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Summary. Fiber composition, and glycolytic and oxida- 
tive capacities of the pectoralis, gastrocnemius, and car- 
diac muscles from active and hibernating little brown 
bats (Myot i s  lucifugus) was studied. The data were used 
to test two hypotheses: First, since hibernating bats 
maintain the capability of flight and make use of leg 
muscles to maintain a roosting position all winter, the 
fiber composition of the pectoralis and gastrocnemius 
muscles should not change with season. Second, we 
tested the hypothesis of Ianuzzo et al. (in press), who 
propose that the oxidative potential of mammalian car- 
diac muscle should increase with increasing heart rate 
while glycolytic potential should not. Our results indi- 
cate that the fiber composition of the pectoralis muscle 
was uniformly fast-twitch oxidative (FO) regardless of 
the time of year, as predicted. However, the gastrocne- 
mius muscle exhibited a change in FO composition from 
83% in active to 61% in hibernating animals. Contrary 
to the variable change in histochemical properties with 
metabolic state, a trend of reduced maximal oxidative 
(CS) and glycolytic (PFK) potential during hibernation 
in both flight and leg muscles was apparent. The oxida- 
tive potential of flight and leg muscles decreased by 
15.2% and 56.5%, respectively, while the glycolytic po- 
tential of the same muscles decreased by 23.5% and 
60.5%, respectively. As predicted, the glycolytic poten- 
tial of cardiac muscle remained constant between active 
and hibernating bats, although there was a significant 
decrease (22.0%) in oxidative potential during hiberna- 
tion. 
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Introduction 

Bats are reported to have the highest maximal aerobic 
capacity of all mammals; their maximal oxygen con- 
sumption being 2.5-3 times greater than for terrestrial 
mammals of similar mass (Thomas 1975). During hiber- 
nation, the metabolic rate of some insectivorous species 
falls substantially below the basal or resting level (Hen- 
shaw 1970). The large dynamic range of metabolism in 
some bats is exemplified by the heart rate of Myot i s  
lucifugus. During hibernation, the heart rate of this small 
(8-10 g) insectivorous species ranges from 6 to 32 beats. 
min -1 (Davis and Reite 1967; Henshaw 1970; Nicoll 
1964). Heart rates of non-hibernating resting bats are 
in the range 210-457 beats.min -1 (Henshaw 1970; Ni- 
coll 1964; Studier and O'Farrell 1976), while during 
flight the heart rate of these bats may reach 1368 beats. 
min- 1 (Hurst 1966). 

Both the contractile system producing muscular 
force and the metabolic system providing ATP to fuel 
the contractile system are inherently plastic (Pette 1984; 
Saltin and Gollnick 1983). One of the major regulatory 
determinants of these systems in cardiac and skeletal 
muscle is the physiological demand imposed upon the 
muscle (Blank et al. 1989; Ianuzzo et al. in press; Saltin 
and Gollnick 1983). This suggests that the composition 
of bat flight muscle may change with season, reflecting 
changes in the dynamic range of metabolism required 
during and post hibernation. Armstrong et al. (1977), 
showed that the fiber composition of the pectoralis was 
homogeneous FO (last-twitch oxidative) in samples col- 
lected in August when bats are active and in March 
when individuals are preparing to leave hibernacula. 
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The purpose  o f  this s tudy was to test two hypotheses.  
First, since h ibernat ing bats main ta in  the capabil i ty o f  
flight all winter,  and  the postura l  funct ion o f  the leg 
muscle is no t  altered with season (Speakman  and  Racey  
1989), the fiber compos i t ion  o f  the pectoralis and  gas- 
t rocnemius  muscles should  no t  change.  A l though  Arm-  
s t rong et al. (1977) showed tha t  the fiber compos i t ion  
o f  M. lucifugus pectoralis did no t  change  between Au- 
gust (active period) and  March  (end o f  hibernation),  
there are no  histochemical  da t a  for  the pectoralis  dur ing  
the middle o f  the h ibernat ion  period when activity 
should  be at a min imum.  Further ,  no  compar i son  o f  
the fiber compos i t ion  in the gas t rocnemius  o f  active and  
hibernat ing bats  has been made.  Second,  we tested the 
hypothesis  o f  I anuzzo  et al. (in press), who  p ropose  that  
the oxidative potent ia l  o f  m a m m a l i a n  cardiac  muscle 
should increase with increasing hear t  rate while glycolyt-  
ic potent ia l  should  not .  I anuzzo  and  co-workers  (Blank 
et al. 1989; I anuzzo  et al. in press) found  that  oxidative 
potent ial  was positively correlated with hear t  rate for  
seven species o f  m a m m a l s  ranging  f rom mice to cattle, 
whereas the glycolytic potent ial  was independent  o f  
hear t  rate. Therefore,  in M. lucifugus, the oxidative po-  
tential o f  hear t  muscle should decrease in hibernat ing 
individuals while the glycolytic potent ia l  should  remain  
constant .  

Materials and methods 

Five hibernating male M. luc~ugus were collected on 9 November 
1986 from an abandoned mine near Renfrew, Ontario (Fenton 
1970). Five males constituting the active sample were collected 
from the Tyandinaga cave near Belleville, Ontario (Thomas et al. 
1979) on 15 September 1987 during swarming behaviour prior to 
hibernation (Fenton 1969). All 10 individuals were at least 1 year 
of age (based on the degree of Ossification of the third-digit meta- 
carpal-phalange joint; Racey 1974). The animals were held in cages 
for a maximum of 24 h before being sacrificed by cervical disloca- 
tion. 

The pectoralis and both the medial and lateral heads of the 
gastrocnemius muscle were excised immediately and from the mid- 
belly of the muscle, a transverse section was cut, mounted on a 
piece of cork and quick-frozen by immersion in isopentane cooled 
to the temperature of liquid nitrogen. Serial sections of 10~12 pm 
were cut in a cryostat at - 2 5  ~ and stained for nicotinamide 
adenine dinucleotide-tetrazolium reductase (NADH-TR; Novikoff 
et al. 1961), myofibrillar adenosine triphosphatase (MF-ATPase; 
Guth and Samaha 1970; Padykula and Herman 1955), and mito- 
chondrial c~-glycerophosphate dehydrogenase (eGPDH; Watten- 
berg and Leong 1960). 

Muscle histochemistry was analyzed by classifying a minimum 
of 300 fibers randomly distributed throughout the muscle sections 
and comparing distributions with the Chi-square statistic. Muscle 
fibers were classified as FO, fast-twitch glycolytic (FG), or slow- 
twitch oxidative (SO) using a modification of the system proposed 
by Peter et al. (1972). FO and FG fibers stained darkly for MF- 
ATPase when preincubated at pH 10.3 and lightly when preincu- 
bated at pH 4.4. SO fibers stained in the opposite way to fast 
fibers for the two preincubation media. FO fibers stained dark 
for NADH-TR while FG fibers stained light. 

The remaining parts of the excised flight and leg muscles and 
the heart were used to spectrophotometrically determine the maxi- 
mal enzyme activity of phosphofructokinase (PFK) and citrate syn- 
thase (CS) using the methods of Shonk and Boxer (1964) and 
Srere (1969), respectively. These enzymes are representative of the 
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relative glycolytic and oxidative potentials of these muscles (Ianuz- 
zo et M. in press). The PFK assay was run in a phosphate buffer 
to decrease the changes in pH over time, associated with the bicar- 
bonate system used by Shonk and Boxer (1964). To ensure that 
the maximal activity of PFK in the homogenate was measured, 
the substrate concentration was doubled while reducing the homo- 
genate (enzyme) by one-half to check if the rate of reaction re- 
mained the same. This does not indicate whether or not PFK is 
phosphorylated differently in the bat muscles during their active 
or hibernating period but it does indicate maximal activity is being 
determined. Mean maximal activities (gmoles'g muscle wet 
weight-1.min-1) were compared using a one-way ANOVA. Pro- 
tein determinations indicated no difference in water content be- 
tween the muscles of hibernating and active bats. 

To serve as standards for comparison, samples of male 
Sprague-Dawley rat plantaris muscles were obtained in September 
and November and simultaneously assayed using the same histo- 
chemical and biochemical analyses performed on the bat tissues. 

Results 

The rat  plantaris  muscle fiber compos i t ion  was very sim- 
ilar to that  found  by Ianuzzo  et al. (1976) and Arm-  
s t rong et al. (1977) and did no t  change between samples 
in this s tudy (Z2=3.5,  p > 0 . 0 5 ;  Table 1). This indicates 
tha t  the staining procedures  were consistent  between stu- 
dies and  samples. 

The fiber compos i t ion  o f  the pectoralis  muscle f rom 
bo th  hibernat ing and active M. lucifugus was uni formly  
F O  (Table 1). Visually, the fibers were no different than 
those illustrated in Figs. 1 and 3 o f  Arms t rong  et al. 
(1977). The  gastrocnemii ,  however,  did no t  consist  o f  
a un i fo rm fiber popula t ion ,  and  there were differences 
in compos i t ion  between active and hibernat ing bats  (Ta- 
ble 1). Gas t rocnemi i  f rom active bats were composed  
of  85% F O  fibers, significantly different (Z 2 = 171.8, p < 
0.001) f rom the 62% F O  fiber compos i t ion  in hibernat-  
ing individuals. In bo th  samples, the remaining fibers 
were SO. 

The  glycolytic staining of  M. tucifugus pectoralis  
muscle showed no difference between the fibers o f  active 

Table 1. Mean (• fiber composition (%) of bat pectoralis and 
gastrocnemius muscles for active and hibernating individuals. Rat 
plantaris muscle fiber composition was determined during both 
characterizations of bat tissue, n represents number of fibers 
counted/number of individual animals 

M. lucifugus R. norvegicus 
Plantaris 

Pectoralis Gastrocnemius 

Hibernating 
FO 100 • 0 61.4 + 7.4 39 
FG 0_0  0_0  50 
SO 0•  38.6+7.4 11 
n 1589/5 1228/4 308/1 

Active 
FO 100 • 0 82.8 _+ 9.0 47 
FG 0_0  0•  43 
SO 0+_0 17.2!9.0 10 
n 1586/5 1528/5 304/1 



R.M. Brigham et al. : Histochemistry and biochemistry of bat muscles 185 

Table 2. Mean (+ SD) activity for PFK (phosphofructokiriase) and CS (citrate synthase) enzyme assays of bat and rat muscles. Units 
for both enzymes are gmol.g 1 .min-1. F value represents values for one way analysis of variance between means 

M. lucifugus R. norvegicus 

Heart Pectoralis Gastrocnemius Heart Plantaris 

PFK CS PFK CS PFK CS PFK CS PFK CS 

Active 
mean 52 246 68 217 38 85 34.9 111.5 57.8 25.4 
SD 8.6 28.7 11.1 33.8 6.1 13 .5  . . . .  
n 5 5 5 5 5 5 1 1 1 1 

F value 0.2 7.9 8.6 3.5 65.1 29.2 

Hibernating 
mean 50 192 52 184 15 37 34.5 164.9 86.4 13.1 
SD 8.8 32.4 5.6 19.3 1.5 14 .5  . . . .  
n 5 5 5 5 5 5 1 1 1 1 

* represents significant differences (p < 0.05) between active and hibernating samples 

and hibernating individuals (100% of the fibers stained 
dark for ~GPDH in both samples). The glycolytic stain 
of M. lucifugus gastrocnemius muscle differed between 
active and hibernating bats and differed from the pector- 
alis. Dark-staining fibers comprised 49% in the active 
sample and 67% in the hibernating sample (n=  650 and 
900 fibers, respectively). The ratio of dark- to light-stain- 
ing gastrocnemius fibers was significantly different be- 
tween summer and winter samples ()~2 = 54.9, p < 0.001). 

Maximal PFK activity of the pectoralis and gastroc- 
nemius muscles, but not cardiac muscle, was significant- 
ly less in hibernating individuals (Table 2). Maximal CS 
activity was significantly lower in the cardiac and gas- 
trocnemius muscles of hibernating versus active individ- 
uals, but not in the pectoralis muscle. 

Discussion 

Our results show that the uniform FO fiber composition 
of M. lucifugus pectoralis muscle does not change with 
season, supporting the data of Armstrong et al. (1977). 
Foehring and Hermanson (1984) reported that the pec- 
toralis muscle of another small insectivorous bat, 
Tadarida brasiliensis, was uniformly FO and suggested 
that this reflects the high metabolic demands of flight 
over extended periods of the night (>  300 min). I f  Foehr- 
ing and Hermanson's hypothesis is correct, then the 
flight muscle histochemistry of M. lucifugus leads to the 
prediction that individuals should forage for long peri- 
ods each night. However, the foraging times of individ- 
ual M. lucifugus are considerably less than 300 min per 
night (Barclay 1982). To date, no histochemical work 
has been done for species with short flight times (<  
120 min) such as Eptesicusfuscus (Brigham and Fenton 
1986) or Scotophilus borbonicus (Barclay 1985; Fenton 
et al. 1985; Fenton and Rautenbach 1986). 

The fiber-type composition of M. lucifugus gastroc- 
nemius muscle did change between hibernating and ac- 

tive individuals, contrary to our predictions. Hibernating 
individuals had a significantly greater proportion of 
slow-twitch fibers than individuals in the active sample. 
However, comparable to the results of Foehring and 
Hermanson (1984), we found no evidence for FG fibers 
in any of the muscles we studied. Since hibernating bats 
remain still for long periods of time, the need for fast- 
twitch fibers in the leg may be lessened. Further, it is 
well documented that low-level chronic stimulation 
(such as hanging by the feet for long periods of time) 
causes a shift from fast to slow muscle fiber composition 
(Pette and Vrbova 1985). A complete conversion to SO 
fibers does not occur for the same reasons mentioned 
for flight muscles; that is, the maintenance of flight capa- 
bilities through the winter. The occasional midwinter 
activity of M. lucifugus may require fast-twitch capabili- 
ties in the gastrocnemius muscle. 

Unlike Armstrong et al. (1977), we found a general 
trend for reduced maximal potential of both oxidative 
and glycolytic capacity during hibernation using PFK 
and CS activities as assays. Whether this difference is 
due to the slightly different methods used or results from 
sampling the bats at different stages in the hibernation 
period is unknown. For all three bat muscles studied, 
and both enzymes, hibernating individuals had a lower 
maximal activity, with four of the six comparisons being 
statistically significant (Table 2). 

The interpretaton of our results merits care since 
qualitative alteration in isozyme pattern and changes 
in specific activity and thermal sensitivity occur in flight 
muscle pyruvate kinase (PK) of M. lucifugus during hi- 
bernation (Borgmann and Moon 1976; see also Brabec 
and McColloch 1970 for a discussion of PFK). Borg- 
mann and Moon (1976) and Moon (1978) showed that 
the activity levels of PK increased while lactate dehy- 
drogenase decreased in hibernating bats, although the 
magnitude of change was dependent on both tempera- 
ture and substrate concentration. Our results show that 
although the fiber composition of M. lucifugus pectoralis 
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muscle  does  n o t  change ,  the  g lycolyt ic  po t en t i a l  o f  the  
musc le  decreases .  The  change  in gas t rocnemius  f iber  
c o m p o s i t i o n  is a c c o m p a n i e d  by  a s igni f icant  r educ t ion  
in b o t h  g lycoly t ic  a n d  ox ida t ive  capac i ty .  

The  s tab i l i ty  in g lycoly t ic  po t en t i a l  o f  ca rd i ac  muscle  
f rom act ive a n d  h i b e r n a t i n g  bats ,  a n d  the s ignif icant  
decrease  in ox ida t ive  po ten t i a l  o f  ca rd i ac  musc le  in hi- 
be rna t i ng  ind iv idua l s  fits ou r  p red ic t ions  and  the d a t a  
o f  I anuzzo  et al. (in press).  These  resul ts  p rov ide  s u p p o r t  
for  the  hypo thes i s  t ha t  oxida t ive ,  bu t  n o t  glycolyt ic ,  ca-  
pac i t y  o f  the  h e a r t  is r egu la t ed  by  ca rd i ac  act ivi ty .  

In conclus ion ,  the  f iber  c o m p o s i t i o n  o f  M. lucifugus 
pec tora l i s  is h o m o g e n e o u s  F O  t h r o u g h o u t  the h ibe rna -  
t ion  per iod ,  bu t  there  a re  f iber  c o m p o s i t i o n  changes  in 
the ga s t rocnemius  du r ing  the same per iod .  These  his to-  
chemica l  changes  occur  while  there  is a genera l  t r end  
for  r educed  m a x i m a l  ox ida t ive  a n d  g lycoly t ic  po t en t i a l  
du r ing  the ea r ly  p a r t  o f  h ibe rna t ion .  
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