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Abstract 

 

Rationale 

Recent studies proposed that mechanical inactivity of the human 

diaphragm during mechanical ventilation rapidly causes diaphragm 

atrophy and weakness. However, conclusive evidence for the notion that 

diaphragm weakness is a direct consequence of mechanical inactivity is 

lacking.  

Objective 

To study the effect of hemidiaphragm paralysis on diaphragm muscle 

fiber function and structure in humans.  

Methods: Biopsies were obtained from the paralyzed hemidiaphragm in 

eight patients with hemidiaphragm paralysis. All patients had unilateral 

paralysis of known duration, caused by en-block resection of the phrenic 

nerve with a tumor. Furthermore, diaphragm biopsies were obtained 

from three control subjects. The contractile performance of 

demembranated muscle fibers was determined, as well as fiber 

ultrastructure and morphology. Finally, expression of E3 ligases and 

proteasome activity was determined to evaluate activation of the 

ubiquitin-proteasome pathway.  

Results 

The force generating capacity, as well as myofibrillar ultrastructure, of 

diaphragm muscle fibers was preserved up to eight weeks of paralysis. 

The cross sectional area of slow fibers was reduced after two weeks of 

paralysis; that of fast fibers was preserved up to eight weeks. The 

expression of the E3 ligases MAFbx and MuRF-1 and proteasome activity 

was not significantly upregulated in diaphragm fibers following 

paralysis, not even after 72 and 88 weeks of paralysis at which time 

marked atrophy of slow and fast diaphragm fibers had occurred. 

Conclusions 

Diaphragm muscle fiber atrophy and weakness following hemidiaphragm 

paralysis develops slowly and takes months to occur. 

 



 

 

 

 

 

 

 

 

9.1 Introduction 

The diaphragm is the main muscle of inspiration and contracts during 

each breathing cycle. Thus, throughout life, the diaphragm is constantly 

contractile active. Several studies have suggested that the diaphragm is 

remarkably sensitive to changes in contractile activity. For instance, the 

elevated contractile activity of the diaphragm that accompanies 

pulmonary hypertension or chronic heart failure has been associated 

with significant diaphragm atrophy and weakness (4,35). Recently, the 

response of the diaphragm to the contractile inactivity that is associated 

with mechanical ventilation in the intensive care unit has gained much 

attention, since it has been suggested to play an important role in the 

development of weaning failure. A landmark study by Levine and 

colleagues (18) revealed >50% atrophy of both slow and fast diaphragm 

fibers in brain-dead patients being mechanically ventilated for only 1-3 

days. The non-respiratory pectoralis muscle, which was unloaded as well, 

showed no signs of atrophy. This rapid and selective diaphragm muscle 

fiber atrophy was likely caused by activation of proteolytic pathways, 

such as the ubiquitin-proteasome (11,12,15,18) and autophagy-lysosome 

pathways (11).  

Another condition that is associated with contractile inactivity of the 

diaphragm is hemidiaphragm paralysis. The diaphragm muscle is 

separated by the union of its central tendon and the pericardium into a 

left and a right hemidiaphragm, each with its own phrenic nerve supply. 

Typically, hemidiaphragm paralysis is an acquired condition that can 

result from a number of abnormalities that affect the neuromuscular axis 

between the cervical spinal cord and the diaphragm. Although the most 

common causes are idiopathic, paralysis can occur through tumor 

encroachment on one of the two phrenic nerves and through phrenic 

nerve trauma from surgery. 



Studying hemidiaphragm paralysis allows to investigate the effect of 

contractile inactivity on diaphragm muscle fiber function and structure, 

independent of confounding effects related to other major illness or 

systemic effects. Previous extensive work by Sieck and colleagues (19, 39) 

revealed that two weeks of hemidiaphragm paralysis in rats, thus 

completely abrogating diaphragm contractile activity as well as 

myoneural interactions, caused atrophy, activation of proteolytic 

pathways, and weakness of the paralyzed diaphragm (1,6,19). So far, it is 

unknown how hemidiaphragm paralysis affects function and structure of 

the paralyzed diaphragm in humans.  

Here we studied muscle fiber function and structure in the paralyzed 

diaphragm of humans with hemidiaphragm paralysis. Our findings 

reveal that diaphragm muscle fiber atrophy and weakness following 

hemidiaphragm paralysis develops slowly and takes months to occur. 

This might indicate that the human diaphragm is resistant to contractile 

inactivity. 

 

9.2 Methods 

 

9.2.1 Patients 

Biopsies were obtained from the midcostal region of the diaphragm from 

eight patients with hemidiaphragm paralysis (HDP) during thoracotomy 

for diaphragm plication. All patients had unilateral HDP of known 

duration, caused by en-block resection of the phrenic nerve (4-5 cm) with 

a tumor (thymoma or NSCLC, see table 1). Elevation of the paralyzed 

hemidiaphragm on computed tomography thorax images prior to surgery 

for diaphragm plication confirmed HDP (figure 1). Furthermore, 

midcostal diaphragm biopsies were obtained from three patients during 

thoracotomy for resection of a tumor in the right lung (T1N0Mx); these 

patients served as control subjects. Biopsies were obtained as soon as the 

diaphragm had been exposed. The patients with HDP as well as the 

control subjects had no history of neuromuscular disorders, chronic 

cardiac disease or chronic obstructive pulmonary disease, except for 

control #1 who had mild airway obstruction (FEV1 = 88% of predicted; 

FEV1/VC = 58%). General patient characteristics are shown in table 1. 

Informed consent was obtained from each subject, and the study was 

approved by the local ethical committee. 

 



9.2.2 Biopsy handling 

The fresh biopsy (~50 mg) was divided in five parts: one part for 

determination of single fiber contractile performance (stored in cold 

relaxing solution containing 50% glycerol (v/v); for composition of 

relaxing solution see (25)); one part for electronmicroscopy (fixated in 2% 

glutaraldehyde); one part for immunohistochemistry (stored in liquid 

nitrogen), one part for real-time PCR (stored in liquid nitrogen), and one 

part for determination of proteasome activity (stored in liquid nitrogen).  

 

9.2.3 Contractile performance of demembranated single 

muscle fibers  

Composition of relaxing and activating solutions used for contractile 

measurements, as well as the contractile protocol, were reported 

previously (27,30). In brief, single muscle fibers were isolated from the 

biopsies and demembranated (i.e., skinned) for 30 minutes at ~4°C in 

relaxing solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl2, 5.88 NaATP, 1 

DTT, 46.35 K-propionate, 15 creatine phosphate, pH 7.0 at 20°C) 

containing 1% (v/v) Triton X-100. To prevent protein degradation, the 

solutions contained protease inhibitors (phenylmethylsulfonyl fluoride 

(PMSF), 0.5mM; Leupeptin, 0.04mM; E64, 0.01mM). The skinning 

procedure renders the membranous structures in the muscle fibres 

permeable, which enables activation of the myofilaments with exogenous 

Ca2+. Preparations were washed thoroughly with relaxing solution and 

mounted between a displacement generator and a force transducer 

element (AE 801, SensoNor, Norway) by use of aluminum T-clips. 

Sarcomere length was set at 2.5 µm using a He-Ne laser diffraction 

system. Fiber width and diameter were measured at three points along 

the fiber and the cross-sectional area was determined assuming an 

elliptical cross-section. Three different bathing solutions were used 

during the experimental protocols: a relaxing solution, a pre-activating 

solution with low EGTA concentration, and an activating solution with 

high calcium concentration. The composition of these solutions was as 

described previously (26). Steady-state force was normalized to fiber 

cross sectional area. At the end of the single-fiber contractile 

measurement protocol, myosin heavy chain isoform composition of the 

fiber was identified by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis, as described previously (26).  

 



9.2.4 Immunohistochemistry and electronmicroscopy 

Immunohistochemistry and electronmicroscopy were performed as 

described previously (33). Cryosections (7 μm thick) were rehydrated for 

10 minutes in phosphate buffer and subsequently blocked with 

phosphate buffer containing 0.3% (w/v) bovine serum albumine. 

Subsequently, cryosections were incubated with primary brd-5 (slow), sc-

71 (fast) or WGA antibody, followed by appropriate fluorescent ALEXA 

labeled secondary antibodies (Molecular Probes, Egene, Oregon, USA). 

Following each incubation, cryosections were washed three times for 5 

minutes with phosphate buffer. Separate sections were incubated with a 

primary antibody (rabbit) raised against CD45 and CD68 and then 

incubated with a secondary antibody as described above. Finally, the 

sections were embedded in Mowiol (10% (w/v) in 0.1M Tris-HCL, pH 8.5 / 

25% (v/v) glycerol / 2.5% (w/v) NaN3). Sections were analyzed with use of 

an inverted digital imaging microscopy workstation (Intelligent Imaging 

Innovations (3i) equipped with a motorized stage and multiple 

fluorescent channels. A cooled charge-coupled device camera (Cooke 

Sensicam; Cooke Co., Eugene, OR) was used to record images. 

Exposures, objective, montage, and pixel binning were automatically 

recorded and stored in memory. Dedicated imaging and analysis software 

(SlideBook, version 4.2, 3i) was obtained from Intelligent Imaging 

Innovations (Denver, CO). Per patient ~130 muscle diaphram fibers were 

analyzed per fiber type. 

For elecronmicroscopy, samples were fixed in 2% (vol/vol) glutaraldehyde 

for 30 minutes and 1.5% (wt/vol) osmium tetroxide for 10 minutes, 

dehydrated with acetone, and embedded in Epon812. Ultrathin sections 

were collected on 300-mesh Formavar-coated nickel grids. The sections 

were contrasted with uranyl acetate and lead citrate and were examined 

in a Jeol-1200EX electron microscope. Micrographs of the muscle 

samples were taken from 10 randomly selected fields at constant 

calibrated magnifications. Abnormal myofibrillar areas were evaluated 

as a sign of muscle injury and defined as a zone with distinct distortion of 

the usual sarcomeric architecture, defined by the following criteria: 

discontinuity of a group of myofibrils, A- and I-band disruption, Z-band 

streaming, and absence of regional sectioning. To quantify the injury, the 

proportion of abnormal myofibrillar area relative to the micrographed 

area was calculated. This analysis of myofibrillar disruption was 



performed in duplicate using a doubleblind approach. The mean value 

obtained by the two observers was used.  

 

9.2.5 MAFbx and MURF-1 expression with real-time quantitative 

PCR 
The methodology for MAFbx and MURF-1 expression was as reported 

previously (28). Total RNA was extracted from diaphram samples using 

Trizol Reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer's recommendations. The extracted RNA was dissolved in 

diethylpyro-carbonate (DEPC)-treated water and the concentration was 

determined by spectroscopy at 260 nm by use of the Ultrospec 1000 

UV/Visible Spectrophotometer (Pharmacia Biotech, Foster City, CA). 

Total RNA was then reverse transcribed into cDNA using 50 ng of total 

RNA in a 20μl reaction volume by using SuperScriptTM Reverse 

Transcriptase (Invitrogen, Carlsbad, CA). Quantitative PCR was 

performed in a total reaction volume of 25 µl per reaction.  The 25 µl 

reaction mixture contained 12.5 µl of a SYBR green mix (Bio-Rad, Salt 

Lake City, UT), 10 pmol of each forward and reverse primer, 1µl cDNA 

and nuclease-free water to make up the reaction volume. Specific primers 

were selected by using express software (Applied Biosystems, Foster 

City, CA). Forward and reverse oligonucleotides used were as following: 

MAFbx, 5’-CATCCTTATGTACACTGGTCCA-AAGA-3’ and 5’- 

ATCCGATACACCCACATGTTAATG-3’, MuRF-1, 5’-  

AACTTGGAGAAGCAGCTGATCTG-3’ and 5’-TAGGGATTTGCAG-

CCTGGAA-3’;  Glyseraldehyde-3-phosphate dehydrogenase (GAPDH), 5’-

ATTCCACCCATGGCAAATTC -3’ and  5’- AT-

TCCACCCATGGCAAATTC -3’. These primers were synthesized by 

Sigma Genosys. PCR runs were performed in triplicate using MyiQ real 

time PCR detection system (Bio-Rad, Salt Lake City, UT). Levels of 

MAFbx and MuRF-1 mRNA were normalized to that of GAPDH in 

arbitrary units (note that normalization to TATA binding protein (TBP) 

and beta-2-microglobulin (B2M) yielded similar results, data not shown).   

 

9.2.6 Isolation of 20S proteasomes and measurement of 

proteolytic activity 

The 20S proteasome isolation and proteolytic activity measurements 

were performed as described previously (28), with minor modifications. 

To isolate 20S proteasomes, diaphragm samples were homogenized in 



ice-cold buffer (pH 7.5) containing (in mM) 50 Tris-HCl, 5 MgCl2, 250 

sucrose, 1 dithiothreitol, 0.2 phenylmethylsulphonylfluoride, and 

protease inhibitor cocktail (Sigma-Aldrich, Zwijndrecht, the Netherlands) 

by means of a Dounce homogenizer. Subsequently, the proteasomes were 

isolated from the homogenates by three sequential centrifugation steps; 

the first centrifugation was at 10,000 g for 20 min. The supernatant was 

centrifuged at 100,000 g for 1h. The obtained supernatant was then 

centrifuged at 100,000 g for 5h. The final pellet, containing the 20S 

proteasomes was resuspended in buffer (pH 7.5) containing 50 mM Tris-

HCl, 5 mM MgCl2, and 20% glycerol. The protein content of the 

proteasome preparation was determined based on Bio-Rad Protein Assay 

(Bio-Rad, Veenendaal, the Netherlands). The proteolytic activity of the 

20S proteasomes was determined by measuring the activity against the 

fluorogenic substrate succinyl-leu-leu-val-tyr-7-amido-4-methylcoumarin 

(LLVY; Sigma-Aldrich, Zwijndrecht, the Netherlands). This substrate is 

preferentially hydrolyzed by the chymotrypsin-like peptidase activities of 

the 20S proteasome. To measure proteolytic activity, 15 μg proteasome 

extract was added to 60 μL of medium containing 62.5 mM tris-HCl, 12.5 

mM MgCl2, 1.25 mM 1.4-dithiothreitol, 0.01 U apyrase, and 100 μM of 

LLVY. The reaction took place at 37°C for 45 min. The peptidase activity 

was determined by measuring the generation of the fluorogenic cleavage 

product (methylcoumarylamide) at 380 nm excitation wave length and 

440 nm emission wavelength continuously with a spectrophotometer. 

Standard curves were established for the fluorogenic product, and 

peptidase activity was expressed as 

 picomoles per microgram protein per minute. Addition of the proteasome 

inhibitor MG132 to the reaction resulted in complete inhibition of 

methylcoumarylamide production, indicating successful isolation of 

proteasomes without the presence of significant amounts of other 

proteases.  

 

9.2.7 Statistical analysis 

The patients with hemidiaphragm paralysis were subdivided into two 

groups: one with paralysis of short duration (up to eight weeks) and one 

with paralysis of long duration (longer than eight weeks). Differences 

between HDP groups and controls were analyzed by one-way ANOVA. A 

value of p<0.05 was considered significant. Data are presented as mean ± 

SEM. 



 

9.3 Results 

The patients with HDP were divided into two subgroups: patients with 

HDP of short duration (2, 3, 6, and 8 weeks, henceforth referred to as 

Short-HPD) and patients with HDP of longer duration (40, 52, 72, and 88 

weeks, henceforth referred to as Long-HDP). Note that for clarity Figures 

2-5 shows data from individual HDP patients, but that for statistical 

analyses the averaged data from the Short-HDP and Long-HDP 

subgroups were used. 

 

9.3.1 Diaphragm muscle fiber function 

We determined the contractile performance of 25 diaphragm fibers from 

three control subjects and of 36 diaphragm fibers from the four Short-

HDP patients (per subject 7-12 fibers were analyzed). Beacause of 

fragility and atrophy of muscle fibers we were unable to dissect muscle 

fiber segments from the diaphragm biopsies from Long-HDP patients. 

Maximum force was normalized to fiber cross sectional area. Since we 

found no differences in force generation between muscle fibers expressing 

slow versus fast myosin heavy chain isoforms (in line with previous work 

(30)), data from both fiber types were pooled. As shown in Figure 2, the 

average maximum force generated by diaphragm fibers from Short-HDP 

patients was comparable to that generated by the control subjects. Thus, 

the force generating capacity of diaphragm muscle fibers from HDP 

patients is preserved up to at least eight weeks of paralysis. 

 

9.3.2 Diaphragm myofibrillar ultrastructure 

To study whether, in line with the preserved myofibrillar contractile 

function, myofibrillar ultrastructure is preserved during the first months 

of diaphragm paralysis, we performed electronmicroscopy on diaphragm 

myofibrils. These experiments revealed well aligned z-disks and regular 

myofibrillar structure in control subjects (figure 3). In diaphragm fibers 

from Short-HDP patients myofibrillar structure was preserved, with 

small accumulations of glycogen between myofibrils at eight weeks (see 

figure 3A). In the Long-HDP patients, myofibrillar structure 

progressively deteriorated, with dissolution of contractile material (for 

example see figure 3A). For quantification of abnormal myofibrillar 

structure, see figure 3B. (Note that due to limited biopsy size we were not 



able to perform electron microscopic analyses on the patient with 52 

weeks of HDP). 

 

9.3.3 Diaphragm muscle fiber cross sectional area 

Next, we determined the cross sectional area of diaphragm muscle 

fibers. As shown in figure 4, the cross sectional area of fast 

diaphragm fibers was not significantly different in the Short-HDP 

patients as a group when compared to control subjects. However, note 

that within the Short-HDP group, the patient with eight weeks of HDP 

displayed ~50% smaller fiber cross sectional area compared with 

controls. In the Long-HDP group, the cross sectional area of fast fibers 

was significantly reduced compared with control subjects. The cross 

sectional area of slow diaphragm fibers was significantly smaller in both 

the Short-HDP and the Long-HDP patients when compared with 

controls, with a more pronounced reduction of slow fiber size in the Long-

HDP group (p=0.03, Short-HDP vs. Long-HDP). For typical examples of 

diaphragm cross sections stained for slow and fast myosin heavy chain, 

see figure 4A. The proportion of fast fibers was higher in the Long-HDP 

group compared to Short-HDP patients and controls (figure 4C), 

indicating a fiber-type shift towards more glycolytic fibers. Fiber type 

area fraction, however, did not differ significantly between groups (figure 

4D).  

 

9.3.4 Expression of E3 ligases and proteasome activity in 

diaphragm muscle fibers 

The majority of protein degradation during conditions of muscle wasting 

occurs via the ubiquitin–proteasome pathway (21,23). To test whether 

the ubiquitin-proteasome pathway is activated during HDP, the mRNA 

levels of the E3 ligases MAFbx and MuRF-1 were determined in 

diaphragm muscle fiber samples by means of real-time quantitative PCR. 

As shown in figure 5A, the mRNA levels of MAFbx and MuRF-1 were not 

different in Short-HDP and Long-HDP patients when compared with 

those in controls. Furthermore, to study whether proteasome activity was 

elevated in the diaphragm of patients with HDP, we measured the 

activity of isolated proteasomes against the substrate LLVY (a measure 

of chymotrypsin-like activity). As shown in figure 5B, proteasome activity 

was not significantly different between controls and Short-HDP or Long-

HDP patients. (Note that due to limited biopsy size we pooled the tissues 



of the three controls subjects and we were not able to determine 

proteasome activity in the patient with 40 weeks of HDP). 

 

9.4 Discussion 

This study is the first to investigate the effect of hemidiaphragm 

paralysis on diaphragm muscle fiber function and structure in humans. 

It was found that both diaphragm muscle fiber function and structure 

are preserved up to 8 weeks of paralysis, followed by a gradual loss of 

muscle fiber size and structure during the course of paralysis. These 

findings indicate that diaphragm muscle fiber atrophy and weakness 

following hemidiaphragm paralysis develops slowly and takes months to 

occur, suggesting that the diaphragm might be relatively resistant to 

contractile inactivity. 

 

9.4.1 Study limitations 

We investigated the effects of diaphragm unloading following 

hemidiaphragm paralysis in eight patients. This number was limited to 

eight for the following reasons. First, since the aim of the present study 

was to investigate the changes in diaphragm muscle fiber function and 

structure during the course of hemidiaphragm paralysis, it was 

important to know the exact duration of paralysis at biopsy. In general, 

the cause of hemidiaphragm paralysis is idiopathic (9). Therefore, in the 

vast majority of patients it is not possible to determine the duration of 

paralysis, leaving only a very limited number of patients with 

hemidiaphragm paralysis of exactly known duration. Second, HDP 

patients who also suffered from diseases known to impact diaphragm 

function, such as chronic obstructive pulmonary disease (24,29,30), 

chronic heart failure (35), and neuromuscular disorders were excluded. 

Together, this approach precluded the inclusion of a large number of 

patients, but, importantly, provided the means to study a homogenous 

patient group without potential confounding effects of other illness.  

The control subjects had stage I lung cancer. Although we can’t 

completely rule out that the cancer impacted diaphragm muscle fiber 

function, there is no published evidence of such impact. As shown in 

table 1, the control  

subjects were not cachectic and had normal BMI suggesting no overt 

muscle wasting. Because studying healthy controls is impossible owing to 

ethical reasons, we feel that patients with stage I lung cancer provide a 



plausible alternative. The use of such control group is widely accepted as 

witnessed by many recent publications (4,5, 15-18,28-30).  

 

9.4.2 Diaphragm muscle fiber function is preserved following 

eight weeks of paralysis 

The patients with HDP studied here all underwent resection of 4-5 cm of 

phrenic nerve tissue during resection of thymoma or of non small cell 

lung carcinoma (table 1).  

 

Table 1. 

Patient characteristics 

 Sex Age (y) BMI Duration of 

hemiparalysis 

(wks) 

Left/right 

hemidiaphram 

Cause of phrenic 

nerve paralysis 

Diagnostic 

evaluation 

Reason of 

surgery at 

biopsy 

Controls         

#1 M 56 23 NA NA NA NA Resection 

lung tumor 

#2 F 53 30 NA NA NA NA Resection 

lung tumor 

#3 M 70 25 NA NA NA NA Resection 

lung tumor 

Patients         

#1 F 68 21 2 Right Radical resection of 

phrenic nerve  

(-4cm) during 

resection of 

thymoma 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#2 M 62 21 3 Left Radical resection of 

phrenic nerve  

(-4cm) during 

resection of nsclc 

(left upper lobe) 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#3 F 64 29 6 Right Radical resection of 

phrenic nerve  

(-5cm) during 

resection of 

thymoma 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#4 F 71 17 8 Right Radical resection of 

phrenic nerve  

(-4cm) during 

resection of nsclc 

(right upper lobe) 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#5 M 50 26 40 Right Radical resection of 

phrenic nerve  

(-5cm) during 

resection of 

thymoma 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#6 M 59 31 52 Right Radical resection of 

phrenic nerve  

(-4cm) during 

resection of nsclc 

(right upper lobe) 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#7 M 64 33 72 Left Radical resection of 

phrenic nerve  

(-5cm) during 

resection of 

thymoma 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

#8 M 63 22 88 Left Radical resection of 

phrenic nerve  

(-5cm) during 

resection of 

thymoma 

Hemidiaphragm 

elevation and 

dyspnoea in 

supine position 

Diaphragm 

plication  

Abbreviations: M = male, F = female, BMI = body mass index, nsclc = non small cell lung carcinoma 

Following this procedure, some patients developed severe dyspnoea 

within weeks, others did not until after several years. In line with 



diaphragm paralysis, chest X-ray showed an elevated hemidiaphragm in 

all patients (for an example, see figure 1).  

 

 
Figure 1 

Typical CT thorax images of a patient before and 2 weeks after the onset of 

hemidiaphragm paralysis (patient #3 is shown here).  

Note the marked elevation of the paralyzed (right) hemidiaphragm. Arrows 

indicate the location of the diaphragm. 

 

Surgical treatment of diaphragm paralysis includes plication to reduce 

excursions during inspiration, thereby decreasing lung compression. This 

surgical intervention provided the rare opportunity to gain access to 

paralysed human diaphragm tissue and to obtain diaphragm biopsies. 

Note that the biopsy procedure damages the muscle fibers’ sarcolemma, 

which precludes the isolation and study of intact muscle fibers in these 

biopsies. An elegant alternative to investigate diaphragm function is the 

use of demembranated muscle fibers isolated from patient biopsies (see 

also (29,30)). In demembranated muscle fibers, the membranous 

structures, such as the sarcolemma and sarcoplasmic reticulum, are 

made permeable, while leaving the contractile machinery (i.e. myofibrils) 

intact. By attaching these demembranated fibers to a force transducer 

and exposing them to exogenous calcium, their contractile performance 

was evaluated. As shown in figure 2, the maximum force generating 

capacity of diaphragm muscle fibers from patients with 2, 3, 6 and 8 

weeks of paralysis was comparable to that of diaphragm fibers from 

patients with no paralysis. Note that we were unable to dissect single 

muscle fiber segments from the biopsies of patients with HDP longer 

than 8 weeks (most likely this was the result of an increased 

susceptibility to rupture during fiber dissection due to loss of the  



 

structural integrity of myofibrils after 8 weeks of HDP).  

 
Figure 2 

Contractile performance of demembranated diaphragm muscle fibers from 

control subjects and from four patients with 2, 3, 6, and 8 weeks of 

hemidiaphragm paralysis (HDP).  

A) typical force response of a diaphragm fiber from a control subject and 

from the patient with 8 weeks HDP.  

B) the force generating capacity of diaphragm muscle fibers was not 

different in the patients with Short-HDP compared to controls. Data presented 

as mean ± SEM.  

 

Because in demembranated muscle fibers only the myofibrils are left 

intact, the unaffected contractile performance of these diaphragm fibers 

from patients with HDP suggests that myofibrillar structure is 

preserved. Indeed, electronmicroscopy revealed well preserved 

myofibrillar structure up to 8 weeks of HDP (figure 3). Interestingly, the 

preserved contractile performance of diaphragm muscle fibers after 8 

weeks of paralysis is in contrast with previous work on rats with 

unilateral diaphragm denervation that showed significant diaphragm 

muscle fiber weakness already after 1-2 weeks of paralysis (6,37). 

Perhaps, the resistance of the human diaphragm to contractile inactivity-

induced loss of contractile performance is related to its relatively low 

contractile activity during normal breathing. Normal breathing 

frequency in humans is ~14/min vs. ~100/min in rats (31). Hence, the 

transition from normal diaphragm activity to complete loss of activity 

during paralysis is less drastic in humans than in rats. We speculate 



that this might attenuate its deleterious effects on human diaphragm 

function.  

 
Figure 3 

Electronmicroscopy analysis of myofibrillar structure in diaphragm muscle 

fibers.  

A) typical examples of myofibrillar structure in a control subject, and in the 

patients with 8 and 72 weeks of HDP. Note the well preserved myofibrillar 

structure after 8 weeks of HDP; the arrow indicates glycogen accumulations. 

In the patient with 72 weeks of HDP large areas with dissolution of myofibrillar 

structure were observed, see arrow.  

B) Quantification of abnormal myofibrillar structure in the control subjects and 

Short- and Long-HDP patients. Note the increase of abnormal myofibrillar 

structure during the course of HDP. Bar = 3.0 µm. Data presented as mean ± 

SEM. 

 

9.4.3 Retarded muscle fiber atrophy following paralysis-induced 

diaphragm contractile inactivity 

The preserved contractile performance (normalized to cross sectional 

area) of diaphragm muscle fibers up to 8 weeks of HDP was accompanied 

by preservation of the cross sectional area of fast fibers and a modest 

atrophy of slow fibers (figure 4).  

 



 
 

Figure 4 

Diaphragm muscle fiber atrophy in patients with HDP.  

A) typical examples of serial diaphragm cross sections stained with antibodies 

against slow and fast myosin heavy chain (green) and against laminin (red); # 

indicates same fibers. Note the preserved cross sectional area of both slow 

and fast diaphragm fibers in the patient with 6 weeks of HDP, and the 

selective atrophy of slow fibers in the patients with 8 and 88 weeks of HDP.  

B) quantification of diaphragm fiber cross sectional area.  

C) the proportion of slow and fast fibers in the diaphragm biopsies from 

control subjects and the patients with HDP.  

D) the area fraction of slow and fast fibers (i.e., the proportion of total 

diaphragm fiber cross sectional area accounted for by slow or fast fiber 

types). Bar = 100 µm. Data presented as mean ± SEM. 

 

Only little is known in humans on the effects of short-term denervation 

on muscle structure. Gregory, et al. (8) studied quadriceps muscle 

adaptations to eleven weeks of spinal cord injury. That study indicated 

that after eleven weeks of denervation the cross sectional area of fast 

fibers was reduced by ~50%, a reduction that is not observed in fast 

diaphragm fibers following eight weeks of paralysis (figure 4). Similarly, 

the cross sectional area of slow muscle fibers of quadriceps is reduced by 



more than 50% after eleven weeks of paralysis, a magnitude of reduction 

that is not observed in slow diaphragm fibers. Although we do not have 

data from patients eleven weeks of HDP, these results suggest that fiber 

atrophy in response to denervation likely occurs on a slower time scale in 

fibers from the diaphragm compared to peripheral muscle fibers. Thus, 

these findings do not support the notion that the human diaphragm is 

very sensitive to contractile inactivity (11,18). 

 

Muscle fiber cross sectional area depends on the balance between protein 

synthesis and degradation. The bulk of sarcomeric protein degradation 

occurs via the ubiquitin–proteasome pathway (20,22). In this pathway, 

muscle-specific E3-ligases, such as MAFbx and MuRF-1, ubiquitinate 

proteins which are subsequently degraded by the proteasome. Hence, 

MAFbx and MuRF-1 are considered key markers of proteolytic activity in 

muscle (3). The marked diaphragm atrophy that is observed in 

mechanically ventilated brain dead patients (11,12,15, 18) and in animal 

models for mechanical ventilation (34), as well as the diaphragm atrophy 

that occurs in rats with unilateral diaphragm denervation (2), is 

accompanied by marked increases of MuRF-1 and MAFbx, suggesting 

that the diaphragm atrophy is, at least partly, caused by activation of the 

ubiquitin-proteasome pathway. To our surprise, in the present study we 

found no evidence for significant upregulation of E3-ligases or for 

elevated proteasome activity in diaphragm muscle fibers following 

paralysis, not even after 72 and 88 weeks of paralysis at which time 

marked atrophy of both slow and fast diaphragm fibers had occurred 

(figure 5).  

 
Figure 5 



A) E3-ligase mRNA levels in the diaphragm of control subjects and patients 

with HDP. Both MAFbx and MuRF-1 levels were not different between controls 

and the Short- and Long-HDP patients. Data presented as mean ± SEM.  

B). Proteasome activity in diaphragm fibers from control subjects and patients 

with HDP. 

Thus, in humans, diaphragm muscle fiber atrophy following 

hemidiaphragm paralysis is not caused by activation of the 

ubiquitin-proteasome pathway. Future studies should address 

whether diaphragm atrophy is the result of activation of other 

proteolytic pathways, such as autophagy (11), or of changes in 

protein synthesis rate.   

 

9.4.4 Passive stretching of diaphragm muscle fibers during 

paralysis 

The mechanism(s) underlying the human diaphragm’s low sensitivity to 

contractile inactivity following paralysis is unclear. In contrast to the 

cyclic passive shortening of the diaphragm during mechanical 

ventilation, the paralyzed hemidiaphragm undergoes cyclic stretch due to 

the persistent contractions of the normally innervated contralateral 

hemidiaphragm. This paradoxal, cranial, movement of the paralyzed 

diaphragm during inspiration is a hallmark feature of patients with HDP 

(see figure 1). Work on diaphragm paralysis in rabbits (38) showed that 

fibers in the midcostal region of the paralyzed hemidiaphragm were 

passively stretched by 3-5% during inspiration. Although the magnitude 

of diaphragm fiber stretch in humans with hemidiaphragm paralysis has 

not been determined, chest X-ray suggests that this is higher than only 

3-5% (see figure 1 and (36)). Passive stretch is a known stimulus for 

muscle protein synthesis and growth (10), and plays an important role in 

the maintenance of muscle mass. For example, repetitive passive stretch 

suppressed denervation-induced atrophy of soleus muscle in rats through 

upregulation of protein synthesis (36). Within the muscle’s sarcomere, 

titin is considered to play an important role in the stress-response 

machinery(7,13), by acting as a mechano-sensor that regulates muscle 

protein expression in a sarcomere strain-dependent fashion (14,32). 

Thus, titin is an attractive candidate for sensing the passive stretch 

imposed on paralyzed diaphragm muscle fibers, and might be involved in 

the initial preservation of muscle fiber size and contractile function. 

Clearly, future studies are needed to identify the mechanical and 



molecular mechanisms that underlie the human diaphragm’s resistance 

to weakness and atrophy following paralysis. 

 

9.5 Conclusion 

In conlusion, the present study indicates that where diaphragm muscle 

fiber atrophy following hemidiaphragm paralysis develops slowly, 

contractile performance is preserved up to at least eight weeks of 

paralysis. We propose that the resistance of the paralyzed diaphragm to 

contractile inactivity might lie in the passive cyclic stretch due to the 

persistent contractions of the normally innervated contralateral 

hemidiaphragm. 
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