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SUMMARY 

We describe pathological alterations at the light microscopical and ultrastructural 
level of motor end plates and muscle fibres in 2 critically ill patients with generalized 
muscular atrophy and weakness. Axonal degeneration of intramuscular nerve fibres was 
not conspicuous. The sural nerve in one patient showed only minor abnormalities. There 
was a marked atrophy of type 1 and especially type 2 muscle fibres. Nodal and ultra- 
terminal nerve sprouts were seen in both biopsies. Motor end plates showed features 
of regeneration. They were enlarged in one patient. This patient was treated for a 
prolonged period with vecuronium bromide. Pharmacological denervation may explain 
the presence of fibrillation potentials, and, partially, of the histological abnormalities. 
Another factor which must be considered is inhibition of neuromuscular transmission 
by antibiotics. In addition to disuse atrophy and a minor degree of axonal neuropathy, 
the production of muscle proteolytic factors may be involved in the rapidly occurring 
massive loss of muscle fibre size in critically ill patients. 
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INTRODUCTION 

Muscle  a t rophy and weakness  leading to difficulty in weaning from the ventilator,  

develop frequently in pat ients  with critical illness (sepsis and multiple organ dys- 

function), complicat ing a variety o f  pr imary diseases  (Roelofs et al. 1983; Bolton et al. 

1984; Op de Coul et al. 1985; Z o c h o d n e  et al. 1985, 1987; Wil l iams et al. 1986; Bolton 

1987 ; 'Lycklama ~t Nyehol t  and Troos t  1987). Electrophysiological  studies have shown 

spontaneous  muscle activity and reduced ampli tudes of  compound  muscle action 

potentials ,  and also of  sensory nerve action potentials .  Conduct ion  velocities of  motor  

and sensory nerves, distal  latencies and F-wave  latencies are usually normal  (Op de 

Coul et al. 1985; Bolton et al. 1986; Bolton 1987; Lyck lama  ~ Nyehol t  and Troos t  

1987; Z o c h o d n e  et al. 1987). Pathological  examinat ion may  show a mild to modera te  

degree of  axonal degenerat ion of  per ipheral  nerves, and at rophy and necrosis  of  muscle 

fibres (Bolton et al. 1984; Z o c h o d n e  et al. 1985, 1987). Polyneuropathy  from an 

unknown toxic or  metabolic  cause has been suggested to underly these abnormali t ies.  

We repor t  the results of  a light and electron microscopical  s tudy of  intramuscular  

nerves, motor  end plates and  muscle in 2 critically ill pat ients  with general ized weakness  

and atrophy.  Axonal  degenerat ion was not  prominent .  We suggest that  polyneuropathy 

in itself was not  sufficient to cause the rapid  decrease  of  muscle fibre size in these 

patients.  Other factors which must  be considered are disuse due to neuromuscular  

blockade,  and the product ion of  muscle  proteolytic  factors and of  cachect in in critically 

ill patients.  

PATIENTS AND METHODS 

Patients 

Case 1. A 47-year-old woman fell from a staircase and was admitted because of a posterior fossa 
subdural hematoma. She aspirated when cardiac arrest and apnea occurred, and was resuscitated. After 
surgery, pneumonia and sepsis developed. Artificial ventilation was necessary for the adult respiratory 
distress syndrome. Complete muscle relaxation was obtained with vecuronium bromide in the first week, 
and from the 5th through the 8th week. During several periods of fever she was treated with gentamicin 
and clindamycin. In the 10th week she could not be weaned from the ventilator. Neurological examination 
showed complete paralysis and areflexia. Only the pupillary reflexes were preserved. Generalized muscle 
atrophy was noted. Laboratory analysis after the first week revealed anemia, leukocytosis, thrombopenia 
and hypalbuminemia. Serum CK activity was 206 U/I (normal < 105) in the 3rd week. Electromyography 
showed fibrillation potentials and positive sharp waves in proximal and distal muscles of arms and legs in 
the 10th week. There was no decrement of the action potential of the abductor pollicis brevis muscle 
following 3 Hz stimulation of the median nerve. The amplitude of the compound muscle action potential 
of this muscle was 425/~V (normal > 5 mV). Nerve conduction velocity studies showed normal values in 
the right median, deep peroneal and sural nerves. The amplitude of the action potential of the sural nerve 
was normal with 14.8 #V. Sural nerve and external intercostal muscle biopsies were taken. She died from 
multi-organ dysfunction in the 15th week of admission. 

Case 2. A 55-year-old man had idiopathic cardiomyopathy for 7 years. Congestive heart failure 
caused respiratory distress, and artificial ventilation was required. During the first week vecuronium 
bromide was given for complete muscle relaxation and later on midazolam. Infection was treated with 
tobramycin. After 7 weeks he still could perform motor tasks. During a new period of deterioration with 
fever he was treated with vancomycin. Progressive renal failure necessitated peritoneal dialysis. In the 10th 
week generalized muscle atrophy was noted, and he could not be weaned from the ventilator. Neck flexor 
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and extensor muscles were weak. Arm muscles were severely weak, the legs were paralytic. Sensation 
seemed unimpaired. Myotatic reflexes were low in the arms and absent in the legs. Anemia and 
hypalbuminemia were present. Renal function deteriorated. Thrombopenia was present on admission and 
in the 9th week. Electromyography demonstrated polyphasic motor unit potentials and a reduced pattern 
in the left deltoid and biceps brachii muscles. Motor and sensory nerve conduction velocities and amplitudes 
were normal in the left median, tibial and sural nerves. An external intercostal muscle biopsy was taken. 
Motor function gradually recovered, but the patient died from deterioration of cardiac function in the 14th 
week. 

Methods 
The sural nerve biopsy from ease 1 was divided into 3 parts. One part was rapidly 

frozen in isopentane cooled in liquid nitrogen. Cryostat sections were stained according 
to routine histological and histochemical methods. A second part was fixed in a 
glutaraldehyde solution, postfixed in a 1 ~o osmium tetroxide solution and embedded in 
Epon 812. Semithin transverse sections were stained with paraphenylene diamine for 
quantitative studies of myelinated nerve fibres. Ultrathin sections of selected areas were 
contrasted with uranyl acetate and lead citrate and used for electron microscopy. A third 
part of the nerve was used for teased fibre preparations. 

Parts of the intercostal muscle biopsies from both patients were rapidly frozen. 
Sections were stained according to routine histological and histochemical procedures, 
and according to the Pestronk and Drachman (1978) method for intramuscular nerves 
and end plates. A second part of  the muscle was fixed in a stretched position in a 
periodate lysine paraformaldehyde solution. Half  of  this part was postfixed in a 1 ~o 
osmium tetroxide solution, dehydrated and embedded in Epon 812. Motor end plates 
were identified in 1-#m sections stained with toluidine blue. Ultrathin sections from 
regions with end plates were contrasted with uranyl acetate followed by lead citrate and 
viewed in a Zeiss 109 electron microscope. The other half was used for localization of 
acetylcholine receptors (AChRs) at the ultrastructural level with a method using a 
monoclonal antibody (Smit et al. 1987). 

Quantitative analysis 
At the light microscopical level we measured the diameters of  at least 100 type 1 

and 100 type2  muscle fibres on cross sections. Camera lucida drawings at 
1000 × magnification were made of end plates in sections stained with the silver 
cholinesterase (ChE) method. Only end plates on longitudinally sectioned muscle fibres 
with an innervating axon of at least 50 #m length were analyzed. We calculated the 
terminal innervation ratio (TIR = n muscle fibres/n axons (CoOrs et al. 1973)). The 
largest diameters of  approximately 30 ChE areas were measured. We also measured 
diameters of end plates after marking with a monoclonal antibody for localization of 
AChR. 

At the ultrastructural level quantitative analysis of neuromuscular junctions 
(NMJs)  was performed as previously described (Fig. 1; Oosterhuis et al. 1987). 

Statistical analysis 
Results from a study of age-related changes of the morphology of end plates were 

used as a control. The mean values of  both patients were compared with values from 
controls by means of Wilcoxon's two samples test. 
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Fig. 1. Schematic drawing of analyzed parameters of the ultrastructure of the neuromuscular junction 
(NMJ). 

RESULTS 

Sural nerve 

The sural nerve of case 1 showed only minor abnormalities. Few myelinated fibres 
showed evidence of axonal degeneration. Electron microscopy revealed the occasional 
presence of membrane lipids in axons of myelinated fibres. No abnormalities were seen 
in unmyelinated fibres. Quantitative analysis showed a density of myelinated fibres of 
5355/mm 2, which is at the borderline of normality (Jacobs and Love 1985; Ouvrier et al. 
1987). The total number of myelinated fibres in the sural nerve was 4337 which is also 
just subnormal (Jacobs and Love 1985). The histogram of nerve fibre diameters showed 
a normal bimodal distribution with peaks at 3 and 8-9  #m. 

External intercostal muscle 

Qualitative observations 
The muscle biopsies from both patients showed severe abnormalities, which were 

most pronounced in case 1. There was a striking degree of muscle fibre atrophy. 
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Fig. 2. Cross section of the external intercostal muscle biopsy from case 1 (myosin ATPase, pH 9.4). All 
type 2 muscle fibres are atrophic (dark). Atrophy of type 1 fibres is present, though less prominent 

(bar = 50 #m). 

Occasional fibres were necrotic. Phagocytosis and inflammatory cell reactions were not 
seen. In transverse sections, atrophic fibres were somewhat angulated and often 
irregularly shaped. Myosin ATPase activity showed a mosaic pattern of type I and II 
fibres with predominance of type I fibres, as is customary for this muscle (unpublished 
observations) (Fig. 2). Type II fibres were more atrophic than type I fibres. Type 
grouping was absent. Ultrastructural examination demonstrated a variable but often 
severe loss and disarray of myofibrils in the muscle fibres (Fig. 3). In many muscle fibres 

streaming of Z disks was seen. 
Evidence of axonal degeneration of nerve fibres in intramuscular nerves was 

infrequently found. Some fibres showed myelin clefts or myelin disarray. We were not 
always sure whether this was due to fixation artefacts or to degeneration. Intramuscular 
nerve fibres showed many nodal, preterminal and ultraterminal sprouts in both biopsies 
(Fig. 4B,C). Some of these sprouts had large terminal axon swellings (Fig. 4D). 

At the ultrastructural level, pathological changes of preterminal myelinated axons 
and terminal axons were not seen. Terminal axons could be seen lying alongside of 
muscle fibres, making contact with them by means of many small NMJs, especially in 
case 1 (Fig. 5A). The postsynaptic areas were often little differentiated. Junctional folds 
were short and unbranched and secondary clefts were consequently shallow as in 
immature NMJs. Postsynaptic densities were present on these short junctional folds. 
End plates with simple NMJs were also present in case 2, though not extending over 
a large distance as in case 1. NMJs with large, well developed postsynaptic areas were 
also seen in case 2. In both patients the junctional sarcoplasm contained many coated 
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Fig. 3. Electron micrograph of cross section of muscle. In the muscle fibre at the left some myofibrils are 
present (asterisk). In a second atrophic muscle fibre at the fight no myofibrils can be seen. Many small basal 

lamina folds can be seen (arrowheads) (bar = 2/am). 

vesicles and coated pits (Fig. 6). AChRs  were demonstrated at the postsynaptic 
membrane, including the short junctional folds (Fig. 5B). In the few deep folds the 
reaction product  was present only on the upper parts o f  the folds. Beneath some end 
plates normal sarcomeres were recognized, whereas under others only unorganized 

myofibrils could be seen (Fig. 5A), or myofibrils were totally absent in the plane of  

section. 

Quantitative analysis 

The mean diameter of  type I fibres was 17.1 # m  in case 1 and 32.0 #m in case 2, 
and of  that of  type II  fibres 12.6 #m and 16.2/~m. In 9 adult controls the mean diameters 
of  type I fibres varied between 39.4 and 66.1 ~tm, and those of  type II  fibres between 

38.4 and 63.6 #m (P < 0.05). 
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Fig. 4. Camera lucida drawings of light microscopy after silver eholinesterase (ChE) staining of end plates. 
ChE area is dotted, oval structure represents nucleus. (A) control biopsy. (B) case 1: motor axon innervates 
2 muscle fibres. Ultraterminal sprouts originate in the end plate on the lower fibre. (C)case 1: large 
ultraterminal sprout can be seen at the left. (D) case 2: ultraterminal sprout with terminal axon swelling 

leaves the motor end plate (bar = 50/am). 

T I R  as calculated from 50 axons was 1.26 in case 1 and 1.40 in case 2. In 12 adult 
controls T I R  fluctuated between 1.06 and 1.30 (not significant). 

Most  muscle fibres had 1 distinct ChE positive area. However,  the staining was 

usually weak in the patients compared with controls. The largest diameter o f  the ChE 
area was 28.3 + 1.4 # m  in case 1 (mean + SEM)  and 24.3 + 1.4 in case 2. In 15 
controls this diameter varied between 18.8 + 1.4 # m  and 26.5 + 1.7 # m  (n.s.). 

After marking of  end plates with the monoclonal  antibody method for localization 
of  AChRs,  end plate diameters o f  27.6 + 1.6 #m and of  15.9 + 0.7 #m were measured 
in cases 1 and 2 respectively. In 8 controls this value varied between 14.5 + 0.7 # m  and 
21.0 + 0.8 # m  (n.s.). 

Quantitative analysis o f  the ukrastructure o f  N M J s  confirmed the postsynaptic 
simplicity in case 1 (Table 1). Values in case 2, though low, did not  differ from controls. 

Only the nerve terminal area was significantly larger in both patients compared with 
controls (P < 0.05). 

DISCUSSION 

The most  prominent histological abnormalities in these critically ill patients were 
sprouting o f  intramuscular nerves and atrophy of  type I and, especially type II muscle 
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Fig. 6. Electron micrograph of  detail of  NM J  from case 2. A coated vesicle (open arrow head) is present 
in the junctional sarcoplasm at a secondary synaptic cleft. Coated pits (closed arrow heads) communicate 

with secondary clefts (bar = 1 #m). 

TABLE 1 

M O R P H O M E T R I C A L  ANALYSIS OF  NMJs IN 2 CRITICALLY ILL PATIENTS 

Mean values + SE are given. 

Age No. of  Nerve terminal Postsynaptic membrane  
NMJs  area (#m 2) length (/am) 

Postsynaptic area 
of  clefts and 
folds (#m 2) 

Case 1 47 11 4.4 + 0.8 26.3 + 1.2 
Case 2 55 26 5.8 + 1.6 49.6 + 5.5 
9 adult 24-77 178 2.3 _+ 0.5 39.8 + 5.8 

controls a to to 
4.2 + 0.6 99.1 + 10.7 

5.8 _+ 0.6 
9 .7+  1.1 
7.3 _+ 1.0 

to 
15.0 + 1.7 

a For all measures  the range between the lowest and the highest mean values is given. 

fibres. We could not determine whether all these atrophied fibres were innervated. 
However, with the fight microscope we could demonstrate that many small sized muscle 
fibres received an innervating axon. At the ultrastructural level muscle fibres with 
complete disarray of recognizable myofibrillar organization and well-preserved end 
plates were seen. Actually many NMJs showed features of regeneration, i.e. immature, 
simple junctional folds (Desaki and Uehara 1987), and coated vesicles and coated pits 
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open to junctional folds, indicating AChR transport to the postsynaptic membrane 
(Bursztajn and Fischbach 1984; Desaki and Uehara 1987). In addition, in the first 
patient enlargement of end plates due to de-novo formation of NMJs was noted. 
Although some degree of axonal degeneration could not be excluded in the sural nerve 
biopsy from the first patient, axonal degeneration was not prominent in intramuscular 
nerves in the severely affected intercostal muscle from both patients. After experimental 
denervation atrophy of muscle fibres usually takes a rather slow course (for review, see 
Jennekens 1982). Consequently, other factors than polyneuropathy alone must be 
considered in an attempt to explain the rapidly occurring, enormous decrease of muscle 
fibre size in both critically ill patients. 

The histological abnormalities in the In'st patient differed from those in the second 
patient on two points. Firstly, enlargement of end plates and de-novo formation of 
NMJs was seen. Secondly, the atrophy of muscle fibres was more expressed. In the 
course of her disease this patient was treated for a total of 28 days with vecuronium 
bromide. She also received the aminoglycoside gentamicin, and clindamycin. These 
three drugs affect neuromuscular transmission. Vecuronium bromide, a pancuronium 
analogue (Bowman 1983; Marshall et al. 1980), causes like ( + )-tubocurarine a powerful 
mainly postsynaptic blockade of neuromuscular transmission, by a non-depolarizing 
competitive antagonism with acetylcholine for the AChR (Standaert 1984). The 
neuromuscular blocking properties of the aminoglycosides and of clindamycin are less 
powerful (Argov and Mastaglia 1979; Torda 1980; Sokoll and Gergis 1981). They result 
mainly from a presynaptic effect on acetylcholine release (Sokoll and Gergis 1981). 
Gentamicin reduces the quantal content of the end plate potential (Torda 1980). 
Clindamycin increases the frequency of miniature end plate potentials but decreases 
their amplitude (Sokoll and Gergis 1981). It also affects receptor sensitivity and has a 
direct depressant effect on the muscle membrane. Both drugs potentiate the effects of 
(+)-tubocurarine (Snavely and Hodges 1984). Following prolonged, experimental, 
pharmacological blockade of neuromuscular transmission with curare (Berg and Hall 
1975; Wernig et al. 1980) and other agents (Grinnell 1986) a decrease of the resting 
membrane potential (RMP) of the muscle fibre precedes the occurrence of fibrillations, 
and of decreased synthesis and increased degradation of muscle proteins leading to 
atrophy. Sprouting of intramuscular nerve fibres and enlargement of end plates are 
histological features of this blockade (Wernig et al. 1980; Grinnell 1986). Treatment 
muscle relaxants during artificial respiration is often applied in critically ill patients (Op 
de Coul et al. 1985; Kupfer et al. 1987). Op de Coul et al. (1985) suggested that muscle 
weakness and fibrillation potentials might be the consequence of prolonged 
neuromuscular transmission block in some patients. 

The production of muscle proteolytic factors, which has been demonstated in 
patients with fever, sepsis and trauma (Baracos et al. 1983; Clowes et al. 1983) may 
serve as an alternative explanation for weakness and atrophy in critically ill patients. 
The purified human leukocytic pyrogen, interleukin-1, stimulates protein degradation in 
rat muscles (Baracos et al. 1983). The polypeptide cachectin, which is produced by 
macrophages in response to endotoxin, binds to adipocytes and myoblasts, and 
stimulates interleukin-1 production (Beutler et al. 1985; Beutler and Cerami 1987). 
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Cachect in  causes  a decrease  o f  the R M P  of  ra t  skeletal  muscle  fibres (Tracey et al. 

1986). A decrease  o f  the R M P  was also demons t ra t ed  in critically ill pat ients  

(Cunningham et al. 1971). 

We  conclude from the above,  that  muscle  a t rophy and weakness  in critically ill 

pat ients  are mul t icondi t ional :  in addi t ion to axonal  neuropathy,  disuse and b reakdown 

of  muscle prote ins  by proteolyt ic  factors are likely to be involved in individually variable 

degrees. The prognosis  of  muscle  weakness  and a t rophy in critically ill pat ients  is often 

rather  favourable.  Pat ients  who recover  from their  pr imary disease may  regain most  of  

their previous strength after a per iod o f  weeks  to months  (BoRon et al. 1984; Op  de Coul 

et al. 1985; Wil l iams et al. 1986). 
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