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Since hypoxemia is frequently observed in patients with respiratory diseases, we examined
whether continuous hypoxic gas inhalation affects the diaphragm contractile properties in rat.
Hypoxic gas (FIO,=0.10) was produced by two reversely connected oxygen enrichers and was
continuously fed into the breeding chamber. At 3,7, 14, and 21 days of hypoxia (» =86, respectively),
we dissected the diaphragm muscle under light anesthesia, made muscle strips, and measured force-
frequency curves, twitch kinetics and fatigability /» vitro, and muscle fiber compositions by ATPase
staining. At 7 days of hypoxia, the force-frequency curves decreased to 1.53+0.07 kg/cm?, both
contraction time and half relaxation time elongated to 85+5.0 and 93+3.1 msec, respectively, and
fatigability increased to 18+1.3%. However, at 21 days, these parameters returned to near control
values (1.75+£0.07 kg/cm?, 67+ 1.8 msec, 76+4.7 msec, and 15+0.9%, respectively). At 3 days, typel
(slow twitch) muscle fiber increased to 40.3+2.29%, and type II (fast twitch) decreased to 59.7+2.2% ;
at 21 days, however, these values also returned (32.1+£1.9%, 67.9+1.9%, respectively) to near control
values. From these results, we conclude that the diaphragm muscle in the early phase of hypoxia
decreases force-frequency curves and slows contraction with corresponding fiber changes ; however,
these changes are reversed and a non-hypoxic state similar to the control is seen at 21 days. It is
suggested that the diaphragm muscle has the ability to adapt to hypoxia.

Introduction

It is well known that hypoxia induces a
decrease of skeletal muscle tension and
enhances muscle fatigue®. Jardim et al.? re-
ported that the effect of low oxygen breathing

(FIO,=0.13) on inspiratory muscle fatigue

resulted in a shorter endurance time, a faster
rate in the shift of the electromyographic power
spectrum, and a greater rate of increase in
blood lactate concentrations during inspiratory
In addi-
tion, exhaustive exercise during hypoxia
(FI0,=0.12) caused marked hyperventilation

resistive breathing in normal subjects.
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and reduced arterial O, content ; glycogen fell
in the plantaris (209 of control) and in the
diaphragm (589%), the sparing effect of which is
due primarily to glucose-6-phosphatase inhibi-
tion of glycogen phosphorylase in the dia-
phragm muscle®. Furthermore, Esau® report-
ed that hypercapnic acidosis had a greater
negative inotropic effect on the diaphragm
muscle than did hypoxia alone, and made the
muscle more susceptible to fatigue i wvitro.
Because the impaired endurance performance
of muscles during physical exercise is a well-
recognized response to conditions of acute nor-
mobaric or hypobaric hypoxia, it is considered
to be closely related to the reduction in maxi-
mal aerobic power due to arterial hypoxemia®.

However, these findings were concerned with
relatively acute hypoxia of short duration,
therefore, the effects of longer continuous
hypoxia on the diaphragm contractile prop-
erties have not been well elucidated. More-
over, to our knowledge, diaphragm muscle fiber
composition has not been examined under
either acute or long hypoxia. In the present
study, therefore, we examined whether the
diaphragm muscle contractile properties and
the compositions of typel (slow-twitch) and
type Il (fast-twitch) muscle fibers change dur-
ing 21 days of hypoxia.

Methods and Materials

Awnimal preparation

Experiments were performed using 30 Wistar
rats weighing 250-320 g (Charles River Japan,
Kanagawa, Japan). The control group (z=6)
was loaded with ambient atmospheric gas
(FIO,=0.21), and the hypoxic gas inhalation
group (total »=24) was loaded with a hypoxic
gas (FIO,= 0.10).
produced by feeding the exhaust gas from the
first oxygen enricher into the inlet of the second

The hypoxic gas was

oxygen enricher ; the oxygen fraction of the
exhaust gas from the second oxygen enricher
was approximately 10% (FIO,=0.10). The
hypoxic gas was continuously fed into breeding
cages covered with translucent plastic sheets.
The animals of each group were caged, isolated
for the duration of the experiment, and
maintained on a 12:12-h light-dark cycle at
ambient temperature (23-25°C). We performed
two kinds of measurement: (I) diaphragm
muscle contractile properties were measured i
vitro in the control group (#=6) and in the
hypoxic gas inhalation group at 3, 7, 14, and 21
days (=6 each), (II) muscle samples taken
from the control group and the hypoxic gas
inhalation group at 3, 7,21 days were studied
histologically by ATPase staining. Written
approval was obtained from the Tohoku Uni-
versity Animal Facility.

Diaphragm wmuscle contractile measurements

The measurements of diaphragm muscle
contractility were performed as previously re-
ported®. Briefly, two muscle strips (3-4 mm
wide) were dissected from the right and left
hemidiaphragm under diethyl ether anesthesia
and mounted in separate organ baths contain-
ing Krebs-Henseleit solution oxygenated with a
959% 0,-5% CO, gas mixture (23.5+0.5°C, pH
7.40+0.05). The composition of the aerated
Krebs-Henseleit solution in mEq/L was as
follows: Nat, 153.8; K*, 5.0; Ca?*, 5.0; Mg?*,
2.0; ClI-, 145.0; HCO;=, 15.0; HPO,>, 1.9;
SO,%, 2.0; glucose, 110mg% ; 10 u4M d-
tubocurarine ; regular crystalline zinc insulin,
50 U/L. Both muscle strips were simultane-
ously stimulated with supramaximal currents
(i.e., 1.2 to 1.5times the current required to
elicit maximal twitch tension, 200-250 mA,
pulses of 0.2 msec duration) by a constant cur-
rent stimulus isolation unit (SS-302]J, Nihon
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Kohden) driven by a stimulator (SEN-3201,
Nihon Kohden). The elicited tensions were
measured by a force transducer (UL-100GR,
Minebea Co.). The length of each muscle strip
was changed by moving the position of the
force transducer with a micrometer-controlled
rack and pinion gear (accuracy of displacement,
0.05 mm), and measured with a micrometer in
close proximity to the muscle. The optimal
length of the muscle (Lo) was defined as the
muscle length at which twitch tension develop-
ment was maximal, and this Lo was maintained
in the following measurements.

The diaphragm force-frequency relationship
was assessed by sequentially stimulating mus-
cles at 1,10, 20, 30,50,70, and 100 Hz. Each
stimulus train was applied for approximately 1
sec, and adjacent trains were applied at inter-
vals of approximately 10 sec. The tensions of
both muscle strips were recorded by a hot-pen
recorder (RECTI-HORIZ-8K, San-ei, Tokyo).
The force-frequency curves obtained from the
groups studied were displayed as elicited ten-
sions (kg/cm?) on the Y-axis and stimulating
frequencies on the X-axis.

Twitch contraction was elicited by single
pulse stimulation (0.2 msec), and the trace of the
twitch contraction was recorded at high speed
(10 cm/sec). The twitch kinetics were asses-
sed by (I) twitch tension (peak tension of twitch
contraction, kg/cm?), (II) contraction time (the
time required to develop peak tension, msec),
and (III) half relaxation time (the time required
for peak tension to fall by 509, msec) during a
single muscle contraction.

Muscle fatigability was then assessed by
examining the rate of fall of tension over 5 min
of rhythmic contraction. Rhythmic contrac-
tion was induced by applying trains of 20 Hz
stimuli (train duration, 0.33 sec; rest duration,
0.66 sec ; train:rest ratios, 1:2) at a 60 train/

min rate. Muscle fatigability was expressed
as a percentage of the final remaining tension
(%) from the initial tension. After completion
of this protocol, the muscle strip was removed
from the bath and weighed.

Then, muscle strips were adjusted to Lo and
fixed with pins on a cork plate. Samples were
immediately embedded in mounting medium
(OCT compound, Miles, Elkhart, IN), immersed
in isopentane (Wako Pure Chemical Industries
Ltd., Osaka, Japan) that had been cooled in
liquid nitrogen, and stored in a refrigerator
(—80°C) to await further analysis.

Adenosine triphosphatase (ATPase) stain

Myofibrillar triphosphatase
(ATPase) staining of the diaphragm was perfor-
med according to the method of Dubowitz and
Brooke”. Diaphragm sample tissues were
sectioned to 10 yum with a cryostat (BRIGHT
Instrument, Huntingdon, UK) kept at —20°C.
On the basis of their staining reactions for
myofibrillar ATPase, after alkaline preincuba-
tion (pH 10.4), muscle fibers were classified as
either typel or type II. Unstained fibers were
classified as type I (high oxidative slow-twitch),
and stained fibers were classified as type Il
(both high oxidative fast-twitch and low
oxidative fast-twitch). Fiber cross-sectional
areas were measured by digitizing with a
computerized image-processing system (PIAS
Co., Tokyo, Japan). Fiber type proportions
and cross-sectional areas (CSA) were deter-
mined from a sample of 350-400 fibers using
several sections of each muscle. Fiber CSA
were determined from the number of pixels
within the outlined borders, with each pixel
having of 0.676 um?® at X20
magnification. Because tension is a force per
unit area, the product of fiber numbers X fiber
CSA per unit area is suggested to be closely

adenosine

an area

— 135 —



Chiyohiko SHINDOH * Dai KATAYOSE * Kunio SHIRATO

related with tension.

Data Analysis

The strip muscle cross-sectional area was
calculated by dividing muscle mass by the
product of strip muscle length and muscle den-
sity (1.06 g/cm?®), and tension was calculated as
force per unit area (kg/cm?®. The mean val-
ues for each frequency in force-frequency
curves, twitch kinetics and fatigability were
compared by Student’s #-test. All data are
presented as means*=SE. Data with a p value
of less than 0.05 were considered statistically
significant.

Results

Changes of muscle contractile properties

Figure1l shows the mean force-frequency
curves of the control group and those induced
by hypoxia at 3,7, 14 days (A) and 21 days (B).
As for comparisons of the tensions at corre-
sponding frequencies, the tensions in lower
ranges (1 and 10 Hz) at 7 and 14 days were
significantly increased, while those in higher
ranges (70 to 100 Hz) were significantly de-
creased from those of the control force-fre-
quency curve (T »<0.01,  »<0.001, respective-
ly). These changes were caused by leftward
shift of force-frequency curves during the early
phase of hypoxia (i.e., 3 to 7 days). At 21 days,
the tensions in the higher ranges had recovered
to levels intermediate between 7 days and the
control, and the tensions in the lower ranges
had decreased to near control values.

Figure 2 summarizes the mean changes of
twitch kinetics and fatigability in the control
and hypoxia groups. In terms of twitch ten-
sion (A), the twitch tensions during hypoxic gas
inhalation maximally increased at 3 days (p <
0.001), then decreased by 21 days, although each
twitch tension was significantly larger than the
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Fig. 1. Force-frequency curves of control and
hypoxia groups at 3,7, 14 days (A) and 21
days (B). Symbols indicate significant
differences at given frequencies compared
with control (*p <0.05, 19 <0.01, £ <0.001).

control value (p<0.01). As for contraction
times (B), they were maximally elongated by 7
days, then decreased to the control level by day
21 during hypoxic gas inhalation; each con-
traction time was significantly longer than the
control value (»<0.001). With regard to half
relaxation time (C), it was also maximally
elongated at 7 days (p <0.001), then decreased
by day 21 (p <0.05) during hypoxic gas inhala-
tion. The observed increases of both contrac-
tion time and half relaxation time at 7 days

mean that the diaphragm muscle contracted
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Fig. 2. Mean changes of twitch tensions (A), contraction time (B), half relaxation time (C), and
fatigability (D) from the diaphragm of control and hypoxia groups at 3, 7,14 and 21 days.
Symbols indicate significant differences compared with control diaphragm (*p <0.05, t» <0.01,

1p <0.001).

more slowly than the control, then returned to
the control level. Concerning fatigability (D),
it was significantly increased at 7 and 14 days
during hypoxic gas inhalation (both p<0.01),
while there was no significant change at 3 and
21 days.
that the diaphragm muscle became more
fatigue resistant than in the control at 7 and 14
days, then returned to the control level.

The increase of fatigability means

Changes of muscle fiber composition

Figure 3 shows typical photographs of
myofibrillar ATPase staining at alkaline pH of
control (A), 3days (B), 7days (C), and 21 days
(D) during hypoxia. In the alkaline pH, the
unstained and stained fibers indicate typel
(slow-twitch) and type Il (fast-twitch) muscle
fibers. At 3days (B) and 7 days (C), because
the number of unstained muscle fibers increased
compared with the number in the control, it
seems that the white area increased and the
black area decreased, in the photograph.

Figure 4 shows the mean numbers (percent-
age) of typel and type Il muscle fiber in the
control and at 3,7 and 21 days during hypoxia.
The percentage of typel (slow-twitch) muscle
fiber (40.3%+2.2%, p<0.001)
significantly from that of the control (22.4+
1.19%), then decreased at 7 and 21 days (36.8+
1.69%, »<0.001; 32.1%£1.99, p <0.01, respective-
ly). Reciprocal changes in the percentages of
type II were observed.

Figure 5 shows the mean changes of cross-
sectional areas of typel and typell in the
control and 3,7 and 21 days during hypoxia.
The cross-sectional area of type I muscle fibers
was increased, but not significantly changed
from that of the control. The cross-sectional
area of typell muscle fibers significantly in-
creased at 3 and 7 days (p<0.001), and at 21
days (p <0.01) from that of the control. Com-
bining the changes of fiber numbers (Figure 4)
and fiber CSA (Figureb), it seems that the
slower contraction may be induced by the

increased
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Q"A

Fig. 3. Typical photographs of control group (A), and hypoxia group at 3 days (B), at 7 days (C), and

at 21 days (D). Magnification is X 200.
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Fig.4. Changes of numbers (percentage) of typel Fig.5. Changes of cross-sectional areas of type I
and type Il muscle fibers. Symbols indi- and typell muscle fibers. Symbols indi-
cate significant differences compared with cate significant differences compared with
control diaphragm (¥p <0.01, £ <0.001). control diaphragm (1p <0.001).
increase of typel muscle fibers at the early
phage of hypoxia (3, 7 days), and the normaliza- Discussion
tion of muscle contraction may be induced by In the present study, continuous hypoxia
the increase of type II CSA at the late phage of (FIO, =0.10) induced diaphragm muscle deterio-
hypoxia (21 days). ration and a leftward shift of the force-fre-

quency curves, an elongation of contraction and
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half relaxation times, and fatigue resistance
accompanied by the increments of type I (slow-
twitch) muscle fibers at 7 and 14 days. How-
ever, at 21 days of hypoxia, the force-frequency
curves, twitch kinetics and muscle fiber compo-
sition returned toward control levels. These
results suggest that the diaphragm muscle
becomes to slow-twitch muscle fiber dominant
muscle in the early phase of continuous hypox-
ia, and then shows an adaptive response to the
hypoxia by regaining nearly normal contractile
properties as a result of a return to normal
muscle fiber composition.

Studies of the diaphragm during inspiration
of elevated O, fractions have shown an in-
creased resistance to fatigue and changes in
ventilatory muscle recruitment allowing enhan-
ced performance, measured as increased endur-
ance time®. Conversely, moderate hypoxia,
induced by inspiration of 13% O,, exacerbated
inspiratory muscle fatigue as evidenced by
decreased endurance time and earlier shifts in
the electromyogram frequency spectrum?.
Three explanations are suggested as to why
hypoxia may increase diaphragm fatigue dur-
ing intense whole body endurance exercise : (I)
increased work by the diaphragm, (II) de-
creased O, transport to the diaphragm, and
(ITT) the influence of circulating metabolites
from locomotor muscles working at a higher
intensity in hypoxia!®. However, Ameredes et
al.'” reported that fatigue of the inspiratory
muscles of normal human subjects breathing
21% O, (normoxia), 13% O, (hypoxia), or 1009
O, (hyperoxia) who performed repeated maxi-
mal inspiratory maneuvers on an isoflow sys-
tem did not show significant differences among
the three inspiration conditions. Yanos et al.'?
examined whether respiratory muscle fatigue
plays a role in respiratory arrest using a dog
model. They reported that such fatigue may

not be a major factor in respiratory arrest
associated with inspiratory loading and hypox-
ia, and suggested that suppression of central
drive may be important'?'®, Thus, it can be
seen that results to date on the relationship of
muscle fatigue and moderate hypoxia have
been inconsistent, and that the diaphragm
muscle, especially
shows resistance to muscle fatigue.

On the other hand, several potential mecha-
nisms or sites of failure may account for the
hypoxic depression. In the adult diaphragm,
hypoxia rapidly inhibits nerve conduction'® and
presynaptic release’®. Com-
plemental studies have demonstrated that
hypoxia depresses respiratory and nonrespir-
atory skeletal muscle as well as cardiac muscle
contractility’®”. On the postsynaptic side,
hypoxia causes a depolarization of resting
membrane potential'®® and enhancement of
miniature end-plate potential frequency'®!®.
Bazzy'® reported that neuromuscular transmis-
sion in the newborn diaphragm is more resis-
tant to the effects of hypoxia than the older
diaphragm and that the predominant effect of
hypoxia is peripheral in the diaphragm muscle
fibers, whereas in the older diaphragm the
effect is before or at the neuromuscular junc-
tion. Although these previous studies concern-
ing hypoxia focused on neuromuscular trans-
mission and resting membrane potential of
diaphragm muscle, it is possible that these
changes of nerve conduction or cell membrane
may trigger the changes in their fiber composi-

in human experiments,

transmitter

tions.

In continuous hypoxia, an interesting finding
is that the diaphragm muscle induced an incre-
ment in the number of typel (slow-twitch)
muscle fibers. Because typel (slow-twitch)
muscle fiber is more fatigue resistant than type
IT (fast-twitch) muscle fibers®, it can be con-
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cluded that the changes of contractile prop-
erties were caused by the histological changes
in muscle fibers. In a previous study, we repor-
ted a transient increment of typel (slow-
twitch) muscle fibers in a denervated dia-
phragm?®. Although
differences in the experimental setups for inves-
tigating hypoxia and denervation, it has been
generally observed that the contractile prop-
erties in typel dominant muscle show a
decrease and leftward shift of force-frequency
curves, an increase of contraction time and half

there are many

relaxation time, and changes in fatigue resis-
tance. It is clear that the number of type I
dominant muscle fibers increases due to hypox-
ia, because it occurs in the early phase of
hypoxia. However, the result that diaphragm
muscle changes to typel dominant muscle,
which may require more oxygen under hypoxic
condition, seems a paradoxical phenomenon,
therefore, further analysis is needed.

Since the present study was performed at sea
level (i.e., normobaric hypoxia), it is of particu-
lar interest to refer to experiments conducted
at higher altitudes. Garner et al.?" studied the
force of the ankle dorsiflexors during a 40-day
simulated ascent of Mt. Everest in a hypobaric
chamber ; both electrically activated and maxi-
mal voluntary contractions were employed, and
it was found that chronic altitude exposure did
not appear to affect the maximal muscle force-
generating capacity, but did have a mild effect
on the susceptibility to fatigue during the exer-
cise protocols. They concluded that the cen-
tral motor drive becomes more precarious at
higher altitudes and is associated with in-
creased muscle fatigue at low excitation fre-
quencies ; the latter is the result, in part, of
chronic hypoxia and occurs in the muscle fiber
interior because no impairment in neuromus-
cular transmission could be demonstrated.

Fulco et al.*® reported that maximal voluntary
contractions of the rested adductor pollicis
muscle are not impaired during or after acute (1
day) and chronic (13 days) exertion at high
altitude (4,300 mm). It is suggested that our
results of a leftward shift of force-frequency
curves are compatible with maintained maxi-
mal contractions at high altitudes and that our
results on adaptation after transient changes
may explain why several base camps are em-
ployed when mountain climbers attempt to
reach the summit.

In conclusion, the diaphragm muscle under
continuous hypoxia shows transient changes in
contractile properties with changes in muscle
fiber composition. The observed phenomenon
may be triggered by hypoxia resulting in a
change in the composition of the diaphragm
muscle fibers in the early phase, with a return to
the control level in the late phase. If termed
adaptation to continuous hypoxia, such adapta-
tion of the diaphragm muscle may occur in the
patients with chronic hypoxia, for example,
chronic obstructive pulmonary disease (COPD),
fibrosing lung disease (FLD), etc.
is suggested that patients who suffer from
COPD or FLD can tolerate chronic hypoxia for
many years due to such adaptation.

Therefore, it
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