformation of myosin in cross-innervated rat muscle.
Journal of Physiology 213, 455-474.

BELANGER, A. Y., MCCOMAS, A. J. & ELDER, G. B. C. (1983). Physiological properties of two
antagonistic human muscle groups. European Journal of Applied Physiology and Occupational
Physiology 51, 381-393.

BORG, J. (1981). Properties of single motor units of the extensor digitorum brevis in elderly humans.
Muscle and Nerve 7, 420-434.

BRODY, I. A. (1976). Regulation of isometric contraction in skeletal muscle. Experimental Neurology
50, 673-683.

BROOKE, M. H. & KAISER, K. K. (1969). Some comments on the histochemical characterization of
muscle adenosine triphosphatase. Journal of Histochemistry and Cytochemistry 17, 431-432.

BROOKE, M. H. & KAISER, K. K. (1970). Muscle fiber types: How many and what kind? Archives
of Neurology 23, 369-379.

CACCIA, M. C., HARRIS, J. B. & JOHNSON, M. A. (1979). Morphology and physiology of skeletal
muscle in aging rodents. Muscle and Nerve 2, 202-212.

CAMPBELL, M. J., MCCOMAS, A. J. & PETITO, F. (1973). Physiological changes in ageing muscles.
Journal of Neurology, Neurosurgery and Psychiatry 36, 174-182.

DAVIES, C. T. M., WHITE, M. J. & YOUNG, K. (1983). Electrically evoked and voluntary maximal
isometric tension in relation to dynamic muscle performance in elderly male subjects, aged 69
years. European Journal of Applied Physiology and Occupational Physiology 51, 37-43.

DECOSTER, W., DEREUCK, J., SIEBEN, G. & VANDER EECKEN, H. (1981). Early ultrastructural
changes in aging rat gastrocnemius muscle: A stereological study. Muscle and Nerve 4, 111-116.

DUBOWITZ, V. & BROOKE, M. H. (1973). Muscle biopsy: A modern approach. In Major Problems in
Neurology, vol. 2, Philadelphia: W. B. Saunders.

DULHUNTY, A. F. & VALOIS, A. A. (1983). Indentations in the terminal cisternae of amphibian and
mammalian skeletal muscle fibres. Journal of Ultrastructural Research 84, 34-49.

EDSTROM, L. & KUGELBERG, E. (1968). Histochemical composition, distribution and fatiguability
of single motor units. Anterior tibial muscle of the rat. Journal of Neurology, Neurosurgery and
Psychiatry 31, 424-433.

GUTMANN, E. & HANZLIKOVA, V. (1966). Motor units in old age. Nature 209, 921-922.
GUTMANN, E., HANZLIKOVA, V. & VYSKOCIL, F. (1971). Age changes in cross-striated muscle of the

rat. Journal of Physiology 219, 331-343.
HARRIMAN, D. G. F., TAVERNER, D. & WOOLF, A. L. (1970). Ekbom's syndrome and burning

paraesthesiae. A biopsy study by vital staining and electron microscopy of the intramuscular
innervation with a note on age changes in motor nerve endings in distal muscles. Brain 93,
393-406.

HAYASHI, M. & FREIMAN, D. G. (1966). An improved method of fixation for formalin-sensitive
enzymes with special reference to myosine adenosine triphosphatase. Journal of Histochemistry
and Cytochemistry 14, 577-581.

ILAR (Institute for Laboratory Animal Resources) (1981). Mammalian Models for Research on
Aging. Washington, DC: National Academic Press.

JENNY, E., WEBER, H., LUTZ, H. & BILLETER, R. (1980). Fibre populations in rabbit skeletal
muscles from birth to old age. In Plasticity of Muscle, ed. PETTE, D., pp. 97-109. Berlin, New
York: W. de Gruyter.

JOLESZ, F. & SRETER, F. A. (1981). Development, innervation, and activity-pattern-induced
changes in skeletal muscle. Annual Review of Physiology 43, 531-552.

KUGELBERG, E. (1973). Histochemical composition, contraction speed and fatiguability of rat slow
motor units. Journal of the Neurological Sciences 20, 177-198.

KUGELBERG, E. (1976). Adaptive transformation of rat soleus motor units during growth. Journal
of the Neurological Sciences 27, 269-289.

144



The Journal of Physiology, Vol. 392 Plate 1

a,

E

E

ATPase (pH 4*5)

L. EDSTROM AND L. LARSSON

10 L-

o

(Uj

03

PAS

(Facing p. 144)



The Journal of Physiology, Vol. 392

V

-0

E
E

6

PAS ATPase (pH 4-3)

L. EDSTROM AND L. LARSSON

Plate 2



SINGLE MOTOR UNITS IN YOUNG AND OLD RATS

KUGOELBERG, E. & EDSTR6M, L. (1968). Differential histochemical effects of muscle contraction on
phosphorylase and glycogen in various types of fibres: relation to fatigue. Journal of Neurology,
Neurosurgery and Psychiatry 31, 415-423.

KUGELBERG, E., EDSTROM, L. & ABBRUZZESE, M. (1970). Mapping of motor units in experimentally
reinnervated rat muscle. Journal of Neurology, Neurosurgery and Psychiatry 33, 319-329.

KUGELBERG, E. & LINDEGREN, B. (1979). Transmission and contraction fatigue of rat motor units
in relation to succinate dehydrogenase activity of motor unit fibres. Journal of Physiology 288,
285-300.

KUGELBERG, E. & THORNELL, L.-E. (1983). Contraction time, histochemical type, and terminal
cisternae volume of rat motor units. Muscle and Nerve 6, 149-153.

LARSSON, L. (1978). Morphological and functional characteristics of the ageing skeletal muscle in
man. A cross-sectional study. Acta physiologica scandinavica 457, suppl., 1-36.

LARSSON, L. (1982). Aging in mammalian skeletal muscle. In The Aging Motor System, ed. PIROZZOLO,
F. J. & MALETTA, G. J., pp. 60-98. New York: Praeger.

LARSSON, L. & EDSTROM, L. (1986a). Effects of age on enzyme-histochemical fibre spectra and
contractile properties of fast- and slow-twitch skeletal muscles in the rat. Journal of the Neuro-
logical Sciences 76, 69-89.

LARSSON, L. & EDSTR6M, L. (1986b). Effects of aging on enzyme-histochemical and contractile
properties of fast- and slow-twitch skeletal muscles and single motor units in the rat. Muscle and
Nerve 9, 169.

LARSSON, L. & EDSTR6M, L. (1986c). Effects of aging on enzyme-histochemical and contractile
properties of fast- and alow-twitch single motor units in the rat. In Proceedings of the International
Union of Physiological Sciences, vol. xvi, XXXth Congress Vancouver, B.C., Canada, p. 273.

MCCOMAS, A. J. (1977). Neuromuscular Function and Disorders, p. 47 and p. 103. Sevenoaks:
Butterworth.

MCCOMAS, A. J., SICA, R. E. P. & CAMPBELL, M. J. (1971). Sick motoneurones. A unifying concept
of muscle disease. Lancet i, 321-325.

MUMENTHALER, M. (1970). Myopathy in neuropathy. In Muscle Diseases, ed. WALTON, J. N.,
CAMEL, N. & SCARLATO, G. International Congress Series, no. 199. Amsterdam: Excerpta
Medica.

NELSON, R. M., SODERBERG, G. L. & URBSCHEIT, N. L. (1984). Alterations of motor-unit discharge
characteristics of aged humans. Physical Therapy 64, 29-34.

PADYKULA, H. A. & HERMAN, E. (1955). The specificity of the histochemical method of adenosine
triphosphatase. Journal of Histochemistry and Cytochemistry 3, 170-195.

SALVIATI, G., BETTO, R., DANIELO BETTO, D. & ZEVIANI, M. (1983). Myofibrillar-protein isoforms
and sarcoplasmic-reticulum Ca2+ transport activity of single human fibres. Biochemical Journal
244, 215-225.

SERRATRICE, G., Roux, H. & AQUARON, R. (1968). Proximal muscular weakness in elderly subjects.
Reports of 12 cases. Journal of the Neurological Sciences 7, 275-299.

ToMLINSON, B. E., WALTON, J. N. & REBEIZ, J. J. (1969). The effects of ageing and of cachexia
upon skeletal muscle. A histopathological study. Journal of the Neurological Sciences 9, 321-
346.

TOMONAGA, M. (1977). Histochemical and ultrastructural changes in senile human skeletal muscle.
Journal of the American Geriatrics Society 25, 125-131.

EXPLANATION OF PLATES

PLATE 1

Photomicrographs of serial transverse sections of the tibialis anterior muscle of a young and an old
rat. The upper section, stained for PAS, demonstrates the distribution of glycogen-depleted fibres
in a fast-twitch motor unit. The small, lightly stained fibres in the deep central part of the muscle
are slow-twitch type I fibres, which stain less intensely for glycogen in the rat. The lower section
is stained for myofibrillar ATPase after pre-incubation at pH 4-35.

PLATE 2

Photomicrographs of serial transverse sections of the soleus muscle of a young and an old rat. The
upper section, stained for PAS, demonstrates the distribution of glycogen-depleted fibres in a slow-
twitch motor unit. The lower section is stained for myofibrillar ATPase after pre-incubation at pH
4-35.
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