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Abstract: In a unilaterally denervated diaphragm, atrophy of fast-twitch glycolytic (FG) fibers, but not of fast-twitch oxidative 

glycolytic (FOG) or slow-twitch oxidative (SO) fibers, occurs. The inhibition of atrophy in FOG and SO fibers may be due to the 

effects of stretch stimuli caused by respiratory contraction of the contralateral diaphragm. We examined the effects of exercise 

(treadmill running) on the histochemical and biochemical properties of muscle fibers of the costal diaphragm in three groups. 

Eighteen rats were distributed in (i) a denervation + treadmill running (Dn ex) group, (ii) a denervation (Dn) group, and (iii) a 

control (Ct) group. After 4 weeks of running, we measured the expression of myosin heavy chain (MHC) isoforms and 

cross-sectional area of the diaphragm muscle. The expression of MHC 1 and MHC 2a increased 4 weeks after denervation. In 

contrast, the expression of MHC 2d decreased significantly. After 4 weeks of running, the cross-sectional area of FG fibers 

increased significantly (85.5%; P < 0.05) compared with that in the Dn group. We suggest that exercise enhances the 

morphological properties and myosin heavy chain isoforms of the denervated diaphragm. This exercise-mediated adaptation may 

be associated with the improvement of FG fibers in the denervated diaphragm. 
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1. Introduction 

The diaphragm is a dome-shaped skeletal muscle with 

peripheral muscle fibers that converge into a central tendinous 

chord. It plays a significant role in respiration. The 

characteristic action of the diaphragm muscle is highly 

effective synchronization of both sides, and it enables the 

muscle twitch and relaxation to be repeated continuously 

(approximately 80 times per min). The phrenic nerve is the 

only motor nerve innervating the diaphragm; the left and right 

phrenic nerves innervate the left and right side of the 

diaphragm, respectively.  

In a previous study, G.C. Sieck, et al. reported that although 

fast-twitch glycolytic (FG) fibers caused atrophy in the 

denervated diaphragm (unilateral phrenicotomy) and that 

neither fast-twitch oxidative glycolytic (FOG) nor slow-twitch 

oxidative (SO) fibers appeared to contribute [1-3]. It is 

thought that unilateral phrenic nerve denervation paralyzes the 

ipsilateral diaphragm muscle, rendering it inactive. However, 

contraction of the contralateral diaphragm muscle applies 

intermittent stretching synchronized with respiration. Stretch 

is a treatment to improve physical flexibility with continuous 

extension of muscle fibers or soft tissues. It also enables 

efficient muscle tone and smooth joint action. In addition, it 

has been reported that the mechanical stimulation of stretch 

can advance the hypertrophy of muscle fibers [4].  

We hypothesized that unilateral denervation of the 

diaphragm incurs progressive atrophy that can be minimized 
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with exercise (treadmill running) for 4 weeks in rats. To test 

this hypothesis, we analyzed the morphological properties and 

myosin heavy chain (MHC) isoforms of diaphragm muscle 

fiber types in denervated diaphrams. 

2. Materials and Methods 

2.1. Experimental Animals 

Twenty-one 9-week-old male Wistar rats (body weight, 

352.4 ± 32.3 g) were used in this study. The temperature and 

humidity of the animal holding room were maintained at 23°C 

and 50%, respectively, with a 12-h light/dark cycle. 

Throughout the rearing period, the rats had free access to food 

and water. This experiment was conducted with the approval 

of Kio University Animal Experiment Ethical Review Board 

and in accordance with the Kio University Animal Experiment 

Management Regulations.  

The animals were randomly divided into 3 groups: (i) a 

sham control group (Ct group; n = 6), (ii) a unilaterally 

denervated diaphragm group (Dn group; n = 6), and (iii) a 

unilaterally denervated diaphragm group that performed 

treadmill running (Dn ex group; n = 6). Unilateral 

phrenicotomy was performed in the Dn groups. Three animals 

were used to record diaphragm muscle movement using a 

digital video camera before and after the denervation surgery.  

2.2. Denervation of the Diaphragm 

In order to analyze the displacement activity of the 

diaphragm muscle before and after cutting the phrenic nerve, 

5- and 10-mm square markers were connected to the 

diaphragm muscle. The length that the denervated diaphragm 

muscle extended between the markers was measured on the 

horizontal surface. After the induction of deep anesthesia by 

intraperitoneal administration of a mixture of ketamine (75 

mg/kg body weight) and xylazine (10 mg/kg body weight), a 

medial incision measuring approximately 4 cm long was 

placed on the ventral side of the neck. The superficial muscles 

were carefully detached under a stereoscopic microscope, and 

the right phrenic nerves were exposed. The activity of the 

bilateral diaphragm was arrested by carefully removing 3 cm 

or more of the phrenic nerve fibers. For the Ct group, the same 

procedure was performed, except that phrenicotomy was not 

conducted. We carefully observed the body condition and 

behavior of animals for 3 days after surgery.  

2.3. Treadmill Running 

On postoperative day 3, the Dn ex group was exposed to 

treadmill running for 7m/min for a 5-min period to become 

accustomed to the activity. On postoperative day 4, the Dn ex 

group began to run on a treadmill for 40 min/day at an 

intensity of 10–20 m/min, 6 days per week for 4 weeks. After 

4 weeks of treadmill running, pentobarbital sodium salt (50 

mg/kg) was inserted into the abdominal cavity of rats before 

anesthesia. An abdominal surgery was then performed to 

extract the diaphragm muscle from the denervated side. 

Diaphragm specimens were frozen in liquid nitrogen and 

stored at −80°C for future analysis. 

2.4. Morphological Characteristics of the Diaphragm 

Histochemical analysis was performed for the frozen 

muscle samples that exhibited an optimum length. Sequential, 

cross-sectional, 10-µm sections were collectd at −20°C using 

a cryostat (CM1850, Leica microsystems, Germany). The 

succinic dehydrogenase (SDH) complex and myosin ATPase 

complex were examined. Photographic images of the myosin 

ATPase complex and SDH complex were examined and fibers 

were classified into three types: SO fibers (light color), FOG 

fibers (dark color), and FG fibers (semi-dark color) on figure 

2A. The cross-sectional area of all measurable muscle fibers 

was measured using image analysis software (Image J version 

1.46). 

2.5. MHC Isoform Analysis 

Using the biochemical specimens, MHC was isolated by 

modifying the method of Doucet et al. [5] for sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The 

muscle tissue was trimmed to 15–25 mg and homogenized in a 

micrtotube, and MHC was extracted with 40 volumes of an 

extractant, and the extract was diluted 75 times with an 

incubation medium and subjected to electrophoresis. The 

myofibrillary protein extract prepared was injected at 5 

µL/lane and elecrophoresed at 4°C for 48 h at a fixed voltage 

of 170 V. The gel obtained by electrophoresis was stained with 

silver, and the compositional ratios of various bands (MHC1, 

2a, 2b, and 2d) were calculated using image analysis software 

(Image J version 1.46). 

2.6. Statistical Analyses 

All results are presented as means ± standard deviations. 

One-way ANOVA was performed to compare the 

cross-sectional area for each muscle fiber type among three 

groups, and multiple comparisons were made using Sheffe’s 

procedure. The Mann–Whitney U test was performed for 

MHC isoform analyses. The level of statistical significance 

was set at P < 0.05. 

3. Results 

3.1. Movement of Denervated Hemidiaphragm Muscles 

During Respiration 

The movement of the right and left diaphragm muscles was 

recorded using a digital video camera before and after 

removing the phrenic nerve in three rats. Before phrenic nerve 

removal, the diaphragm muscle contracted symmetrically and 

lowered during inspiration.After cutting the phrenic nerve, the 

left diaphragm muscle became inactive, and no muscular 

contraction was observed. Minimal horizontal movement was 

observed. The contraction on the contralateral side made the 

left diaphragm muscle extend during inspiration. The 

displacement of activity in the left diaphragm muscle was 
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observed toward the right diaphragm muscle on the horizontal 

surface. Analysis of the video images demonstrated that the 

denervated diaphragm muscle extended by 11.2 ± 6.4% on the 

horizontal surface (Fig. 1). 

 
Figure 1. Photomircographs of the horizontal surface of the diaphragm from 

a control (A & C) and denervated animal (B & D) during the relaxation (A & 

B) and contraction phases (C & D). a, xiphoid process; b, liver; arrows, 

inferior phrenic artery 

3.2. Morphological Characteristics of the Diaphragm 

Muscles 

 
Figure 2. Photomicrographs of cross-sections through the diaphragm muscle 

that have been stained for adenosine triphosphatase (ATPase; A, B, and C) 

and succinate dehydrogenase (SDH; D, E, and F) from the control (A & D), 

denervation (B & E), and denervation and exercise (C & F) groups Scale bar 

= 100 µm 

 
Figure 4. Cross-sectional area for each muscle fiber type in the control, 

denervation, and denervation + exercise groups 

Investigation of the cross-sectional area (CSA) in each 

group according to muscle fiber type (Fig. 2) revealed that the 

CSA of SO fibers in the Dn group was the smallest. However, 

this decrease was not significant compared with that in the 

other groups (Ct group, 1123.8 ± 202.0 µm
2
; Dn group, 939.5 

± 195.5 µm
2
; Dn ex group, 1141.2 ± 372.3 µm

2
). The CSA of 

FOG fibers was also smallest in the Dn group. This change 

was also not significant among the 3 groups (Ct group, 1222.7 

± 238.6 µm
2
; Dn group, 913.8 ± 351.9 µm

2
; Dn ex group, 

1180.8 ± 327.8 µm
2
). The CSA of FG fibers in the Dn and Dn 

ex groups decreased significantly compared with that in the Ct 

group (Ct group, 3986.1 ± 655.1 µm
2
; Dn group, 824.7 ± 

162.4 µm
2
; Dn ex group, 1529.8 ± 711.9 µm

2
). Moreover, the 

Dn group decreased significantly compared with Dn ex group 

(Figure 4). 

SO, slow-twitch oxidative fibers; FOG, fast-twitch 

oxidative glycolytic fibers; FG, fast-twitch glycolytic fibers 

*P < 0.05 vs the Dn group 

3.3. Composition of the MHC Isoforms 

The MHC isoform composition was analyzed using 

SDS-PAGE (Fig. 3, Table 1). In the Ct group, MHC 2d 

accounted for 53.3 ± 9.2% of the total MHC isoforms. MHC2a 

was the second most common component (26.0 ± 6.7%), 

followed by MHC1 (17.3 ± 7.3%) and MHC2b (3.5 ± 3.4%). 

In the Dn group, MHC 2a accounted for 42.5 ± 6.4% of the 

total isoforms, followed by MHC 1 (39.2 ± 19.0%) and MHC 

2d (18.4 ± 15.1%); MHC2b was not detected. Compared with 

that in the Ct group, the expression of MHC 1 (226.6%; P < 

0.05) and MHC 2a (163.5%; P < 0.05) increased, whereas the 

relative expression of MHC2d (34.5%; P < 0.05) decreased. 

 
Figure 3. Myosin heavy chain (MHC) isoform composition of the rat 

diaphragm muscle was determined by densitometric analysis of sodium 

dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Representative gels from the control (A), denervation (B), and denervation + 

exercise (Dn ex) groups are shown. 

Table 1. Percentage distribution of myosin heavy chain isoforms in 

diaphragm muscles from each group (Ct, Dn, and Dn ex) 

 
Ct Dn Dn ex 

MHC 1 17.3 ± 7.3 39.2 ± 19.0* 35.0 ± 7.5* 

MHC 2a 26.0 ± 6.7 42.5 ± 6.4* 39.8 ± 7.8* 

MHC 2d 53.3 ± 9.2 18.4 ± 15.1* 23.0 ± 6.1* 

MHC 2b 3.5 ± 3.4 0* 2.2 ± 3.1 

* vs. Ct group (p<0.05) 

In the Dn ex group, MHC 2a accounted for 39.8 ± 7.8% of 

the total isoforms detected, while MHC 1 accounted for 35.0 ± 

7.5%, MHC 2d for 23.0 ± 6.1%, and MHC 2b for 2.2 ± 3.1%. 

Compared with that in the Ct group, the relative expression of 

MHC 1 (202.3%; P < 0.05) and MHC 2a (153.1%; P < 0.05) 

increased, whereas that of MHC2d (43.2%; P < 0.05) 

decreased. However, a significant difference was not found in 

the comparison between the Dn group and the Dn ex group.  

4. Discussion 

The present study investigated the movement of denervated 

hemidiaphragm muscles during respiration, changes in the 

diaphragm muscle after phrenicotomy, and changes in the 

diaphragm muscle on performing intense physical activity in 

the form of treadmill runnning. 
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4.1. Movement of Denervated Hemidiaphragm Muscles 

During Respiration 

Consistent with a previous study performed in the rabbit, 

after phrenicotomy, the denervated diaphragm muscle became 

inactive, and muscular contractions were not observed. 

Contractions on the intact side resulted in the denervated side 

extending during inspiration, and muscle displacement (18%) 

occurred in the direction of intact diaphragm muscle on the 

horizontal surface. The central tendon moved by 

approximately 4.1 ± 0.5 mm. In the rabbit, unilateral 

denervation caused a displacement of 5% extension during 

inspiration [6]. Respiratory contraction of the contralateral 

diaphragm brought about mechanical stretch to the denervated 

diaphragm muscle and may have produced the characteristic 

changes of muscular hypertrophy in the SO fibers and FOG 

fibers. Therefore, the denervated diaphragm muscle appears to 

be affected by the intact contralateral diaphragm.  

4.2. Changes in the Denervated Diaphragm Muscle 

The denervated diaphragm muscle, by unilateral phrenic 

nerve denervation, tended to decrease the CSA regardless of 

fiber type (SO fibers, 16%; FOG fibers, 25%; FG fibers,79%). 

Therefore, the FG fibers were particularly atrophied compared 

with the other fiber types. In terms of MHC isoform 

composition of the muscle, MHC 2d and 2b were significantly 

decreased.  

In a previous study, we suggested that FG fibers in the 

denervated diaphragm muscle exhibit severe atrophy and 

appear to influence the contractile properties of the 

diaphragm [7]. Because the muscle protein composition of 

the denervated model used in this study is more remarkably 

controlled compared with that of other atrophy models, the 

denervated model exerts the greatest influence on muscular 

atrophy [8]. The method most commonly used to examine 

denervated muscle function is severing the sciatic nerve and 

denervating the soleus, plantar, and gastrocnemius muscles. 

This model also decreases the CSA of muscle fibers (Fig. 4). 

It has been also reported that slow-twitch fibers develop into 

fast-twitch fibers in the soleus muscle (slow to fast 

transformation) [9, 10]. However, in this study, we observed 

the opposite. That is, in the Dn group, development of 

slow-twitch muscle fibers was observed. Geiger et al. 

reported that the amount of protein in all MHC isoforms in 

the denervated diaphragm also decreases at 1–3 days after 

denervation, but they observed that MHC1 and 2a isoforms 

were slightly increased at 3–7 days and that there were no 

changes after 7–14 postoperative days [11]. Moreover, 

mRNA expression of the MHC protein increased 1 day after 

denervation, whereas it decreased significantly at 3, 7, and 

14 days after denervation. Geiger et al. indicated that MHC 

mRNA expression did not correspond to the amount of MHC 

protein in the denervated diaphragm [11]. This may explain 

the differences in the atrophy of different fibers types 

observed. In the denervated diaphragm, the transcription, 

translation, and post-translational regulation of the MHC 

gene may be specifically regulated by denervation. Moreover, 

the MHC mRNA transcription and the protein turnover ratio 

(protein synthesis and degradation) may be selectively 

controlled and therefore could influence MHC protein 

expression. The muscle atrophy caused by denervation 

prevents tension generation and changes in the length of 

skeletal muscle. It is thought that the intermittent stretch 

synchronized with respiration affects the denervated 

diaphragm and prevents normal muscle function. 

4.3. Effects of Treadmill Running on the Denervated 

Diaphragm 

In the present study, rats ran 10–20 m/min for 40 min, 

which equates to moderate-intensity exercise [12, 13]. We 

suggest that this level of exercise is sufficient to inhibit a 

decrease in muscle fiber CSA. The FG fibers were particularly 

affected by treadmill running. It is possible that the contractile 

activity of the diaphragm increased with exercise and that the 

stretch to the denervated diaphragm resulted in this inhibition.  

It has been reported that the disuse atrophy of type I fibers 

of the soleus muscle caused by arthrodesia can be reversed by 

a short period (1 week) of stretching. Hypertrophy of both 

type I and II fibers is evident after 3 weeks [14]. Fixing the 

stretched soleus muscle to the maximum dorsiflexion position 

in the hindlimb inhibits the muscle atrophy of only type II 

fibers [15, 16]. Continuous stretching of denervated muscle 

significantly increases the diameter of type I and II fibers in 

the soleus muscle and type IIA and IIB fibers in the extensor 

digitorum longus muscle 3 weeks after sciatic nerve 

denervation [17]. Continuous muscle stretch inhibited muscle 

atrophy. Furthermore, decreases in MHC1 mRNA and 

MHC2a mRNA of the denervated gastrocnemius and soleus 

muscles were reversed by muscle stretching [18-20]. In our 

study, the denervated diaphragm may prevent muscle atrophy 

of the FG fibers via respiratory contractions originating in the 

contralateral intact diaphragm. The mechanical stretching may 

also increase with increased respiratory contractions 

associated with running. However, further studies are required 

to eludicate the effects of factors such as hormone secretion 

that may alter muscle proteins and the increase in blood flow 

to the muscle during running, which may also influence 

muscle atrophy caused by denervation.  

There are some limitations of this study. One limitation of 

this study relates to the sample size. Since only 6 rats per one 

group were evaluated, wish be more careful in extrapolating 

the results of this study to human. A second limitation of this 

study was that although the rat is an accepted model of muscle 

stretch on denervated muscle because of its morphologic 

similarities to humans, it is not a clinical study. However, it 

has suggested that this type of stretch would be able to become 

new rehabilitation approach for prevention of atrophy in 

paralyzed muscle and inactive muscle. For example, if a little 

extension of muscular fibers can be obtained by continuous 

joint motion on the medical equipments such as CPM 

(continuous passive motion) machine, it will support on 

prevention of atrophy of muscle fibers. 
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5. Conclusions 

This study demonstrated that treadmill running improves 

both functional and morphological properties of the 

denervated diaphragm muscle in rats. We propose that 

exercise-mediated adaptation is related to the improvement of 

muscle atrophy as a result of muscle stretching during 

respiration. 
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