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Summary. Combined histochemical and biochemical  analy- 
ses were performed on single fibers of  rabbi t  soleus muscle. 
Histochemically,  four fiber types (I, IC, IIC, I IA)  were de- 
fined. Of  these, types I and I IA  were separate, histochemi- 
cally homogeneous  groups. A heterogeneous C fiber popu-  
lation exhibited a cont inuum of  staining intensities between 
types I and IIA.  Microelectrophoret ic  analyses of  specific, 
histochemically defined fibers revealed that  type I fibers 
contained exclusively HCI ,  whereas type I IA  fibers con- 
tained only HCIIa .  The C fibers were characterized by the 
coexistence of  both  heavy chains in varying ratios, type 
IC with a predominance  of  HCI  and type I IC with a pre- 
dominance of  HCIIa .  A direct correlat ion existed between 
the myosin heavy chain composi t ion and the histochemical 
mATPase  staining and was especially evident in the C fiber 
popula t ion  with its variable H C I / H C I I a  ratio. This correla- 
t ion did not  apply to the myosin light chain complement.  

Introduction 

Histochemical  staining for myofibri l lar  ac tomyosin  ATPase  
(mATPase)  distinguishes several fiber types in mammal ian  
skeletal muscle (Guth  and Samaha  1969; Brooke and Kai-  
ser 1970). [mmunohis tochemical  studies suggest a correla- 
t ion exists between the mATPase  staining and the type of  
myosin present (Gr6schel-Stewart  et al. 1973; Arnd t  and 
Pepe 1975; Gauthier  and Lowey 1977, 1979; Lutz et al. 
1979; Billeter e t a l .  1980; Pierobon-Bormiol i  e t a l .  1981). 
In suppor t  of  this, Billeter et al. (1981) found, in addi t ion 
to the set of  slow myosin light chains (LC), various combi-  
nat ions of  fast LCs in human type I fibers. Because these 
fibers were histochemically uniform, they concluded that  
the histochemical mATPase  is determined by the myosin 
heavy chain (HC). In addit ion,  they observed that  histo- 
chemically discernible type HA and HB fibers contain ident- 
ical sets of  fast LCs but  differ in their HCs. To investigate 
this p roposed  correlation,  a combined histochemical and 
biochemical  approach  on single fibers was used in the pres- 
ent study. After  histochemical typing of  fibers in thin serial 
cross-sections, defined single fiber segments were dissected 
from thick serial freeze-dried cross-sections and analysed 
microelectrophoret ical ly for their myofibri l lar  protein  com- 
position. Using this method,  a relationship has been estab- 
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lished between the myosin HC composi t ion and the histo- 
chemical mATPase  staining intensity. 

Materials and methods 

Muscles. Soleus muscles (n= 6) were dissected from adult male 
White New Zealand rabbits. The muscles were cut into longitudinal 
strips of approximately 3 mm thickness and frozen in a slightly 
stretched position in melting isopentane ( -  159 ~ C). 

Histochemical analyses. Pieces 8 mm long were mounted on a chuck 
and thin (12 gin) cross-sections were cut at - 2 5  ~ C using a micro- 
tome in a cryostat. Sections were stained for mATPase using a 
modification (Staron et al. 1983) of the procedure of Brooke and 
Kaiser (1970). Preincubation pH values were 4.3, 4.5 and 9.6. The 
stained sections were either photographed using a polaroid attach- 
ment or direct tracings were made ( x 120) using a camera lucida. 
Subsequently, 50 fibres per muscle were identified, typed (Fig. 1) 
and numbered. Serial thick (200-300 gm) cross-sections were cut 
from the same block (Fig. 2) and carefully placed in precooled 
aluminum holders and freeze-dried at - 3 8  ~ C. 

Biochemical analyses. Identified fibers from the thick freeze-dried 
cross-sections were microdissected under a stereomicroscope in a 
temperature (20 ~ C) and humidity (30%-40%) controlled room. 
Segments from the same fiber were collected from successive cross- 
sections and stored in a micro-sample holder (Teutsch 1986) under 
vacuum at - 3 8  ~ C. 

For microelectrophoresis, segments of a given fiber were trans- 
ferred (under the stereomicroscope) from the sample holder (after 
being brought to room temperature) into a glass capillary (Fig. 3). 
Care was taken to insure that all pieces were at the bottom of 
the capillary. Preextraction of "soluble" proteins was performed 
using 15 pl of a medium (pH 7.0) containing 80 mM KC1, 1 mM 
Tes, 0.1 mM dithiotreitol, 0.1 mM phenylmethanesulfonyl fluoride. 
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Fig. 1. Schematic illustration of histochemical fiber typing based 
upon mATPase staining intensity following preincubation at var- 
ious pH values. As indicated, the C fiber population spans a range 
between types I and IIA 
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Fig. 2. Diagrammatic illustration of combined histochemical and 
biochemical analyses on defined single fiber fragments 
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Fig. 3. Illustration of the process for single fiber fragment loading 
and subsequent extraction for myosin light and heavy chain analy- 
ses. 

The capillaries were sonicated for 60 min in an ice-bath. Thereafter, 
the supernatant was withdrawn using a polyethylene capillary. Ex- 
traction of myofibrillar proteins was accomplished following 
10 rain at 60 ~ C using 10 ~tl of a medimn containing 10% (w/v) 
glycerol, 5% (v/v) mercaptoethanol and 2.3% (w/v) sodium dode- 
cylsulfate in 0.0625 M Tris-HC1 buffer (pH 6.8). 

Microelectrophoresis for myosin LC analysis was performed 
according to Laemmli (1970) on 0.75 mm thick slab gels (1 cm 
high stacking gel, 4cm high separating gel) at 80V for 
160170 min. The amount of protein applied (approximately 1 gg) 
was estimated from the dry weight of the samples as determined 
on a quartz-fiber balance (Lowry and Passonneau 1972). Macro- 
electrophoretic separation of myosin HCs was accomplished either 
with or without preextraction of soluble proteins using a 4% stack- 
ing and 5 % separating gel (Rushbrook and Stracher 1979; Carraro 
and Catani 1983). The electropboresis was run at 120 V for 19 h. 
The amount of protein applied was in the range of 0.3-0.5 gg 
(dry weight). Micro- and macrogels were silver-stained according 
to the method of Oakley et al. (i980). 

Results 

Combined histochemical and biochemical analyses demon- 
strated a correlation between the mATPase staining intensi- 
ties (pH 4.3, 4.5, 9.6) and the myosin heavy chain (HC) 
content (Fig. 4). The majority of  the rabbit soleus fibers 
consisted of  type I. These fibers were histochemically uni- 
form (Fig. 4) and contained exclusively the slow-myosin 
HCI  (Fig. 5A, fiber 12). 

Some regions of  the rabbit soleus muscle contained a 
number of  fibers classified as either I IA,  I IC or IC (Fig. 4). 
The I IA fibers displayed a histochemical pattern opposite 
to that observed for the type I fibers (Fig. 1). These fast 
fibers contained exclusively the fast-myosin HCI Ia  

Fig. 4. Histochemically defined fiber types in rabbit soleus muscle. Serial cross-sections were stained for mATPase after preincubation 
at pH values 4.3, 4.5, 9.6. x 160 



21 

Table 1. Myosin light and heavy chain combinations in specific histochemically defined fibers of rabbit soleus muscle. The fiber numbers 
refer to those used in Figs. 4 and 5. Differences in relative contents are indicated by + + or +. (+)  indicates that, depending on 
the muscle, the respective component may be present or not (see Staron and Pette 1986a) 

Fiber no. 1 2 3 4 5 6 7 8 9 10 11 12 

Histochemical type IIC IIC IC IC IIA IIC IIC IC IC IIC IIA I 

LCls + +  + +  + +  + +  + +  + +  + +  + +  + +  + +  + +  + +  
LC2s + + + + + + ( + )  + + + + + + + + ( + )  + + 
L C l f  + +  + +  + + + +  + +  + +  + + + +  + +  
LC2f + + + + + + + + + + + + + + + + + + 
LC3f + + + + + + + + + + + + + 

H C I  + + + +  + +  + +  + + +  + +  + + +  
H C I I a  + +  + +  + + + +  + +  + +  + + + +  + +  

Fig. 5. Single fiber analyses for A myosin heavy chains and B myosin light chains of specific, histochemically defined rabbit soleus 
fibers. The fiber numbers correspond to those same fibers shown in Fig. 4 and Table 1. Abbreviations: A = actin; C = C-protein; HC = 
myosin heavy chain; TM = a and fl tropomyosin subunits; TNC = troponin C; TNIs = slow troponin I ; f = fast (IIa) heavy chain; s = slow 
heavy chain; if, 2f, 3f=fast  light chains LClf,  LC2f, LC3f; Is, 2s=stow light chains LCls, LC2s 

(Fig. 5A,  fibers 5, 11). The  ident i ty  o f  the H C I I a  was based 
on prev ious  work  dem ons t r a t i ng  differences in the electro-  
phore t ic  mobi l i t ies  o f  the two fas t -myos in  heavy  chains  
H C I I a  and  H C I I b  (S ta ron  and  Pet te  1986b). 

The  C fiber popu l a t i on  was h is tochemica l ly  he teroge-  
neous.  Some  fibers s tained more  like I I A  fibers (Fig. 4, 
fibers 1, 2, 7, 10) and were  classified as IIC.  Others  stained 
m o r e  like type I fibers (Fig. 4, fibers 3, 4, 8, 9) and were 

typed as IC. Both,  IC  and  I IC  fibers fo rmed  groups  which 
were  by no means  uni form.  Thus,  IC  and  I I C  fibers repre- 
sented a h is tochemical  c o n t i n u u m  between types I and I IA.  
Likewise,  the myos in  H C  analysis reflected a spectrum. A 
basic character is t ic  f ound  for this C f iber  popu l a t i on  was 
the coexis tence o f  s low-myos in  H C I  and fas t -myos in  H C I I a  
(Staron and  Pette  1986a, b). The  IC  fibers displayed a pre- 
d o m i n a n c e  o f  H C I  (Fig. 5A,  fibers 3, 4, 8, 9), whereas  
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HCIIa  predominated in the IIC fibers (Fig. 5A, fibers 1, 
2, 7, 10). 

The HCI /HCI Ia  ratio was variable within both the IC 
and the IIC fiber populations. Thus, the continuum ob- 
served histochemically was further reflected by the myosin 
HC composition. In those cases where the HCI /HCIIa  was 
approximately equal (Fig. 5A, fiber 6), assignment of fibers 
to either group was difficult (Fig. 4, fiber 6) and other cri- 
teria had to be used. 

All type I fibers contained the slow-myosin light chain 
(LC) complement, LCls  and LC2s (Fig. 5B, fiber 12). Al- 
though differences were also found between LClsa  and 
LClsb (Staron and Pette 1986a), no attempt was made 
to consider this point in the present study. Confirming pre- 
vious results (Staron and Pette 1986a), all IIA fibers of 
rabbit soleus muscle contained, in addition to the fast-myo- 
sin LC complement LClf/LC2f/LC3f, either the slow-myo- 
sin LCIs  or both LCls  and LC2s (Fig. 5B, fibers 5, 11). 
Likewise, the IIC fibers displayed a coexistence of slow- 
and fast-myosin light chains (Fig. 5 B, fibers 1, 2, 6, 7, 10). 
The IC fibers contained predominately the slow-myosin 
LCIs  and LC2s and, in addition;, small amounts of L C I f  
and LC2f (Fig. 5 B, fibers 3, 4, 8, 9). 

A closer inspection of the distribution of myosin light 
and heavy chains in the various fiber types revealed an 
apparent relationship between the HC composition and the 
ratio between fast- and slow-myosin LC2 (DTNB-light 
chain). Thus, LC2s predominated in types I and IC, where- 
as LC2f was prominent in the type IIA and IIC fibers. 

Discussion 

Using single fiber techniques, Reiser et al. (1985a, b) have 
recently established a correlation between myosin HC com- 
position and maximum velocity of shortening for develop- 
ing and adult rabbit muscles. Similarly, it has been pre- 
viously suggested that the histochemical staining intensity 
of the myosin ATPase is determined by the myosin heavy 
chain composition (Gauthier and Lowey 1979; Billeter et al. 
1981 ; Salviati et al. 1983). Using the combined histochemi- 
cal and biochemical technique tbr single fiber analysis 
(Staron and Pette 1986a, b), this correlation has now been 
established. 

The slow type I an~t the fast type IIA represent the ex- 
treme fiber types in soleus muscle. A population of C fibers 
with coexisting fast- and slow-myosins form a continuum 
between these two extremes with the IC between types I 
and IIC and the IIC between types IC and IIA. According 
to the histochemical staining pattern for mATPase, those 
fibers which stain similar to type I (IC) display a higher 
HCI /HCI Ia  ratio than those which stain similar to the type 
IIA (IIC). Since this ratio spans the entire range, it is not 
surprising that some fibers are between types IC and IIC 
(e.g. fiber 6, Figs. 4 and 5). 

It has recently been shown that the myosin heavy chains 
of mammalian IIA and IIB fibers are different (Dalla Libera 
et al. 1980; Salviati et al. 1982; Billeter et al. 1981 ; Mabuchi 
etal. 1984). These two fast-myosin heavy chains were 
shown to be distinct in rabbit tibialis anterior muscle and 
to be specifically distributed within histochemically distinct 
fast fiber subtypes (Staron and Pette 1986 b). The IIA fibers 
contained HCIIa,  I1B fibers contained HCIIb  and an inter- 
mediate population (IIAB) displayed coexistence of the two 
fast-myosin heavy chains in varying ratios. A correlation 

was, therefore, established between the myosin HC comple- 
ment and the histochemical staining for mATPase in these 
fast fiber subgroups (Staron and Pette 1986b). 

A summary of the myosin light and heavy chain distri- 
bution observed in the present study is given in Table 1. 
A comparison of the various fiber types demonstrates the 
lack of a correlation between the light chain composition 
and the histochemical mATPase appearance. Thus, fibers 
which are similar in their light chain complement but vary 
in their heavy chains, are histochemically classified as differ- 
ent types (e.g. fibers 10 and 11 in Table 1). However, there 
appears to exist a preferential combination between either 
light chain LC2s and the heavy chain HCI  or LC2f and 
HCIIa.  Therefore, slow- and fast-myosin heavy chains ap- 
pear to be correlated in some way with the slow and fast 
DTNB light chains, respectively. 

In summary, the present investigation establishes a direct 
correlation between the histochemical reactivity for mATP- 
ase and the myosin heavy chain composition of a given 
fiber. This relationship is derived from single fiber analyses 
on rabbit soleus (Staron and Pette 1986a and present study) 
and tibialis anterior (Staron and Pette 1986b) muscles but 
may also apply to other mammalian fibers as well. 
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