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Abstract. The biochemical, histochemical, and structural 
changes induced by endurance training and long-term ex- 
posure to high altitude were studied in the diaphragm 
muscle of rats exposed to simulated altitude (HA: n = 16; 
Pb = 62 kPa, 463 Torr; 4000 m) and compared to animals 
maintained at sea-level (SL: n = 16). Half of the animals 
in each group were trained (T) by swimming for 12 weeks, 
the other half were kept sedentary (S). Except for a small 
decrease in type I fibres in the HA-S group (-7~ 
P<0.05), in favour of type IIab and type IIb fibres, nei- 
ther high-altitude exposure nor endurance training had 
an overall effect on fibre type distribution. The mean 
fibre cross-sectional area was found to be unaffected by 
altitude and/or chronic exercise. Capillary density was 
shown to be increased by both high-altitude exposure 
(P<0.02) and training (P<0.001), whereas capillary 
growth, estimated by the capillary/fibre ratio, was unaf- 
fected in both cases. Following endurance training, a 
modest increase in citrate synthase was shown to occur to 
the same extent in the HAT and SL-T groups (+ 15~ and 
+ 16~ respectively, NS). Hexokinase increased following 
training (P < 0.05) and high-altitude exposure (P < 0.001). 
In normoxic and hypoxic animals, endurance training en- 
hanced the ratio of the heart-specific lactate dehydroge- 
nase isozyme LDH1 to total LDH activity (+59%, 
P < 0.01; + 92%, P < 0.05 respectively). It may be hypoth- 
esized that the increased glucose phosphorylation capaci- 
ty observed in diaphragm muscle contributes to the re- 
duction of glycogen utilization during exercise. 
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Introduction 

In mammals, the diaphragm is the main inspiratory mus- 
cle, and like the heart, it is chronically active. Locomotor 
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skeletal muscles subjected to increased use undergo adap- 
tative cellular responses due to an increase in respiratory 
capacity (for review see [11]). The nature and the impor- 
tance of these adaptations depend on the type, intensity, 
and daily duration of the exercises performed [8]. 

Like other skeletal muscles, the diaphragm is able to 
adapt to increased use, and these cellular adaptations are 
of a histochemical and biochemical nature [15]. It is now 
well known that, in the rat, the diaphragm increases its 
contractile activity during exercise since both tidal vol- 
ume and ventilatory frequency are increased [17]. Previ- 
ous studies have shown that chronic exercise failed to pro- 
voke changes in fibre type distribution [12]. However, 
Lieberman et al. [16] have shown that the diaphragm of 
trained guinea-pigs has 20% more red fibres (stained for 
succinic dehydrogenase activity) than are found in con- 
trol animals. Few published reports have demonstrated an 
increase in the oxidative capacity of the diaphragm 
following endurance training [12, 23]. Nevertheless, con- 
flicting results have been reported by Metzger and Fitts 
[22]. They have shown that, unlike the response of limb 
skeletal muscle, high-intensity training has only a minor 
effect on the biochemical properties of both the ventral 
costal and crural diaphragm regions of the rat. 

It appears that chronic hypoxia leads to an increase in 
the frequency of contractions in respiratory muscles. 
Olson and Dempsey [24] observed an 80%-90% in- 
crease in the pulmonary minute ventilation (determined 
at rest) of rats acclimatized to high altitude (4300 m). On 
the other hand, it has been shown that, in diaphragm 
muscle, high-altitude exposure of long duration reduces 
the mean fibre cross-sectional area and shortens the oxy- 
gen diffusion distances [30]. 

Some previous data have shown that, in human sub- 
jects, exercise performed at high altitude elicits a signifi- 
cant increase in ventilatory response [7, 20]. These results 
provide indirect evidence of the increase in workload on 
respiratory muscles during exercise performed in hypoxic 
environments. On the other hand, it was clearly shown 
that, whereas prolonged normoxic exercise failed to in- 
duce significant glycogen utilization in the right costal di- 
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a p h r a g m  r eg ion  in  t h e  rat ,  p r o l o n g e d  h y p o x i c  exercise  

(FIO2 = 0.12) s u b s t a n t i a l l y  r e d u c e d  g l y c o g e n  c o n c e n t r a -  

t i o n  a n d  e leva ted  l ac ta t e  a c c u m u l a t i o n  [9]. T h e s e  d a t a  

give ind i r ec t  ev idence  o f  i n c r e a s e d  d i a p h r a g m a t i c  w o r k  
d u r i n g  p r o l o n g e d  exercise in  a c u t e  hypox i a ,  

However ,  t he re  are  n o  p r e v i o u s l y  p u b l i s h e d  r e p o r t s  

c o n c e r n i n g  t h e  n a t u r e  a n d  ex ten t  o f  a d a p t a t i v e  c h a n g e s  

o b s e r v e d  in  t h e  d i a p h r a g m  a f te r  t r a i n i n g  exercise pe r -  

f o r m e d  at  h i g h  a l t i tude .  T h u s ,  t he  p u r p o s e  o f  th is  s t u d y  

was  to  exp lo re  t h e  b i o c h e m i c a l ,  h i s t o c h e m i c a l  a n d  t i s sue  

cap i l l a r i t y  c h a n g e s  t h a t  o c c u r  in  t h e  ra t  d i a p h r a g m  a f t e r  

e n d u r a n c e  t r a in ing ,  a n d / o r  l o n g - t e r m  e x p o s u r e  to  a s i m u -  

l a t ed  h y p o b a r i c  a l t i t u d e  (4000 m).  

Materials and methods 

Animal care. A group of 32 male albino rats, Wistar strain, weighing 
approximately 175-180g were randomly assigned to one of two 
groups: high-altitude (HA) and sea-level residents (SL). All animals 
were housed 4 per cage with a dark/light cycle of 12 h/12 h, and main- 
tained on a standard diet and water ad libitum. 

Altitude was simulated in a hypobaric chamber. During the first 2 
days, the pressure was maintained at 85 kPa (635 Torr; 1500 m). It was 
gradually reduced until it came down to 62 kPa (463 Torr; 4000 m) after 
12 days. In each series (SL or HA), the animals were assigned to a sed- 
entary (S) or a trained group (T). Thus the 32 rats were divided into four 
groups, each with 8 animals: sea-level sedentary (SL-S), sea-level trained 
(SL-T), high-altitude sedentary (HA-S) and high-altitude trained 
(HA-T). 

Exercise-trained animals were subjected to a swimming programme. 
Complete details of the training regimen have been published elsewhere 
[3, 4]. Exercise-trained animals were maintained in a small hypobaric 
chamber and moved to a larger chamber for their swimming sessions. 
Swimming was performed in cylinder tanks in which the water was regu- 
lated at 36 ~ On the first day, the rats swam for 20 rain. The swimming 
time was progressively increased to 1 h/day, repeated 5 days/week, for 
12 consecutive weeks. Each exercise session was carried out at sea-level 
for the SL-T group, and in a large hypobaric chamber for the HAT 
group. 

Muscle preparation. The animals were randomly divided up 24 h after 
the last exercise session and sacrificed in four groups. They were 
anaesthetized with sodium pentobarbitone, administered intraperi- 
toneally (50 mg kg-1 body mass). Their diaphragms were excised im- 
mediately after exsanguination. In order to select the most responsive 
diaphragm region, and in accordance with Powers et al. [25], two seg- 
ments were excised from the costal region. The right dorsal costal por- 
tion was quickly frozen in liquid nitrogen for biochemical assays. The 
right ventral costal portion was cleaned of excess blood, adipose and 
connective tissue, mounted in an embedding medium (TEK O.C.T. com- 
pound), and frozen in isopentane cooled to freezing point by liquid ni- 
trogen for histochemical analysis. All samples were stored at -80  ~ 
until biochemical and histochemical procedures were conducted. 

Histochemical methods. Serial transverse sections (18-20 ~tm) were cut 
in a cryostat at -20  ~ C. After being incubated in alkaline and acid buf- 
fers, fibre types were stained for myofibrillar ATPase and classified ac- 
cording to the method of Brooke and Kaiser into groups I, IIa, or IIb 
[5]. In addition, intermediate fibres, types IIc and IIab, were taken into 
account. After preincubation at pH 4.32, type IIc fibres showed stain- 
ing characteristics intermediate between type I and type II fibres [5]. Af- 
ter preincubation at pH 4.55, type IIab fibres showed staining charac- 
teristics intermediate between type IIa and type l ib  fibres [13]. The 
general fibre composition of the muscle for each fibre type was deter- 
mined by using a number of fields equally distributed over the biopsy, 
with a minimum of 1000 fibres/sample. 

Fibre areas. The fibre cross-sectional areas (Afcs) of each main type of 
fibre were determined using a Leitz texture analysis system (TAS Leitz, 
Heerbrugg, Switzerland). Sections were examined under a Leitz Or- 
thoplan microscope connected to a Plumbicon camera (Bosh type 
TKY9, Wild Leitz, Rueil, France) with an analog-to-digital conversion 
system. Each fibre area was determined using a spotlight. Geometric 
operations were performed on the digitized image using an LSI micro- 
processor. On an average, 60 cross-sectional areas of type I fibres and 
80-100 of type IIa and IIb fibres were measured in each muscle sam- 
ple. For each sample, the mean Afc s was determined as the sum of the 
product of the Arc s of each fibre type and its percentage observed in 
the biopsy. 

Capillary staining. Staining for myofibrillar ATPase, after preincuba- 
tion at pH 4, was used to visualize the capillaries, according to the 
method indicated by Sillau and Banchero [29]. Capillaries were identi- 
fied on a screen coupled with a light microscope (Reichert type 
Visopan, by Leica, Heerbrugg, Switzerland). Several areas were ran- 
domly selected on each sample, and they represented a total area, A. 
The capillary bed was appraised according to the following parameter: 
capillary density was calculated as the number of capillaries in the total 
area A divided by the area of A; the capillary-to-fibre ratio (C/F) was 
determined as capillary density to fibre density, where fibre density rep- 
resents the mean number of fibres per square millimeter [21]. 

Biochemical methods. All samples were placed in tubes and lyophilized. 
Blood, fat and connective tissue were removed from muscles in an air- 
conditioned room maintained at 20 ~ with 25~ relative humidity. The 
samples were weighed in the room and homogenized at a dilution level 
of 1/400. Homogenization was carried out at local temperature (be- 
tween 0 and - 4 ~  in a 0.3 M phosphate buffer with a pH of 7.7, and 
containing 0.05% bovine serum albumin. Enzyme activities were deter- 
mined on this homogenate by using NAD/NADH enzymatic 
fluorometric tests at 25 ~ with a Gilson spectra/glofluorometer, ac- 
cording to the Lowry and Passoneau method [18]. They were then ex- 
pressed on the basis of the amount of substrate utilized (~mot) min -1 g 
muscle protein - l .  Muscle protein was determined according to the 
method described by Lowry et al. [19]: bovine serum albumin served as 
the standard, and a Beckman spectrophotometer was used. The activi- 
ties of several enzymes were determined: 3-hydroxyacyl-CoA dehydroge- 
nase (EC 1.1.1.35) was used to estimate the fl-oxidation of the fatty ac- 
ids; citrate synthase (EC 4.1.3.7) was used to measure citric acid cycle 
activity; hexokinase (EC 2.7.1.1) was used to test glucose phosphoryla- 
tion capacity, and lactate dehydrogenase (EC 1.1.1.27) was used to de- 
termine lactate production. Lactate dehydrogenase isozyme 1, associat- 
ed with the oxidation of lactate to pyruvate, was tested using homoge- 
notes thermo-inactivated at 65 ~ and 2-oxobutyrate as substrate, ac- 
cording to the method described by Karlson et al. [14]. 

Statistics. A multifactor analysis of variance was used to examine the 
global effects of long-term exposure to high altitude and endurance 
training on the following response variables: main and intermediate fi- 
bre types distributions, mean fibre cross-sectional area, muscle capillar- 
ity and cellular enzyme activities. In addition, interaction of high-alti- 
tude and endurance training was examined on each response variable. 
Comparisons between groups were tested using a Student's t-test in or- 
der to examine the specific effect of both endurance training on SL or 
HA animals, and high-altitude exposure on sedentary or trained rats. A 
level of P<0.05 was selected to indicate statistical significance. Values 
are expressed as means+the standard error of the mean (SEM). 

Results 

B o d y  m a s s  

We r e p o r t e d  e l sewhere  t h a t  e x p o s u r e  to  h i g h  a l t i t ude  re- 

d u c e d  the  g r o w t h  ra te  o f  a n i m a l s  [3, 4]. D u r i n g  t h e  exper-  
i m e n t a l  p e r i o d ,  b o d y  m a s s  g a i n  was  e s t i m a t e d  to  be  



217% in SL-S animats, and 137~ in HA-S rats. During 
the same period SL-T animals gained less b o d y  mass than  
H A T  rats: 127%, versus 168070. Moreover, training-in- 
duced reduct ion in growth-rate was more  obvious in SL 
than  in H A  rats: by the end of  the experimental period, 
the mean  b o d y  mass o f  SL-T animals was 13070 less than  
that  o f  SL-S rats (P<0 .01) ,  whereas it was 4070 less in 
H A T  than  in HA-S rats (NS). 

Fibre type distribution 

Neither high-alt i tude exposure nor  endurance training af- 
fected the percentage o f  fibre types I, I Ia ,  or I I b  (Ta- 
ble 1). However, the percentage o f  the intermediate fibre 
type II  ab was increased by long-term exposure to high al- 
t i tude (P<0 .025)  to a similar extent in bo th  sedentary 
and trained animals. On  the other  hand,  in animals that  
remained sedentary, type I fibres decreased with altitude 
(-7~ P < 0 . 0 5 ) .  This decrease corresponded to an in- 
creased propor t ion  o f  type I I a b  ( P <  0.05) and to a slight 
enhancement  in the percentage o f  type I I b  fibres (NS). 

Fibre areas 

The fibre cross-sectional area (Afcs) o f  each main  fibre 
type was as a whole unaffected by high altitude and /o r  
chronic exercise (Fig. 1). Only  a significant decrease in 
type 1 Afc s was observed in animals trained at high alti- 
tude in compar i son  with those trained at sea-level 
( - 1 9 . 7 % ,  P < 0 . 0 5 ) .  A high degree o f  heterogeneity was 
shown to occur  a m o n g  the Afc s values o f  the three main  
muscle fibre types and among  the animals. This fact was 
conf i rmed by a high level o f  dispersion among  the means. 
Consequently,  the mean  Arc s was unaffected by both  
high-alt i tude exposure and exercise training (Fig. 1). On  
the other  hand, it was shown that  the changes in mean  
Arc s were not  statistically dependent  on body  mass. 
These date showed that,  in the diaphragm, there was no 
linear model  allowing the mean  Af~ s (i.e. the dependent  
variable) to be related to b o d y  mass (i.e',. the independent  
variable): r = 0.25, P >  0.17. 

Diaphragm capillarity 

Capil lary density increased with bo th  high-alt i tude expo- 
sure (overall effect significant at P <  0.02) and endurance 
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Fig. 1. Changes in fibre cross-sectional area (FCSA) observed in dia- 
phragm muscle after chronic hypoxia and/or endurance training. Values 
are means_+ SE; *P < 0.05 

training (overall effect significant at P < 0 . 0 0 1 ;  Fig. 2). 
The increase with endurance training was more signifi- 
cant  in animals acclimatized to high altitude (+25%,  
P < 0 . 0 1 )  than  in animals living at sea level (+22%,  
P <  0.05). It was observed that  capillary density (CD) de- 
creased hyperbolically with mean  Ales: 1 /CD = 2.464 
x l 0 - 3 + ( 9 . 0 6 0 x l 0 - 7 •  Afcs), r = 0.72, P < 0 . 0 0 1 .  
This relationship was ascertained for all animals main- 
tained sedentary or exercise-trained at high altitude or in 
sea-level environments.  Neither chronic exercise nor  long- 
term exposure to high altitude produced significant 
changes in C / F  (Fig. 2). 

Biochemical results 

The data resulting f rom the determinations o f  enzyme ac- 
tivities showed that  citrate synthase was increased follow- 
ing the training p rogramme (overall effect significant at 
P < 0 . 0 5 ;  Table 2). The results showed an increase in ci- 
trate synthase activity, which was observed to a similar 
extent in sea-level-trained animals (+  16%) and in high- 

Table 1. Fibre type distribution in the right dorsal costal sections of the diaphragm in sea-level (SL) or high-altitude (HA) animals, trained (T) or 
maintained sedentary (S) a 

Animal group Fibre type 

I (%) IIc (~ IIa (~ IIab (%) IIb (~ 

SL-S (n = 8) 37.58+_0.49 
SL-T (n = 8) 38.18_+ 1.19 
HA-S (n = 8) 34.95 _+ 1.09.2 
HA-T (n = 7) 38.97+ 1.78 
Overall effect of training NS 
Overall effect of altitude NS 
Interaction altitude/training NS 

0.47 _+ 0.01 26.89 +- 1.47 2.27 + 0.41 32.77 _+ 1.36 
0.16 _+ 0.04.1 26.47 _+ 1.54 2.26 _+ 0.35 32.92 _+ 0.93 
0.16+_0.03 *3 26.71 +- 1.52 3.33 _+0.34 *z 34.84_+ 1.82 
0.35+0.11 25.50+_ 1.89 3.36+_0.53 31.81 _+ 1.63 
NS NS NS NS 
NS NS P<0.025 NS 
P<0.05 NS NS NS 

a Data are means _+ S E  
,I P<0.01, compared with sedentary groups; .2 P<0.05, ,3 p<  0.0l, compared with sea-level groups 
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Fig. 2. Effects of  high altitude exposure and chronic exercise on dia- 
phragm capillarity in rats. Values are means  + SE; *P < 0.05 * * P <  0.01 

altitude-trained animals (+ 15%), but there was no statis- 
tical significance in either case. The activity of the key en- 
zyme involved in fl-oxidation of fatty acids (3-hydroxy- 
acyl-CoA dehydrogenase) was unaffected by the training 
programme or by chronic hypoxia. Hexokinase activity 
(i.e. the enzyme representative of glucose phosphoryla- 
tion) was increased as a consequence of exercise training 
(P< 0.05) and long-term exposure to high altitude (over- 
all effect significant at P<0.001; Table2). At both sea 
level and high altitude, the training programme resulted 
in a decrease in lactate dehydrogenase activity 
(P< 0.001); this decrease was the same for animals train- 
ed at sea-level (-21%, P<0.01) and high altitude 
(-28%, P <  0.01). Chronic exercise increased the ratio of 
the heart-specific isozyme (LDH 1) to total lactate dehy- 
drogenase activity by +92% in sea-level animals 
(P< 0.05) and by + 59% in high-altitude-trained animals 
(P<0.01). The total lactate dehydrogenase activity and 
the distribution of the LDH 1 seemed to be unaffected by 
chronic hypoxia. 

Discussion 

The results of this study showed that exercise training 
performed at high altitude had only moderate structural 
and morphological effects on the diaphragm muscle. 
Likewise, slight but non-significant variations in the oxi- 
dative capacity of the muscle following training were ob- 
served to be present to the same degree in animals trained 
at high altitude and sea-level. 

The significant increase in capillary density following 
chronic exercise at sea-level was the result of two factors, 
first the non-significant decrease in mean Arcs (-8%),  
second the non-significant increase in capillary growth 
(C/F ratio +9%). Despite the slight decrease in mean 
Arcs, there was an apparent increase in the percentage of 
the area occupied by type I fibres (i.e. the percentage of 
type I fibres xmean Arc s of type I fibres/mean Arcs: 21% 
in the SL-S group, versus 24% in the SL-T group 
(P< 0.05). This trend towards an increase in the area oc- 
cupied by type I fibres appears to be related to the slight 
increase observed in citrate synthase activity, a key en- 
zyme of the tricarboxylic acid cycle (+ 16070). These adap- 
tative changes were observed under conditions of endur- 
ance training using a mild exercise that corresponds to 
50%-65% of the maximum aerobic capacity of a rat 
[28]. The results obtained under normoxic conditions 
agree with previous work showing that training pro- 
grammes of high intensity have only minor effects on his- 
tochemical and metabolic properties of the diaphragm 
[12, 22, 23]. 

Short-term exposure to hypoxia is known to induce 
ventilatory acclimatization, which differs greatly among 
species (for review see [6]). In acclimatized rats, the rise 
observed in minute ventilation is relatively large and is at- 
tributable to an increase in both breathing frequency and 
tidal volume [24]. Snyder et al. [30] reported that chronic 
hypoxia does not modify the percentage of oxidative fi- 
bres. Under our conditions, the slight decrease in the per- 
centage of type I fibres observed in sedentary animals 
subjected to long-term exposure to high altitude ( -7%,  
P<0.05) did not conflict with these results since no 
change was observed when the percentages of type I and 
II a fibres were pooled. The percentage in the area occu- 
pied by type I fibres remained constant: 21% in the SL-S 
group versus 20% in the HA-S group. Thus, it appears 
that the increased percentage of fast-twitch fibres ob- 
served in rats acclimatized to high altitude was minimized 
by the non-significant changes in the Afos of the slow- 
twitch fibres. On the other hand, we did not find statisti- 
cal changes in C/F, and these results confirm that chronic 
hypoxia (up to 62 kPa, 463 Torr, barometric pressure) 
does not stimulate the development of new capillaries 
[30]. As with training at sea-level, enhanced capillary 
density following prolonged exposure to high altitude did 

Table 2. Effects of  training (T) 'and high altitude (HA) on metabolic adaptat ions of  diaphragm muscle 

Animal  group Enzyme activity (IU/g) a LDH1/ to ta l  

CS H A D  HK LDH 

SL-S ((n = 8) 72.41 + 3.72 52.86 +_ 2.26 7.77 + 0.47 2129 + 147 0.036 _+ 0.006 
SL-T (n = 8) 84.23 + 4.97 48.73 +_ 3.03 9.04 _.+_ 0.37,1 1689 _+ 40 *2 0.069 _+ 0.013,1 
HA-S (n = 8) 79.41 + 3.96 50.07 +_ 2.88 9.87 _+ 0.79,3 2379 + 129 0.042 _+ 0.007 
HA-T  (n = 7) 91 24_+ 5.24 51.38 _+ 1.91 11.05 _+ 0.41,4 1699 _+ 113,2 0.067 _+ 0.005,2 
Overall effect of  training P < 0.05 NS P <  0.05 P <  0.00I P <  0.005 
Overall effect of  altitude NS NS P <  0.001 NS NS 
Interaction al t i tude/training NS NS NS NS NS 

a Values are means  +_ SE for citrate synthase (CS), hydroxyacyl-CoA dehydrogenase (HAD), hexokinase (HK), and lactate dehydrogenase (LDH) 
LDH1/ to ta l ,  isozymel-to-total  L DH activity ratio 
,1 P < 0 . 0 5 ,  ,2 P < 0 . 0 1  compared with sedentary groups; ,3 P < 0 . 0 5 ,  ,4 P < 0 . 0 1  compared with sea-level groups 



not result in real increased muscle capillarity but is de- 
pendent on both a slight mean Arc s reduction ( -5%)  
and a non-significant increase in C/F (+3.2%). 

The main results of this study emphasized the slight 
changes observed in the diaphragm after exercise training 
performed at high altitude. It has been shown that short- 
term acclimatization to moderate altitude (3100 m) in- 
duced a significant increase in exercise ventilation at 
moderate (+31% to +33%) and heavy work loads 
(+ 43 %) [7]. It seemed likely that under our experimental 
conditions, the expected ventilatory responses to swim- 
ruing would be 30% greater at high altitude than at sea- 
level. No previous studies concerning the adaptations of 
the diaphragm muscle to chronic exercise performed at 
high altitude have been found to date. Although no sig- 
nificant linear relationship between mean Arc s and body 
mass was observed, mean Arcs values undoubtedly tend- 
ed to decrease with both endurance training and high-al- 
titude exposure. The decrease of only 8% in body mass 
as a result of training performed at high altitude, appears 
only partly to explain the increase in fibre density. The 
reasons for this difference remain unclear but a prolifera- 
tion in diaphragm muscle fibres may be questioned. The 
increase in capillary density in HAT rats, in comparison 
with both SL-T and HA-S rats, was primarily related to 
a non-statistically significant decrease in mean Af~s 
( -17% and -20% respectively), whereas C/F remained 
unaffected ( - 4 %  and + 1% respectively). The variations 
observed in capillary density in HAT rats in comparison 
with HA-S animals (+25%) appear to be of the same 
magnitude as those recorded in mean Af~s (-20%). All 
these data strongly suggest that both training exercise 
and/or exposure to high altitude are insufficient stimuli 
for enhancing capillary growth in the diaphragm. Also, 
the biochemical changes reported here under conditions 
of training at high altitude are consistent with previous 
data observed in skeletal muscle trained at sea-level. This 
was verified for citrate synthase activity (overall increase 
at P <  0.05) and for the ratio of the heart-secific isoform 
to total lactate dehydrogenase activity (overall increase at 
P<O.O05) [10, 11]. It has been previously hypothesized 
that in rat diaphragm muscle, a high level of glucose 
6-phosphate contributes to preserving the glycogen stores 
under conditions of severe hyperventilation and acute 
hypoxia (FIO2 = 0.12) [9]. Our data show that chronic 
exercise enhances hexokinase activity in rats living both at 
sea level, and at high altitude. Under these two conditions 
of tachypneic hyperventilation, increased hexokinase ac- 
tivity contributes to the increase in glucose 6-phosphate 
concentration. These data are in accordance with the re- 
sults of Fregosi and Dempsey [9], who suggested that glu- 
cose phosphorylation capacity plays a key role in the 
preservation of diaphragm glycogen stores. 

There is ample evidence that the metabolic cost of free 
swimming is lower than that of running [28]. Since the 
magnitude of the biochemical adaptations reported in 
skeletal muscle is strongly related to both intensity and 
daily duration of the exercise [8], the use of free swim- 
ming as a training exercise can be evoked partly to explain 
the moderate adaptative changes observed in diaphragm 
muscle. Moreover, the relationship existing between exer- 
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cise intensity and the magnitude of the adaptative 
changes appears to be consistent with the fact that meta- 
bolic adaptations observed in diaphragm muscle after en- 
durance training are smaller than those recorded after 
training with inspiratory-flow-resistive loads [1, 15]. We 
have described elsewhere the adaptative changes observed 
in hindlimb muscles under the same experimental condi- 
tions [3, 4]. The results showed that training performed 
at high altitude enhanced the percentage of type II a fi- 
bres in the extensor digitorum longus muscles (+20%, 
P < 0.05). In this fast-twitch muscle, the oxidative enzyme 
activities (citrate synthase and hydroxyacyl-CoA dehydro- 
genase) were increased to a greater extent when training 
was performed at high altitude (+24% and +36% re- 
spectively, P<0.01) than at sea-level (+12% and +8% 
respectively, NS). The present data, obtained under the 
same experimental conditions using swimming exercise, 
ascertain the functional and metabolic alterations in- 
duced by repeated mild exercise at high altitude on hind- 
limb skeletal muscles. 

Metzger and Fitts [22] have shown that although the 
diaphragm muscle has a heterogeneous fibre population, 
intermediate to that of fast- and slow-twitch muscles, its 
oxidative capacity is higher than that of the soleus mus- 
cle, a slow-twitch muscle comprised primarily of type I fi- 
bres [2]. These findings are consistent with the fact that 
the histochemical method for fibre identification is based 
on the pH lability of the ATPase activity, and that this 
method does not characterize the metabolic profiles of 
the fibres. Many studies have emphasized a wide varia- 
tion in the enzyme content of fibres of the same type [26]. 
The oxidative capacity of the diaphragm muscle contrasts 
with its intermediate fibre type composition. Therefore, it 
seems, in accordance with Moore and Gollnick [23], that 
the elevated respiratory capacity of the diaphragm cannot 
be attributed to a high percentage of slow-twitch oxida- 
tive fibres, but is rather the result of a high level of mito- 
chondrial enzymes in all three main fibre types; it is likely 
that this is induced by the chronic activity of this muscle. 
On the other hand, the diaphragm's glycolytic capacity 
appears to be intermediate to that of slow- and fast- 
twitch muscles [23, 27]. All these data suggest, according 
to Metzger and Fitts [22], that the lower responsiveness 
of the diaphragm muscle to endurance training at high al- 
titude could be partly related to its high level of oxidative 
capacity. 

In summary, the results reported here show a lack of 
major changes in histochemical properties in the dia- 
phragm muscle in response to endurance training per- 
formed at sea-level or at high-altitude environments. The 
capillary density increased with high-altitude exposure 
and training, without significant changes in C/F ratio. 
Training and altitude exposure increased the glucose 
phosphorylation capacity, and it may be hypothesized 
that this adaptative change contributes to glycogen spar- 
ing. In contrast to the effects in hindlimb muscles, the lo- 
cal barometric pressure had no drastic effect on oxidative 
capacity induced by the training programme on the dia- 
phragm. It appears clearly that the diaphragm muscle 
adapts minimally to endurance training performed at 
high altitude. 
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