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Fig. 1. Histological cross-sections of WijHicksCAR EDL muscles stained wtih Gill's hematoxylin and eosin-phloxine. Magnification= X 500. (a) 
7-month denervated muscle with no treatment. (b) 3-day graft of control muscle. (c) 3-day graft of 7-month denervated muscle. 
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denervated EDL muscles were removed for histology alone 
without further treatment. In the remaining donor animals, 
the denervated EDL muscles and the contralateral control 
EDL muscles were removed and transplanted into the 
muscle beds of 4- to 5-month old host rats in which both 
EDL muscles had been removed. Before grafting, one-half 
of the muscles in each group were placed in a 0.9% 
aqueous solution of sodium chloride while the remaining 
muscles were soaked in a 0.75% isotonic solution of 
Marcaine (bupivacaine hydrochloride, Winthrop Laborato­
ries, NY) for ten minutes. The tendons of the transplanted 
muscles were then matched and sutured to the tendons of 
the host animals. The EDL branch of the peroneal nerve of 
each host animal was implanted into the grafted muscle 
with forceps. The grafted muscles remained in the hosts 
for the periods of 3 or 5 days for histological studies or for 
60 days for measurements of contractile properties. 

2.2. Histology 

The 7-month denervated muscles and the 3- and 5-day 
muscle grafts were fixed in 4% buffered paraformal­
dehyde. They were then washed in buffer, dehydrated to 
95% ethyl alcohol, and embedded in glycol methacrylate 
(BioRad Polaron Instruments, Cambridge MA). The mus­
cles were sectioned at 2 p,m, stained with Gill's hema­
toxylin and phloxine-eosin (modified from King, 1983), 
and examined with light microscopy. 

2.3. Physiology 

All physiological measurements were performed in vitro. 
The tendons of each muscle were ligated with 3-0 silk 
suture and then cut. The muscles were immersed in an 
oxygenated mammalian Kreb's bicarbonate solution 

Fig. 2. Histological cross-sections of Marcaine-treated grafts of WI/HicksCar EDL muscles stained with Gill's hematoxylin and eosin-phloxine. 
Magnification= X 500. (a) 3-day graft of control muscle. (b) 3-day graft of 7-month denervated muscle. (c) 5 -day graft of control muscle. (d) 5-day graft 
of 7-month denervated muscle. 
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buffered with 5% C0
2 

and maintained at 25 ± 0.3°C 
according to the methods of Brooks and Faulkner (1988). 
One tendon of each muscle was attached to a fixed post 
and the other to a force transducer on-line with a Macin­
tosh computer. The computer was equipped with cus­
tomized version of Lab View (National Instruments, Austin 
TX) which reported force in mN and time in ms. The 
muscles were stimulated by two platinum field electrodes 
with supramaximal voltage and square-wave pulses of 0.2 
ms duration for twitch and 300 ms for tetany. The muscles 
were stimulated at 20-140 Hz in 20 Hz increments for 
tetany. The variables measured were maximum twitch 
tension (Pt), maximum tetanic tension (P0), and the opti­
mal length (L0) for tension development (Faulkner et a!., 
1980). After measurements were made, the muscles were 
removed from the bath and weighed. Muscle lengths were 
measured at L0• Fiber lengths were estimated based on a 
fiber length/muscle length ratio of 0.44 (Maxwell et a!., 

1974). The cross-sectional area (CSA) was estimated from 
mass, fiber length, and a muscle density of 1.06 (Faulkner 
et a!., 1980). Specific force (specific P0), reported as 
kiloNewtonsjmeter2 (kNjm2), was determined as 
P0jCSA. Means and standard errors of the mean (SEM) 
were determined for all data sets. 

2.4. Statistics 

Statistical analyses were performed with the SAS 1 
STAT program for the Macintosh computer (Cary, NC). 
For each physiology measurement, a full model which 
included the main effects (muscle type and treatment) and 
their interactions was fitted by the Generalized Linear 
Model. To compare the mean differences between groups, 
one-way analysis of variance (ANOVA) was applied by 
treating the muscle groups and treatments as levels of a 
single factor. Post-hoc multiple comparison procedures to 

Fig. 2 (continued). 
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identify where interaction effects occurred included the 
Duncan-Waller multiple range test, Student's t-test, and 
Tukey' s student range test. Non-parametric analyses to 
accommodate the differences in variances between the 
groups included Wilcoxon and Kolmogrov-Smirnov tests. 
Significance levels for all tests were set a priori at p � 0.05. 

3. Results 

3.1. Histology 

Small muscle fibers, some with centrally located my­
onuclei, were present in untreated 7-month denervated 
EDL muscles (Fig. 1a). These fibers were found in clusters 
surrounded by dense amounts of connective tissue. In 
3-day grafts of the control, non-denervated muscles (Fig. 
1b), there was a core of ischemic necrotic fibers within the 
center of the muscle, a zone of muscle fiber degeneration 
and regeneration, and a thin rim of intact fibers. The intact 
fibers accounted for approximately 2% or about 100 of the 
approximately 5000-5700 muscle fibers present in normal 
EDL muscles in the strain of rats used in this study 
(Blaivas and Carlson, 1991; Huang, unpublished observa­
tions). In contrast, an estimated 80-95% of the recogniz­
able muscle fibers found in the 7-month denervated mus­
cles remained intact with 3 days of grafting (Fig. 1c). Very 
few fibers (approximately 10 per muscle) in 3-day grafts 
of the Marcaine-treated control muscles remained intact 
during the post-grafting period (Fig. 2a). No intact fibers 
were present in the 3-day grafts of Marcaine-treated, 7-
month denervated muscles (Fig. 2b). The muscle fiber 
basal laminae of these grafts appeared empty except for 
occasional macrophages. Regenerating blood vessels were 
found throughout the muscle. The zone of muscle fiber 
breakdown in the 3-day grafts of the control muscles (Fig. 
2a) was largely replaced with regenerating myotubes in the 
5-day grafts (Fig. 2c). Myotubes were identified by their 
small size, intense basophilia, and centrally located my-
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onuclei (Carlson, 1986). Five-day grafts of Marcaine­
treated, 7-month denervated EDL muscles had myotubes 
throughout the muscle (Fig. 2d). 

3.2. Physiology 

All post-hoc statistical tests showed that there were no 
significant differences between the mean masses or forces 
generated by the 2-month grafts of untreated and Mar­
caine-treated, normal muscles (Table 1, Fig. 3). 

The mean mass of the untreated 2-month grafts of the 
7-month denervated muscles was approximately one-half 
that of grafts of the untreated and Marcaine-treated, control 
muscles (Fig. 3). The mean P1 of the untreated 2-month 
grafts of the 7-month denervated muscles was 12-15%, P0 
is 11% (Fig. 3), and specific P0 is 17% of the values 
obtained for the grafts of the untreated and Marcaine­
treated, control muscles. The differences in the masses and 
forces of the untreated grafts of 7-month denervated mus­
cles and the grafts of the untreated and Marcaine-treated 
muscles were significant to the level of p � 0.005. 

The mean mass of the Marcaine-treated grafts of the 
7-month denervated muscles was slightly, but not signifi­
cantly higher than that of the untreated grafts of the 
denervated muscles ( p � 0.07; Table I). The differences 
in the forces generated by these two groups was highly 
significant ( p � .01). The Marcaine-treated grafts of the 
7-month denervated muscles generated 250% more twitch 
tension than the untreated grafts and 330% times more 
tetanic tension than that generated by the untreated grafts. 
The specific P0 of the Marcaine-treated grafts of the 
7-month denervated muscles was 300% of that of the 
untreated grafts. 

4. Discussion 

Of the fibers in long-term denervated muscles, 80-95% 
fail to degenerate and regenerate when the muscles are 
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Fig. 3. Mass and maximum tetanic force generated by untreated and Marcaine-treated muscle grafts. Values are expressed as mean±SEM percentages of 
the values for the 60 day grafts of the untreated, control muscles. 
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grafted. This failure limits the restorative potential of the 
denervated muscles as evidenced by the dramatic improve­
ment in function when the muscle fibers are forced to 
degenerate and regenerate. The questions that arise from 
this finding are (I) how might denervated muscle fibers 
survive ischemia when they are grafted, (2) how might 
degeneration and regeneration contribute to the functional 
recovery of long-term denervated muscles, and (3) how 
might these findings might be applied to the clinical 
treatment of denervated muscles. 

Denervated skeletal muscles may be resistant to is­
chemia because alterations in calcium metabolism during 
denervation may reduce the calcium-induced necrosis that 
normally follows ischemia. In normal muscles, ischemia 
results in A TP depletion (Schnacknerz et al., 1992) which 
in tum results in Ca-ATPase inactivation at the sarco­
plasmic reticulum. Intracellular calcium levels then rise to 
activate calcium-dependent enzymes which lyse proteins 
and lipids (Zaidi and Narahara, 1989; Gutierrez et al., 
1991; Gilchrist et al., 1992; Jackson, 1993). In denervated 
muscles, there is evidence which strongly suggests that 
calcium sequestration by the sarcoplasmic reticulum is 
greatly reduced. In long-term denervated muscle fibers, the 
arrangement of the sarcoplasmic reticulum is irregular 
(Schrodt and Walker, 1966; Engel and Stonnington, 1975) 
and the sarcoplasmic reticulum displays reduced calcium­
ATPase activity compared with that in normal muscles 
(Lucas-Heron et al., 1986; Loirat et al., 1988; Kaprielian et 
al., 1991; Schulte et al., 1994). Long-term denervated 
muscle fibers could be less susceptible to ischemia-in­
duced necrosis if they lack an internal calcium concentra­
tion gradient. An alternative explanation for fiber survival 
in denervated muscles after grafting may be the small 
diameter of the muscles. The small diameter may permit 
the diffusion of gases and nutrients in the temporary 
absence of an intact vasculature. This does not appear to 
be a likely alternative, however, as the radius (approxi­
mately 0.9-1.1mm, personal observations) of 7-month 
denervated muscles exceeds the 2-4 cell-thick distance 
(approximately 200 p,m; Carlson, 1976) for fiber survival 
in grafts of non-denervated muscles (Carlson and Faulkner, 
1983). 

The mechanism by which Marcaine induces the degen­
eration and compensatory regeneration of both non-de­
nervated and denervated muscle fibers is not known. The 
earliest visible effects of Marcaine treatment are plasma 
membrane lysis and hypercontraction of the muscle fibers 
(Hall-Craggs, 1980; Nonaka et al., 1983). These effects 
are, most likely, secondary and result from the influx of 
calcium ions after Marcaine treatment. In the presence of 
the channel blockers, verapamil and nefidipine, non-de­
nervated muscle fibers do not become necrotic in the 
presence of Marcaine until the muscles become ischemic 
(Steer et al., 1986) and intracellular calcium levels rise to 
activate lytic pathways. 

The increased functional capacity of Marcaine-treated 

grafts of long-term denervated muscles compared with the 
untreated grafts is directly related to their ability to regen­
erate after grafting. This increase in function may also be 
correlated with ability of the regenerating muscles to ex­
press molecules needed for reinnervation. In regenerating 
muscles, there is a recapitulation of the developmental 
expression of a number of myogenic and synaptogenic 
molecules. These include the myogenic regulators, MyoDl 
and myogenin (Grounds et al., 1992; Flichtbauer and 
Westphal, 1992; Koshi et al., 1995), the developmental 
isoforms of many contractile protein mRNA's (Toyofuku 
et al., 1992; Esser et al., 1993), the cell adhesion molecules, 
N-CAM (Ilia et al., 1992; Cifuentes-Diaz et al., 1993), 
M -cadherin (Moore and Walsh, 1993; Irintchev et al., 
1994; Bornemann and Schmalbruch, 1994) and N-cadherin 
(Cifuentes-Diaz et al., 1993) and the synapse-associated 
molecules, agrin (Reist et al., 1987) and the gamma­
acetylcholine receptor subunit (Goldman and Staple, 1989). 
Some, if not all, of these molecules are also expressed in 
the early stages of denervation but are down-regulated 
after extended periods of denervation (Sanes et al., 1986; 
Rieger et al., 1988; Remsen et al., 1990; Goldman and 
Staple, 1989; Grounds et al., 1992; Voytik et al., 1993). 
These molecules are, therefore, not available for myogene­
sis or synaptogenesis in long-term denervated muscles in 
the absence of regeneration. The small, yet significant, 
improvement in force-generating ability of non-Marcaine 
treated grafts of denervated muscles over the non-grafted 
state may be attributed to the small percentage of fibers 
which do regenerate when the muscles are grafted and/or 
the muscle fibers which are in the process of denervation­
induced regeneration (Schmalbruch et al., 1991) when 
nerves re-enter the muscles. 

The finding that the functional restoration of long-term 
denervated muscles is higher after induced regeneration 
and grafting than after grafting alone may be useful in the 
clinical treatment of long-term denervated muscles. A 
possible explanation for the poor functional restoration of 
human muscles after extended periods of denervation is 
that, even when nerves regenerate to the muscles, the 
intact atrophic muscle fibers do not regenerate and there­
fore, do not express the appropriate molecules for reinner­
vation. The failure to become reinnervated necessitates the 
replacement of the denervated muscles with healthy mus­
cle tissue grafts in order to restore function to the dener­
vated site (Thompson, 1971; Harii, 1991). If, however, the 
denervated muscles were induced to regenerate at the time 
of reinnervation, it is likely that partial to complete func­
tion could be restored to the denervated site without the 
complications of muscle transfer. 
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