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Histochemical Patterns of Dehydrogenase Activity 
in the Development of Free Muscle Grafts in the Rat 

DAVINDRA K. MAGON, MARC D. BASSON, AND BRUCE M. CARLSON 
Department ofdnatomy, University of Michigan, Ann Arbor, Michigan 48109 

ABSTRACT Patterns of activity of six dehydrogenase enzymes were studied 
histochemically in 42 free muscle grafts in the rat. Within hours, the surviving 
peripheral muscle fibers can be distinguished from the central ischemic muscle 
fibers. The surviving muscle fibers retain their characteristic pattern of staining 
throughout the post-transplantation period. The central ischemic muscle fibers 
stain abnormally and by five or six days they lose their enzymatic activity. The 
zone of regeneration, between the surviving and the ischemic muscle fibers, ini- 
tially shows little dehydrogenase activity, but as the regenerating muscle fibers 
mature, they develop first a homogeneous staining pattern and, later, differences 
in staining intensity among different types of muscle fibers. 

In a free muscle graft, the muscle is removed 
from its bed; all tendinous, vascular, and neu- 
ral connections are severed, and the muscle is 
then replaced into its own bed or into another 
site. Although the tendons are resutured, no 
attempt is made to reanastomose blood vessels 
or nerves. Following transplantation, the mus- 
cle is characterized by a thin peripheral rim of 
surviving muscle fibers and a larger central 
area, in which ischemic muscle fibers are de- 
stroyed and replaced by newly regenerating 
muscle fibers. The destruction of old and the 
regeneration of new muscle fibers follows a 
centripetal gradient that is spatially and tem- 
porally correlated with the ingrowth of new 
blood vessels into the graft (Carlson et al., '79). 

One of the major persisting questions in mus- 
cle grafting concerns the nature of the met- 
abolic activities within the graft. Although 
pure biochemical studies allow the quantita- 
tion of total enzyme activity (Wagner et al., 
'771, they do not allow accurate localization 
of the metabolically active regions. Histo- 
chemical studies, although quantitatively less 
accurate, permit the precise localization of sub- 
strates or enzyme activity to specific areas 
within the graft. It is for this reason that we 
undertook a histochemical survey of dehydro- 
genase enzymes in early free muscle grafts. 

MATERIALS AND METHODS 

In 42 male Sprague-Dawley rats (150-200 g) 
one extensor digitorum longus (EDL) muscle 
was completely removed from the leg and then 
freely grafted back into its own bed. The contra- 

lateral muscle served as a normal control. At 2 
and 4 hours and 1-10,15, 16,20,26,30,35,36, 
38, 42, and 44 days after transplantation, 
grafted and control muscles were removed from 
the rats. The proximal half of each graft was 
frozen in a mixture of dry ice and isopentane 
and cross-sectioned at 7 pm on a cryostat. The 
distal halves of the grafts were fixed in Bouin's 
solution, embedded in paraffin, and cross- 
sectioned at 7 p m  for subsequent staining with 
Ehrlich's hematoxylin and eosin for morpho- 
logical comparison with the histochemical 
preparations. 

Histochemical activity of the following 
dehydrogenase enzymes was examined: lactate 
dehydrogenase (LDH), succinate dehydro- 
genase (SDH), malate dehydrogenase (MDH), 
hydroxybutyrate dehydrogenase (BDH), a- 
glycerophosphate dehydrogenase (a-GPDH), 
and glucose-6-phosphate dehydrogenase 
(GGPDH). The procedure followed for demon- 
strating SDH activity was that of Nachlas et al. 
('57), with malonate controls. Pearse's ('72) 
standard method (pp. 1342-1343) with the 
nitro-blue tetrazolium salt was used for a- 
GPDH and BDH. Activity of the soluble en- 
zymes LDH, MDH, and G-6-PDH was also 
demonstrated by Pearse's standard method 
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(composition of stock substrate solutions and 
incubation media given on p. 1344). Nitro-blue 
tetrazolium salt was again used in the precipi- 
tation reaction. Control for nonspecific staining 
was done by substrate deletion. 

RESULTS 

Untouched control muscles gave the ex- 
pected histochemical reactions for all of the en- 
zymes tested. An irregular “checkerboard” pat- 
tern of muscle fibers with low and high enzyme 
activity was seen in all of the control muscles 
(Fig. 1). 

The postoperative course of a free muscle 
graft is complex, with varying numbers of zones 
of different types of developmental activity ap- 
pearing at  different stages (Carlson et al., ’79; 
Hansen-Smith and Carlson, ’79). Because of 
this and because within any given zone there is 
a remarkable similarity in the patterns of 
dehydrogenase activity, the histochemical re- 
sults will be presented as patterns of activity 
within a graft a t  a particular stage. 

The zonation pattern in a muscle graft varies 
continuously with time. Soon after grafting the 
muscle becomes subdivided into a thin (2-6 
cells thick) peripheral zone of surviving muscle 
fibers. This layer does not change during the 
postoperative period except for the denervation 
atrophy which reduces the diameters of the in- 
dividual muscle fibers during the first three 
weeks. The remainder of the graft is initially in 
a state of ischemic necrosis and remains so 
until macrophages, associated with the ingrow- 
ing blood vessels, begin to break down the 
ischemic muscle fibers. From about three to six 

days a wave of fragmentation extends more 
deeply toward the interior of the muscle until 
no original muscle fibers remain. About a day 
after the complete removal of old muscle cyto- 
plasm, the original basal laminae of the frag- 
mented muscle fibers become occupied by re- 
generating myotubes. The appearance of mus- 
cle fiber regenerations thus follows a parallel, 
but later, centripetal gradient like that of the 
fragmentation process. 

As early as four hours after transplantation 
it is possible to distinguish between the narrow 
peripheral rim of surviving muscle fibers and 
the central zone of ischemic tissue. One of the 
most striking changes is an artifactual one in 
which, in a pure cross section of the muscle, the 
surviving muscle fibers (-5%) remain nor- 
mally oriented all around the periphery in a 
thin layer, whereas the central ischemic mus- 
cle fibers (-95%) assume an oblique orienta- 
tion to the cut surface (Fig. 2). The basis for this 
artifact is not known. For the first two days the 
graft can be roughly divided into an outer pe- 
ripheral rim of surviving muscle fibers, which 
retain an almost normal histochemical stain- 
ing pattern with differential staining of muscle 
fibers, and a central zone of ischemic muscle 
fibers, which still stain quite heavily and with a 
differential pattern but which show obvious 
morphological evidence of damage, such as 
coarser deposits of the reaction product. 

By three days, macrophages coming in with 
the ingrowing vasculature have broken down 
the muscle fibers in the outer portions of the 
original ischemic zone, and the grafts contain 
three principal zones of histochemical activity 
(Fig. 3). The outer zone of surviving muscle 
fibers has changed little from previous days. 

Fig. 1. Cross section through a control EDL muscle. Lactic dehydrogenase reaction. This section 
illustrates the typical “checkerboard pattern of staining of a normal muscle. 155 X .  

Fig. 2. Cross section through a 4-hour graft. Reaction for a-glycerophosphate activity. The surviv- 
ing muscle fibers (top) stain normally, whereas the ischemic muscle fibers stain more coarsely. In cross 
sections through early grafts, the ischemic muscle fibers invariably become oriented somewhat 
obliquely to the plane of section. 155 x . 

Fig. 3. Cross section through a 3-day graft. Reaction for succinic dehydrogenase activity. The 
peripheral surviving muscle fibers (P) retain differential staining patterns. The central ischemic 
muscle fibers (C) retain enzyme activity, although the normal staining pattern is severely disrupted. 
At this stage, the zone of degeneration and regeneration (R) shows little enzymatic activity. 155 X. 

Fig. 4. Cross seetion through a 6-day graft. Reaction for lactate dehydrogenase activity. The 
peripheral surviving muscle fibers (P) retain their activity, whereas the ischemic muscle fibers (inside 
dashed line) have lost their activity. Greater activity is seen in the regenerating muscle fibers (R). 
101 x. 
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The central zone of ischemic original muscle 
fibers is smaller than before; these muscle fi- 
bers stain heavily, but the deposits are coarser 
than those of the surviving muscle fibers. Be- 
tween these two zones is a zone with little 
dehydrogenase activity. This is the area in 
which the original muscle fibers have been 
completely broken down and the regenerating 
muscle fibers are still mostly in the myoblastic 
phase. From histochemical preparations one 
cannot determine whether the small punctate 
sites of activity in this zone are enzymatically 
active myoblasts or blood-borne phagocytic 
cells. 

During the next couple of days the same 
zonal arrangement persists, with the central 
ischemic zone shrinking as the intermediate 
zone of degeneration and regeneration ex- 
pands. By five or six days the remaining isch- 
emic muscle fibers in the central region of the 
graft have lost virtually all dehydrogenase ac- 
tivity (Fig. 4). In contrast, the intermediate 
zone, which is now occupied by regenerating 
muscle fibers, demonstrates increasing en- 
zymatic activity. Activity is most intense in the 
outer regions of this zone because there the 
regenerating muscle fibers are more mature. 
During this period, bundles of late myotubes 
could easily be identified on the basis of their 
LDH, BDH, and MDH activity. Neither earlier 
myotubes nor myoblasts could be distinctly 
identified on the basis of their dehydrogenase 
activity. G6PDH and SDH activities were also 
present, but that of SDH was noticeably less 
than that of the other dehydrogenases. 

Early in the second week the original isch- 
emic muscle fibers have all been removed and 
the graft consists of a peripheral rim of still 
identifiable, original muscle fibers sur- 
rounding a mass of young, cross-striated regen- 

erating muscle fibers (Fig. 5). The regenerating 
muscle fibers stain weakly, but distinctly (Fig. 
6). There remains a slight gradient of staining 
intensity that parallels the gradient of matura- 
tion of the regenerating muscle fibers (Fig. 7), 
but among muscle fibers of a given stage of 
maturity the staining reactions are homo- 
geneous. By the end of the second week it is 
sometimes difficult to differentiate between the 
more darkly staining surviving muscle fibers. 
Barely observable differences in staining reac- 
tions can be seen among some regenerating 
muscle fibers. 

By 16 days the more mature regenerating 
muscle fibers begin to show slight differen- 
tiation of fiber types, and in 20- and 26day 
grafts it is not possible to distinguish between 
the surviving muscle fibers and the outermost 
regenerating muscle fibers, which have dif- 
ferentiated into readily recognizable muscle 
fiber types. Further inward, the regenerating 
muscle fibers still retain fairly homogeneous 
and intermediate staining characteristics. 
Older grafts consist principally of histo- 
chemically differentiated muscle fibers. Al- 
though occasionally traces of developmental 
staining gradients persist, the major dif- 
ferences in staining reactions tend to be inter- 
fascicular (Fig. 8). As is already well estab- 
lished for ATPase staining (Carlson and Gut- 
mann, '75), fiber type grouping is seen with all 
of the dehydrogenase enzymes tested in mature 
grafts. Occasional clusters of atrophied muscle 
fibers are typically seen among the maturing 
muscle fibers of older grafts. 

DISCUSSION 

The histochemical activity of the dehydro- 
genase enzymes that were tested was closely 
tied to the histological reactions of the muscle 

Fig. 5. Cross seetion through an 8day graft. Reaction for 3-hydroxybutyrate dehydrogenase ac- 
tivity. The peripheral, still-denervated muscle fibers (P) continue to show differential staining, 
whereas the regenerating muscle fibers (R), which now occupy the entire center of the graft, stain 
lightly and homogeneously. 155 x . 

Fig. 6. Cross section through the central area of an 8-day muscle graft. Lactic dehydrogenase 
reaction. All of the muscle fibers seen in this figure are regenerating and are lightly and homogene- 
ously stained. The light spots in many of the muscle fibers are negative images of the nuclei. 155 X. 

Cross section through a 9-day graft. Surviving muscle fibers (on top) are still relatively large 
in diameter and retain some differentiated staining characteristics. In this graft a gradient of maturity 
of the regenerating muscle fibers from relatively large ones near the periphery of the graft to smaller, 
less advanced ones in the center of the graft (bottom). Succinic dehydrogenase. 155 X . 

Fig. 7. 

Fig. 8. Cross section through 35-day muscle graft, showing differential staining of regenerating 
muscle fibers for 3-hydroxybutyrate activity. The grouping of muscle fibers with similar staining 
reactions is evident. 155 x . 
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TABLE 1. Summary of histochemical studies of free muscle 
(EDL) grafts during critical postoperative periods' 

4 hours 

1-2 days 

% days 

7-15 days 

15-30 days 

30+ days 

Differences apparent between surviving peripheral and central ischemic muscle 
fibers-dehydrogenase enzymes. 
Surviving muscle fibers: Retain activity in checkerboard pattemdehydrogenases, 

Central ischemic muscle fibers: Dehydrogenase and ATPase activity present, but 

Surviving muscle fibers: Glycogen and activity of dehydrogenases, ATPase, 

Central ischemic fibers: Activity of remaining enzymes diminishes to nearly zero. 
Zoneof degeneration and regeneration: Minimal activity in areas of degeneration; areas 

of early regeneration, muscle stains faintly for dehydrogenase-LDH and BDH 
stronger than others. Phosphorylase and glycogen absent. ATPase, minimal activity 
in older fibers. 

Surviving muscle fibers: Lipid droplets gone; dehydrogenase and ATPase activity like 
before. Phosphorylase and glycogen present. 

Regenerating muscle fibers: No phosphorylase, minimal glycogen, uniform dark ATPase, 
activity of all dehydrogenases seen-LDH and BDH show stronger centripetal 
gradient and G6PDH a weaker gradient than SDH, MDH, and a-GPDH. 

Distinction between surviving and most mature regenerating muscle no longer possible 
with dehydrogenase enzymedifferential staining of muscle fibers begins; ATPase 
uniformly dark in regenerating muscle fibers. Some glycogen and phosphorylase. 

Fiber type differentiation with ATPase as well as dehydrogenases. Phosphorylase 
returnstype grouping seen. By 45 days developmental gradients in graft are gone. 

ATPase, phosphorylase, glycogen. 

morphology altered. No phosphorylase and minimal glycogen. 

phosphorylase like before, lipid droplets present. 

~~ 

'Data on ATPase and phosphorylase from Carlson and Gutmann ('751, EIM of lipid from Hansen-Smith and Carlson 
('791, histochemistry of lipid and glycogen from Magon, Basson and Carlson (unpublished). 

fibers within the grafts. Table 1 summarizes, 
according to postoperative periods, the data ob- 
tained in this study along with information 
from previously published works. The periph- 
eral, surviving muscle fibers apparently retain 
their viability by diffusion mechanisms and re- 
tain a relatively normal staining pattern 
throughout the postoperative period despite 
being nerveless for Z 3  weeks after grafting. 
Although the ischemic muscle fibers of the 
grafts lose virtually all phosphorylase activity 
within hours (Carlson and Gutmann, '75; 
Wagner et al., '77), the staining for dehydro- 
genases remains prominent for several days 
after grafting. By five or six days, however, 
almost all activity in the ischemic muscle fibers 
is lost. This observation parallels that of Snow 
('73) on minced muscle regeneration, and some 
of the characteristics of the staining reactions 
are  undoubtedly due to damage to mito- 
chondria and other intracellular structures 
(Hansen-Smith and Carlson, '79). This prob- 
ably accounts for some of the apparent con- 
tradictions between histochemical and bio- 
chemical studies on degenerating and regen- 
erating muscle (Snow, '73; Wagner et al., '77). 

There was a close similarity in the reactions 
of all of the dehydrogenases tested. Although 
there were minor quantitative differences in 

the intensity of the staining reactions and oc- 
casionally in the clarity with which the gra- 
dient of maturity of regenerating muscle fibers 
could be demonstrated, the overall qualitative 
patterns in relation to space and time were 
virtually identical. One difference between the 
present results and previous reports (Snow, '73) 
is a somewhat higher activity of glucose-6- 
phosphate dehydrogenase in both normal mus- 
cle and in mature regenerating muscle in this 
study. 

Histochemical staining permits a much more 
accurate differentiation between surviving and 
regenerating muscle fibers in regenerates be- 
tween one and two weeks of age than does histo- 
logical staining. The oldest regenerating mus- 
cle fibers are often as large as the smaller sur- 
viving fibers, which are somewhat atrophied 
because of having been denervated since the 
time of grafting, but their staining reactions 
are still immature. 
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