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Muscle capillarity is not adequately de- 
fined by either capillary density or by capil- 
lary to fiber ratio alone (1). Because capillar- 
ity is an important determinant of 0 2  delivery 
and C02 removal at the tissue level, we have 
studied it in the muscles of different animals 
to determine the normal arrangement of cap- 
illaries around the fibers and perhaps, more 
importantly, to understand the functional sig- 
nificance of the distribution of capillaries as 
the girth of the fibers increases. Our results 
indicate that capillary to fiber ratio is a linear 
function of fiber cross sectional area. The 
data presented here suggest that muscle “reg- 
ulates” the maximal volume of tissue served 
by one capillary. 

Materials and methods. The solei muscles 
of 24 guinea pigs (bw between 200 and 637 
g), six rabbits (bw 3.9-4.5 kg) and six cats 
(bw 1.26-3.37 kg) and the medial head of the 
gastrocnemius of the same guinea pigs were 
surgically removed under sodium-pentobar- 
bital anesthesia. Also, the sternothyroid mus- 
cle of 24 dogs (bw 3.5-27.0 kg) was studied. 
The sternothyroid was selected because being 
small complete cross sections could be cut 
and because previous work in our laboratory 
has shown it to be a muscle with fibers ar- 
ranged mostly in a parallel fashion (2). Dogs 
have no soleus muscle. Immediately after 
removal the muscles were placed in a moist 
gauze until weighed. They were cut trans- 
versely at the widest point of the belly and 
quickly frozen in isopentane cooled with liq- 
uid N2 to about -130°C. The samples were 
then stored in liquid N L  until sectioning in a 
cryostat. 

The myosin ATPase technique (pH 9.4) 
after preincubation at a pH of 4.5 for 5 min 
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was used to identify fiber types. Brooke and 
Kaiser (3) have shown that at a pH of 4.5 the 
inhibition of the ATPase is partial and the 
fibers usually show a color pattern opposite 
to the one observed when no preincubation 
is used. The DPNH tetrazolium reductase 
method was used to ascertain the oxidative 
capacity of each type of fiber in serial muscle 
sections (3, 4). 

In the guinea pig gastrocnemius the fibers 
with the highest oxidative capacity, as judged 
by the DPNH tetrazolium reductase, were the 
ones with the lowest ATPase activity after 
preincubation at a pH of 4.5. We call these 
red fibers. The white fibers had the lowest 
oxidative activity and intermediate ATPase 
activity. These two types are fast twitch fibers 
( 5 ) .  Intermediate fibers had very high ATPase 
activity and appeared black. These are slow 
twitch ( 5 ) .  As shown by Dubowitz and 
Brooke (4) it is easier to distinguish differ- 
ences in color intensity of the three-fiber types 
after preincubation at a pH of 4.5 than in the 
conventional technique with no acid prein- 
cubation. 

Several photomicrographs were obtained 
from each tissue section to assure maximal 
coverage. The actual area covered by each 
photomicrograph was 289,144 pm2. The pho- 
tomicrographs were then projected on a 
screen, at a known magnification, to estimate 
by the differential point counting method, the 
average cross sectional area of the fibers (6). 
The fibers that were cut by the perimeter 
were counted on two sides of the rectangle 
(frame) while they were not counted on the 
other two. The absolute numbers of fibers of 
each type was also counted at this time. The 
same ATPase technique following preincu- 
bation in an acid medium (pH 3.8-4.0) was 
used to visualize capillaries in muscle cross 
sections (7). In each muscle, 30 different mi- 
croscopic fields, selected at random over the 
areas where fiber composition was analyzed, 
were used to count capillaries under oil im- 
mersion (1000 x). The fields counted had 
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actual tissue total areas between 543,000 and 
804,000 pm2. These differences resulted from 
the use of different microscopes. These counts 
were averaged and the values for capillar 

With this information, capillary density to 
fiber density ratios were obtained. 

Results and discussion. Three fiber types 
were identified in most of the medial head of 
the guinea pig gastrocnemius. The means f 
I SD for these fibers were: red 44.5% +. 5.0, 
white 3 1.2% * 6.7 and intermediate 22.6% * 
4.7 in the central portion of the medial head. 
In the sternothyroid of the dog only two fiber 
types were evident with the myosin ATPase 
after preincubation at pH of 4.5., The dark 
fibers (42.0% k 5.5) showed the greatest oxi- 
dative activity as judged by the DPNH tet- 
razolium reductase. Light fibers, with the 
lowest oxidative activity, were more numer- 
ous averaging 58.0% * 5.6. The solei we 
studied had only one fiber type, the inter- 
mediate (4). 

Postnatal growth of skeletal muscle occurs 
mainly as a consequence of an increase in the 
girth of the fibers (8). Hence, in a given 
animal species, the weight of the muscle in- 
creases mainly because of an increase in the 
cross sectional area of the fibers with a 
smaller increase in length (9). In our animals 
the relationship between muscle weight and 
fiber cross sectional area were statistically 
significant for the guinea pig and the dog, the 
two species in which a wide range of body 
weights existed (Table I). In the other two 
species the changes in these variables were 
qualitatively the same but were not statisti- 

density were expressed as capillaries per mm 7 . 

cally significant because of the smaller num- 
ber of animals and the smaller range in body 
weights. 

When the fiber girth increases, the capil- 
laries surrounding the fibers are pushed 
apart. In the guinea pig and rabbit, capillary 
density remained unchanged despite changes 
in fiber cross sectional area (Table 11). In 
both the dog and the cat, however, capillary 
density decreased with increasing fiber cross 
sectional area (Table 11). Nevertheless, in all 
four species the absolute number of capillar- 
ies around the fiber increased to compensate 
for a larger cross sectional area. When capil- 
lary to fiber ratios were plotted against fiber 
cross sectional area, a linear increase in C:F 
was found in all cases (Fig. I ) .  The magnitude 
of the increase in C:F is given by the slope of 
the regression lines. However, the effect of 
growth on capillary density appeared to be 
related to both the radius of the cross sec- 
tional area of the fiber and the change in C:F. 
For example, the increase in C:F in both dogs 
and cats as the fibers increased in girth, even 
though significant, was apparently not suffi- 
cient to maintain a constant capillary density 
which decreased with increasing fiber girth. 

When data from the solei, with homoge- 
neous composition, were combined, the cor- 
relation between fiber cross sectional area 
and C:F was excellent (Fig. 2). The C:F 
varied tenfold from 0.37 to 3.85 as the fiber 
cross sectional area increased from 600 pm2 
to 7500 pm2. The intercept of this regression 
equation for this relationship was not signif- 
icantly different than zero. This, therefore, 
suggests that the area of the cross section 

TABLE 1. RELATIONSHIPS BETWEEN MUSCLE WEIGHT AND FIBER CROSS SECTIONAL AREA." 

Animal Muscle N Equation r P 

Guinea pig Gastrocnemius 23 FCSA = 587.1 MW + 825 0.78 <o.o I 
Guinea pig Soleus 17 FCSA = 7896.0 MW + 270 0.89 (0.0 I 
Dog Sternothyroid 23 FCSA = 659.9 MW + 1423 0.72 <o.o 1 

FCSA = fiber cross sectional area (pm')); MW = muscle weight (g). 

TABLE 11. RELATIONSHIP BETWEEN CAPIILARY DENSITY A N D  FIBER CROSS SECTIONAL AREA." 
Animal Muscle N Equation r P 

Guinea pig Gastrocnemius 17 CD = -0.033 FCSA + 775 -0.14 >0.05 
Guinea pig Soleus 23 CD = -0.045 FCSA + 664 -0.34 >0.05 

Cat Soleus 6 CD = -0.130 FCSA + 1045 -0.92 <o.o 1 
Dog 

Rabbit Soleus 6 CD = -0.017 FCSA + 620 -0.60 >0.05 

Sternothyroid 23 CD = -0.099 FCSA + 1124 -0.62 <o.o 1 

" CD = capillary density (cap/mmL) FCSA = fiber cross sectional area (pm'). 
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FIG. 1. Relationship between fiber cross sectional area and C:F in various muscles of  four different animal 
species. 
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FIG. 2. Relationship between fiber cross sectional 
area and C:F in the solei of guinea pigs, cats and rabbits. 

served by a capillary in a muscle like the 
soleus, is a constant, irrespective of fiber size 
or species. This means that if the length of 
the capillary is unchanged the volume of 
tissue served by a capillary is a constant. 
Furthermore, it could be speculated that the 
cross section of large fibers are probably elon- 
gated. This is precisely the microscopic image 
in the rabbit, the species with the largest 

fibers. Loats et al. (1)  have reported a relative 
increase in the number of capillaries with a 
sharing factor of two as the cross sectional 
area of the fibers increases. Our data show 
that more capillaries are found around large 
muscle fibers indicating that a functional re- 
lationship between these variables may exist. 
That C:F values are higher in muscles with 
large fibers is evident in published data de- 
spite the widely varying values for C:F (10). 
C:F values were also related to the particular 
fiber composition of the skeletal muscle un- 
der examination. In the guinea pig, for in- 
stance, at a given fiber cross sectional area, 
the C:F is about 20% higher in the gastrocne- 
mius than in the soleus (Fig. 1). This is be- 
cause red fibers are surrounded by more cap- 
illaries than either white or intermediate fi- 
bers ( 12, 13). However, some of the variability 
in C:F values reported in the literature is due 
to methodology. It is generally accepted that 
filling of capillaries with foreign substances 
can result in variable degrees of underfilling 
(10, 11). 
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Values of C:F or capillary density alone 
provide no information on fiber size or on 
maximal distance the 0 2  molecules have to 
diffuse to reach the innermost portions of the 
muscle fiber. Loats et al. (1) have used a 
system of circles to estimate the capacity for 
O2 transport of the capillary system in skeletal 
muscle. 

The cross sectional area and the volume of 
tissue perfused by one capillary appears to be 
an indicator of the capacity of the muscle to 
maintain adequate levels of oxygenation. The 
fiber cross sectional area plays an important 
role in 0 2  transport, because 0 2 ,  transported 
by diffusion, must reach the innermost por- 
tion of the muscle fiber. In theory, at least, at 
very large fiber cross sectional areas, oxygen- 
ation may be hindered regardless of the num- 
ber of capillaries around the fibers unless 
considerable changes in the shape of the cross 
section do occur. 

Summary. The ATPase technique follow- 
ing preincubation in an acid medium (pH 
3.8-4.0) was used to visualize capillaries. 
After preincubation at a pH of 4.5, in com- 
bination with the DPNH tetrazolium reduc- 
tase, it was used to identify fiber types. A 
positive correlation has been demonstrated 
between fiber cross sectional area and C:F, 
indicating that large fibers are surrounded by 
more capillaries. The increase in fiber size 
may or may not be associated with changes 

in capillary density. 
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