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Summary

Young rats, rabbits, guinea pigs, and hamsters were decreased
in body weight by 39, 45, 34, and 35%, respectively, by a total
deprivation of food for 3, 15, 4, and 4.5 days, respectively. The
weight of the heart, liver, and kidneys from each of the four species
(with the exception of the kidneys from the guinea pig) decreased
significantly in the starved animals. After starvation in all four
species, 0 to 15% of the original weight of the epididymal and
perirenal fat pads remained. The effect of total starvation on the
weight of skeletal muscles differed for the same muscle in different
species and among the three muscles studied within a species.
Starvation caused weight losses in the following muscles from the
rat, rabbit, guinea pig, and hamster, respectively: soleus, 15, 8, 14,
and 30% plantaris, 23, 54, 41, and 24%; biceps brachii, 27, 52, 42,
and 29%. The significant loss of weight in the plantaris and biceps
brachii muscles from rabbits and guinea pigs were caused by large
decreases in the diameter of the fibers, with no change in the
number of fibers. Soleus and plantaris muscles from hamsters
decreased in weight by a reduction in fiber diameters but no
change in the number of fibers; the weight of the biceps brachii
decreased by a reduction in fiber number only. A reduction in the
number of fibers occurred in all muscles from starved rats; the
diameter of the fibers was reduced in the plantaris and biceps
brachii muscles. No structural damage to the fibers due to star-
vation was observed under the light microscope in any muscle
from the four species.

Speculation

The effect of starvation on the weight of several tissues and the
cellularity of skeletal muscles varied considerably among the
young of four species. Some frequently studied animal models may
not replicate accurately the changes observed in tissue weight and
in muscle cellularity observed in severely undernourished children.

The importance of skeletal muscle as a” potentially available
store of protein and the extent of its reduction in children suffering
from protein-energy malnutrition (PEM) has been reviewed (2,
20). Extensive muscle wasting has been reported in children with
marasmus (2) and in adolescents with anorexia nervosa (5) Wast-
ing of skeletal muscle of children due to starvation is caused by a
loss of muscle fibers (2, 19). However, there is a lack of quantitative
observations on the structure of skeletal muscles from undernour-
ished children because of sampling and methodologic problems.
For example, biopsy samples of muscles from undernourished
children frequently exhibit damage to the fibers, and the biopsies
do not yield enough suitable samples for direct measurement of
the cross-sectional areas of the fibers (10). It is appropriate,
therefore, to examine the relevance of animal models to under-
stand the mechanisms of muscle wasting due to undernutrition.
This approach is justified because animal models have been
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proposed for the study of PEM (13), thus allowing study of the
changes in skeletal muscles during the development of PEM.

A decrease in the weight of skeletal muscles can be caused by
a reduction in one or more of the following parameters: the
number of fibers, and the transverse and longitudinal dimensions
of fibers. There is conflicting evidence on the effect of a reduction
in the rate of body weight gain on these parameters. For example,
a reduction in fiber number has been reported in growing swine
(22), whereas no change was observed in young rats (18). Some of
the conflicting evidence in the literature is caused by the use of
different methods to quantify the number and size of muscle
fibers. Estimation of muscle fiber number from DNA concentra-
tions presents difficulties in the interpretative application of these
results to the multinucleated muscle fiber (15, 21). ['*N]Creatine
has been used to study muscle mass after recovery from PEM, but
this method gives no indication of the extent of hypertrophy or
hyperplasia in different muscles (20). A simultaneous measure-
ment of the total number of fibers and their transverse dimension
was made from a complete cross-section of the muscle in the
present study. This approach is considered the most accurate to
quantify changes in the cellularity of skeletal muscles.

The present study was designed to contrast the effects of a total
dietary restriction on different muscles from the rat, rabbit, guinea
pig, and hamster. It is acknowledged that this type of total dietary
restriction is not encountered in all types of undernutrition in
humans. However, guidance in the choice of experimental animals
as models for PEM in infants should emerge from this type of
comparative study. The weights of the heart, kidney, liver, and
the epididymal and perirenal fat pads were obtained because of
the significant changes in these tissues during PEM (2). Attempts
were made to have the young of all four species at a similar stage
of development. This is difficult to achieve (24) but desirable
because of the influence of body fat content on the loss of body
nitrogen by fasting humans (8).

MATERIALS AND METHODS

Young post-weanling males of the following species were stud-
ied: Sprague-Dawley rats and Syrian hamsters (ARS, Madison,
WI); New Zealand white rabbits and Smooth English guinea pigs
(Oak Crest Rabbitry, Edina, MN). Male animals were chosen
because of their body composition. They are more susceptible
than females to the damaging effects of starvation (12, 25). The
body weights of these animals at the start of the experiment are
given in Table 1. All animals were caged individually in an
environmentally controlled room maintained at 22°C with alter-
nate 12 hr of light and darkness. The animals were fed the
appropriate laboratory chow diets for 3 days after arrival from the
suppliers. They were then assigned randomly into control and
starvation groups, and the control groups were killed. All food
was withdrawn from the animals that formed the starvation group;
tap water was available ad libitum. A preliminary trial involving
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four or five animals from each species indicated that the decrease
in body weights reported in Table 1 produced animals that were
near to death from starvation. The animals were killed by ether
anesthesia, and the carcasses were weighed. The gastrointestinal
tract from the stomach to the rectum was removed and weighed.
The weight of the entire carcass minus the weight of the gastroin-
testinal tract constituted the “empty body weight.”

Animals from the control and starved groups were allowed to
enter rigor mortis at 20°C, which occurred at 4 to 6 hr postmortem
(11), and the tissues were then dissected. Changes in the diameter
of muscle fibers do take place during the development of rigor
mortis. However, this variable is less than the inaccuracies induced
by fixing muscles immediately postmortem (17).

Three skeletal muscles (soleus and plantaris from the hindlimb,
and the biceps brachii from the forelimb), the heart, kidney, liver,
and the epididymal and perirenal fat pads were dissected from
each animal. Any adhering fat and connective tissue was removed
before weighing the nonadipose tissues. The skeletal muscles were
fixed in buffered, neutral 10% formalin for at least one wk before
determination of the number and the diameter of the fibers in
each muscle by the Coulter counter method (23). This method
determines simultaneously the mean diameter and the total num-
ber of fibers in a muscle. The method gives similar results to those
determined by customary morphometric methods (23). Portions
of the fixed muscles were also embedded in paraffin wax. Cross-
and longitudinal sections (10 um thick) were cut and stained by
Masson’s Trichrome (16).

RESULTS AND DISCUSSION

Total removal of food produced a body weight loss ranging
from 34% in the guinea pig to 45% in the rabbit (Table 1). The
more meaningful empty body weight values indicate that weight
loss ranged from 31% for both the rat and the guinea pig to 39%
for the rabbit. The mean number of days of total food deprivation
required to achieve these body weight losses was 3, 15, 4, and 4 to
5 for the rat, rabbit, guinea pig, and hamster, respectively. The
weight of the heart, liver, and kidneys from each of the four
species (with the exception of the kidneys from the guinea pig)
decreased significantly in the starved animals. A decrease in the
weight of these three tissues has been reported in children with
marasmus, although the deficit is less than that seen for muscle
and fat (2). However, when the weight of the heart, kidney, and
liver from all four species is expressed as a percentage of body
weight, then values for the heart and kidney in the starved animals
are higher, and values for the liver are lower when compared to
values for control animals (Table 2). The kidneys from the starved
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guinea pigs did not lose weight. The biochemical explanation of
the physiologic consequences of the decrease in kidney weight in
the rat, rabbit, and hamster but not in the guinea pig (Table 2)
merit specific study.

The epididymal and perirenal fat pads were reduced to insig-
nificant weights in all four species (Table 2). Fat accretion occurs
in the rat and hamster primarily by hypertrophy of existing
adipocytes, whereas hyperplasia is the principal factor in the
guinea pig (7). Nevertheless, these cellular differences among
species did not affect the ability of the animals to mobilize fat to
counteract the elimination of dietary energy.

The effect of total starvation on the weight of skeletal muscles
differed for the same muscle in different species and among the
three muscles studied within a species (Table 3). The soleus muscle
functions primarily in maintaining the posture of the animal and
consists of slow-twitch, oxidative fibers (3). Starvation produced
a decrease in the weight of the soleus in the hamster, but there
was no effect on the weight of this muscle from the other three
species. The plantaris muscle, which consists primarily of fast-
twitch, oxidative glycolytic fibers (3), and the biceps brachii are
involved mainly in propulsion. Both of these muscles lost a
considerable amount of weight due to starvation in all four species
studied. However, when muscle weight is expressed as a percentage
of body weight (Table 3), there was an increase due to starvation
in most muscles from the four species. For example, muscle weight
as a percentage of body weight was higher for all these muscles
from the starved rats, although there was a significant decrease in
the weight of the plantaris and biceps brachii muscles. Values for
tissue weight as a percentage of body weight in Tables 2 and 3,
were obtained by using total body weight values (Table 1). Similar
trends were obtained if empty body weight values were used in
the calculations.

The cellular changes involved in the loss of muscle weight are
presented in Table 4. The decrease in the weight of the rat soleus
muscle (Table 3) was due to a significant decrease (P < 0.01) in
the number of fibers; there was no difference in the diameter of
the fibers (Table 4). Contrast this observation with the fact that
the same muscle in the starved hamster also lost a significant
amount of weight (P < 0.001), but this loss was due to a reduction
(P < 0.01) in the diameter of the fibers with no reduction in fiber
number. Starvation produced no significant weight changes in the
soleus muscle from the rabbit and the guinea pig (Table 3), nor
did it result in differences in the number or diameter of muscle
fibers (Table 4). The plantaris muscle lost weight in starved
animals from the four species. The nature of the loss varied from
a reduction in both fiber number and fiber diameter in the rat to
a reduction in fiber diameter only in the rabbit, guinea pig, and

Table 1. Body weight (g) of control and starved animals'

Treatment Rat

Rabbit

Guinea pig Hamster

Total body weight

Control 68.0 + 1.6% (12)° 1402.0 + 51.8 (4) 208.2 + 10.0 (9) 69.2 £ 1.8 (1)

4 4 4 4
Starved 41.6 + 0.6 (12) 7653 + 139 (4) 137.3 = 5.1 (9) 450 = 0.6 (11)
% weight loss 39% 45% 34% 35%

Empty body weight

Control 534 + 1.6 (12) 1094.4 + 21.7 (4) 165.2 + 8.0 (9) 61.1 + 1.6 (1)

4 4 4 4
Starved 36.7 + 0.5 (12) 665.6 + 12.6 (4) 1142 + 4.1 (9) 41.0 £ 0.5 (11)
% weight loss 31% 39% 31% 33%

! Significance was determined by the Students’ t test.
?Mean + S.E.

* Numbers in parentheses, number of animals in each group.
‘P <0.001.
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Table 2. Weight of organs and fat pads and the weight of the organs as a percentage of body weight of control and starved animals

Heart Kidney Liver Fat pads (mg)
% body % body % body
Species Treatment mg weight mg weight g weight  Epididymal  Perirenal
Rat Control  (8) 291 + 8 0.43 397 £ 14 0.58 422 + 0.93 6.21 77 £ 8 40 £ 7
3 3 3 3 3
Starved 12) 197 £ 5 0.47 313+ 4 0.75 1.29 + 0.61 3.10 10+0 0
% loss 32 21 69 87 100
Rabbit Control  (4) 4287 + 240 031 5902 + 270 0.42 489 + 39 3.49 1772 + 83 3169 + 124
3 3 3 3 3
Starved (4) 2178 + 80 0.29 3789 £ 60 0.50 202 + 14 2.64 0 0
% loss 49 36 59 100 100
Guinea pig Control  (6) 901 + 27 0.43 1263 + 49 0.61 12.27 £ 0.9 5.89 114 + I8 201 £ 17
4 N.S.E 3 3 3
Starved  (9) 671 £ 41 0.49 1275 + 68 0.93 599 £ 03 436 71 0
% loss 26 +1 51 94 100
Hamster Control  (6) 254 £ 6 0.37 93¢ 11 0.57 4.60 £ 0.16 6.65 429 t 45 214 1+ 41
3 3 3 3 3
Starved (9) 199 +3 0.44 323+ 5 0.72 2.09 + 0.07 4.64 48 + 3 0
% loss 22 18 55 89 100
' Numbers in parentheses, number of animals.
?Mean + S.E.
*P<0.001.
‘P <00l

*N.S., not significant.

Table 3. Weight (mg) and muscle weight as a percentage of body weight of control and starved animals

Soleus Plantaris Biceps brachii
Species Treatment Weight (mg) % body weight Weight (mg) % body weight Weight (mg) % body weight
Rat Control (6)' 28+ 1.9 0.034 49 + 3.1 0.066 463 + 1.8 0.068
N.S? ¢ 5
Starved (6) 19.5 0.8 0.047 347+ 1.1 0.083 340+ 1.3 0.082
% loss 15 23 27
Rabbit Control (4) 666 + 6 0.048 1878 + 72 0.134 1322 + 47 0.094
N.S. ? 5
Starved (3) 615 + 38 0.080 856 + 62 0.112 634 + 45 0.083
% loss 8 54 52
Guinea pig Control (6) 53.0+6.2 0.026 127.5 £ 140 0.061 1595 + 7.4 0.077
N.S. 5 g
Starved (6) 457 £3.7 0.033 75.2+3.8 0.055 92.7+53 0.068
% loss 14 41 42
Hamster Control (6) 152 £03 0.022 208 £ 04 0.030 460+ 24 0.067
5 Ll 5
Starved (6) 10.6 £ 04 0.024 15.8 £ 0.9 0.035 32910 0.073
% Loss 30 24 29
' Numbers in parentheses, number of animals.
*Mean t S.E.
*N.S., not significant.
‘P <00l
* P<0.00l.

hamster. Cellularity changes for the biceps brachii muscle were
similar to the plantaris with the exception that in the hamster
there was a decrease only in the number of fibers.

Examination of transverse and longitudinal sections of each of
the muscles from the four species under the light microscope
confirmed the decreased diameter of the fibers obtained by the
Coulter counter method. Manual counting of all the fibers in

complete cross-sections of the soleus and plantaris muscles from
the rat confirmed the results from the Coulter counter that star-
vation causes a reduction in the number of fibers. Close agreement
in the determination of the number of fibers by manually counting
all the fibers and by using the Coulter counter method has been
reported in our laboratory for different muscles from different
species that were fed adequately (23). Starvation reduced the mean
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Table 4. Muscle fiber number and diameter (um) in control and starved animals

Soleus Plantaris Biceps brachii

Species Treatment No. Diameter No. Diameter No. Diameter

Rat Control (6)' 3110 + 205° 25.5+08 5756 = 314 208+03 8741 + 364 23.0+03
3 N.S. 3 4 3 5

Starved (6) 2255 + 166 242 +06 4193 + 362 19.4 + 0.6 6496 + 585 20.0 £ 0.6

Rabbit Control (4) 8964 + 1151 463 + 24 30300 + 2857 41.7£20 22354 + 1335 431+ 03
N.S.* N.S. N.S. N.S. ?

Starved (3) 8918 + 1988 502+ 1.6 32892 + 7672 25323 20878 + 2964 266 £ 1.0

Guinea pig Control (6) 3674 + 368 23207 8146 + 721 244+ 16 12664 + 1024 249+ 08
N.S. NS N.S. ‘ N.S. :

Starved (6) 3667 + 471 237+ 06 7002 + 639 20204 13006 + 1235 17.6 £ 0.5

Hamster Control (6) 1352 £ 133 355+ 1.3 1531 £ 125 32203 4900 + 309 303x0.1

N.S. N.S. 5 ¢ N.S.
Starved (6) 1386 + 130 295+ 09 1959 + 148 27.2+05 3694 + 325 288 + 1.1

' Numbers in parentheses, numbers of animals in each group.
2 Mean + S.E.

7P <00l

‘P <0.05.

* P <0.001.

“N.S., not significant.

fiber diameter of the biceps brachii of the rat from 23.0 um and
reduced the number of fibers from 8741 to 6496. However, the
same muscle in the guinea pig had a reduction in the diameter of
the fibers from 24.9 to 17.6 um due to starvation; there was no
difference in the number of muscle fibers (Table 4). If the method
used in this study was unable to detect fibers with diameters of
less than 25 um, then a reduction in the number of muscle fibers
in the biceps brachii from the starved guinea pig would be
expected.

The fact that all muscles lose weight to varying extends during
prolonged total food restriction seems to be uniform in most
species. However, the mechanism of this weight loss is different
among species. The rabbit, guinea pig, and hamster decrease
muscle weight primarily by a decrease in fiber diameter, with no
change in fiber number (Table 4). In contrast, the decrease in the
rat is caused by a reduction in both the diameter and the number
of muscle fibers. The cause of this species difference is not readily
apparent. For example, the plantaris muscle from the rat and the
guinea pig lost 23 and 41% of their original weight due to
starvation (Table 3). This weight loss in the rat muscle was due to
a decrease in both the number and diameter of the muscle fibers,
whereas in the guinea pig only the diameter of the muscle fibers
decreased. Yet, the histochemical properties of this muscle from
these two species are similar (3). The loss of muscle fibers in the
rat does not produce the structural changes seen in undernourished
humans (2, 19). In fact, the appearance under the light microscope
of the muscles from starved rats, and from the other three species
studied seems to be normal except for the reduction in fiber size
when comparisons are made with adequately fed control animals.
Other investigators have found no ultrastructural damage to the
contractile proteins of muscles from rats undergoing dietary re-
strictions (1, 14). Layman (14), in our laboratory, observed no
difference in muscle cellularity when the body weight of young
rats was reduced to the same extent by either a partial or a total
withdrawal of food. It is readily acknowledged that nutritional
stresses in humans produce multiple metabolic and nutritional
abnormalities which may cause both neuropathy and myopathy.
Muscles from the rat, rabbit, guinea pig, and hamster thus may
differ from human muscles in their morphologic response to
prolonged severe food restrictions. These differences may explain
why caloric restrictions have no effect on the mechanical proper-
ties of rat muscle (18) in contrast to the pronounced detrimental
effect on muscle activity in humans (2).

Furthermore, atrophy of muscles from the young of the same
species may occur by different mechanisms depending on the
nutritional stress. Contrast the noninvolvement of fiber loss in the
muscular atrophy induced by starvation in the rabbit (Table 4)
with the very extensive loss of muscle fibers when the same species
is fed a vitamin E-deficient diet (4, 6). It is clear, therefore, that
caution must be exercised in the correlation of morphologic, and
perhaps biochemical, results from skeletal muscles obtained from
young experimental animals from different species undergoing
prolonged starvation or other nutritional stresses. This should give
rise to caution in the choice of experimental animal models to
duplicate the effects of undernutrition on human skeletal muscles.
However, studies of this nature should be pursued because it is
not clear to what extent hypertrophy and hyperplasia contributes
to the muscle repletion in infants recovering from malnutrition
(20).
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