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THE EXTRACELLULAR SPACE IN RED AND WHITE

MUSCLES OF THE RAT
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Department of Physiology, Kumamoto University Medical School, Kumamoto

One of the necessary steps for estimating the intracellular sodium and

potassium concentrations of muscles is to know the dimension of the extra-
cellular space of muscles as exactly as possible. The ideal method demands
an extracellular tag that does not penetrate cells, and from this point of view

inulin, a high molecular-weight polysaccharide, is considered to be most satis-

factory1). A number of experiments have been reported on the dimension of

the inulin space of the soleus muscle (SOL), containing predominantly red
muscle fibers, and the extensor digitorum longus muscle (EDL), containing

mostly pale muscle fibers, of albino rats as well as of other tissues as repre-

senting the extracellular space. SRETER and Woo8) obtained a value of 8% for

the inulin space of the SOL muscle and 12.5% for that of the EDL muscle

using Wistar-King strain rats. DRAHOTA4) reported the values of 11.2% and

16.3% for the SOL and EDL, respectively. ZIERLER11) estimated the inulin

space of the EDL to be 25.4%, and ZIERLER, ROGUS and HAzlEwooD12) 21.4%.

These appreciable discrepancies in the values obtained for the inulin space of
rat muscles seem to be not only due to the difference in the type of muscles,

red or white, but also due to the weight of muscles used, because it has been

reported that there is a significant negative correlation between the weight

of muscles or age of animals and the size of the sucrose space of toad muscles6,9),

of the chloride and sodium spaces of Sprague-Dawley strain rats10) and of the

sodium and chloride spaces as well as the inter-fiber space, measured by histo-

logical studies, in muscles of the man and pie2). Therefore, the measurements
of the inulin spaces were performed on the two types of muscles, red and

white, with various weights ranging from 23.5mg to 197.2mg. It will be

shown in this paper that the inulin spaces of both the SOL and the EDL
change with the muscle weight or age of rats.
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MATERIALS AND METHODS

The soleus (SOL) and extensor digitorum longus (EDL) muscles of Wistar-King

strain rats as well as those of Sprague-Dawley strain rats were used in the experiments

as representing the red and white muscle, respectively. The experiments were carried

out on rats of various ages, whose body weight ranged from 70g (23.5mg in muscle

weight) to 395g (197.2mg in muscle weight). As a measure of the extracellular space

the inulin space was chosen in this experiment. The inulin solution for soaking muscles

contained 102mM NaC1, 5.0mM KC1, 2.5mM CaC12, 1.2mM MgSO4, 28.0mM NaHCO3,

1.2mM Na2HPO4, 0.6mM NaH2PO4 and 10g/1 inulin; the osmotic pressure of the

solution was similar to that of the basic saline solution (composition in mM: NaC1

114.0, KC1 5.0, CaC12 2.5, MgSO4 1.2, NaHCOs 28.0, Na2HPO4 1.2, NaH2PO4 0.6 and

glucose 11.0). Freshly dissected muscles were soaked at a temperature of 26•Ž-28•Ž

in the inulin solution, aerated with a mixture of 95% O2 and 5% CO2, for 2 hr, in which

time inulin was considered to diffuse into the extracellular space. The muscles were

then trimmed, blotted with a filter paper, weighed and soaked for another 2 hr in about

5m1 of the inulin-free saline solution in order that inulin in the muscle diffused into the

inulin-free solution. The amount of inulin diffused out in the inulin-free solution was

measured spectrophotometrically with a diphenylamine methodo: Five ml of solution

containing inulin from the muscle was diluted with inulin-free solution up to 10ml,

and to 2ml of this solution was added 4ml of 1.9% diphenylamine reagent in a test

tube. The mixture was shaken for a few min, left in a warm bath for further 30 min

and then left finally for 10-15 min at room temperature for the analysis of inulin. A

reagent blank was obtained by adding 4ml of 1.9% diphenylamine reagent to deionized

water. Spectrophotometric analyses were conducted by use of the Shimazu photoelectric

spectro-photometer (QB-50) at the wave length of 620mƒÊ.

RESULTS

Correlation of the muscle weight to body weight. FIG.1 shows that there

is an approximately linear relation between muscle weights and body weights,

EDLs of both Wistar-King strain and Sprague-Dawley ly on a straight line,

while SOLs of both strains ly on a line, having a slope smaller than that for

EDLs. This indicates that the growth rate of the muscle weight is faster in
the EDL than in the SOL. Though it is not very clearly seen in the figure,

the muscle weight seems to begin to saturate over 300g, the age for which is

assumed to be over three months old in the Wistar-King strain rats3).

Dry-to-wet-weight ratio. The dry-to-wet-weight ratio of both EDLs and
SOLs are presented in FIG.2. No clear change in the ratio with a change in

the weight is seen in the figure. The mean of the dry-to-wet-weight ratios

is 0.222 for the EDL and 0.217 for the SOL of Wistar-King strain rats, and

0.226 for the EDL and 0.227 for the SOL of Sprague-Dawley strain rats.

However, the variabity of the ratios is relatively large in the muscles of a small

wet weight, and in the Wistar-King strain rats the ratios for EDLs and for

SOLs tend to become small with decreasing weight. In agreement with this

VERNADAKIS and  WooDBuRY10) have reported that the percentage of muscle
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FIG.1. Relationship between the muscle weight and the body weight.•›

; EDL (W. K. rats), •œ; SOL (W. K. rats),•¢

; EDL (S. D. rats) and •£; SOL (S. D. rats).

FIG.2. Relationship between the dry-to-wet-weight ratio and the wet weight.•›

; EDL (W. K. rats), •œ;•SOL (W. K. rats),•¢

; EDL (S. D. rats) and •£; SOL (S. D. rats).
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total H2O decreases progressively during maturation of Sprague-Dawley strain

rats. The reason why no systematic trend of changes in the ratio with

increasing wet weight can not be found in FIG.1 may be explained by the

difference in the muscle weight or age of rats used in the present experiments

from that by VERNADAKIS and WooDBuRY10), because they observed changes

in muscle total H2O most notably with rats below one month old, whereas the

rats used in present experiments were about one month old or older.

Therefore, the values for EDLs and SOLs of Wistar-King strain having

a wet weight of less than 50mg were excluded from the mean, and the results

are shown in TABLE 1.

Difference in the inulin space between SOLs and EDLs. Comparison of the

spaces between SOLs and EDLs, which were obtained from the same indivi-

duals, was made in Wistar-King strain rats as well as in Sprague-Dawley

strain rats. The results are shown in TABLE 2. The mean value for the

inulin space of EDLs is smaller than that for SOLs in both strains, whereas

the muscle weight of EDLs is greater than that of SOLs. These differences

are statistically significant, and are in agreement with the previous findings4,8).

Variation in space and its correlation to muscle weight. Although the

average values of the inulin spaces of 20 SOLs and that of 20 EDLs are 11.1•}

1.04ml/100g w. w. and 9.7•}0.84ml/100g w. w. respectively, a great variation

TABLE 1.

The dry-to-wet-weight ratio of EDLs and SOLs.

•} Refers to S. E. of the mean.

Numerals inside the parentheses indicate the number of muscles, which had a wet

weight of more than 50mg in Wistar-King rats.

TABLE 2.

Inulin space of SOLs and EDLs.

•} Refers to S. E. of the mean.

Numerals inside the parentheses indicate the number of muscles.
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was observed among the space values in both kinds of muscles. The dimension
of the space ranged from 5.9ml/100g w. w. to 16.0ml/100g w. w. in the EDL

and from 6.7m1/100g w. w. to 21.5ml/100g w. w. in the SOL. The variability
in the space of the EDL as well as in the SOL is considered to be due to a

variation in the muscle weight, as seen in other tissue2,6,9,10). In FIG.3 the
inulin space was plotted against the muscle weight of EDLs and of SOLs. It

will be seen that there is a negative correlation between the space and the

muscle weight and that both kinds of muscles show a similar relationship

between the space and the weight. In order to obtain an accurate relationship

between the space and the weight, calculations were carried out on the follow-

ing functions: i) y=k/x+c, ii) y=k/x2+c, iii) y=k/x1/2+c, iv) y=k log x+c,

v) y=k/log x+c, vi) log y=k log x+c, in which y and x represent the space

(ml/100 w. w.) and the muscle weight (mg), respectively, and k and c are con-
stants. The results of calculations are set out in TABLE 3. With the function

y=k/x+c, which shows, among the six functions, the highest correlation co-
efficient for the space and the weight in groups of SOLs and EDLs, a further

TABLE 3.

Functions calculated for expressing the relationship between the inulin space and

the muscle weight in Wistar-King rats and the correlation coefficients.
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calculation was made to know whether or not there is any statistically sign-
ificant difference between the k for the EDL (=337.37) and that for the SOL

(=365.61). No statistically significant difference between SOLs and EDLs was
found in the slope of the regression line relating the space to weight. This

finding suggests that the dimension of the space in EDLs can be determined
by the same function as that expressing the relationship between the inulin

FIG.3. Relationship between the inulin space of EDLs (•›) and SOLs

(•œ) of Wistar-King rats and the muscle weight. The line was drawn ac-

cording to the equation y=352.67/x+5.26, in which y represents the space

and x the weight.

FIG.4. Relationship between the inulin space and the reciprocal of the

weight in EDLs (•›) and SOLs (•œ) of Wistar-King rats. The line indicates

the regression equation of the space (y) on the reciprocal of the weight

(1/x), y=352.67/x+5.26, and •}2S. E. of estimate.
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FIG.5. Relationship between the inulin space of EDLs (•¢) and

SOLs (•£) of Sprague-Dawley rats and the muscle weight. The line was

drawn according to the equation, y=782.83/x+0.048 (EDLs) and

y=541.95/x+4.645 (SOLs), in which y is the space and x the weight.

space and the muscle weight in SOLs, or the relationship between the space

and the muscle weight is the same despite the difference in the type of

muscles. Therefore, in FIG.4 the inulin space in both EDLs and SOLs was

plotted against the reciprocal of the muscle weight.
In muscles of Sprague-Dawley rats, the magnitude of the inulin space

ranged from 8.0ml/100g w. w. to 22.6ml/100g w. w. corresponding to the
variation of muscle weights from 36.4mg to 134,5mg. The negative correlation

between the space and the muscle weight was also seen (FIG.5). The regres-

sion equation for the space and the weight was found to be y=659.80/x+2.67

for a group including both SOLs and EDLs, with a high correlation coefficient

of 0.955. However, in the muscles of Sprague-Dawley rats there was a statis-

tically significant difference (0.05>p>0.025) between the slope of the regression

line for the SOL (y=541.95/x+4.645) and that for the EDL (y=782.83/x+0.048).

This finding is different from the results on muscles of the Wistar-King rats,

DISCUSSION

The fact, which has been demonstrated in this paper, that the extracellular

space of the EDL and SOL shows a significant negative correlation to the

muscle weight, is in agreement with previous findings2,6,9,10), and seems to.

offer a possibility to explain the discrepancy among the values for the inulin
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space of rat muscles reported in previous papers4,8,11,12). The dimensions of

the inulin space obtained from the previous investigators were plotted in FIG.

6 against the muscle weight, which was estimated from the age or body weight

of rats described in their papers. It will be noted that all values for the

inulin space of EDLs and of SOLs derived from various papers ly approxim-
ately on a curve relating the space to the muscle weight, which was obtained

in the present experiments.

The inulin space of EDLs and of SOLs can be determined by the same

function relating the space to the weight of muscles in the Wistar-King rats,

whereas in the case of Sprague-Dawley rat this has not been demonstrated.

However, further experiments are necessary on the muscles of Sprague-Dawley

rats in order to see whether EDLs and SOLs of these rats show a similar

relation between the space and the weight to each other, because the number

of observations on the inulin space in the Sprague-Dawley rats in the present

experiments were not satisfactory for the statistical analyses.

It has also been observed in the present study that the extracellular space
of both EDLs and of SOLs in the Sprague-Dawley rats is greater than those

in the Wistar-King rats when both kinds of muscles of the same weight are

compared with each other (compare FIG.3 with FIG.5); similarly the slope

of the regression line of the space on the reciprocal of the muscle weight is

greater in Sprague-Dawley rats, especially greater in SOLs of Sprague-Dawley
rats, than that in Wistar-King ones. This may be attributed to the difference

in the rate of increase in total muscle nitrogen concentration, which is almost
entirely accounted for by an increase in protein concentration and implies

either an increase in the number of muscle fibers or in the cell volumem, and

also due to the difference in the mucopolysaccharide and hexosamine contents

which are inversely dependent upon the muscle weight7). The latter explana-

tion is considered to be highly probable because the youngest age of rats
used in this experiment was one month postnatal and at this age the chemical

composition might be nearly in mature2,10).

SUMMARY

The inulin space of the extensor digitorum longus (EDL) and soleus muscle

(SOL) of both Wistar-King and Sprague-Dawley rats was determined. The
inulin space of EDLs is in general smaller than that of SOLs in both strains.

However, a great variation of the space values was observed for both kinds
of muscles; the variability of the space was related to a variation in the

muscle weight. It has been found that the dimension of the space is linearly

related to the reciprocal of the weight in both kinds of muscles and that in

the Wistar-King rats the magnitudes of the space (y) in both muscles are
expressed by one and the same function, y=659.80/x+2.67, (x, muscle weight).
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The dry-to-wet-weight ratio was not significantly different between two

kinds of muscles of varying weights in both strains of rats.

FIG.6. The inulin spaces of EDLs (•›) and SOLs (•œ) of albino rats, obtained

by various authors. (1); Zierler (1959), (2); Zierler et al. (1966), (3); Drahota

(1961), (4); Sreter and Woo (1963), (5); Drahota (1961), (6); Sreter and Woo (1963).

The weight of muscles used in these studies was not described except in (2), and

consequentiy it was estimated from the body weight or age of the rats used. The

continuous line represents y=352.67/x+5.26 obtained for both EDLs and SOLs of

Wister-King rats, the broken line y=782.83/x+0.048 for EDLs of Sprague-Dawley

rats and the dotted line y=541.95/x+4.645 for SOLs of S. D. rats.

The authors are grateful to Professor M. SATO for his helpful advice in carrying

out this work and in preparing the manuscript.
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