
Increases in the number of sarcomeres in series (sarcomere

number) in skeletal muscle myofibrils are important for

normal muscle development and function. Such sarcomere

addition is necessary for longitudinal muscle growth

(Williams & Goldspink, 1971). Sarcomere addition influences

muscle force—length (Williams & Goldspink, 1978) and

force—velocity properties (Spector et al. 1980). Insufficient

sarcomere addition is believed to induce complications in

cerebral palsy (O’Dwyer et al. 1989) and during bone

lengthening (Simpson et al. 1995). Despite the importance

of sarcomere addition, little is known about its regulation.

Mechanical stimuli are thought to be involved in regulating

sarcomere addition (Herring et al. 1984; Goldspink, 1985).

For example, increasing passive tension in adult skeletal

muscle by stretch-immobilization results in sarcomere

addition (e.g. Tabary et al. 1972). In addition, increasing

excursion in growing muscle by increasing the muscle

moment arm, or decreasing excursion by immobilization,

results in increased or decreased sarcomere addition,

respectively (Williams & Goldspink, 1971; Koh & Herzog,

1998). Although mechanical signals appear to modulate

sarcomere addition, the mechanisms by which muscle cells

transduce mechanical signals into sarcomere addition have

not been explored.

A putative mechanotransducer for sarcomere addition should:

(1) be localized at the muscle—tendon junction (MTJ), since

this is the primary site of sarcomere addition (Williams &

Goldspink, 1971), (2) be responsive to mechanical stimuli

such as passive stretch and excursion, which have been

shown to modulate sarcomere addition, and (3) produce a

signal that acts locally at sites of sarcomere addition. The

neuronal isoform of nitric oxide synthase (nNOS) fulfills all

three criteria. First, nNOS is located in skeletal muscle

cells at the sarcolemma through direct interaction with the

dystrophin complex, and is particularly concentrated at the

MTJ (Chang et al. 1996). Second, nNOS activity is positively

regulated by mechanical activity; static stretch of excised

muscle and cyclic stretch of cultured myotubes both increase

nNOS activity (Tidball et al. 1998). Third, the short half-life

of NO (Lowenstein et al. 1994) would limit its actions to

targets close to its site of production, which in muscle would

be the region of the MTJ. Together, these data are consistent
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1. Mechanical stimuli are thought to modulate the number of sarcomeres in series (sarcomere

number) in skeletal muscle fibres. However, the mechanisms by which muscle cells transduce

mechanical signals into serial sarcomere addition have not been explored. In this study, we

test the hypothesis that nitric oxide positively modulates sarcomere addition.

2. The soleus muscle was cast-immobilized in a shortened position in 3-week-old female Wistar

rats. After 4 weeks, the casts were removed, creating a period of rapid sarcomere addition.

During the remobilization period, nitric oxide synthase (NOS) inhibitors or substrate were

administered.

3. Rats treated with the non-isoform-specific NOS inhibitor ¬_nitro-arginine methyl ester

during 3 weeks of remobilization had smaller soleus sarcomere numbers than control rats.

Rats treated with 1-(2-trifluoromethyl-phenyl)-imidazole, which has greater specificity for

the neuronal isoform than for the endothelial isoform of NOS, also had smaller soleus

sarcomere numbers than control rats. These results suggest that inhibition of the neuronal

isoform of NOS reduces sarcomere addition during remobilization.

4. Rats treated with ¬_arginine, the substrate for NOS, during 1 week of remobilization had

soleus sarcomere numbers for the immobilized—remobilized muscle which were closer to that

for the contralateral, non-immobilized muscle than did rats that were not treated with

¬_arginine.

5. These results support the hypothesis that nitric oxide derived from the neuronal isoform of

NOS positively modulates sarcomere addition.
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with the possibility that nNOS may be a mechanotransducer

for sarcomere addition.

Our hypothesis is that NO derived from nNOS is a positive

modulator of sarcomere addition. The experimental model

used in this study was the rat soleus muscle exposed to

immobilization followed by remobilization. Such remobiliz-

ation is associated with increased passive stretch and

excursion of the soleus muscle, and has been shown to be

associated with rapid sarcomere addition (Williams &

Goldspink, 1971). We tested the hypothesis by administering

NOS inhibitors and substrate during remobilization to

determine whether modulation of NOS activity alters

sarcomere addition.

METHODS

Immobilization

Three-week-old female Wistar rats (Harlan Sprague—Dawley,

Indianapolis, IN, USA) were anaesthetized with an intraperitoneal

injection of sodium pentobarbital (35 mg kg¢). A wire mesh-

reinforced plaster cast was constructed to immobilize the right

ankle joint in full plantarflexion, without hindering motion at the

knee joint. The soleus muscle was thus maintained in a shortened

position. Casts were replaced 3 and 7 days after the initial casting,

then weekly or as needed thereafter to allow for growth. Following

four weeks of immobilization, the casts were removed, and the rats

were allowed unrestricted cage activity (remobilization). Rats and

tissues from all experiments were treated identically except for

specific experimental perturbations that were imposed during the

remobilization period. All animal procedures were approved by the

Animal Research Committee of the University of California, Los

Angeles, USA. At the end of experimentation, rats were killed by

an intraperitoneal injection of sodium pentobarbital (100 mg kg¢).

Remobilization

For experiment 1, rats (n = 6) were given the non-isoform-specific

NOS inhibitor ¬_nitro-arginine methyl ester (¬_NAME) in their

drinking water (0·05%) during 3 weeks of remobilization to

determine whether NO influences sarcomere addition during this

period. Oral administration of ¬_NAME has been shown to produce

systemic effects consistent with inhibition of NOS (Huang et al.

1995; Boger et al. 1996). Control rats were given the same

concentration of the less active enantiomer ª_NAME (n = 6) or

plain drinking water (n = 7). Water consumption was measured to

determine ingested dosages. The resulting mean dose of ¬_NAME

was 79 mg kg¢ day¢, and that of ª_NAME was 84 mg kg¢ day¢.

For experiment 2, rats (n = 14) were injected daily with

1_(2_trifluoromethyl-phenyl)-imidazole (TRIM; 10 mg kg¢ i.p. in

phosphate-buffered saline, PBS) during 3 weeks of remobilization

to determine whether results from experiment 1 may have been due

to inhibition of the endothelial isoform of NOS (eNOS), and

possibly increased blood pressure and decreased blood flow (Hirai et

al. 1994). This dose of TRIM has been shown to inhibit nociceptive

responses in mice without affecting blood pressure (Handy et al.

1996), suggesting inhibition of nNOS without influencing eNOS. In

addition, this dose of TRIM has been shown not to affect behaviour

as assessed by a box-maze procedure (Handy et al. 1996). Control

rats were injected with PBS (n = 14).

For experiment 3, rats (n = 5) were given ¬_arginine, the substrate

for NOS, in their drinking water (1·25%) during 1 week of

remobilization to determine whether ¬_arginine supplementation

enhances sarcomere addition during this period. Oral ¬_arginine

supplementation has been reported to increase NO production when

¬_arginine levels limit NO production (Matsuoka et al. 1996; Pieper

et al. 1996; Huk et al. 1997). The resulting mean dose of ¬_arginine

was 2·7 g kg¢ day¢. Control rats were given plain drinking water

(n = 5).

Muscle architecture

Sarcomere number was determined essentially as described

previously (Koh & Herzog, 1998). Briefly, after an overdose of

pentobarbital, the lower limbs were immersed in 8% para-

formaldehyde with the soleus muscles attached to the bones and the

ankle joints positioned at 90 deg. After fixation for a minimum of

1 week, each soleus was dissected, blotted dry and weighed. The

length of each tibia was measured with vernier calipers. The

muscles were placed into 30% nitric acid for approximately 16 h.

Ten fascicles were then teased from the central part of each muscle,

and fascicle lengths were measured using a video analysis system

(Bioquant, R&M Biometrics, Nashville, TN, USA). Sarcomere length

was measured using laser diffraction (beam diameter = 0·8 mm) at

the centre of each fascicle and 2 mm from each end. Sarcomere

number was estimated by dividing the fascicle length by the mean

sarcomere length for the fascicle. Sarcomere number was averaged

across fascicles to provide a representative value for each muscle.

Repeat measurements using this method have been shown

previously to vary by only 2% (Koh & Herzog, 1998).

Electron microscopy

Soleus muscles from three TRIM-injected and two PBS-injected

rats (immobilized 4 weeks, remobilized 1 week) were dissected,

pinned at resting length, and fixed in 1·4% gluteraldehyde in 0·2 Ò

sodium cacodylate buffer at pH 7·2 for 1 h at 4°C. Muscles were cut

into •5 mmÅ pieces containing MTJs from the insertion end of the

muscles, and fixed for an additional 30 min. The samples were

rinsed in buffer and then fixed in 1% osmium tetroxide for 40 min

at 4°C. Samples were dehydrated in a series of ethanols and

embedded in epoxy resin. Thick sections were evaluated by light

microscopy to select samples that contained longitudinally oriented

fibres and included MTJs. Those samples were sectioned at 70 nm

thickness, stained with uranyl acetate and lead citrate, and

examined by electron microscopy. Sections that were free from

sectioning and processing artifacts were photographed and

analysed without knowledge of whether the samples were from

immobilized—remobilized limbs or non-immobilized contralateral

limbs, or whether the samples were from TRIM-treated or PBS-

treated animals.

Dry mass and hydroxyproline assay

Gastrocnemius muscles from eight TRIM-injected and eight PBS-

injected animals were dissected, blotted dry and weighed. Muscles

were then dried to a constant mass under a vacuum. Dry masses

were compared with wet masses to determine water concentration

of each muscle. Muscles were then hydrolysed in 6 n HCl at 120°C

for 16 h. Hydroxyproline concentrations in the hydrolysates were

assayed using the colorimetric method of Kivirikko et al. (1967).

Data analysis

For experiment 1, mean values were compared between groups

using one-way analysis of variance. The Student—Neuman—Keuls

test was used for post hoc comparisons. For experiments 2 and 3,

mean non-normalized values were compared using Student’s t test.

Values normalized to body weight, or to contralateral values, were

compared using the non-parametric Mann—Whitney U test. For all

statistical tests, the 0·05 level was taken to indicate statistical

significance.
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RESULTS

Soleus sarcomere number and mass in ¬_NAME-,

ª_NAME- and water-treated rats

The mean soleus sarcomere number for rats given plain

drinking water during 3 weeks of remobilization was 42%

larger than that for rats killed immediately after

immobilization (Table 1), indicating rapid sarcomere addition

during remobilization. Rats given ¬_NAME and ª_NAME in

their drinking water during remobilization had 8 and 12%

smaller mean soleus sarcomere numbers, respectively, than

rats given plain drinking water (Table 1). There was no

statistical difference in sarcomere number between ¬_NAME-

and ª_NAME-treated rats.

Percentage differences in sarcomere numbers between remob-

ilized groups underestimate the effects of the experimental

treatments on sarcomere addition during remobilization; the

•3000 sarcomeres present prior to remobilization (Table 1)

mask the effects of the experimental treatments. A better

measure of the effects of the experimental treatments would

be differences in sarcomere addition during remobilization.

However, sarcomere addition per se cannot be measured

directly with present techniques, because rats must be killed

to measure sarcomere number. Differences in soleus sarcomere

number between separate groups of rats (1) following

remobilization and (2) immediately after immobilization

provides an estimate of sarcomere addition during remobiliz-

ation. Estimated sarcomere addition for rats treated with

¬_NAME was reduced by 28% compared with control rats

(Fig. 1). Thus, NOS inhibition substantially reduced

sarcomere addition during remobilization.

Mean soleus mass was significantly smaller for ¬_NAME-

treated rats than for control rats (Table 1). Mean soleus mass

for ª_NAME-treated rats was not statistically different from

control, despite the smaller sarcomere number. Mean body

mass was not significantly different for any group, suggesting

that ¬_NAME and ª_NAME treatments did not affect rat

growth (Table 1). Tibia length was not significantly different

between groups (Table 1), indicating that NOS inhibition did

not reduce longitudinal tibial growth. Daily observation of

the rats suggested that none of the experimental treatments

in this study (¬_NAME, ª_NAME, TRIM and ¬_arginine)

influenced rat behaviour; this has been reported previously

for the dose of TRIM used in this study (Handy et al. 1996).

Soleus sarcomere number and mass in TRIM- and

PBS-treated rats

Rats given daily injections of TRIM during 3 weeks of

remobilization had significantly smaller mean soleus

sarcomere numbers than PBS-injected rats (Table 2).

Estimated sarcomere addition was reduced by 22% in

TRIM- compared with PBS-injected rats (Fig. 2). Thus,

nNOS inhibition reduced sarcomere addition during the

remobilization period.

Mean soleus mass was significantly smaller for TRIM-

injected rats than for PBS-injected rats (Table 2). However,

body mass was also significantly smaller for TRIM- than for

PBS-injected rats. The ratio of soleus mass to body mass

was then taken as a measure of soleus mass independent of

possible confounding effects of body mass. There was a

trend of a smaller ratio for TRIM-injected rats than for PBS-

injected rats (0·236 ± 0·019 vs. 0·251 ± 0·031, respectively;

P = 0·07). Tibia length was not significantly different

Nitric oxide and sarcomere additionJ. Physiol. 519.1 191

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table 1. Comparisons of soleus muscle sarcomere number and mass, body mass and tibia length

immediately after immobilization, or after 3 weeks of remobilization during which rats were given

plain drinking water, ¬_NAME (0·05% in water) or ª_NAME (0·05% in water)

––––––––––––––––––––––––––––––––––––––––––––––

Soleus

Group sarcomere number Soleus mass Body mass Tibia length

(mg) (g) (mm)

––––––––––––––––––––––––––––––––––––––––––––––

Immobilization (n = 6) 3041 (267) 24 (5) 189 (12) 33·2 (0·4)

Water (n = 7) 4325 (235) 53 (6) 248 (16) 36·1 (0·8)

¬_NAME (n = 6) 3967 (334) * 45 (3) * 229 (25) 35·3 (0·9)

ª_NAME (n = 6) 3798 (335) * 52 (6) 237 (12) 35·1 (0·2)

––––––––––––––––––––––––––––––––––––––––––––––

Values shown are means (s.d.). *Mean value significantly different from that for rats given plain drinking

water during remobilization (P < 0·05).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Estimated soleus sarcomere addition for

water-, ¬_NAME- and d-NAME-treated rats

Sarcomere addition was estimated by the difference in mean

sarcomere number between (1) each group following

remobilization and (2) a group immediately after

immobilization.



between groups (Table 2), indicating that TRIM treatment

did not reduce longitudinal tibial growth.

Soleus MTJ ultrastructure in TRIM- and PBS-treated

rats

Electron micrographs of longitudinal sections of muscle

fibres were analysed blindly, without knowledge of whether

the samples were from TRIM- or PBS-treated animals, or

from the immobilized—remobilized or non-immobilized

contralateral limbs. Micrographs were sorted according to

differences in sarcomeric organization and ultrastructural

signs of elevated intracellular protein synthesis (e.g. high

concentrations of ribosomes and polyribosomes). In all

cases, micrographs of MTJs obtained from immobilized—

remobilized limbs were distinguished from non-immobilized

control limbs by the presence of ultrastructural features

that were consistent with new sarcomere synthesis, which

included the presence of small diameter myofibrils,

sarcomeres that were not in register with those of

neighbouring myofibrils, reduced MTJ membrane folding,

reduced concentration of MTJ subsarcolemmal densities

and high concentrations of polyribosomes (Fig. 3). The

sarcomeric and myofibril organization of muscles obtained

from immobilized—remobilized or non-immobilized limbs

appeared identical at sites within the muscle fibre that were

at distances greater than 50 to 100 ìm from the MTJ

membrane, suggesting that the ends of the myofibrils were

the exclusive or primary sites of new sarcomere synthesis

in the remobilized muscles. No morphological basis for

distinguishing between muscles from TRIM- and PBS-

treated animals was identified either through blind analysis

or during comparisons made following unblinding of the

data.

Gastrocnemius mass, water and hydroxyproline

concentrations in TRIM- and PBS-treated rats

Gastrocnemius wet mass was 9% smaller in rats injected

with TRIM than in rats injected with PBS (Table 3). Dry

mass was 8% smaller in TRIM-injected than in PBS-injected

rats. Water concentration and hydroxyproline concentration

were not statistically different between TRIM-injected and

PBS-injected rats. Thus, the smaller gastrocnemius mass in

the TRIM-treated group was not due to smaller water or

connective tissue concentration.
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Table 2. Comparisons of soleus muscle sarcomere number and mass, body mass and tibia length for

rats given injections of PBS or TRIM (10 mg kg¢ in PBS) during 3 weeks of remobilization

––––––––––––––––––––––––––––––––––––––––––––––

Soleus

Group sarcomere number Soleus mass Body mass Tibia length

(mg) (g) (mm)

––––––––––––––––––––––––––––––––––––––––––––––

PBS (n = 14) 4449 (236) 59 (8) 234 (22) 36·3 (0·5)

TRIM (n = 14) 4142 (337) * 52 (3) * 219 (16) * 36·2 (0·8)

––––––––––––––––––––––––––––––––––––––––––––––

Values shown are means (s.d.). *Mean value significantly different from that for PBS_injected rats

(P < 0·05).

Figure 2. Estimated soleus sarcomere addition for

PBS- and TRIM-treated rats

Sarcomere addition was estimated by the difference in mean

sarcomere number between (1) each group following

remobilization and (2) a group immediately after

immobilization.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table 3. Comparisons of gastrocnemius mass, and water and hydroxyproline concentrations for rats

given injections of PBS or TRIM (10 mg kg¢ in PBS) during 3 weeks of remobilization

––––––––––––––––––––––––––––––––––––––––––––––

Group Wet mass Dry mass Water [Hydroxyproline]

(mg) (mg) (%) (ìg mg¢)

––––––––––––––––––––––––––––––––––––––––––––––

PBS (n = 8) 971 (112) 239 (25) 75·2 (0·7) 9·2 (0·6)

TRIM (n = 8) 885 (61) * 221 (12) * 75·5 (0·7) 9·1 (0·7)

––––––––––––––––––––––––––––––––––––––––––––––

Values shown are means (s.d.). *Mean value significantly different from that for PBS_injected rats

(P < 0·05).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



Soleus sarcomere number and mass in ¬_arginine-

supplemented rats

Soleus sarcomere number was not significantly different

between rats given ¬_arginine in their drinking water and

rats given plain drinking water during 1 week of

remobilization (Table 4). Soleus mass, tibia length and body

mass were also not significantly different between groups

(Table 4). To minimize the variability between rats,

sarcomere number and soleus mass were expressed as ratios

of values for the right (immobilizedÏremobilized) leg to

those for the left (contralateral, non-immobilized) leg. For

sarcomere number, the ratio was significantly larger for

¬_arginine-supplemented rats than for control rats (Fig. 4).

This result suggests that the immobilized—remobilized soleus

sarcomere number for ¬_arginine-supplemented rats had

increased closer to the contralateral sarcomere number than

had that for control rats. For soleus mass, the ratio was not

significantly different between groups, but there was a trend

of a larger ratio for ¬_arginine-treated rats than for control

rats (0·50 ± 0·08 vs. 0·42 ± 0·05, respectively; P = 0·08).
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Figure 3. Electron micrographs of longitudinal section through soleus MTJs

A, muscle from non-immobilized limb of a PBS-treated rat. The tendon lies in the left portion of the

micrograph, with the central and right portions showing the MTJ region of a muscle fibre. Thin filaments

from the terminal sarcomeres of well-formed myofibrils terminate in subsarcolemmal densities (arrowheads)

that are characteristic of MTJs. B, muscle from immobilized—remobilized limb of a PBS-treated rat. The

tendon lies along the left edge of micrograph with the remainder of the micrograph showing the MTJ

region of a muscle fibre. Sparse thin filaments terminate at subsarcolemmal densities (arrowheads). Dense

bodies within the terminal portion of the muscle fibre are incipient Z-disks (arrows) between which lie scant

myofilaments. Scale bars, 1·5 ìm.



DISCUSSION

The results of the present investigation support the

hypothesis that NO derived from nNOS is a positive

modulator of sarcomere addition. This conclusion is

supported by our findings that NOS inhibitors reduced

sarcomere addition, and that NOS substrate supplement-

ation showed evidence of enhanced sarcomere addition.

Administration of NOS inhibitors also lessened the increase

in muscle mass that normally occurs during remobilization;

this may reflect diminished sarcomeric protein synthesis in

the NOS-inhibited animals. Finally, electron microscopic data

showed that the MTJ was the primary site of sarcomere

addition during remobilization, which is also the site where

nNOS is most highly concentrated in muscle (Chang et al.

1996). When combined with the previous finding that passive

stretching of muscle increases NO production (Tidball et al.

1998), the present data suggest that nNOS may serve as a

mechanotransducer for sarcomere addition.

Although the NOS inhibitor-induced reductions in sarcomere

addition are consistent with our hypothesis, we had

anticipated that ª_NAME would have a smaller effect than

¬_NAME because it is commonly used as a control treatment

with the expectation that it is a less active enantiomer than

¬_NAME. However, there is precedent for similar levels of

NOS inhibition in vivo by the two forms of NAME. Oral

administration of the same concentration of either ¬_NAME

or ª_NAME (•33 mg kg day¢) to guinea-pigs with induced

chronic ileitis produced similar reductions in nitrite levels in

the ileal lumen and similar reductions in protein loss and

ileal wall thickening (Miller et al. 1993). These findings may

be explained if the doses of ª_NAME were high enough to

cause maximal NOS inhibition in vivo, so that differences in

the physiological effects of ª_NAME and ¬_NAME could not

be detected.

Though the inhibition of sarcomere addition by ¬_NAME

and ª_NAME supports the proposal that NO promotes

sarcomere addition, no inferences can be made from those

data concerning the source of the NO that modulates

sarcomere addition. Potential sites for NO generation would

be eNOS located in neighbouring endothelial cells or nNOS

present in muscle. Our finding that TRIM administration

produced similar inhibition of sarcomere addition as NAME

supports the likelihood that muscle nNOS is the primary

producer of NO that modulates sarcomere addition, because

TRIM is more specific for nNOS than for eNOS (Handy et al.

1996). The specificity of TRIM for nNOS may result from

interaction of TRIM with the tetrahydrobiopterin binding

site on nNOS, in addition to the ¬_arginine binding site

targeted by arginine analogues such as NAME (Handy &

Moore, 1997).

One could argue that the smaller body mass in TRIM-

treated rats compared with control rats (Table 2) could have

resulted from a reduced food intake, and that this reduced

food intake could have reduced sarcomere addition. However,

the sarcomere number in the contralateral, non-immobilized

soleus of TRIM-treated animals was nearly identical to that

of control animals (4422 ± 273 vs. 4425 ± 238, respectively;

means ± s.d.). In addition, tibial growth was nearly

identical in TRIM-treated and control animals (Table 2).

These data suggest that a possibly reduced food intake did

not affect longitudinal bone and muscle growth.

¬_Arginine supplementation showed evidence of enhancing

sarcomere addition (Fig. 4), which would support the proposal

that NO promotes sarcomere addition if increased arginine

levels augmented NOS activity during remobilization.

¬_Arginine supplementation has been found to increase
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Table 4. Comparisons of soleus muscle sarcomere number and mass, body mass and tibia length for

rats given plain drinking water or l-arginine supplementation (1·25% in water) during 1 week of

remobilization

––––––––––––––––––––––––––––––––––––––––––––––

Soleus

Group sarcomere number Soleus mass Body mass Tibia length

(mg) (g) (mm)

––––––––––––––––––––––––––––––––––––––––––––––

Water (n = 5) 3378 (235) 33 (6) 214 (15) 33·6 (1·0)

l-Arginine (n = 5) 3438 (227) 36 (6) 203 (11) 33·4 (0·5)

––––––––––––––––––––––––––––––––––––––––––––––

Values shown are means (s.d.).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 4. Soleus sarcomere number ratio for water- and

¬_arginine-treated rats

Ratio is immobilized—remobilized soleus sarcomere number

divided by contralateral, non-immobilized, soleus sarcomere

number. *Ratio for ¬_arginine-treated rats significantly

greater than that for water-treated rats; P < 0·05.



NOS activity in muscle ischaemiaÏreperfusion injury,

diabetes and hypertension (Matsuoka et al. 1996; Pieper et

al. 1996; Huk et al. 1997). In addition, ¬_arginine has been

found to improve nitrogen balance in animals and patients

that had undergone major trauma (Brittenden et al. 1994).

However, ¬_arginine supplementation has also been shown

to influence the secretion of a number of hormones

(Brittenden et al. 1994), including increasing the secretion

of growth hormone via suppression of endogenous

somatostatin secretion (Alba-Roth et al. 1988). Thus,

although ¬_arginine may stimulate sarcomere addition, the

pathway (e.g. enhanced NO production, increased secretion

of growth hormone) remains to be determined.

The inference based on NOS inhibition data that muscle

nNOS is the source of NO that modulates sarcomere addition

is further supported by the electron microscopic data. MTJs

were the only site observed to show structural evidence of

new sarcomere formation, and these sites have also been

shown previously to contain the highest concentration of

nNOS in muscle (Chang et al. 1996). The structural features

used to identify sarcomere addition have been described

previously in developing, embryonic muscle (Tidball & Lin,

1989), during postnatal growth (Williams & Goldspink, 1971)

and during adaptive growth (Dix & Eisenberg, 1990). Our

inability to distinguish between the MTJ structures of

TRIM-treated, or PBS-treated, remobilized muscles may be

attributable to the incomplete inhibition of sarcomere

addition by TRIM.

The mechanisms through which NO may influence sarcomere

addition remain to be elucidated, but could potentially

involve the synthesis of cytoskeletal proteins, andÏor

satellite cell fusion at the ends of muscle cells. For example,

NO can induce the immediate early genes c-fos and c-jun

(Morris, 1995; Janssen et al. 1997), the protein products of

which can upregulate the expression of cytoskeletal proteins

such as skeletal á-actin (Bishopric et al. 1992). In addition,

NO donors have been shown to enhance, and NOS inhibitors

to reduce, myoblast fusion in vitro (Lee et al. 1994). Thus,

NO could enhance satellite cell fusion at the ends of muscle

cells, which occurs during sarcomere addition (Williams &

Goldspink, 1971; Dix & Eisenberg, 1990).

The role for NO in modulating sarcomere addition is a new

function for this pluripotent signalling molecule. This may

involve a new potential mechanism through which cyto-

skeletal assembly can be regulated, in addition to better

characterized mechanisms such as receptor binding of

specific substratum molecules (Burridge et al. 1992) or

receptor binding of soluble messenger molecules, such as

growth factors (Herman & Pledger, 1985). Current knowledge

indicates that each of these regulatory systems is in place at

MTJs, because these sites are enriched in integrins, platelet-

derived growth factor receptor and NOS, each of which

can activate separate signalling cascades that influence

cytoskeletal synthesis and structure (Bozyczko et al. 1989;

Tidball & Spencer, 1993; Tidball et al. 1998). Our continuing

work is directed towards obtaining mechanistic data

concerning how the NO-influenced effects reported here are

mediated, so that the interplay of these regulatory systems

can be examined.
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