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Abstract

MIYATA, H. and WADA, M., Sarcoplasmic Reticulum Function of Rat
Diaphragm Following Five-day Inactivity. Adv. Exerc. Sports Physiol.,
Vol.7, No.1 pp.27-32, 2001. We hypothesize that the adaptation of sarcoplasmic
reticulum (SR) function in muscle fiber to inactivity is affected not only by muscle
activity itself but also by some trophic factors. We compared two hemidiaphragm
models in rats; 1) Spinal cord hemisection (SPH) at cervical second level; 2) Dener-
vation (DNV) in phrenic nerve. After 5 days, contraction time (CT) and half relaxa-
tion time (1/2RT), and SR Ca*-ATPase activity were measured. There were no
significant changes in CT and 1/2RT in the SPH, but significant alterations in the
DNV. As compared to the control (CTL) group, SR Ca?*-ATPase activity decreased
in the DNV but was unchanged in the SPH group. No differences in the population
and cross-sectional area of each muscle fiber type were found among the SPH, DNV
and CTL groups. Our results suggest that the rapid adaptations of SR function to in-
activity were not attributable to the changes in muscle fiber types, and that some neu-
rotrophic factors from phrenic motoneurons influence the adaptation.
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Introduction

The effects of inactivity have been studied primarily
in inactivity models of hindlimb muscle and marked
changes in physiological (13, 22), histochemical (21, 28)
and biochemical (27) properties were reported. In some
studies, a transection of the spinal cord at the thoracic level
was used to induce inactivity of hindlimb muscle (2, 26).
The model of muscle inactivity differs from the denerva-
tion model in that the axoplasmic flow of the neurotrophic
substance anterogradely carried by axons from motoneu-
rons and the myotrophic substance produced in muscle is
preserved. Therefore, the neurotrophic influence on muscle
can be assessed by the degree of changes in muscle in-
duced by denervation and spinal cord transection. Based
on this concept, a number of studies demonstrated that
some trophic factors from motoneurons or muscle have a
significant effect on the muscle structural (3) and contrac-
tile (33) properties. Recently, Takekura et al. (31) sug-
gested that morphological adaptation of the membrane
system including sarcoplasmic reticulum (SR), transverse
tubules and triads was affected by trophic factors, and that
muscle activity was not always necessary for a new mem-
brane system to form in disused rat hindlimb muscles. To
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date, however, relatively little attention has been paid to
the trophic influence on SR function in muscle fibers.

In this kind of study, it is important to assess the prior
activation history of the experimental muscle in order to
know the impact of activity imposed by each treatment.
However, the activation history of hindlimb muscle is quite
varied and difficult to quantify. In contrast, the diaphragm
muscle is continuously and stereotypically activated
throughout life to maintain ventilation. Furthermore the ac-
tivity in diaphragm is much higher than that in hindlimb
muscle. For example, the duty cycle of the rat diaphragm is
about 40 % (24), while in rat hindlimb muscles, duty cy-
cles range from as low as 2% (extensor digitorum longus
muscle) to 14% (soleus muscle) (19). Therefore, the dia-
phragm may be especially responsive to decreases in activ-
ity.

We hypothesize that the SR function in diaphragm
muscle fiber is regulated not only by muscle activity itself
but also by the neurotrophic factor from phrenic motoneu-
rons. In this study, to verify our hypothesis, we examined
the functional adaptation of rat diaphragm to inactivity in
two models of hemidiaphragm inactivity: spinal cord hemi-
section (SPH) at the cervical second (C2) level and dener-
vation (DNV) in phrenic nerve.

Methods

General procedures

Male Wistar rats (body weight on the final day of the
experiments 250-310g, Kyudo, Kumamoto) were divided
into SPH (n=5), DNV (n=5) and sham control (CTL, n=5)
groups. All animals were anesthetized with ketamine (60
mg/kg) and xylazin (2.5 mg/kg) and prepared for aseptic
surgery. Throughout the surgery, rectal temperature and
electrocardiogram were monitored in some rats. The core
temperature and heart rate remained stable, and were unaf-
fected by surgery. After ensuring that there was no bleed-
ing in the operating field, the layers of muscles and skin
were sutured separately. The wound was cleaned and disin-
fected with betadine and the animals received an injection
of antibiotic which was repeated for 2 days following. All
procedures used in this study were approved by the Animal
Use Committee at Yamaguchi University which followed
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the Japanese Physiological Socicty Animal Care Guide-
lines and the Policy Statement of the American College of
Sports Medicine on Research with experimental Animals.

Inactivity models of the diaphragm

SPH and CTL: The rat was placed in the prone posi-
tion on the operating table. A midline incision (less than
4cm) was made on the back of neck, and superficial and
paravertebral muscles were separated by blunt dissection.
Under a surgical microscope, a C2 dorsal laminectomy was
performed and then the cervical spinal cord was exposed
by cutting and retracting the dura. The right spinal cord
was sectioned using a micro-knife near the entrance of the
C2 dorsal root. Precautions were taken to avoid cutting
blood vessels of the spinal cord in this region. The entire
lateral and ventral funiculus of the right spinal cord was
transected without section of the dorsal funiculus. In CTL
group, the same surgery without section of the spinal cord
was performed.

DNV: The rat was placed in the supine position on the
operating table. A midline incision (less than 3cm) was
made on the neck and superficial muscles. Under a surgical
microscope, the main trunk of the right phrenic nerve was
dissected. A 10 to 20 mm length of the nerve was removed
to avoid possible reinnervation of the muscle and effects of
trophic substances in the nerve.

The efficacy of surgery was evaluated by monitoring
EMG in the right hemidiaphragm under anesthesia during
surgery and in the terminal experiments. The EMG was re-
corded by a pair of fine-wire electrodes (stranded stainless
steel wires of 0.05 mm diameter: A-M systems Inc., WA
USA) implanted into the mid-costal regions of the right
hemidiaphragm. These electric signals were amplified, and
viewed on a storage oscilloscope (DCS-7020, Kenwood,
Yokohama).

In vitro measurements of physiological properties

A part of the excised diaphragm was mounted verti-
cally in a glass chamber containing Ringer solution (137
mM Na’, 5 mM K*, 2 mM Ca*, 2 mM Mg*, 121 mM CI,
20 mM HCO;, 1.9 mM HPO,>, 11mM Glucose and 0.012
mM d-tubocurarine). The solution was aerated with 95%
0,-5% CO,, which maintained pH at 7.4 and the tempera-
ture was kept at 25 °C. The central tendon of the muscle
was attached in series to a calibrated force transducer. The
other muscle clamp was fixed to a micromanipulator. Mus-
cle fiber length was adjusted using the micromanipulator
until maximal isometric twitch responses were obtained
(i.e., optimal fiber length). The muscle was stimulated di-
rectly with a stainless electrode placed in contact with the
entire width of the muscle on one side. The anodal current
pulses were referred to a large Ag-Cl-coated plate elec-
trode (1X1.5 cm) placed 5 mm from the muscle. Stimulus
intensity was increased until maximal twitch tension re-

sponses were obtained and then set at 125 % of this value
(i.e., supramaximal intensity). Contraction time (CT) and
half relaxation time (1/2RT) were determined from a con-
traction induced by single pulse stimuli. The evoked iso-
metric force responses were displayed on the digital
storage oscilloscope.

SR Ca’*-ATPase activity

Another part of the mid-costal diaphragm was used
for the biochemical assessment of SR Ca?"-ATPase activ-
ity. Muscle pieces of ~ 100 mg wet weight were washed
in ice-cold homogenizing buffer (pH 7.4) consisting of 40
mM Tris-HCI and 300 mM sucrose until the buffer ap-
peared free of blood. Samples were diluted 1:10
(mass/vol.) in cold homogenizing buffer after having been
weighed and homogenized for 3X30 s at 1000 rpm. SR
Ca*'-ATPase activity in the muscle homogenate was meas-
ured spectrophotometrically according to the methods of
Simonides and van Hardeveld (29) with some modifica-
tions where the concentration of NADH in the assay mix-
ture was increased as follows to avoid depletion of this
reagent during measurement. The assay mixture (pH 7.5)
was composed of 20 mM N-2 hydroxyethylpiperazine-N'-
2-ethanesulfonic acid, 0.005% (vol./vol.) Triton X-100, 1
mM EGTA, 200 mM KCl, 15 mM MgCl,, 0.5 mM CaCl,, 10
mM sodium azide, 0.4 mM NADH, 10 mM phosphoenolpy-
ruvate, 18 U/ml pyruvate kinase and 18 U/ml lactate dehy-
drogenase. The free Ca*" concentration in the assay mixture
is estimated to be 10 M, the value necessary to measure
maximal activity (29). After the addition of a 20 1 aliquot
of the homogenate, the assay mixture was preincubated for
2 min. The reaction was started by adding ATP to give a fi-
nal concentration of 4 mM. The absorbance signal was re-
corded until the slope was constant, usually within 3 min.
Finally the CaCl, concentration was increased to 20 mM in
order to selectively inhibit SR Ca**-ATPase activity. The re-
maining activity was defined as the background ATPase ac-
tivity. The activity of SR Ca*"-ATPase was calculated as
the difference between total ATPase and the background
ATPase activities. During this procedure, the assay mixture
was continually stirred and temperature was maintained at

37 C.

Muscle Fiber Histochemistry

Another part of the mid-costal diaphragm was frozen
at estimated optimal length (Lo). This was accomplished
by measuring the relaxed excised length of a muscle bun-
dle directly and pinning the muscle on cork at 1.5X this
length (estimated Lo) before immersion in isopentane
cooled to its melting point by liquid nitrogen. Serial cross
sections of muscle fibers were histochemically stained for
myofibrillar ATPase after preincubation at different pHs
(4.3, 4.6 and 10.3) to classify fiber types. Populations and
cross sectional areas (CSA) of each muscle fiber type were
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determined based on measurements of 300 to 600 fibers in
each animal. The relative contribution of each muscle fiber
type to total CSA was calculated from the proportions and
CSAs of each muscle fiber type.

Statistical analysis

The results obtained in this study were analyzed by a
one-way ANOVA for all data with experimental groups as
grouping variables. Post hoc analysis was performed using
a Scheffe’s F method. In all cases, statistical significance
was established at p<0.05. All values are shown as means
+standard deviation (SD).

Results

Verification for inactivity models

Although the body weights in the SPH group de-
creased by approximately 10-15% initially after surgery, the
body weights were returning to normal levels by 3 days af-
ter the surgery. On the final day of the experiment, the ani-
mal body weights in SPH (273+21g) and DNV (285%15g)
were comparable to those in the CTL group (282+18g).
The DNV rats showed no obvious behavioral changes after
surgery, except for the paradoxical movements of the rib
cage and abdomen associated with hemidiaphragm paraly-
sis. By the third day after surgery, the SPH rats displayed
normal ambulation, with only minor defections in fine mo-
tor control, e.g., during grooming behaviors. Hemidia-
phragm paralysis in SPH rats was also associated with
paradoxical movements of the rib cage and abdomen during
inspiration. The spontaneous activity disappeared immedi-
ately after surgery (figure 1) and the end of experiments.
From these results, we judged that the activity of the right
hemidiaphragm muscle disappeared during 5 days.
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Fig. 1 Electrical activity taken from the right diaphragm muscle of rats
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subjected to a right spinal hemisection (SPH) at cervical level
2, and a denervation (DNV) of right phrenic nerve, respectively.
Left and right recordings were made before and after surgery,
respectively. In both cases, the spontaneous activity disappeared
completely immediately and 5 days after surgery (end of experi-

ments).

Muscle contractile properties

The mean values of CT and 1/2RT in each group are
shown in Figure 2a and b, respectively. The CT and 1/2RT
in DNV were significantly longer than those in CTL and
SPH groups. No significant difference was found be-
tween CTL and SPH groups.

SR Ca*'-ATPase activity

The mean values of SR Ca**-ATPase activity in each
group are shown in Figure 3. The SR Ca**-ATPase activity
in DNV was significantly lower than those in CTL and
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Fig. 2 Changes in contraction time (a) and half relaxation time (b) of
the diaphragm muscle after 5-day inactivity induced by DNV
and SPH.

*Significant difference (P<0.05) from the control (CTL) group;
T significant difference (P<0.05) from SPH group.
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Fig.3  Changes in SR Ca-ATPase activity of the diaphragm muscle
after 5 days inactivity induced by DNV and SPH.
*Significant difference (P<0.05) from the CTL group;
T significant difference (P<0.05) from SPH group.
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SPH groups. While, there was no significant difference in
SR Ca**+-ATPase activity between CTL and SPH groups.

Muscle fiber type population and cross-sectional area

The mean values of population, CSA, and relative
contribution to total CSA of each muscle fiber type are
shown in Table 1. No significant difference in the popula-
tion, CSA or relative contribution to total CSA of each
muscle fiber type was found among three groups.

Discussion

In this study, we compared two models of hemidia-
phragm inactivity for 5 days: 1) SPH at C2, where commu-
nication between motoneurons and muscle remained intact:
2) DNV m phrenic nerve, where communication between
motoneurons and muscle fibers was disrupted. Therefore,
the neurotrophic effect on muscle can be assessed by com-
parison between SPH and DNV groups.

Although most mammalian muscles begin to atrophy
after loosing their innervation and/or neurotrophic influ-
ence, the denervated hemidiaphragm of the rat undergoes
selective hypertrophy of type I muscle fiber and atrophy of
type IIb muscle fiber (20, 24, 32). This unique adaptation
of dencrvated hemidaiaphragm has been attributed to re-
petitive stretch resulting from rhythmic contractions of the
intact, contralateral hemidiaphragm. From these pilot stud-
ies (20, 24, 32) and our preliminary study, we judged that 5
days after denervation is an optimal period to examine
rapid functional changes in the SR without marked selec-
tive changes in the population and cross sectional area of
each muscle fiber type. Our results indicated that the
1/2RT and SR Ca**-ATPase activity were changed in DNV,
but not in SPH as compared to those in CTL group, and
that these changes were not attributable to the changes in
the population or CSA of each muscle fiber type.

In denervated hindlimb muscles, typical changes are
atrophy of muscle and prolongation of isometric twitch.

The atrophy of the denervated muscle seems to occur
within a week. For example, Gundersen (16) demonstrated
that reduction in muscle mass was 12% in soleus and 18%
in extensor digitorum longs (EDL) following 5-day dener-
vation. The prolongation of the isometric twitch, that is,
clongation of CT and 1/2RT, seems to occur within a few
days (13, 16). The contractile process is regulated by the
cyclic release of Ca’" into the cytosol and its subsequent re-
sequestration by SR (30). It is well known that ryanodine
receptor/channel mediates the release of Ca?* from the SR
in both skeletal and cardiac muscle cells (25). In rat DNV
muscles, Delbono and Chu (11) demonstrated that maxi-
mum activation of the ryanodine receptor/channel was
shifted to higher Ca** concentrations (pCa 4) and the chan-
nel remained activated at mM Ca** concentrations. The al-
teration in response of the ryanodine receptor/channel for
Ca”" concentration might account for elongation of CT in
the DNV muscle in our study. A decrease in SR Ca*"-AT-
Pase activity found in DNV reflects the dysfunction of the
SR Ca*" pump since a number of previous studies have in-
dicated that SR Ca®*-ATPase activity is positively corre-
lated with the rate of Ca®" uptake by SR (5, 6, 23). The
clongation of 1/2RT in DNV was consistent with the de-
pression in the catalytic activity of SR ATPase protein. In
previous study (12, 17), it was demonstrated that the
changes in SR functions and morphology were related to
changes in the morphological properties of muscle fiber.
The volume of SR in fast muscle fiber is much larger than
that in slow twitch muscle fiber (8, 9). In this study, in
spite of complete paralysis in the right diaphragm for 5
days, there were no significant difference in the proportion
and CSA of each fiber type between eperimental groups and
CTL. Although we can not specify a main reason from our
results, alterations in quantity and/or quality of SR protein
may be reasons for a marked decrease in SR Ca’-ATPase
activity in DNV group. We speculate that the alteration in
quality of SR protein is a major factor, as well as the altera-

Table 1 ~ Mean values of population, cross sectional area (CSA) and relative contribution of each muscle fiber type

to total area in control (CTL), denervation (DNV) and spinal hemisection (SPH) groups.

Groups N —

Muscle Fiber Type
a b

CTL 252 +
SPH 27.1 +
DNV 26.2

CTL 1183
SPH 1061
DNV 1323

CTL 222 14
SPH 21.0 £ 44
DNV : 251 £ 2.0

Population (%)
356 = 2.6
334 + 36
326 + 33
Cross-sectional Area (ym?)
960 + 112
1024 £ 180
1172 £ 155
Relative Contribution (%)
254 £ 5.1
249 + 6.5
27.7 £ 6.1

392 £ 38
395 + 2.8
412 + 43

1800 £ 225
1875 £ 216
1584 + 240

524 £ 43
54.1 =92
472 £ 6.5
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tions in ryanodine receptor/channel for changes in CT.

A number of studies have shown that tropic factors re-
leased by motoneurons or muscle fibers exert an influence
on each other. Brown and Ironton (4) demonstrated in par-
tially denervated soleus muscle that intact axons produced
both terminal and collateral sprouts which inhibited by di-
rect stimulation of the denervated muscle. Czeh et al. (7)
indicated that the electric physiological properties of moto-
neuron were maintained, at least in part, by trophic factors
retrogradely carried by the axons. From these results, it is
clear that the release of trophic factors by motoneurons and
inactive muscle is important for the adaptation of muscle
and motoneurons to inactivity. In addition, Davies et al.
(10) demonstrated that in the embryonic chick trigeminal
mesencephalic nucleus, two distinct neurotrophic factors,
one in the central nervous system and the other in skeletal
muscle, cooperated in regulating neuron survival during de-
velopment. Previously, we speculated that when the levels
of activation of motoneurons and muscle fibers are appro-
priately matched, even if this reflects inactivity of both,
then disuse adaptations are avoided (24). These results indi-
cate that cooperation of myotrophic and neurotrophic fac-
tors is one of important factors for the normal development
of neuromuscular system. Concerning SR morphology,
Heck and Davis (18) showed that administration of nerve
extract including neurotrophic factors ameliorates the SR
volume in denervated soleus and gastrocnemius muscles in
mouse. Furthermore, Takekura et al. (31) suggested that
morphological adaptation of the membrane system includ-
ing SR 1s affected by some neurotrophic factors. Based on
our results, in combination with the results in previous
studies (18, 31), we suggest that the myoneural interaction
between muscle and motoneurons plays important roles in
regulating SR.

It has been reported that muscle fibers express several
trophic factors, that is, brain-derived neurotrophic factor
(BDNF), neurotrophin3 and neurotrophind/5, and their re-
ceptors (14, 15). Funakoshi et al. (14, 15) demonstrated
that sciatic nerve transection in rats resulted in increased
muscle expression of BDNF, but decreased muscle expres-
sion of NT4/5. In addition, many growth factors may affect
adaptation of SR function. Some myotrophic influences
mentioned above may mediate SR adaptation to inactivity.
To explain the regulation of the nerve ending density in a
partial denervation model, Aguilar et al. (1) proposed the
existence of a negative feed back control system: the mus-
cle continually manufactures a substance that stimulates
nerves to sprout, and that this effect is neutralized in some
way by neurotrophic factors.The SR adaptations might be
regulated by a similar mechanism in the nerve sprouting.
We speculate that a myotrophic factor released by inactive
muscle fiber is normally opposed by neurotrophic factors
expressed by inactive motoneurons. This mechanism may
explain why rapid adaptations of SR do not normally occur

in fast motor units that are infrequently activated in the dia-
phragm muscle. Further studies concerning the expression
of several trophic factors in muscle fibers and motoneurons
are needed to confirm our speculation.
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