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ABSTRACT 

Fibronectin (FN) is a critical component of the extracellular 

matrix (ECM) of fibroblasts and muscle cells and contributes to the 

maintanance of cell cytoskeleton, shape, migration, growth and differen

tiation. Extensive accumulation of both collagen and FN occurs in 

skeletal muscle of patients with Duchenne's muscular dystrophy (DMD). 

Several researchers have recently claimed that FN can interfere with 

proper muscle differentiation. 

Our hypothesis is that DMD fibroblasts or muscle cells fail 

to regulate properly the type, synthesis, or secretion of FN and that 

the increased accumulation of FN in the ECM of fibroblasts in muscle may 

interfere with myogenesis, thus presenting the typical picture of 

regenerating but largely non-functional muscle in DMD.This was tested 

by labeling cultures of fibroblasts from DMD patients and controls with 

35s-methionine and quantitating basal levels of FN synthesis and 

degradation by immunoprecipitation. Collagen, FN and other components 

were measured in DMD sera and the metabolic effects of culturing DMD and 

control fibroblasts in the presence of DMD sera were stUdied. Muscle 

biopsies from DMD patients were examined for factors which might 

contribute to the accumulation of connective tissue. 

Increased levels of FN were measured in sera and cultured 

fibroblasts from DMD patients. Concomitant increases in other ECM 

components (collagen, glycosaminoglycans) were measured. The FN 

accumulation is at the expense of other cellular proteins as RNA and 

xiii 
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protein synthesis are reduced in DMD fibroblasts. Protein degradation 

studies indicate that reduced catabolism of FN may account for 

significant elevations in cells and sera. DMD sera cultured on control 

fibroblasts caused metabolic alterations reminiscent of dystrophic cells 

(increased FN and collagen accumulation, decreased RNA synthesis). Many 

of the observed metabolic changes are age-related in DMD, increasing in 

older patients. 

These results suggest that overproduction by fibroblasts and 

increased serum levels of components of the ECM in DMD may influence 

the accumulation of connective tissue in DMD muscle. DMD may not be of 

myopathic origin but an increased compartment of fibroblasts and 

macrophages as observed in D~~ muscle may result from chemotactic 

mobilization caused by elevated FN and/or collagen in the tissue. 



INTRODUCTION 

Duchenne's Muscular Dystrophy 

Clinical Description of DMD 

Duchenne's Muscular Dystrophy (DMD) is the most severe of all 

the muscular dystrophies and the most common sex-linked lethal disorder 

in man (Gardner-Medwin, 1980). The incidence at birth is one in 

3000-3500 males. It occurs typically in males, and in females with 

Turner's Syndrome, but about one-fifth of the female carriers of the 

X-linked gene manifest some degree of muscular weakness. Affected boys 

are clumsy in walking and unable to run prop2rly from the beginning. 

Half fail to walk until 18 months of age. Hypertrophic muscles become 

"pseudohypertrophic" as the muscle fibers are "replaced" by fat and 

fibrous tissue. Contractures may develop from the age of eight. The 

mean age of inability to walk is 9.5 years but varies from 7-14 years. 

Spinal deformities develop in most boys. Weakness of the paraspinal 

muscles contributes to thoracic distortion, which is a major factor in 

the chronic re~piratory insufficiency from which most patients succumb. 

Occasionally patients die of cardiac arrhythmia, but in most, respi

ratory infections or aspiration cause an acute exacerbation of the 

chronic respiratory insufficiency. The median age of death is approxi

mately 18 years, a few surviving to 25 years or more. 

The well established mental retardation is one of the features 

which cannot be attributed to primary muscle pathology. The mean IQ is 

70-85. No definite cerebral pathology has been demonstrated postmortem. 

1 
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The diagnosis of DMD may be confirmed with little difficulty by 

estimation of serum creatine kinase (CK) activity and by muscle biopsy, 

both of which are virtually diagnostic. 

The DMD mutation rate is in the order of 7 x 10-
5 which is 

higher than for any other X-linked genetic disorder. There seems to be 

no sex difference for the mutation rates. Observations of DMD in girls 

bearing X-autosomal trans locations and linkage studies of X-chromosomal 

DNA restriction fragment length polymorphisms indicate the DMD locus is 

on the short arm of the X-chromosome at Xp21. It may be of considerable 

length. Unequal crossing-over during meiosis in females could 

theoretically account for a considerable proportion of new mutations. 

Since D~ID is an incurable disorder, most effort in research is 

concentrated on its prevention. It is believed that the two most 

important preventive problems in DMD, carrier detection and prenatal 

diagnosis, will ultimately be solved by means of the rapidly advancing 

DNA technology. DMD becomes clinically manifest at a time when the 

affected musculature is undergoing major growth and differentiation. 

Becker muscular dystrophy (BMD) is a relatively benign form of 

muscular dystrophy (MD) with some muscle hypertrophy in the same muscles 

affected in DMD. The mean age of onset is eleven, inability to walk at 

27 and death at a median age of 42. Retardation is much less common. 

This genetic defect has also been mapped to the Xp21 region of the short 

arm of the X-chromosome. 

Davies (1986) recently reviewed the "elusive MD gene." 

Significant progress has been made since genetic linkage studies 

localized DMD and BMD to a very small region of the Xp21. There is a 
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high recombination rate around and within the locus which along with the 

heterogeneity in the female breakpoints which give rise to DMD and BMD, 

could be explained in several ways. Hypotheses put forward include the 

involvement of a very large gene, several genes or the occurrence of 

chromosomal inversions in the region of the mutations. These advances 

have allowed accurate methods of carrier and prenatal detection. If 

there is a living affected member of the family, prenatal diagnosis with 

98-99% accuracy can now be made. Unfortunately, this advance will not 

improve diagnosis where there are new mutations or if there is not 

another known living affected family member. 

A mixture of degenerating and regenerating muscle fibers is one 

of the most characteristic features of DMD muscle with gradual wasting 

away of the muscle mass. A significant number of immature fibers, 

including myotubes are seen, which Miike (1983) has concluded are early 

stages of regeneration and not maturationally arrested fetal muscle 

fibers. 

Pathogenesis of DMD - Hypotheses 

During the past 30 years a number of hypotheses relating to the 

pathogenesis of D~ID have been popular. 

Myogenic HYpothesis. Here the disorder is considered to be a 

true myopathy __ " any disorder which can be attributed to pathological, 

biochemical, or electrical changes occurring in the muscle fibers or in 

the interstitial tissues of the voluntary musculature, and in which 

there is no evidence that such changes are in any way secondary to 

disordered function in the central or peripheral nervous system" 



(Walton, and Gardner-Medwin, 1981). Many changes specific to DMD have 

been reported but tissues, organs and cells other than skeletal muscle 

are also affected (cardiac muscle, fibroblasts, erythrocytes, 

monocytes) • 

4 

Several hypotheses based on myogenic defects include abnormal 

turnover of muscle proteins, defective muscle membranes resulting in 

lealcage of cellular components and defective regulation of expression of 

differentiation specific muscle protein isoforms. The most striking 

finding is a ten- to hundredfold elevation of serum CK. Other muscle 

enzymes, such as aldolase, lactate dehydrogenase and glutamic 

o~caloacetic transaminase are increased three- to sixfold in the serum 

(Munsat,1973). The muscles and sera of DMD patients, like the muscle 

of a normal fetus, contain a large proportion of BB and ME in addition 

to MM CK isozymes. In contrast, normal adult muscle contains primarily 

the MM form. The presence of embryonic or brain isoforms could reflect 

an altered regulatory mechanism controlling the transition from the 

fetal to the adult state or an increased proportion of undifferentiated 

myoblasts associated with regenerative activity. Morphologically, DMD 

cells at clonal density and myotubes have revealed few differences from 

normal. Kinetics of acetylcholine receptor (AChR) accumUlation on the 

surface of DMD muscle in culture were similar to normal values. In 

culture, both intracellular and extracellular CK levels were found to be 

normal. Pure populations of muscle cells are similar in most ways to 

normal cells in culture. 

Neurogenic Hypothesis. McComas (1976), discovering that the 

number of surviving motor units decreased in DMD (recent evidence 
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discounted this finding), introduced the hypothesis of the "sick" motor 

neuron, postulating a defect in the anterior horn cells that prevented 

their contributing trophic factors. Emery and Gosden (1974) suggested a 

central nervous system defect in DMD other than in anterior horn cells. 

Additional interest was created by reports of a disproportionately high 

incidence of mental retardation in DMD. The debate on whether DMD is 

neurogenic is unresolved. The advocates of the theory are on the wane 

as it does not account for several observations, such as increased CK in 

carriers of DMD and cardiac abnormalities in DMD patients. The evidence 

for support of the theory is not convincing. 

Vascular Hypothesis. Engel (1976) has suggested that histo

logical lesions characteristic of early DMD are foci of transient 

ischemia leading to micro-infarctions and muscle necrosis. This could 

possibly result from constriction from enhanced sensitivity of vascular 

smooth muscle to agonists, such as serotonin. There is no agreement on 

the similarity of such lesions and clinical evidence is lacking, so the 

hypothesis has not reached wide acceptance. .Muscle blood flow in 

patients has been reported to be normal and morphometric analysis of 

small blood vessels appears normal (Rowland, 1976). Cazatto (1968) 

reviews the human and animal literature and discusses the possible role 

of ischemia in DMD. Tissues where energy requirements vary with 

function (muscle) depend on blood supply for nutrients, oxygen and the 

disposal of waste products. They would be expected to be particularly 

prone to damage. Tissues such as bone and cartilage require energy for 

maintenance of integrity rather than for function and might be less 

affected. 
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Membrane Hypothesis. The most popular hypothesis at present 

suggests that DMD is "an inherited disorder of membranes with widespread 

tissue involvement" (Roses, Herbstreith, and Appel, 1975). The 

hypothesis of a structural or functional defect of the muscle plasma 

membrane would explain both the excess of muscular constituents, such as 

CK, found in sera of patients and carriers as well as the excessive 

calcium uptake by dystrophic muscle fibers. This, prior to necrosis, 

could lead to hypercontraction, rupture of myofilaments in adjacent 

sarcomeres and by excessive calcium uptake lead to mitochondrial damage 

causing crucial energy loss. The results of studies on structural and 

functional membrane abnormalities in cells other than muscle tissue, 

e.g., erythrocytes, lymphocytes and cultured fibroblasts, indicate that 

the DMD mutation is probably demonstrable in these tissues. Hembrane 

abnormalities in DMD have been reviewed by Jones and Witkowski (1983). 

Supporting evidence includes decreased membrane fluidity, altered 

activity of membrane bound enzymes, increased leakage of proteins 

through the plasma and lysosomal membranes, and decreased sequestering 

of calcium by SR membranes. Findings suggest the sarcolemma is no 

longer intact but loss of intracellular contents of muscle is very 

selective (Mosher, 1984). Alterations in structure and function of the 

sarcolemma have been reported. Roland (1980) cited ten concerns, not 

yet refuted, that shed doubt upon its validity. 

Free Radical Hypothesis. This newly proposed hypothesis has 

been reviewed by Murphy and Kehren (1986). Free radicals, a reactive 

group of chemical components produced by one-electron reduction or 

oxidation reactions in biological systems, interact with cellular 
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components and result in damage to DNA, proteins, and lipids. Omaye and 

Tappel (1974) first suggested that an influx of free radicals occurs in 

DMD. Many of the pathological changes in DMD could be explained by free 

radical damage, and chemical by-products associated with free radical 

damage are found in dystrophic muscle from humans. An increased level 

of damage from free radicals could follow from enhanced production of 

free radicals or a deficient component of the cellular antioxidant 

system. But critical questions remain as to the source of free radicals 

within DMD muscle cells. 

Connective Tissue Hypothesis. Bourne and Golarz (1959) 

suggested that the fundamental defect in DMD might be in connective 

tissue. Cazzato (1968) reviewed relevant literature in support of 

connective tissue alterations as a prime factor in DMD. 

The findings of our research are fully in support of the 

hypothesis and the background of changes in collagen, FN and other 

components of the ECM will be reviewed. We believe, as do Sweeney and 

Brown (1981), that it is probable that alterations in connective tissue 

are primary defects in DMD and all vascular, muscular and nerve changes 

are secondary. Basic changes, such as failure of normal fibroblast 

differentiation, failure to form mucopolysaccharides or failure to form 

the proper collagen type might lead, in their view, to secondary changes 

such as: 1) local tissue hypoxia from a decreased capillary/ECM ratio 

and increased density of the diffusion path for oxygen and nutrients -

hypoxia/ischemia has been shown to promote increased numbers of 

fibroblasts and selective enhancement of fibroblast mitosis, changes in 

neural function, muscle function, collagen formation and lysosomal 
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stability, 2) interference with the neuromuscular junction, 3) changes in 

muscle differentiation-inhibition of myotube formation from myoblasts, 

4) loss of tendon elasticity and consequently the effect would be that 

of tenotomy and disuse type atrophy, and 5) effects on the plasma 

membrane shape, stability, fluidity and interactions with intracellular 

actin. For proper muscle regeneration there must be adequate oxygen

ation of damaged tissue, a functional muscle nerve and longitudinal 

tension. These could be disturbed by the fibrotic response in DMD. 

The Extracellular Matrix in DMD 

Collagen 

Collagen is the most ubiquitous structural protein and consists 

of a number of distinct proteins which are related but which differ 

genetically, chemically and immunologically. The current classification 

includes ten collagens (Martin et aI, 1985). Proteins are defined as 

collagens by the presence of a triple-helical, collagenous domain 

containing peptide chains with repeating Gly-X-Y triplets, and by the 

presence of hydroxyproline (Hyp) and hydroxylysine, which are relatively 

specific to collagens. Types I-III are fiber forming and arise from 

precursors (procollagens I-III) from which the amino and carboxyl pep

tides are removed, allo\'Ting the collagen to self-assemble in·to fibers. 

Type I is the most abundant and is a major component of skin, bone, 

tendon and other fibrous tissues. Type II is the major structural 

protein in cartilage. Type III is abundant in fetal skin and is often 

associated in tissues with Type I except in tendon and bone. Type IV 

collagen is specific to basement membranes (BM) which underlie epi

thelial cells and surround muscle, nerve, fat and smooth muscle cells. 
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These molecules form an open network and ~re not derived from a pro

collagen. Type V is widely distributed, arises from a precursor, forms 

small fibers, and is prominent in fibrotic lesions. Type VI occurs as 

microfibrils in interstitial connective tissue, is probably not 

processed and has only one-third of its molecule as a collagenous 

domain. Type VII or "long chain" collagen may link BM to stromal 

tissue. Type VIII or "EC" collagen has been little studied and is 

produced by some strains of endothelial cells. Type IX or "HMW-LMW" is 

a minor constituent of cartilage. w~en cleaved by prot8ases the HMW and 

LMW fragments result. Type X or type "G" is a product of cultured 

chondrocytes and calcifying regions of endochondral cartilage. The 

collagens are the scaffolding which form histologically distinct sites 

in the body and interact with glycoproteins, such as fibronectin and 

laminin (LM) in the ECM. These proteins bind to cellular receptors and 

determine which cells are present in the tissue as well as influencing 

cell survival, migration, differentiation and regeneration. 

Collagen in Neuromuscular Disorders 

Marked fibrosis is observed in muscle from patients with Duchenne's, 

B8cker, or limb-girdle muscular dystrophies. Less dramatic increases 

are seen in myotonic and facioscapulohumeral muscular dystrophies and in 

polymyositis (Table 1). Duchenne (1868) first noted this accumulation 

of connective tissue when he referred to muscular dystrophy as 

"paralysie myo-sclerosique." Fibrosis has been considered by many to be 

a secondary effect of muscle degeneration -- a "replacement fibrosis." 

However, some authors report an early, preclinical accumulation of 

collagenous tissue in muscular dystrophy, even in regions where muscle 



TABLE 1 

HUSCLE BIOPSY: CHANGES OBSERVED IN SEVERAL DISORDERS
a 

Cellular Response (%) Degeneration (%) 
Disorder Fibrosis Inflanunatory Basophilia Phagocytosis 

A. Diseases of the Lower Hotor Neuron 

l. Motor Neuron Disease 0 10 (+1)b 8 (+1) 10 (+1) 

2. Chronic Peripheral Neuropathy 20 (+1) 45 (+1) 30 (10 +2) 30 (18 +2) 
(20 +1) (12 +1) 

3. Simple Peripheral Neuropathy 0 15 (+1) 8 (+1) 15 (+1) 

B. The Huscular Dystrophies 

l. Duchenne's MD (70 +3) (22 +3) (10 +3) 
100 (20 +2) 50 (22 +2) 90 (44 +2) 70 (32 +2) 

(10 +1) (28 +1) (24 +1) (28 +1) 

2. Becker MD (40 +3) 
(40 +2) (20 +3) 80 (20 +2) 80 (40 +3) 

100 (60 +1) 80 (60 +1) (20 +1) (40 +1) 

3. Limb-girdle HD (15 +3) (5 +3) 
75 (40 +2) 20 (+1) (5 +2) 40 (15 +2) 

(20 +1) 24 (19 +1) (20 +1) 

4. Facioscapulohumeral MD (18 +3) 

18 
(9 +2) 75 (37 +2) 45 (10 +2) 45 (18 +2) 
(9 +1) (20 +1) (35 +1) (27 +1) f-> 

0 



C. 

a 

b 

TABLE 1 (continued) 

Cellular Response (%) 
Disorder Fibrosis Inflammatory 

5. Myotonic MD 25 (15 +2) 0 
(10 +1) 

6. Oculopharyngeal MD 10 (+2) 0 

Inflammatory Myopathies 

1. Polymyositis (6 +3) (33 +3) 
32 (16 +2) 70 (17 +2) 

(10 +1) (20 +1) 

2. Dermatomyositis 0 40 (+2) 

Degeneration (%) 
Basophilia Phagocytosis 

0 15 (+1) 

10 (+1) 10 (+1) 

28 (+2) 
28 (10 +3) 

(18 +1) 

0 (6 +3) 
12 

(6 +2) 

Adapted from Dubowitz, U. and Brooke, M.H. (1973) "Muscle Biopsy: A Modern Approach" 
W.B. Saunders Company Ltd. London 
Degree of change ranges from +1 to +3 

I-' 
I-' 
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degeneration appears to be minimal. Cazzato (1968) reported that the 

connective tissue in DMD does not form patchy areas of replacement 

fibrosis related to muscle fiber necrosis but as a diffuse thickening of 

the endomysium and perimysium. He observed connective tissue 

surrounding muscle fibers even when they showed no sign of degeneration, 

and the presence of fibroblasts uniformly spread throughout the 

perimysium and endomysium and not localized to areas of necrosis. A 

material with the staining properties of fibrin was also observed in the 

perimysium and endomysium. 

There are reports of distinct changes in collagen biosynthesis in 

several neuromuscular disorders (Myllyla, et al 1982). The first report 

of a biochemical abnormality in DMD fibroblasts was by Ionasescu et al. 

(1977a, 1977b) who reported a 2.2 -fold decrease in intracellular 

collagen and an 1.8 -fold increase in extracellular collagen in DMD 

fibroblasts as well as decreased non-collagen protein synthesis in DMD. 

Ionasescu (1982; Ionasescu and Ionasescu, 1982) also measured collagen 

synthesis in DMD myogenic clones and found a 2.2-4 -fold increase in 

labeled hydroxyproline in the medium. Intracellular levels were normal. 

His group also reported increased collagen synthesis and reduced 

noncollagen protein synthesis on heavy polyribosomes from DMD tissue 

(Ionasescu, 1975). This activity was dependent on a soluble enzyme 

fraction from the patients. Polyribosomes from controls produced more 

collagen in the presence of. DMD soluble enzyme factors than with 

homologous enzymes. Scluble enzymes from controls led to normal 

collagen synthesis in DMD cells. Ionasescu, Ionasescu and Searby (1983) 

studied DMD carrier fibroblast clones and found 46% of the clones showed 



high collagen synthesis as would be expected if the Lyon Hypothesis 

(Lyon, 1974) were true. 
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Thompson et al (1982) report an increased proline incorporation by 

skin fibroblasts from DMD patients. The proline:leucine incorporation 

was greater for DMD cells and media. This supports the hypothesis that 

the DMD gene is expressed in fibroblasts. It does not support the 

observation of Ionasescu et al (1977a) of a decrease in intracellular 

collagen synthesis in DMD fibroblasts. In contrast, the data indicate 

that collagen may account for an increased proportion of cellular 

protein in DMD fibroblasts. Statham et al. (1982) reported total 

synthesis of c.ollagen by skin fibroblasts from DMD was elevated when 

measured by the incorporation of 3H-proline into collagen. They found 

no changes in the proportions of types of collagen produced by DMD and 

control cells. Their results with muscle fibroblasts suggest that 

collagen synthesis is increased more than 50% in DMD cultures. The 

extensive accumulation of fibrous connective tissue in DMD muscle has 

also· been documented by electron microscopy (Watkins and Cullen, 1985), 

showing collagenous fibrils closely surrounding muscle fibers. 

Fidzianska et al (1982) have shown altered fibroblasts and collagen 

fibLil diameters in congenital MD patients. 

In contradiction to reports of increased collagen synthesis in 

DMD, Rodemann and Bayreuther (1984) found total collagen synthesis in 

vitro to be decreased in skin fibroblasts from DMD patients. It was 

associated with a twofold increase in collagen degradation. DMD fibro

blasts were found to express significantly higher Hyp/pro (1.36-1.45). 

They believe the increased hydroxylation of proline residues in collagen 
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to be a possible cause for the enhanced degradation (discrepancy with 

Ionasescu's data). They have also observed a decrease in net protein 

synthesis in four DMD fibroblast lines. Although the primary defect has 

not been elucidated, recent morphological and immunofluoresence studies 

have implied an important role for collagen in the pathogenesis of DMD, 

showing an excessive deposition of type III collagen in the endomysium 

and perimysium and large amounts of collagen fibrils within the endo

mysium of skeletal muscle (Fujii, Murota and Tanzer, 1983; Stephens, 

1982; Duance et aI, 1980). Duance et al (1980) showed by immunofluore

scence that type I collagen was present in the perimysium and epimysium 

and that types III and V were present in the endomysium of muscle. In 

DMD, they noted an early accumulation of types III and IV collagen in 

splits in muscle fibers and believe that collagen may take part in the 

breakdown of the fibers. They also reported an accumulation of type III 

collagen in polymyositis and dermatomyositis (Bailey and Duance, 1980). 

Foidart, Foidart and Engel (1981) also studied human skeletal muscle ECM 

components by immunofluorescence. In normal muscle, types I and III 

collagen, types I and III p-N-collagen and FN were localized to the 

endomysium and perimysium. Type IV collagen was restricted to the 

basement membrane. In DMD the prominently increased endomysial and 

perimysial fibrosis consisted of types I and III collagen, types I and 

III p-N-collagen and FN. 

Stephens, Dunn and Dubowitz (1980) have reported that they do not 

find any abnormality of collagen metabolism in DMD fibroblasts but 

report a~ increased proportion of high molecular weight extracellular 

protein in these fibroblasts (fibronectin?). 
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Abnormal collagen synthesis has been reported in the skeletal 

muscle of the dystrophic chick (Statham et aI, 1982). There is 

increased collagen, type III, and more immature collagen fibers. Klihl 

et al (1986) using L-8 clonal muscle from rats, published evidence 

suggesting that myoblasts synthesize collagen types I, III, IV and V and 

that myotubes synthesize less collagen. If this is true, perhaps a 

defect in myoblast fusion, thus myogenesis, could account for an 

increase in muscle collagen production. 

DeMichael et al (1985) have reported alterations in collagen 

synthesis in intramuscular connective tissue in developing muscles in 

embryonic dystrophic chickens. Changes in amino acid composition 

included substitution of polar amino acids with non-polar, decreases in 

basic and hydroxylated amino acids, and increases in glycine, proline 

and alanine. These changes, suggestive of an alteration in the 

collagens, could give rise to decreases in inter- and intramolecular 

cross-linking, decreasing the stability and functionality of newly 

formed collagen. DeMichael and Brown (1984) reported marked differences 

between levels of collagen and mucopolysaccharides found during in ovo 

development of chickens with genetic muscular dystrophy. Fujii, Murota 

and Tanzer (1983) reported abnormal molecular properties of collagen 

isolated from breast muscle of dystrophic chicks. They observed more 

immature fibers and an increased amount of glycosylated hydroxylysine. 

Collagen and Myogenesis 

Collagen may playa role in myogenesis. In tissue culture all 

types of vertebrate collagen tested promoted chick muscle fiber differ

entiation (Ketley, Orkin and Martin, 1976). Collagen probably 
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contributes to the elastic/inelastic and tensile properties of muscle 

tissue. Architectural arrangements are related to the type of collagen 

- type I forms long, thick bundles while type III forms a loose, 

reticular network. In DMD the limits of muscle longitudinal elasticity 

become reduced, seen clinically as contractures and histologically as 

fibrosis (Foidart, Foidart and Engel, 1981) 

Lipton (1977), in studying the effect of ECM on myogenesis, 

found that in fibrogenic cells, collagen is primarily deposited on the 

substrate. In muscle cultures, a soluble collagenous protein is found 

in the medium. Using bromodeoxyuridine to modulate myoblasts revers

ibly, they were found to resemble fibroblasts functionally in the degree 

of collagen synthesized and in the manner of deposition in the ECM. 

The increased connective tissue in DMD muscle has been con

sidered to be due to the activity of fibrogenic cells. These results 

suggest that collagen synthesis by myogenic stem cells {satellite 

cells), themselves modulated by their environment, might contribute to 

the connective tissue hyperplasia. This might result in loss of a stem 

cell pool for regeneration and progressive fibrosis, both characteristic 

of DMD. 

Fibronectin 

There are many cell-collagen interactions mediated by noncol

lagenous structural proteins of the ECM (Table 2). Fibronectin is a 

400-500 kd glycoprotein containing two polypeptide chains, each 220 KOa 

for cellular (cFN) and secreted forms and 220 and 210 KOa for plasma FN 

(pFN). FN is composed of a series of domains and different binding 

sites strung together in a flexible asymmetric molecule {Yamada, Olden 
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TABLE 2 

CELL-COLLAGEN INTERACTIONS MEDIATED BY NONCOLLAGENOUS 
STRUCTURAL PROTEINS OF THE EXTRACELLULAR MATRIX 

Collagen 
glycoprotein Type Cell Type 

Fibronectin I fibroblasts 

Chondronectin II 

Osteonectin I 

myoblasts 

smooth muscle cells 

macrophages 

hepatocytes 

chinese hamster 
ovary cells 

chondrocytes 

(I,II?) (osteoblasts?) 

Laminin IV 

I,III,IV 

endothelial cells 

epithelial cells 

hepatocytes 

tumor cells 
(metastatic) 

endothelial cells 
(bovine corneal) 

Reference 

Grinnell and Field (1979) 
Kleinman, Klebe and 

Martin (1981) 
Kleinman ( 1982) 
Torone et al (1982) 

Chiquet, Puri and Turner 
(1979) 

Kleinman, Klebe and 
Martin (1981) 

Dessau et al (1978) 

Berman et al (1980) 

Kleinman (1982) 
Yamada and Kennedy (1979) 

Hewitt et al (1980) 

Romberg et al (1985) 
Termine et al (1981) 

Scott, Murray and Barnes 
(1983) 

Kleinman, Klebe and 
Martin (1981) 

Terranova, Rorbach, and 
Martin (1980) 

Timpl et al (1983) 

Terranova et al (1982) 

Kleinman, Klebe and 
Martin (1981) 

Scott, Murray and Barnes 
(1983) 
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and Hahn, 1980; Hynes, 1981) which may function in the structural 

organization of the ECM by acting as a cross-linking agent between 

cells, collagens, heparin-containing proteoglycans and hyaluronic acid 

with which it codistributes. In addition to these, FN binds 

fibrinogen/fibrin, actin, DNA, calcium (Amphlett and Hrinda, 1983), the 

Clq component of complement (which is elevated in DMD muscle cells), 

vinculin, a-actinin, myosin, and tropomysin (Koteliansky et aI, 1982) 

bacteria and itself. FN forms into fibrils spontaneously (Vuento et aI, 

1980) but fibril formation is promoted by heparin (Jilek and Hormann, 

1979) or polyamines (Vuento et aI, 1980; Roch et aI, 1983) which precip

itate FN. This may be significant since polyamines are elevated in D~ID 

muscle and urine and probably serum (Kaminska, Stern and Russell, 1981). 

pFN and cFN are synthesized in different tissues (hepatocytes vs 

fibroblasts) and although they exhibit most biological properties 

equally, they are not identical chemically and have differing 

activities. For example, cFN is more potent in cell spreading and 

agglutination of sheep red blood cells. 

Paul et al (1986), studying multiple FN mRNAs which arise by 

alternative splicing of the primary transcript of the single FN gene, 

found that one region of alternative splicing accounted for differences 

in subunit si~e while a second contributed to differences between pFN 

and cFN. However, the two regions of alternative splicing do not 

account for all detectable subunits. pFN has at least four subunits 

while cFN has at least seven (four identical to pFN). Known 

post-translational modifications of FN include N-linked complex 

oligosaccharides, O-linked oligosaccharides, phosphorylation of 
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threonine and serine and carbohydrate-linked as well as tyrosine-linked 

sulfation. 

Intact human plasma FN injected into the circulatory system of 

mice becomes incorporated into the tissue in a manner that makes its 

distribution indistinguishable from the mouse's own tissue FN (Oh, 

Pierschbacher and Ruoslahti, 1981) 

Keil-Dlouha and Planchenault (1986) report evidence that a 

central fragment of the FN polypeptide chain contains a latent SH 

proteinase. The FN fragment also contains a heparin-binding site and a 

cell-binding site. The absence of proteolytic activity in the parent FN 

may be because a new tertiary structure is assumed by the fragment upon 

cleavage or by inhibition of the proteinase by another loop of FN (an 

internal inhibitor). 

FN not only binds to the cell surface but also interacts with 

actin filaments in the cell's interior, presumably through the 140k 

complex, a cluster of glycoproteins in the cell membrane. The 140k 

complex is thought to interact with a sequence of four amino acids in 

the cell-binding domain of FN (Arg, Gly, Asp, Ser). 

Tamkun et al (1986) have proposed the name "integrin" for the 

glycoprotein involved in transmembrane linkage between FN and actin (the 

noncovalent assembly of three glycoproteins - 140 kd in chicken cells, 

two glycoproteins in mammalian cells and two glycoproteins - 11b and 

l11a on platelets and endothelial cells). 

Urushihara and Yamada (1986) have suggested that there are 

multiple protein components involved in cell interactions with FN and 

that current models postulating only involvement of a 140 kd complex are 
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probably oversimplified. Their results provide evidence for the role of 

a 45 kd acidic glycoprotein in FN functions even in cells that appear to 

require the 140 kd components. The binding and biological function of 

the FN receptor can be inhibited by high concentrations of soluble 

cell-binding fragments of FN. Cells making a defective form of FN, 

perhaps because of an abnormal pattern of alternative splicing, or 

degrading FN after synthesizing it, might display altered FN receptor 

formation as a result. 

In vitro it has been shown that cellular proliferation is affected 

by the presence of the ECM (Folkman and Moscona, 1980; Rojkind et aI, 

1980; Gospodarowicz, Delgado, and Vlodavsky, 1980). FN, as a component 

of the ECM, promotes cell spreading and adhesion. Serum FN can promote 

proliferation of some cell types (Orly and Sato, 1979; Rizzino and 

Crowley,1980). FN secreted by actively growing cells exhibits a 

significantly higher level of phosphorylation than the FN secreted by 

quiescent cells (Ali, 1983) as does FN from transformed cells (Baum et 

aI, 1978). FN is present in reduced amounts on the surface of rapidly 

growing and mitotic cells (Yamada, 1981; Stenman, Wartiovaara, and 

Vaheri, 1977). This may not be surprising since these cells exhibit 

several biochemical changes typical of transformed ce':ls (Burger, 1974; 

Robbins and Nicolson, 1975), which also have reduced surface FN (Yamada, 

and Olden, 1978; Mosher, 1980; Ruoslahti, Engvall, and Hayman, 1981; 

Hynes, 1981). Functional changes have been reported in cellular FN from 

late passage cells in vitro (Chandrasekhar et aI, 1983). The FN cannot 

support cell-substrate interactions. This is not caused by a change in 

the FN "receptors" on the cell surface which appear normal. This may be 
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critical in DMD where some investigators have reported premature 

senesc~nce of cells. The binding of specific domains of FN to heparin 

and DNA is highly dependent on and can be modulated by the concentration 

of divalent cations (Hayashi and Yamada, 1982). This too may be 

relevant to DMD where increased intracellular calcium has been reported. 

FN fragments generated by proteases are chemotactic for human 

peripheral blood monocytes (which could accumulate as tissue macrophages 

such as have been observed in DMD muscle (Norris et aI, 1982)). Intact 

FN has no such activity. Therefore, proteolytic cleavage of FN during 

inflammation (or in dystrophic muscle with increased protease activity) 

could produce fragments that augment the recruitment of monocytes. 

Fibronectin in DMD 

There have been fe\'l reports of FN alterations in DMD. 

Bertolotto et al (1982) reported increased FN in the muscle in DMD using 

immunofluorescence. Foidart, Foidart and Engle (1981) observed an 

increase in FN in the endomysium and perimysium in DMD along with the 

accumulation of collagen types I and III. Elson, Bergmann and Elson 

(1981) suggested an extracellular matrix defect in dystrophic human 

skeletal muscle cell cultures. An anti-FN probe revealed that the usual 

filamentous FN-containing network was missing from the myoblasts and 

fibroblasts in dystrophic cultures. It appeared that a factor necessary 

for the polymerization of FN to form ECM fibrils was deficient in cells 

from patients with DMD. (This could lead to increased serum FN levels 

such as we have observed) . 

Dunn et al (1982), in protein analysis of cultured skin fibroblasts 

from patients with DMD by electrophoretic techniques, reported no 
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qualitative differences associated with the disease state. They did, 

however, find an increase in the labeling of a component of 230,000 mw 

in D~ID cultures which they had tentatively identified as fibronectin. 

Later studies failed to confirm the finding (Burghes, 1984). 

Rennard et al (1983) have shown that FN supports the attachment 

of cells to Clq. They hypothesize that this interaction could serve as 

the basis for fibroblast attachment and growth in tissue sites where Clq 

is located and could thus contribute to fibrosis. Fibroblast accumu-

lation requires that the cells be anchored to ECM components. Clq has 

been reported to be elevated in DMD muscle and could, through its 

interaction with FN, promote fibroblast growth and subsequent fibrosis. 

Hantai et al (1985) studied distribution patterns of FN, 

laminin, and type I, III and IV collagens in human skeletal muscle by 

immunofluorescence. In DMD, the extensive accumulation of connective 

tissue consisted of FN and type I and III collagens in the intercellular 

space surrounding nerves and vessels. Laminin and type IV collagen were 

located principally in the basal lamina but were also distributed to 

some extent allover the ECM (perhaps by overproduction or diffusion) . 

In an immunofluorescence analysis of ECM components in DMD, Rampoldi et 

al (1986) found that from a quantitative point of view, the relative 

increase of ECM components decreases progressively from FN, collagen 

III, collagen IV to LM in muscle biopsies. Results from muscle cell 

cultures revealed no significant changes except for type IV collagen. 

They did not consider the negative results obtained for the other marker 

proteins definitive due to lack in the in vitro system used of humoral 

and/or neuronal factors. 



FN in muscle biopsies was very abundant in DMD, heavily out

lining the contours of irregularly sized fibers, marking the splitting 

of hypertrophic ones and forming large septa that invaded muscular 

tissue. 
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Bitterman et al found that FN acts as a competence factor to 

promote the grm'lth of human diploid fibroblasts. This may be critical 

for the proliferation of fibroblasts in dystrophic muscle. The 

increased FN in muscle might result not only from local over synthesis 

but also by increased penetration of pFN into extracellular spaces. 

Disturbed cell-matrix interactions result in increased vascular perme

ability (Labat-Robert, and Robert, 1986). FN can be trapped by the ECM, 

especially by the increased amount of type III collagen. 

Serum Fibronectin in Disease 

FN levels in plasma are approximately 300 ~g/ml (150-800) and in 

amniotic fluid 170 ~g/ml (10-300). Plasma FN is higher in males than in 

females and increases with age. There are no day to day or diurnal 

variations, thus making sampling easier (Erikson et aI, 1982). Serum 

levels of FN are significantly changed in various diseases and may be 

responsible for some abnormalities in target organs. Sample preparation 

of blood for FN measurement is a critical component of any study (Bowen 

and Muller, 1982). FN is elevated in rheumatoid synovial fluid. In 

antigen-induced arthritis in rabbits, FN is related to synovial cell and 

vascular proliferation, fibrin deposition and fibrosis in chronic 

synovitis (Scott et aI, 1982). FN increases in peritoneal fluid and 

serum during intraperitoneal inflammation (Richards and Saba, 1983), in 



plasma in models of sepsis and endotoxemia (Grossman et al, 1983), and 

in patients with solid tumors (Choate and Mosher, 1983). 
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DePetro et al (1983) found transformation enhancing activity (which 

promotes morphological cell transformation in vitro) in plasma of tumor 

patients and suggested it may be related to fragments of FN. FN is 

present in higher concentrations in tumor plasma and the activ~ty can be 

inhibited by antibodies to FN. 

Robert et al (1981) observed that plasma levels of FN in aged 

individuals are higher than in young adults and suggested that the 

increased levels might be compensating for "defective FN" processed by 

aging cells. 

Serum Effects in DMD 

In DMD research, there have been several reports of alterations 

caused by exposure of cells to DMD sera (DMDS). Sugita (1963) found 

increased CK in normal rat muscle exposed to DMDS. Siddiqui (1977) 

exposed normal erythrocytes to DMDS, which resulted in an induction of 

an abnormal response of ATPase to ouabain, which is characteristic of 

dystrophic erythrocytes. Peter (1969) also reported alteration of 

erythrocyte membranes by DMDS. Berman (1973) observed an increase in 

fibrin split products in DMDS and Menon (1971) reported increased 

fibrinolytic activity in DMDS. 

Fibronectin and Collagen 

Collagen and FN are intimately related in the ECM and synthesis, 

secretion, and deposition of one of may affect the other. Both may also 

be critical in the cellular composition of dystrophic muscle as each may 



chemotactically attract certain cell populations and/or affect their 

metabolic activity and maturation. 
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Collagen substrates have been shown to maintain differentiated 

function and to induce differentiation in cultured cells. Collagen has 

been reported to have a role in the fusion of myoblasts into mUlti

nucleated myotubes (Hauschka and Konigsberg, 1966; Konigsberg, 1970). 

Myoblasts failed to form myotubes when plated in the absence of 

fibroblasts (Konigsberg, 1971), conditioned medium (Konigsberg, 1970) or 

collagen-coated dishes (Hauschka and Konigsberg, 1966). All mammalian 

collagens were found equally active in promoting muscle differentiation 

(Ketley, Orkin and Martin, 1976) and the fibronectin-binding peptide was 

found to contain the active region (Dessau et aI, 1978; Kleinman, 

McGoodwin and Klebe, 1976). Serum fibronectin was shown to be necessary 

for the attachment of myoblasts to collagen (Chiquet, Puri and Turner, 

1979; Hauschka and White, 1972). If, as has been suggested, myoblasts 

lose their surface FN when they fuse, then myoblasts would appear to 

require FN for attachment but loss of FN would be necessary for 

differentiation. 

Circulating FN is highly chemotactic for fibroblast migration and 

could possibly help maintain fibroblasts by promoting cell-matri:{ 

interactions and stimulating matrix production (Kleinman, Klebe and 

Martin, 1981). Foidart et al (1980) found that rat liver cells have 

increased collagen synthesis in the presence of exogenous FN (while 

total protein synthesis remained unchanged). They also observed that 

exogenous FN added to the medium stimulated collagen production by 

mesangial and epithelial cells (Foidart et aI, 1983). Synthesis of 
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non-collagen proteins was not affected. An increase in deposition of FN 

as observed in DMD muscle could play a pathogenic role in the accumu

lation of collagen in these patients. 

Menzel and Borth (1983) have demonstrated that the FN binding 

site of collagen also contains its unique collagenase-sensitive bond. 

Type III collagen had the greatest affinity for FN and cleavage of type 

III collagen was reduced by pre incubating the collagen with plasma FN at 

physiological concentrations. Evidently, the collagenase molecules have 

difficulty in displacing the bulky FN molecules from their binding sites 

on the collagen. This may be of significance in DMD muscle where both 

type III collagen and FN are abundant. 

Nagata et al (1985) present results suggesting that extra

cellular collagen can modulate the interaction of cells with FN by a 

noncompetitive mechanism. Soluble collagen inhibited FN-mediated cell 

spreading to attain a normal flattened morphology, but did not inhibit 

cell attachment to FN. They suggest that occupation of the fibroblast 

collagen receptor may inhibit the mobility and redistribution of FN 

receptors, necessary for cell spreading. 

Connor, Aubin and Sodek (1983) found, contrary to the widely 

held belief that in cultures of fibroblasts, collagen and FN are always 

co-expressed even though they may not be co-regulated, that fibroblast

like cells could express FN and collagen independently. 

Fibronectin and Other Cells 

Several labs have reported an inhibitory role for FN in chondro

cyte and skeletal muscle differentiation (Weiss and Reddi, 1980; West et 

aI, 1979). The FN from differentiated chondrocytes is reduced in 
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molecular weight (Hassell et aI, 1979) and cleavage of FN may explain 

the effects of FN in differentiating cells (pennypacker et aI, 1979j 

Podleski et aI, 1979j and West et aI, 1979). Rabbit corneal endothelial 

cells cultured in excess human FN were observed to have an altered 

phenotype (Beach and Kenney, 1982). FN inhibits HeLa and mouse sarcoma 

cell growth (Bruhn and Zurbon, 1983) and can inhibit 3H-thymidine uptake 

of fibroblasts (Bruhn et al, 1983). 

FN has been sho,Yl1 by Yonemasu et al (1983) to increase the 

migration of monocytes. They suggest that plasma FN may serve as a 

chemotactic stimulus for monocytes in vivo and attract them to tissue 

sites where plasma FN is deposited. Martin et al (1983) cultured 

monocytes with plasma FN and reported that they secrete increased 

amounts of factors which stimulate DNA synthesis and cell growth in 

mouse fibroblasts and bovine smooth muscle cells. Monocytes bear 

receptors for FN and may localize at sites where FN is bound to collagen 

and mature into tissue macrophages. There is increasing evidence that 

macrophage derived growth factors may contribute to the proliferation of 

connective tissue producing cells in a variety of pathological 

processes. The presence of abundant macrophages in DMD muscle as well 

as increased FN may promote the fibrotic process. 

Fibronectin Inhibition of Cell Growth 

Homandberg et al (1986) have recently reported that 

heparin-binding fragments of human plasma FN are potent inhibitors of 

bovine endothelial cell growth in culture whereas plasma FN itself is 

much less inhibitory, perhaps because inhibitory activity is cryptic in 

the native structure of FN. Yamada and Kennedy (1979) have found that 



28 

FN function in cells is inhibited by purified plasma FN. The effect was 

dose dependent, noncytotoxic, reversible, and competitive in nature. 

They suggest that FN may act by binding to a saturable cell surface 

receptor. Their findings may be relevant in DMD where we have observed 

elevated plasma FN levels. 

Gross et al (1976) reported inhibition of fibroblast (chick 

embryo) growth in vitro by urinary peptides. The different 

characteristic for dystrophy was stronger inhibition of DNA synthesis 

produced by the strongly acidic peptide fraction assumed to be sulfated 

glycopeptides. Bruhn et al (1983) reported that FN inhibited the 

3H-thymidine uptake of fibroblasts and HeLa cells. 

Fibronectin in Senescent Cells 

DMD cultured cells have often been referred to as behaving like 

"prematurely senescent" cells. In studying FN synthesis and degradation 

in human fibroblasts with aging, Shevitz, Jenkins and Hatcher (1986) 

found increased FN synthesis in senescent cells which correlated with a 

general increased rate of protein synthesis/cell. The turnover of TIl 

and total protein and transport of FN to the cell membrane did not 

differ between early and late passaged fibroblasts. 

There have been reports of functional and structural differences 

between cellular FNs isolated from early and late passage human 

fibroblasts (Chandrasekhar and Millis, 1980; Chandrasekhar et aI, 1983). 

Vogel, Kelley and Stewart (1981) found that senescing human skin 

fibroblasts expressed reduced levels of cell-associated FN but continued 

to synthesize and secrete FN into culture media. Chandrasekhar et al 

(1983) found that late passage cFN cannot support cell-substrate 
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interactions (adhesion, spreading, formation of focal contacts) or 

normal cell morphology. They found no defect in the FN receptor and 

propose the defect is in one or more functional domains. The increased 

levels of pFM with age were suggested to be a compensation for 

"defective FM" (Labat-Robert et aI, 1981). 

Published studies on protein degradation in senescent cultured 

fibroblasts have variously concluded that rates of proteolysis are 

unaltered, decreased or increased. Okada and Dice (1984) found reduced 

catabolism of long-lived proteins in senescent cells and increased 

degradation of short-lived proteins. These alterations may have major 

effects on protein content and composition in senescent cells. 

Johnson et al (1986) found protein and collagen production 

decreased more than five-fold with increasing donor age of human 

fibroblasts. Degradation of protein and the pattern of proteins 

produced was unaffected by age, so they attributed the reduction in 

protein and collagen to decreased synthesis. 

Other Extracellular Matrix Components in DMD 

Scott-Burden, Bogenmann and Jones (1986) grew cells primed for 

myogenic differentiation on ECM from endothelial cells, smooth muscle 

cells or fibroblasts. Endothelial and smooth muscle matrices were 

permissive for growth and myogenic differentiation whereas the 

fibroblast matrix was inhibitory. Analysis of matrix GAG revealed high 

chondroitin sulfate (CS) relative to hyaluronic acid (HA) in the 

permissive matrices. Heparan sulfate/heparin was present at relatively 

high concentrations in all three matrices. Hutchison et al (1984) in 

preliminary data on glycosaminoglycan (GAG) synthesis and secretion 
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found significant alterations in CS and HA in DMD. Carrino et al (1984) 

found that fibroblasts of differentiating limbs produce a special GAG 

between 12-14 days of development, the time of myoblast fusion and 

primary myofiber development. Bayne, Anderson and Fambrough (1984) 

observed congruence between acetylcholine receptor aggregates in 

skeletal muscle and heparan sulfate. There was very little association 

between extracellular FN and AChR. It is clear that in differentiation 

(myogenesis) and in various disorders, many ECM components are 

modulated. 

The Role of Fibronectin in Myogenesis 

Fibronectin is a major extracellular matrix component of muscle 

(Stenman and Vaheri, 1978; Kreig et aI, 1979; Walsh, Moore, and Dhut, 

1981) and serum FN has been identified as the necessary factor for the 

attachment of myoblasts to collagen (Chiquet, Puri and Turner, 1979). 

The role of FN in myogenesis has been a question of debate. Hynes et al 

(1976) using surface labeling found increased FN in the rat L8 cell 

myotubes postfusion. Data in agreement have been found with chick 

embryo myogenic cells (Moss et aI, 1978) and G8-l clonal muscle cells 

from mouse (Walsh and Phillips, 1981). Contrasting with these reports, 

immunocytochemical studies on rat L6 muscle cells and on cloned human 

muscle cells indicate a loss of cell surface FN as myob1asts fuse into 

myotubes. Chen (1977) reported a ten-fold decrease in FN detectable 

with radiolabeled anti-FN antibodies after fusion of L8 myoblasts. They 

also saw, by immunofluorescence, a FN network on unfused cells that 

disappeared on myotubes leaving only isolated FN patches. 
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Furcht et al (1978), in immunohistochemical/electron microscopic 

studies of L6 cells, found myotubes were devoid of surface FN fibrils. 

Leibovitch et al (1986) report FN and a1(1) and a2(1) collagen and RNAs 

are highly expressed during the growth phase of L6 rat myoblasts. When 

they form myotubes, the levels of FN RNA decrease eight-fold. By 

contrast, the levels of a1(1) collagen transcripts remain stable in L6 

myotubes while those of a2(1) are reduced 50%. This demonstrates that 

the genes which code for the ECM are not coordinately regulated during 

myogenesis. Studies on ECM synthesis during myogenesis in cultures of 

rat muscle (G8-1) (Rao, Beach and Festoff, 1985) revealed that the cell 

monolayer and medium of myotubes contained increased collagen IV and 

laminin and decreased collagen III and FN and equivalent levels of 

collagen I compared to myoblasts. Podleski et al (1979) report that 

addition of purified FN blocked fusion of L6 myoblasts and promoted cell 

division. Antibodies to FN enhanced fusion and mild trypsinization to 

remove surface FN just before fusion caused the rate of fusion to 

increase. Gardner and Fambrough (1983) ha.ve used monoclonal antibodies 

and primary chick muscle cell cultures from which they can eliminate 

unfused cells to demonstrate that myoblasts and myotubes do not differ 

in their rate of FN synthesis relative to overall protein synthesis and 

that FN is laid down by both cell types. The rate of FN synthesis was 

4-5 X lower in muscle cells than fibroblasts. Myoblasts about to fuse 

accumulated FN in focal patches raising the possibility that these foci 

are related to cell clearance of surface FN resulting in a permissive 

state for fusion (Podleski, 1979). An absence of FN was observed on the 

surface of new myotubes. It had previously been reported that primary 
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chick myogenic cells depend upon serum FN for in vitro attachment and 

suggested that myogenic cells may synthesize detectable FN (Turner et 

aI, 1983). Chiquet, Eppenberger and Turner (1981) believe that all 

published effects of FN or collagen on myogenesis can be explained by 

enhanced cell-substrate attachment. They observed chicken myoblasts to 

align along an oriented artificial FN matrix. This alignment guided the 

arrangement of developing myotubes suggesting that the matrix containing 

FN may similarly control the proper orientation and anchoring of 

developing muscle fibers during morphogenesis in vivo. FN possesses 

great affinity for, and is often codistributed with, various forms of 

collagen. Since FN can mediate attachment by binding to collagen and to 

the cell surface, a function of FN in morphogenesis is not unlikely. 

Chiquet, Eppenberger and Turner (1981) summarize these findings by 

suggesting a shutdown of FN synthesis during cell differentiation and 

myotube formation. (Even cloned rat myogenic cell lines do not have a 

homogenous population with respect to developmental state - nonfusing 

variants can account for 20-50% of the cells ·and may produce variable 

amounts of FN.) 

These results show terminally differentiated myogenic cells 

neither synthesize nor accumulate much FN (chick cultures). They also 

summarize evidence that the basement membrane of the endomysium around 

single muscle fibers and containing collagen and FN is formed by, or in 

cooperation with fibroblasts. 

Brennan et al (1983) have correlated structural alterations in 

FN with morphological changes in smooth muscle cells. Cultures 

proliferate until they form a confluent sheet of cells and then 
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reorganize to form multicellular nodules that are loosely attached to 

the substrate. Nodulation is inhibited by FN from monolayer culture 

conditioned medium or from plasma while FN isolated from conditioned 

medium from nodular cells is inactive. SDS-PAGE revealed that the 

nodular cell FN is 20-30 kd less in molecular weight than FN from 

monolayers. The nodular cell conditioned medium contains an activity 

that can convert plasma FN and monolayer FN to the lower molecular 

weight correlated with loss of biological activity. The nodular cell FN 

retains the collagen binding site and its size suggests the presence of 

at least part of the cell binding region. 

Suspended myoblasts fuse in FN-free medium and neither soluble 

FN nor antibodies to FN influence the process (puri et aI, 1979). 

Exogenous FN bound to a solid substrate may be necessary for the 

attachment and elongation of myoblasts and myotubes. This might 

indirectly influence myotube formation since substrate attachment and 

cell migration are required for myoblast fusion in monolayer and clonal 

cultures. 

Borg et al (1984) showed rat myocytes attached to LM and 

collagen IV, weakly to FN, and not at all to other collagens. Neonatal 

myocytes attached well to all collagen types and to FN and LM. Results 

indicate that there are developmental differences expressed on the cell 

surface of neonatal and adult myocytes for the recognition of different 

collagen types. LM and collagen IV are components specific for BM, 

whereas collagens I, II, III, V and FN are more abundant in interstitial 

tissue. Neonatal cells appeared to attach to ECM components specific 

for BM and interstitial matrix. Adult cells attached primarily to EM 
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mechanism but a subpopulation of cells bound FM and not collagen. 
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Kilhl et al (1986) investigated the growth of embryonic skeletal 

muscle which occurs by fusion of multinucleated myotubes with 

differentiated, fusion-capable myoblasts. Selective recognition seems 

to prevent fusion of myotubes with nonmyogenic cells such as muscle 

fibroblasts, endothelial or nerve cells. They provide eviden.ce that one 

of the selective mechanisms may be the enhanced affinity for laminin of 

myogenic cells as compared to fibrogenic cells. Growing myotubes in 

myoblast cultures accumulated laminin and type IV collagen on their 

surface in patches and strands as the first step in assembling a basal 

lamina on mature myofibers. FM, on the other hand, assembled into an 

intercellular fibrous meshwork not associated with the free myotube 

surface. When a mixture of fibroblasts and myoblasts was plated for 20 

minutes on laminin/type IV collagen, only myogenic cells adhere. On 

PM/type I collagen, primarily fibroblastic cells adhered. 

FM seems to "modulate" myoblasts to fibroblast-like cells in a 

reversible manner (Abbott et aI, 1974 and Lipton, 1977). This effect of 

FN may playa role in growth and development of skeletal muscle. In 

attachment to PM and collagen, they found the affinity for FN was 

greater and cells with few binding molecules would attach only to FM. 

Collagen binding proteins were detectable during neonatal development 

when collagen synthesis and secretion were high and not on normal adult 

myocytes when collagen deposition is low. 

Elson et ?l (1981) found that myoblasts from some DMD patients 

failed to polymerize FN as part of their cell surface matrix. The lack 
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of filamAntous FN may alter cell anchorage and be related to aberrant 

development of the cells. Normal myoblasts synthesize and polymerize FN 

in contrast to newly formed myotubes where it is synthesized but not 

readily polymerized. Lee and Kaufman (1981) found marked diminutions of 

several membrane antigens paralleled myoblast fusion. That distribution 

of some membrane components can be altered by disrupting microfilaments 

and actin (which is bound to FN by a transmemb&ane protein complex) has 

been reported in processes that may be involved in myoblast fusion 

(Huang et aI, 1978). These observations suggest that cell-cell 

interactions may be mediated by components on the cell surface, which 

are either directly linked to the cytoskeleton or become associated with 

it. Kaufman suggests such associations could alter the mobility, 

translocation, aggregation and/or capping of surface components 

resulting in relatively particle-free domains of lipid bilayer that 

could serve as nucleation sites for membrane fusion. 

The predominance of experimental data supports the view that FN 

is reduced during myoblast differentiation into myotubes, at least 

temporarily. FN may inhibit fusion by a direct effect on the cells or 

by an indirect effect where FN enhances the growth of cells which are 

not capable of fusing. 

Use of Fibroblasts to Investigate Genetic Disorders 

The use of cultured fibroblasts in the investigation of genetic 

disease is well established (Epstein, 1975; Mellman, 1971). Their use 

has the advantages of avoiding non-specific degenerative changes that 

may obscure the primary defect in diseased muscle, offering the 
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potential for carrier detection and prenatal diagnosis and providing 

tissue accessible for use. Cloned cells, because of the small original 

innoculum, are limited by the number of cells available for study before 

senescence. We prefer the fibroblast model where a greater number of 

cells can be used from the outgrowth of the primary skin explant and 

numerous cells are available in early passage for metabolic studies. A 

number of inborn errors of metabolism have been demonstrated in cultured 

dermal fibroblasts (Milunsky et aI, 1970; Raivio and Seegmiller, 1972). 

Fibroblasts provide a good system in which to study the inborn error in 

DMD because they possess highly complex structural and functional 

characteristics which make them suitable for study of many aspects of 

cellular metabolism. The use of animal models has declined as it has 

become evident that none of the models has a close similarity to DMD. 

This makes the availability of easily accessible human tissue for study 

even more critical. 

Relevant Studies in Fibroblasts and Cultured Muscle in DMD 

As Witkowski (1986a) suggests in his recent review, in tissue 

culture studies " . .. every interesting finding in DMD research seems 

to be either contradicted by subsequent studies or is yet to be 

confirmed. II 

Some of the relevant findings will be summarized briefly. 

Growth Characteristics 
Pence et al (1978) 
Wertz and Roses (1982) 
Fingerman, Campisi 

and pardee (1984) 

- no difference between DMD and control 
- same 
- same 



Liechti-Gallati, et al (1982) 

Morphology 
Wyatt and Cox (1977) 

Gelman et al (1981) and 
Gelman et al (1980) 

Cullen and Parsons (1977) 

Roses et al (1980) 

Freeze-fracture 
Osame et al (1981) 

Schotland, Bonilla, and 
Wakayama (1981) 

Cytoskeleton 
Connolly, Kalnins and Barber 

(1979) 
Rungger-Brandle et al (1980) 

Walsh et al (1981) 

Myoblast Fusion 
Witkowski (1977) 
Appel et al (1980) 

Jasmin et al (1984) 
Delaporte, Dehaupas, and 

Fardeau (1984) 
Ionasescu et al (1981) 

Intercelluar Adhesiveness 
Jones and Witkowski (1979) 

Pizzey and Jones (1986) 

Adams (1986) 

- increased doubling time and reduced 
lifespan in culture in DMD skin 
fibroblasts (behaved like senescent 
cells) 

- saw "inclusion bodies" in DMD 
fibroblasts 

- saw "lamellar bodies" in DMD cells 

- no difference in DMD vs control 
fibroblasts by EN 

- no difference by TEM, histochemical 
tests and phase contrast microscopy 

- no difference in number or 
distribution of intramembraneous 
particles in DMD vs control 

- reduced number of intramembraneous 
particles in DMD 

- normal microtuble networks 
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- normal staining with antibodies to 
tubulin, actin, myosin, intermediate 
filaments 

- normal cytoskeleton 

- no difference in DMD 
failure of myoblast fusion in 
50% of DMD cultures 

- reduced fusion in DMD 
- reduced fusion in DMDi (40% vs 92% 

for control cells 
- normal fusion 

- DMD skin fibroblasts are less 
adhesive than controls (by couette 
viscometry), no difference (using 
rotation-mediated aggregation) • 

- no qualitative difference between DMD 
fibroblasts and controls, quanti
tative differences in adhesiveness 

- providing adhesive glycoproteins to 
cultured, monensin-blocked cells 
allowed "normal" behavior of DMD 
fibroblasts 



Cell-Substrate Interactions 
Kent (1983) 

pizzey, Bennett, and Jones 
(1983) 

pizzey, Witkowski and Jones 
(1984) 

Shay, Thomas and Fuseler (1982) 

Lectin-binding 
Newman (1982) 

Heiman-Patterson, Bonilla and 
Schotland (1982) 

Hellman et al (1984) 

Electrophysiology of Myotubes 
Rothman and Bischoff (1983) 

Intracellular Calcium 
Stratham and Dubowicz (1979) 

Membrane Repair 
Wright et al (1984) 

"Fluidity" of Plasma Membranes 
Shaw et al (1983) 

Total Protein Synthesis 
Poche and Schulze (1985) 

Rodeman and Bayreuther (1986) 
Ionaseseu et al (1976) 
Ionasescu et al (1977) 
'Hutchison, Desmond and Yasin 

(1984) 
Pena et a1 (1978) 
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- DMD cells detach faster with trypsin 
(depends on age of cell donor) 

- no difference between DMD and control 
cells in rate of spreading of 
fibroblasts on glass after monensin 
treatment 

- same 

- only 50% as many DMD monocytes spread 
fully on glass compared to controls 
(he saw reduced microtubules in DMD 
monocytes) 

- binding of concanavalin A (ConA) to 
skin fibroblasts was normal 

- ConA bound normally to DMD muscle 
cultures 

- reduced binding of ConA to DMD skin 
fibroblasts 

- no difference in resting membrane 
potential, proportion of cells with 
low potential, or size and shape of 
evoked action potential 

- no difference in DMD cells vs 
controls 

- no difference in repair of 
phospholipase C damaged membranes 

- DMD membranes are less well ordered -
with less constraint 

- ribosomal protein synthesis in DMD 
fibroblasts was 36-62% lower than 
controls (defect was localized to 
small ribosomal subunit-probably in 
18S RNA 

- reduced 34% in DMD fibroblasts 
- reduced in DMD muscle in culture 
- same 
- no difference in muscle culture 

- no difference 



Ionasescu et al (1977) 

Ledbetter (1984) 
Fingerman, Campisi and Pardee 

(1984) 
Boule~, Vanasse and Brakier

Gingras (1979) 

Ionasescu, Zellweger and 
Burmeister (1976) 

Ionasescu, Zellweger and 
Conway (1971) 

Griggs and Rennie 

Contractile Proteins 
Ionasescu, et al (1977) 

Ionasescu, et al (1976) 
Creatine Kinase 
Franklin et al (1981) 

Blau and Webster (1981) 

Davis et al (1982) 
Ionasescu et al (1981) 

Blau et al (1983) 

Acetylcholine Receptor 
Blau et al (1983) 

Blau and Webster (1981) 

Fibroblasts in Muscle 
Sweeny (1983) 

pizzey and Barnard (1983) 

Blau et al (1983) 

Fidzianska et al (1982) 

Protein Degradation and Turnover 
McElligott and Dice (1984) 

- noncollagenous proteins reduced 
intra- and extra-cellularly in DMD 
skin fibroblasts 

- no difference 
- no difference 
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- polysomes of DMD and carrier skin 
fibroblasts had 30% and 60% of normal 
activity 

- muscle polysomes had increased 
protein synthesis in DMD 

- same 

- reduced protein synthesis 

no difference in myosin synthesis in 
cultured muscle 

- same 

- CK reduced in cultured DMD muscle 
(saw increased BB form) 
no difference in total CK or 
isoenzymes 
no difference in skin fibroblasts 

- no difference in media of cultured 
cells 

- same 

- distribution, rate of appearance, 
maximal levels normal 

- same 

- in dystrophic chick - fibroblasts 
mitochondria and Golgi altered at 13 
days in ovo 

- increased numbers of fibroblasts in 
muscle of dystrophic chicks at 20 
days in ovo 

- greatly increased number of 
fibroblasts in human DMD muscle 
(normal = 10%, DMD = up to 70% 

- in EM study of human DMD muscle, saw 
myofibroblast-like cells actively 
synthesizing protein 

- in human fibroblasts - unaltered 
rates of degradation for short and 
long-lived proteins 



Statham et al (1980) 
Ledbetter (1984) 
Ionasescu et al (1980) 

Neville and Harrold (1985) 

Rodemann and Bayreuther (1986) 

Fingerman, Campisi and 
Pardee (1984) 

- same 
- same 

degradation rates 2x higher in D~ID 
cultures 

- in mixed cell cultures from muscle 
biopsies - no difference in DMD vs 
controls 

- Degradation decreased 50% in DMD 
fibroblasts (rates varied from 
12-151% in 10 proteins analyzed). 

- Increased degradation of short and 
long-lived proteins 

The Role of Divalent Cations in DMD 
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Kent (1983) found the rate of detachment of DMD cells by trypsin 

was differentially affected by the presence of divalent cations (Mg2+ or 

2+ Ca ). They reduced detachment in controls but only slightly altered 

DMD cell detachment. 

Degradation of newly synthesized proteins may be increased by 

the effect of calcium on degradation via prostaglandin E2 or by a direct 

activation of lysosomal proteolysis. Calcium could also affect amino 

acid modifying enzymes and/or protein kinases leading to modified 

proteins more susceptible to proteolysis. 

Holly, Dolo~J and Yamada (1984), using surface chemical methods, 

found that the specific area of FN spread as a monomolecular layer at an 

air-water interface was directly proportional to the square root of the 

ionic strength for calcium and sodium chloride. The findings that pH, 

ionic strength and calcium ion concentration markedly affect the 

molecular area of cellular FN suggest a substantial role for 

electrostatic and divalent cation-mediated interactions in maintaining 

the structure of FN. FN may be maintained in a relatively compact shape 

by ionic interactions with a contribution from divalent cations. 
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Rokosova and Bentley (1986) found different levels of 

extracellular calcium did not affect proteoglycan (PG) production by 

fibroblasts. Collagen synthesis was increased when calcium was present 

in the medium. Fibroblasts showed a smaller response than muscle cells. 

+2 In DMD muscle where intracellular Ca levels are elevated, collagen 

synthesis may be stimulated. 

The Role of Divalent Cations in DMD 

Zinc is a structural component of over 100 enzymes, including 

lactic dehydrogenase and alkaline phosphatase. It is important in 

nucleic acid and protein metabolism and in controlling the stability of 

lysosomal and other biological membranes. It has anti-inflammatory 

effects which may be related to inhibition of lysosomal activity. Zinc 

has been suggested to play a role in regulating essential fatty acid 

(FA) metabolism and conversion of FA to prostaglandins. It may also be 

involved in arachidonic acid mobilization and in collagen biosynthesis. 

Zinc deficiency is associated with some degree of mental retardation. 

There are large amounts of zinc in muscle and zinc ions can 

enhance the degree of muscle contraction while at the same time 

inhibiting neuromuscular transmission (Horrobin and Morgan, 1980). The 

opposite effects would lead to muscle weakness. The administration of 

zinc intramuscularly before trauma results in an increase in collagen 

accumulation in early granulation tissue possibly by decreasing the rate 

of collagen degradation (Tengrup, Ahonen, and Zederfeldt, 1980). Our 

observation of increased serum zinc levels in DMD may be of some 

relevance. 
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possible Role of Fibronectin in the Pathogenesis of DMD - Hypothesis 

The extracellular matrix includes at least four classes of 

macromolecules (collagen, proteoglycans, elastin, and structural 

glycoproteins such as fibronectin) which are produced by and which 

surround cells such as fibroblasts and muscle cells. The components of 

the ECM are critical for the ma:i.ntenance of cell morphology, migration, 

cytoskeleton, growth, and differentiation. Any disturbance in the 

metabolism of the components of the ECM may have far-reaching effects in 

the tissue involved. 

An extensive accumulation of ECM occurs in the skeletal muscle 

of patients with DMD. The evidence reviewed here suggests that 

alterations in ECM development may represent a basic defect in DMD and 

that deposition of excessive quantities of components of the ECM in 

muscle may not simply be "replacement" fibrosis. 

It has been reported that during muscle differentiation in 

vitro, fibronectin is lost from myoblasts as they fuse into myotubes and 

that addition of exogenous fibronectin will inhibit fusion. It is 

conceivable that there is a failure to regulate properly the plasma and 

tissue levels of fibronectin in DMD patients thus interfering with 

proper muscle development. Or, because fibronectin is critical to cell 

adhesion to substrates (including collagen), an increase in its 

production might produce a strong adhesion of cells to the ECM, either 

inhibiting their proper Inigration growth and differentiation in the case 

of muscle cells or stimulating attachment and proliferation in the case 

of fibroblasts. 



43 

Quantitative or qualitative alterations in the components of the 

ECM could account for 1) the increased compartment of fibroblasts and 

macrophages in DMD muscle 2) inhibition of myoblast fusion and muscle 

regeneration or dedifferentiation of myoblasts or satellite cells into 

fibroblastic cells unable to replace degenerated muscle 3) accumulation 

of components of the ECM in muscle 4) prevention of adequate nutrition, 

gas exchange and removal of waste products by interfering with the 

microcirculation 5) interference with neuronal stimulation and 6) 

alteration of membrane and cytoskeletal properties through transmembrane 

interactions. 

The accumulation of connective tissue may result from a primary 

defect (an alteration in coding for a protein) and contribute to the 

pathogenesis of DMD or it may be a secondary response or a compensatory 

change. Watt (1986) proposes that changes in the composition of the ECM 

affect the number and distribution of ECM receptors in the plasma 

membrane, which, in turn, influence the interaction of polymerized actin 

with the plasma membrane. Modulation of actin assembly results in 

changes in cell shape and hence in the synthesis, assembly and organi

zation of other cytoske1etal proteins. These could affect gene 

expression at the level of the nucleus (transcription) or cytoplasm 

(translation). The chain of events could also occur in reverse, with 

new gene expression resulting in changes in the cytoskeleton, cell shape 

and ECM composition. 

The emphasis in studies of connective tissue in DMD has been on 

collagen. Aside from immunofluorescence analyses of biopsy material and 
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cells in culture, there has been no evaluation of FN synthesis and 

degradation in DMD fibroblasts such as we propose. 

The goals of this research were: 

1) to quantitate basal levels of FN synthesis in DMD and age and 

sex-matched controls using two established methods - ELISA and metabolic 

1 b I , f f 'b bl "th 35 h" d d" a e ~ng 0 ~ ro ast prote~ns w~ S-met ~on~ne an ra ~o~mmuno-

precipitation of FN; 

2) to analyze various serum components with emphasis on study 

of ECM components and molecules known to be altered in DMD, because 

there have been numerous reports of circulating factors in DMD which 

cause normal cells to behave like dystrophic cells; 

3) to study metabolic changes in both DMD and control fibro-

blasts exposed to DMD or control sera - with emphasis on production of 

FN; 

4) to test for the presence in biopsies of diseased muscle of 

substances which might specifically stimulate fibrogenic cells to 

produce ECM components; 

5) to study both sera and fibroblasts from DMD patients and 

carriers for differences which might be used clinicallY for carrier 

detection and/or prenatal diagnosis. Despite great advances in genetic 

counseling in cases where an affected member of the family is alive, 

there are numerous new mutations for which no genetic analysis is 

available. Clinically relevant results are of prime importance to the 

Muscular Dystrophy Association through which this project was funded. 

Therefore considerable effect was expended in study of serum effects on 

fibroblasts. 



MATERIALS AND METHODS 

Preparation of Test Materials 

Muscle Biopsies 

Muscle biopsies (0.2 to 0.3 g from vastus lateralis) were 

obtained with informed consent from patients with neuromuscular dis

orders. Tissues examined were from 19 controls, five Duchenne 

dystrophy, two limb-girdle dystrophy, two Becker dystrophy, and four 

polymyositis. The tissues were homogenized in "complete" tissue culture 

medium (100 mg/2 ml), extracted by shaking 1 hour at 4°C, and centri

fuged 20 minutes at 27,000 g. Supernates were removed, assayed for 

protein content (Lowry et aI, 1951), and stored at -85°C until tested. 

Because the biopsies varied greatly in hemoglobin content (which inter

feres with the colorimetric protein analysis), it was decided that 

extracts would be prepared and assayed on a weight/volume basis instead 

of adjusting them to a specific protein concentration. Tissue extracts 

were added at different concentrations to established cultures of 3T3 

fibroblasts in log or confluent growth stages, incubated 24 hours at 

37°C, and assayed for various parameters of fibroblast function. Not 

all biopsies were of sufficient size to test all parameters, thus not 

all categories appear in Fig. 1 or Fig. 2. 

Serum Collection 

Sera were collected from 304 patients and controls over the 

duration of the study. Blood (DMD and age and sex-matched control) was 
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drawn into special Becton Dickinson siliconized tubes (dark blue 

stoppers) which were developed for use in clinical chemistry labora-

tories where other tubes have been shown to cause interference in some 

assays (Ulreich and Chvapil, 1982). The blood was allowed to clot in 

the dark for one hour, and was centrifuged (2,000 rpm x 20') and the 

serum removed. Serum was divided into 1 ml aliquots which were individ-

ually frozen in nontoxic plastic tubes at -70°C until used. Care was 

taken to use serum for assays which had not been defrosted previously. 

Cell Culture 

Acquired Fibroblast Lines 

3T3 fibroblasts from the American Type Culture Collection were 

2 grown in 75 cm Falcon flasks in Eagle's minimum essential medium (MEM) 

with Earle's salts and I-glutamine, and 10% fetal bovine serum. The 

"complete" medium was supplemented with proline (11.5 mg/liter), glycine 

(7.5 mg/liter), ascorbic acid (50 mg/liter), penicillin (100 IU/ml), 

streptomycin (100 ~g/ml), and fungizone (0.25 ~g/ml). Cell cultures 

were maintained in a humidified atmosphere with 5% CO
2

-95% air at 37°C. 

Monolayers were treated with trypsin (0.25%), counted in a hemocyto-

meter, and plated in 24 well Linbro plates for assays. Cell cultures 

were free of mycoplasma contamination as tested by Flow Laboratories. 

Human Fibroblasts 

Human fibroblasts for the initial studies comparing four DMD and 

four age and sex-matched control cultures, were obtained from the 

Montreal Childrens Hospital Repository for Mutant Cell Lines. They were 

subjected to the same culture conditions as the 3T3 fibroblasts. Many 
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of the cell lines availabl~ from them are at a later passage than we 

prefer to use, so, for later studies, primary cultures of dermal 

fibroblasts were isolated in our laboratories. 

Cloned fibroblasts from DMD obligate carriers were received from 

Dr. Victor Ionasescu, Department of Pediatrics, University Hospitals, 

Iowa City, IA. They were taken from passage 3 to avoid epithelial cell 

contamination and plated at low density (100 cells/60 mm dish) in MEM + 

20% FBS, 1% non-essential amino acids, glutamine (10 ml/L) and anti-

biotics. After 15- days of culture, cylinders were placed around each 

colony, cells tryspinized and each colony grown in a 35 mm petri dish. 

Primary Cultures of Dermal Fibroblasts 

Skin fibroblasts grown in our laboratory were obtained, after 

informed consent, by 3.5 mm punch biopsy of skin on the hip and placed 

in culture medium. Fat was removed and the biopsy cut into 1 mm2 

pieces. 2 These were placed on the bottom of 25 cm culture flasks and 

inverted over 5 ml medium for three hours and incubated at 37°C under 

humidified 5% CO
2

, 95% air. The flasks were then turned carefully to 

the normal position with medium covering the explants and allowed to 

incubate for one to three weeks until there was good outgrowth of 

fibroblasts. The explants were fed Ham's F-12 medium, pH 7.2, with 20% 

fetal bovine serum, penicillin (50 units/ml), streptomycin (50 ]19/]11), 

and glutamine (292 ]1g/ml). All cultures were fed twice weekly and split 

1:1 with 0.25% trypsin once weekly. At the fourth or fifth passage, 

cells were frozen in media containing 8% DMSO and 25% fetal bovine serum 

and stored in liquid nitrogen. When fibroblasts were to be tested, they 

were maintained in medium with 10% fetal bovine serum, proline 
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(11.5 mg/l) glycine (7.5 mg/l), and ascorbic acid (50 mg/l) in addition 

to the antibiotics. DMD and control cell lines used in assays were 

matched as closely as possible for location of the skin biopsy, culture 

technique, passage number, age, and sex. The absence of mycoplasma 

contamination was tested by Flow Labs., McLean, Virginia. 

PRIMARY HUMAN SKIN FIBROBLAST LINES 

Cell Line Type Donor Age Donor Initials 

A Control 10.5 H.D. 

B II 7 B.R. 

C II 6 A.M. 

D " 12 C.W. 

E " 9.5 c.w. 

F " 12 B.T. 

G " 13.5 C.M. 

I " 9.5 W.S. 

S DMD 6.5 D.S. 

T " 12.5 J.S. 

U " 14 G.V. 

W " 8.5 B.S. 

X " 9 C.O. 

Y " 10.5 R.L. 

Culture Conditions 

For each assay, fibroblasts were grown under different 

conditions. These conditions are discussed under methods for each assay 

where possible. Whenever culture times, media, stage of growth (log vs 



confluent), % serum, etc., are varied, the information is included in 

the figure or table. 

Microscopy 

Transmission Electron Microscopy 
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Duchenne and control fibroblasts were scraped from tissue 

culture dishes with a rubber policeman and placed in phosphate buffered 

saline (PBS) in conical centrifuge tubes. These tubes were lightly 

centrifuged (600 g x 15 min.) to form soft cellular pellets. The 

pellets were fixed in Karnovsky's solution (Karnovsky, 1965), (1% 

paraformaldehydej 1.25% glutaraldehyde, pH 7.4) for one and one-half 

hours at room temperature. The pellets were then rinsed in 0.2 M 

cacodylate buffer and postfixed in 2% os04 buffered in 0.072 N caco

dylate buffer, pH 7.4, for one hour on ice in the dark. Subsequently, 

the pellets were washed in 0.144 N cacodylate buffer, stained "en bloc" 

with 2% uranyl acetate (Greenlee, Ross, and Hartman, 1966), dehydrated 

in increasing concentrations of ethanol, followed by 100% proplyene 

oxide. The pellets were finally embedded in Spurr resin and polymerized 

at 60°C for 15 hours. Sections were cut with a diamond knife on a 

Porter-Blum MT2-B ultramicrotome, placed on uncoated 200 mesh copper 

grids, and then stained with uranyl acetate and lead citrate (Greenlee, 

Ross and Hartman, 1966 and Venable and Coggeshall, 1965). Grids were 

examined in a Philips 300 transmission electron microscope, using an 

accelerating voltage of 60 KV. 
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Immunofluorescence Microscopy 

Anti-FN Treatment. Duchenne and age-matched control fibroblasts 

were plated on 35 x 10 mm tissue culture dishes at a density of 5 x 105 

cells per plate. Twenty-four hours after cell attachment, the cells 

were rinsed 3 x 15 minutes with phosphate buffered saline (PBS) at 37°C 

and then fixed and permeabilized in methanol at 10°C for six minutes in 

preparation for indirect immunofluorescence microscopy. After two 

rinses in PBS, pH 7.4, rabbit anti-human fibronectin IgG (Cappel Labs) 

was applied at a dilution of 1:20 in PBS at 4°C overnight. Control 

experiments consisted of substituting pre-immune sera from rabbits for 

the primary antibody. The cells were then rinsed twice with PBS and 

treated with rhodamine conjugated goat anti-rabbit IgG (diluted 

1:30/PBS) for one hour in the dark at room temperature. Following this 

incubation, the cells were washed with PBS and viewed with a Zeiss 

fluorescence microscope (standard 18 model), equipped with a rhodamine 

filter set which has a recognition band of 546-590 wavelength. Printing 

of all fluorescence micrographs was carefully monitored to guarantee 

equivalent exposure and development of images. 

Anti-vimentin and Anti-keratin Treatment. Direct immunofluor

escence was used. This procedure was done to identify primary cultures 

as fibroblasts (positive for vimentin and negative for keratin) and not 

epithelial cells (positive for keratin and negative for vimentin) . 

Cells were grown (log phase) on 22 x 22 mm covers lips for 24 hours, 

rinsed three times in PBS and fixed in acetone (2 x 5 minutes). After 

air drying, slides were frozen until tested. They were then washed in 

PBS (pH 7.2-7.4) twice for five lninutes. Fluorescein-conjugated 
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anti-sera to vimentin and keratin were placed on separate slides, which 

were incubated in a humid chamber for 20 minutes along with control 

slides. After three rinses in PBS, Geluatol (pH 7.2-7.4 was placed on 

the specimens and coverslips placed. Cells were viewed with a Zeiss 

fluorescence microscope. 

Metabolic Labeling of Fibroblasts 

Incorporation of Thymidine - DNA 

4 Cells were plated in Linbro plates (4 x 10 cells per well) in 

"complete" medium and incubated for 24 hours at 37°C under 5% CO
2 

and 

95% air. At 24 hours the test materials were added along with fresh 

complete MEM to make 1 mL. Tritiated thymidine (0.5 ~Ci)/well-sp. act. 

2.0 Ci/mmol, NEN) was added and the cells were incubated for an 

additional 24 hours. 

After 24 hours the medium was removed and the cells washed twice 

with Hanks' balanced salt solution (HBSS). One milliliter of distilled 

water was added to each well and the samples sonicated for 15 seconds 

each. Aliquots of 100 ~L from each well were spotted on Whatman 3 MM 

filter paper. The protein was precipitated using 3 mL of cold 5% 

trichoroacetic acid (TCA) per filter in a beaker over ice: this was 

repeated three times for five minutes each. The filter papers were then 

washed twice with cold 95% ethanol and placed in scintillation vials. 

Ether (0.5 mL) was added to each vial and the filter paper was allowed 

to dry overnight. Scintillation cocktail, 10 mL per vial, containing 

NCS to solubilize the sample, was added and the samples were counted. 

Activity was measured as percent inhibition or stimulation of 
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incorporation of 3H-thymidine as compared to control cells. Assays were 

run in triplicate. 

In assays in which sera or tissue extracts were characterized, 

the material was subjected to various treatments prior to the assay. 

Heat inactivation was at 56°C for 60 minutes. Freeze-thawing passed the 

sample from a 37°C water bath to a dry ice-ethanol bath five times 

each. Dialysis at 4°C was run for 24 hours with three changes of 

liquid. Trypsin was added to the sample at 0.01 X the protein 

concentration for 30 minutes at 37°C with shaking along with a control 

sample. Inactivation of the enzyme with soybean trypsin inhibitor was 

for 30 minutes at 37°C. 

Incorporation of Uridine-RNA 

" f 3 "d" d d " Incorporat~on 0 H-ur~ ~ne was measure to eterm~ne RNA 

synthesis. The method was similar to the protocol for determining DNA 

synthesis with the exception that 0.5 ~Ci of 3H-uridine (sp. act. 25 

Ci/mmol, NEN) was added (instead of 3H-thymidine) to each microwell 

along with the test materials. Incorporation of 3H-uridine into TCA 

precipitable material from the cell homogenate was measured. 

Incorporation of Tryptophan - Protein 

3 Incorporation of H-tryptophan was for determination of the 

synthesis of total protein. The method was similar to the above 

protocol for determining DNA synthesis with the exception that 1 ~Ci of 

3 H-tryptophan (sp. act. 18.1 Ci/mmol, NEN) was added (instead of 

3H-thymidine) to each microwell along with the test materials. 

Incorporation of label into TCA precipitable material from the cell 

homogenate was measured. 
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Incorporation of Proline/Hydroxyproline -Collagen - TLC 

TLC Separation of labeled proline and hydroxyproline in cells 

was by the Cathcart and Krakauer (1980) method. Fibroblasts were plated 

in 24 well plates and, when nearly confluent, medium was replaced with 

serum-free medium. After four hours, test materials were added with 

fresh serum-free medium. After 38 hours, 100 ~g ascorbic acid was 

added, followed by 0.5 ~Ci/ml 14c-u-proline after four hours. After six 

hours, SDS was added to a final concentration of 0.2% and the samples 

were dialyzed extensively against 0.1 N acetic acid. Samples were 

hydrolyzed in 6 N HCl at 110°C for 22 hours. After lyophilization, 

samples were resolubilized in 70% ethanol and chromatographed on Whatman 

LK5D Linear-k silica gel plates along with carrier proline and hydroxy-

proline. Plates were dried, sprayed with isatin, developed and marked. 

Spots for Hyp and Pro were scraped into scintillation vials and 

samples were solubilized in NCS and counted in a liquid scintillation 

counter. Data were reported as Hyp/Pro. 

. f 35 h'" 1 . Incorporat~on a S-Met.~on~ne ~nto Tota Prote~n 

For metabolic labeling of cell cultures with 35S-methionine 

(Atherton and Hynes, 1981), nearly confluent fibroblasts were incubated 

in methionine-free medium (Flow) containing one-tenth the normal amount 

of methionine, 10% serum and 20 ~Ci/ml 35s-methionine (NEN-NEG 009T) for 

18 hours. Media were harvested, centrifuged at low speed to remove any 

cells, mixed 1:1 with 0.2% SDS, 0.1 M Tris (pH 8.8), 2 roM PMSF, 2 roM 

EDTA, 1 roM NEM and 1 roM idoacetic acid, centrifuged at 10,000 9 x ten 

minutes and stored at -70°C. Cell monolayers were rinsed twice in PBS, 
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pH 7.4, scraped in the above buffer, heated to 90°C x three minutes, 

centrifuged at 10,000 g x ten minutes and stored at -70°C. 

Radioimmunoprecipitation of Fibronectin 

Media or cell mono layers (200 ~L) metabolically labeled with 

35 h" (1 1 4 ' S-met 10n1ne Bo mer and Wo f, 1982) were taken up to 00 ~L w1th 

O.OSM Tris, pH 8.3, 0.05 M NaCI, 0.5% deoxycholate and 2 roM PMSF. These 

samples were incubated with 20 ~L rabbit anti-human fibronectin (Cappel 

Labs) for one hour at 37°C (controls were incubated in the absence of 

the primary antibody). Goat anti-rabbit immunobeads (Miles Labs - 300 

~L of a 10% dilution) were added and incubated for one hour at 37°C with 

gentle shaking. The contents of each tube were centrifuged at 7,000 g x 

four minutes and the pellet washed five times with the above buffer. 

Pellets were transferred to scintillation vials with 10 mL Aquasol. 

Nonspecific counts (control) were subtracted from total counts. 

To measure 35s-methionine incorporated into total protein, 

100 ~L medium was precipitated on a 3 MM filter in 10% TCA on ice. 

Filters were washed twice with"TCA and twice with cold ethanol. Filters 

were placed in scintillation vials and 0.5 mL ether added. Dry filters 

were counted in 10 mL scintillation cocktail containing NCS to solu-

bilize the sample. 35 35 Data were reported as dpm S-FN/dpm S-TCA ppt 

protein x 100g6. 

Degradation rates for FN were measured in some lines at 24, 48 

and 96 hours by chasing the 35s-methionine labeled FN with fresh medium 

and measuring labeled FN over time in the media and monolayers. 
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35 = 
Incorporation of S04 - Glycosaminoglycans 

4 Cells were plated at 4 x 10 cells/well (for log phase studies) 

5 or 10 cells/well (for confluent phase studies) in 24 well Linbro plates 

and were incubated in "complete" medium for 24 hours under 5% carbon 

dioxide and 95% air at 37°C. The medium was replaced with test 

materials and fresh complete sulfate-free MEM to make 1 mL along with 20 

}JCi H2 35S0~ (specific activi"ty 43 Ci/mg (NEN». The medium from each 

well was harvested after 24 hours and dialyzed against 0.1 M ammonium 

sulfate for four hours in the cold. Dialysis was continued for 24 hours 

with four changes of cold water. The contents of each dialysis bag were 

placed in a scintillation vial with 10 mL Aquasol and counted. After 

removal of the medium from the cells, the monolayer was rinsed twice 

with cold HESS, pH 7.0. After addition of 0.5 mL distilled water per 

well, the contents of each well were sonicated for 20 seconds and 

assayed for protein content by the method of Lowry et al (1951). 

Experiments were done in triplicate. 

Enzyme Assays 

Prolyl Hydroxylase/Collagen 

The activity of prolyl hydroxylase in fibroblasts was measured 

using the method of Hutton, Tappel and Udenfriend (1966), with the 

microassay modification by Bentley and Weiser (1976). Fibroblasts were 

grown to confluency in Falcon flasks (125 ml) at 37°C under 5% CO2-95% 

air. The medium was changed and test materials added (0.7 ml extract/10 

ml medium). After 24 hours incubation, the medium was removed, and the 

cell layer washed and pelleted. The cells were sonicated in a 
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homogenizing solution and assayed for protein (Lowry et aI, 1951) and 

DNA content (Burton, 1956). Prolyl hydroxylase activity was assayed in 

polyethylene tubes by adding 0.1 ml sonicate to a cofactor solution with 

embryonic chick substrate labeled with 3H-proline. After incubation for 

30 minutes at 37°C, 50% TCA was added to stop the reaction. The labeled 

water produced by the reaction was distilled into H
2

S0
4 

in Conway 

microdiffusion cells at 75 to 80°C for one hour, and the acid was 

counted in Aquasol. 

Colorimetric Assays 

Hydroxyproline 

Hydroxyproline was analyzed in samples hydrolyzed in 6 N HCl for 

16-18 hours at 105°C in capped tubes by the method of Stegemann (1958). 

Neutralized samples were mixed with chloramine T solution at room 

temperature for 20 minutes. A 3 M perchloric acid solution was added 

and mixed at room temperature for five minutes. A 5% solution of p-DMAB 

in propanol was added, mixed, incubated for 18 minutes in a 60°C water 

bath, cooled to 20°C, and read at 545-555 nm. Collagen content of the 

samples was calculated by using the formula: Hyp (~g) x 7.46 = ~g 

collagen. 

For samples containing small amounts of collagen, the method of 

Woessner (1961) was used. 

Fibronectin ELISA 

The Fibronectin ELISA technique was that of Rennard et al 

(1980). Test materials (media or cell monolayer lysates) and fibro

nectin standards were diluted and 0.3 ml mixed with 0.3 ml rabbit 
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anti-human fibronectin (1+1250 dilution). Tubes were shaken overnight 

at 4°C. Assay plates were coated with fibronectin (150 ng/well) and 

washed four times with solution A, pH 7.2. The "competition" mixture 

was added (100 ~l/well, in quadruplicate) and incubated for two hours at 

room temperature. The plate was washed four times with solution A and 

100 ~L anti-rabbit IgG alkaline phosphatase conjugate (diluted 1+1,000) 

added and incubated for one hour. The plate was washed four times and 

100 ~L 0.2 mg/ml disodium p-nitrophenyl phosphate added. Incubation was 

for 15 minutes. The reaction was stopped with 50 ~L 3 N NaOH and 

samples read at 405 rum on an ELISA reader. 

Atomic Absorption 

Atomic absorption spectrometry was used to quantitate copper and 

zinc in sera (diluted five to ten times). Direct measurements were made 

on a Perkin-Elmer Atomic Absorption Spectrometer Model 305. 

Clinical Laboratory 

Creatine kinase, hemoglobin, IgG, Ig~ and IgA were measured in 

the Clinical Laboratory, University Medical Center, Tucson, AZ using 

standard procedures. 



RESULTS 

Muscle Biopsy Analyses 

Muscle biopsies from patients with neuromuscular disorders were 

analyzed for the presence of factors which might alter fibroblast 

activity. 

Thymidine Incorporation 

The most striking effects in the incorporation of 3H-thymidine 

into DNA in 3T3 fibroblasts treated with muscle extracts were seen in 

Duchenne and Becker dystrophies and in polymyositis (Fig. 1) Duchenne 

extracts inhibited incorporation of 3H-thymidine by 15.4%, Becker by 

30%, polymyositis by 21%, and limb-girdle by 11%; extracts from normal 

controls had no inhibitory effect compared to control cultures without 

extracts. Duchenne and Becker extracts were significantly different 

from controls at p<O.OOI. Limb-girdle and polymyositis extracts were 

significantly different from controls at p<O.Ol (Student's t-test). As 

seen from the protein values in the caption of Fig. 1, the observed 

effects were not related to the protein content of the extracts. For 

each group of assays, control as well as muscle biopsy extracts were 

tested on cells of the same line, passed at the same dilution and in the 

same medium. 

Prolyl Hydroxylase 

Prolyl hydroxylase activity was significantly stimulated by 

Duchenne, Becker, and limb-girdle extracts at p<0.05 (Fig. 2). The 

57 



!!l 

8 
e -c: 
8 
E e -Q) 
0) 
c: 
ctI .c: 
0 
~ 0 

Fig. 1 

58 

10 

X=mean 

0 %, 0 ., 
2 co 

·10 Q 0 
X 

0 , 
0 

·20 <) 

x 
0 

-30 x 

-40 

·50 

0 

Control Duchenne Becker Polymyositis Limb girdle 
MlJscle 

Muscle Extracts 

Percent Change in 3H-thymidine Incorporation in Log Phase 
3T3 Fibroblasts Incubated with Muscle Biopsy Extracts from 
Dystrophic and Control Patients. Extract (100 ~l) was added 
to 1 ml complete medium. Values represent the means of 
experiments done in triplicate. The mean protein values for 
the extracts were (in mg/ml) controls, 2.4; Duchenne, 1.6 
(P(O.OOl); Becker, 2.3 (P(O.OOl); polymyositis, 2.2 
(p>O.Ol); and limb-girdle, 1.5 (P(O.Ol); X represents the 
mean. 



Fig. 2 

Prolyl hydroxylase activity 
in confluent fibroblasts incubated with 

extracts of dystrophic and control muscle 
p <0.05 

10 ~--------~-------..... 
(\') 

I 
0 ..-
x 
c: 
0 
0 5 (ij --~ a. 
0 

0 
None Control Becker Limb- Duchenne Duchenne 

muscle girdle 
M.D. 

Test Muscle Extract 

prolyl Hydroxylase Activity in Confluent 3T3 Fibroblasts 
Incubated with Extracts of Dystrophic and Control Muscle 
Biopsies. The control column represents the mean activity 
of extracts from three control patients. The remaining 
columns each represent the prolyl hydroxylase activity 
observed in extracts from individual patients. The protein 
values for the extracts were (in mg/ml) controls, 1.46, 
1.78, 1.50; Becker, 2.24; limb-girdle, 2.13; Duchenne, 1.47, 
1.12. Experiments were in triplicate. 

59 



60 

overall activity of prolyl hydroxylase in fibroblasts \'las increased by 

extracts from control muscle, but even more activated by extracts of 

muscle from patients with neuromuscular disorders. These assays were 

conducted on cells of the same line and passage using extracts from all 

biopsies which were of sufficient size to permit evaluation. 

Analysis of DMD Sera 

Sera from DMD patients and age and sex-matched controls were 

analyzed for abnormalities which might be related to the increased 

levels of components of the ECM in DMD muscle (FN and Hyp). Copper, 

zinc and hemoglobin were analyzed to detect increased erythrocyte 

fragility during preparation of the sera. Immunoglobulins were profiled 

in order to detect any humoral immune response in D~ID. Serum protein 

levels were measured as a basis for comparison of the other serum 

factors. 

Fibronectin 

FN levels were measured in sera from DMD patients and age and 

sex-matched controls by the ELISA technique (Fig. 3). Care was taken to 

collect and store all serum samples in an identical manner in tubes 

found by us not to contribute toxic materials to the serum (Ulreich and 

Chvapil, 1982). DMD FN levels were found to be elevated over those of 

controls and increased with age. Mean values of sera diluted 400 times 

were 1787 ± 91 (controls) and 2857 ± 287 (DMD - different from controls 

at p < 0.001 by Student's t-test). When the increase in serum FN with 

age is considered by Regression ~alysis, controls = 1763.75, DMD 

1763.75 + 87.'36 x Age (p<0.00005). Converting our values to )lg/ml for 



Fig. 3 

4.000 
c-
~ m ..s, 3.000 

c :u 
~ 2,000 
e 

..0 
~ 

1.000 

Fibronectin vs. Age 

x x 
$ 

x 

x 

x 
x 

O~""""""-r----""~""--""--~""""""~ 
o to 20 30 40 

Age (years) 

Legend 
x Control 

$ Duchonno 

ctrl. Reg. 

~.~!J: 

Fibronectin vs Age in Sera of DMD Patients and Age and 
Sex-matched Controls. Using Regression Analysis, for 
controls, FN = 1763.75; for DMD patients, FN = 1763.75 + 
87.36 x Age (P<0.00005). These values represent FN (ng/ml) 
in sera diluted 1+400. To determine ~g/m1 serum FN, values 
are multiplied by 0.4. 

61 



62 

serum FN, control boys = 715 ~g/ml and DMD = 1143 ~g/ml. Nonnal serum 

levels of FN are approximately 300 ~g/mL (150-800). Thus, serum FN 

levels are elevated in DMD patients of all ages with a marked increase 

in serum FN with age. 

Creatine Kinase 

The creatine kinase levels in serum are the most definitive 

change in boys with DMD and are of use in diagnosis of DMD as well as 

carriers. Levels of CK are extremely elevated in younger patients with 

DMD and decrease with age, perhaps as a result of decreased muscle mass 

from which the CK is released. CK levels in our serum samples fit the 

traditional pattern (Fig. 4) dropping with age (p<0.006). An analysis 

of FN vs CK in sera (Fig. 5) revealed no direct relationship between the 

two, as would be expected since FN increases with age and CK decreases 

with age. 

Serum protein 

In control sera, protein (Fig. 6) was independent of age. In 

DMD sera, protein was less than in controls in younger boys and 

increased with age (serum protein = 94.19 mg/ml + 1.02 x Age, p<0.013). 

Serum protein levels were shown to be independent of CK (Fig. 7) in sera 

from DMD patients. 

Immunoglobulins 

Immunoglobulin levels (IgM, IgG, IgA) were measured in sera from 

patients with several neuromuscular disorders (Table 3). Although, in 

DMD, nine of 13 sera tested (69%) showed some abnormality in IgA (3 
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TABLE 3 

NEUROMUSCULAR DISORDERS--IMMUNOGLOBULINS IN SERA 

Patients Sera Assayed for Sera with Abnormal 
Disorder Studied Immunoglobulins Immunoglobulin Levels 

Duchenne's Dystrophy 
(DMD) 18 13 9 (69%) 

Becker Dystrophy 9 6 5 (83%) 
(BD) 

Fascio-scapulo- 2 2 2 (100%) 
humeral MD 

Motor neuron disease 3 2 1 (50%) 

Myotonic dystrophy 5 3 2 (67%) 

Spinal muscular atrophy 1 

.polyrnyosi tis 3 2 2 (100%) 

DMD carrier 9 2 1 (50%) 

BD carrier 1 

--- ---

54 30 22 (73%) 

IgG 

H 

It 

2t,34-

Abnormalities 
IgA IgM Combined 

3t,24- 4t 

It,H It 1 IgM IgMt, 
1 IgG4- IgMt 

It 1 IgGt IgM 

1 IgG4- IgMt 

1+ 

It It 

7t,34- llt(including 
combined) 

U\ 
-..J 
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increased, 2 decreased) or IgM (4 increased), there were no consistent 

changes which could be associated with DMD. 

Zinc, Hydroxyproline, Copper and Hemoglobin 

These levels were also measured in the sera (Table 4). 

Hydroxyproline in the sera of DMD patients was significantly elevated 

over that of controls (p<O.OOl), which is not an unexpected finding 

considering the extensive proliferation of collagen in DMD muscle. Zinc 

was significantly elevated in DMDS (p<O.OOl) although both CBS and DMDS 

were within the range considered normal (60-130 ~g/dl). In both CBS and 

DMDS, zinc was independent of age (Fig. 8). Zinc increases in DMD sera 

along with CK (p<0.028) (Fig. 9). Serum levels of copper were elevated 

15% in DMDS as compared to CBS, but not significantly. Both were in the 

normal range (Table 4). Hemoglobin was measured to determine whether 

there was increased hemolysis of sera during preparation. Both CBS and 

DMDS exhibited levels above those in the normal range (2.5 mg/dL) with 

DMDS 28% higher, although not significantly. No sera were used from 

blood that appeared hemolyzed. 

Culture of 3T3 Fibroblasts with DMD and Control Sera 

The initial testing of DMD and control sera was done on 3T3 

murine fibroblasts because they provide an available, characterized cell 

line which is more stable over many passages than primary lines of human 

origin. It was thought that if any significant differences were 

observed which might be of use diagnostically, that 3T3 cells are 

routinely available to any researcher for comparative studies. Hydroxy

proline and glycosaminoglycans were assayed in fibroblasts exposed to 



TABLE 4 

SERUM LEVELS OF HYDROXYPROLINE, ZINC, COPPER, AND 
HEMOGLOBIN IN DUCHENNE'S MUSCULAR DYSTROPHY 

Serum Mean % of 
(No. tested) ±SEM Control 

Hydroxyproline CBS (23) 1471 ± 21 jJg/ml 

DMDS (21) 1607 ± 22 jJg/ml 109a 

Zinc CBS (19) 92.1 ± 1.8 jJg/dl 

DMDS (19) 102.5 ± 2.4 jJg/dl 111a 

Copper CBS (14) 110 ± 7 jJg/d1 

69 

Normal 
Range 

N.D. 

60-130 jJg/dl 

70-155 jJg/dl 
DMDS (18) 127 ± 7 jJg/dl 115 

Hemoglobin CBS (14) 4.54 ± 0.6 mg/dl 
< 2.5 mg/dl 

DMDS (18) 5.8 ± 0.8 mg/dl 128 

a significantly different from controls at P < 0.001 
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CBS or DMDS as an indication of the ability of either serum to stimulate 

production of ECM components. Studies of thymidine incorporation were 

done initially to determine the effect of various sera on DNA synthesis. 

When the extreme toxicity of many human sera was observed, the amelio-

rating effects of various glycosaminoglycans and zinc were investigated. 

Hydroxyproline 

The method of Stegemann (1958) was used to measure hydroxy-

proline in media and mono layers of 3T3 fibroblasts cultured for 72 hours 

in the presence of 10% NHS or DMDS (Fig. 10). Heat inactivation for 60 

minutes at 56°C was used to remove the inhibitory effect of the sera on 

3T3 fibroblasts (see thymidine incorporation) so any possible stimula-

tory effect on Hyp could be observed. Hyp was elevated in cells 

cultured in three of the six Duchenne sera and in those three, the 

degree of stimulation appeared to be related to CK levels in the sera. 

Further testing of Hyp incorporation was done in human fibroblasts. 

Glycosaminoglycans 

Glycosaminoglycan synthesis was measured in confluent 3T3 

fibroblasts incubated for 48 hours with control or Duchenne or Becker 

35 sera and H2 S04 (Fig. 11). Both Duchenne and Becker sera stimulated 

incorporation of label into GAG secreted into the media over values for 

control sera. 

Thymidine Incorporation 

Thymidine Incorporation into 3T3 fibroblasts revealed the 

extreme toxicity of the sera (Fig. 12). Characterization of the 

inhibitory factor(s) revealed it to be a non-dialyzable protein 



Fig. 10 
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Hydroxyproline in Cultures of 3T3 Fibroblasts 
Exposed to Heat Inactivated DMD Sera 
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Hydroxyproline in Cultures of 3T3 Fibroblasts Exposed to 
Heat Inactivated Sera. Fibroblasts (log phase) were 
incubated for 72 h in the presence of 10% heat inactivated 
normal human serum (NHS) or Duchenne sera (DMDS). Values 
represent total Hyp in media + mono layers assayed by the 
method of Stegemann (1958). DMDS (CK = 4530) increased Hyp 
(p<O.Ol), as did DMDS (CK = 10730) (p<O.OOl). 



74 

% Change in 35804 
incorporation in confluent fibroblasts incubated with sera 

from dystrophic and control patients (mean values) 

Fig. 11 
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Percent change in 35s0: Incorporation in Confluent Fibro
blasts Incubated with Sera from Dystrophic and Control 
Patients. Duchenne and Becker sera are different from 
controls at p<O.OOl. 
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% Change in 3H .. thymidine 
incorporation in log phase fibroblasts incubated with sera 

from dystrophic and control patients (mean values) 

Fig. 12 
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Percent Change in 3H-thymidine Incorporation in Log Phase 
Fibroblasts Incubated with Sera from Dystrophic and Control 
Patients. 3T3 fibroblasts were3incubated for 24 h with 10% 
test sera and incorporation of H-thymidine into TCA 
precipitable material measured. Duchenne and Becker sera 
are different from controls at p<O.OOl. 
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Fig. 13). It was not sensitive to repeated freeze-thawing. Upon heat-

inactivation, the inhibitory factor(s) was destroyed and stimulation of 

3 
incorporation of H-TdR was observed. A similar pattern was observed in 

sera from boys with Becker dystrophy. 

The initial studies were done using NHS (Flow) as a control. 

When enough age and sex-matched control sera were collected under 

carefully controlled conditions, it was discovered that the inhibitory 

effects of Becker sera and DMOS were not unique in their toxicity on 

murine fibroblasts (Fig. 14). Age and sex-matched control sera proved 

to be considerably more toxic to 3T3 fibroblasts than had the adult 

control sera (NHS) or the FBS. There was a significantly greater 

inhibition cause by the DMOS but its possible use as a diagnostic tool 

for prenatal diagnosis or carrier detection was called into question. 

Characterization of the inhibitory factor in CBS revealed it to respond 

in a manner similar to that of DMOS (Table 5). 

Evaluation of carrier sera yielded results that were more 

dramatic since age and sex-matched control sera were from adults and 

exhibited fewer toxic effects and in several cases stimulated 

incorporation of thymidine (Fig 15.). Obligate (known) carriers had 

inhibitory factors in their sera equal to those seen in DMO patients 

(mean = - 86%). Probable carriers were nearly as inhibitory (mean = 

-77%), while possible carriers exhibited a wide range of inhibition 

(mean = -48%), some undoubtedly because they are not carriers. 

In an analysis of patients with a variety of neuromuscular 

disorders (Fig. 16), it was evident that the presence of inhibitory 

factors in sera are not uncommon. Many of the patients in disease 
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TABLE 5 

CHARACTERIZATION OF INHIBITORY COMPONENT OF DUCHENNE VS 
CONTROL SERA (5%) ON 3T3 FIBROBLASTS 

Treatment 
of Serum 

FBS (Control) 

original serum (5%) 

heat-inactivated 

freeze-thawed 

dialyzed 

trypsin treated 

original serum (2%) 

7470 ± 338 

2268 ± 82 

11128 ± 368 

1243 ± 110 

2500 ± 133 

8630 ± 459 

9711 ± 206 

% of 
Control 

30 

150 

17 

33 

116 

130 

Sera 

a CBS Control boy sera (age and sex-matched) 

DMDS 

6555 ± 231 

1236 ± 126 

9715 ± 431 

685 ± 116 

1742 ± 186 

7289 ± 261 

6358 ± 407 

79 

% of 
Control 

19 

148 

10 

27 

111 

97 
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Effect of DMD Carrier Sera on 3H-Thymidine 
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categories other than DMD and Becker dystrophy are older so the toxicity 

of their sera is drastically different from age matched controls. 

The inhibitory effects of DMD sera were tested in several cell 

types. 3T6 fibroblasts of murine origin tested in a manner similar to 

3T3's with log phase cells most susceptible. WI-38 human fibroblasts 

and primary human dermal fibroblasts isolated by us showed minimal or no 

toxic effects of being cultured with human sera in log or confluent 

phases of growth. 

Plasma vs Serum - Heparin 

3T3 fibroblasts were used to test plasma vs serum to determine 

whether the inhibitory factor was being released by fragile erythrocytes 

during serum preparation. Both sodium citrate and heparin were used as 

anticoagulants in preparation of plasma. At the concentrations used 

(standard prepared test tubes for blood drawing), we noted a partial 

reduction of the inhibition of 3H-thymidine incorporation by plasma, 

with the effect being much greater with heparin (Fig. 17). Both heparin 

and citrate added to FBS stimulated incorporation of thymidine. In 

pursuing these effects, several glycosaminoglycans were investigated 

(Fig. 18). Only heparin and not hyaluronic acid or chondroitin sulfate 

removed the inhibitory effect in a concentration dependent manner. 

Zinc 

Zinc chloride was added to the medium of 3T3 fibroblasts cultured 

with 5% DMDS because zinc had been found to be elevated in DMDS and zinc 

is known to be a stabilizer of membranes (Ludwig and Chvapil, 1980; 

Chvapil et aI, 1979). We were interested in whether it would have a 
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stabilizing effect on the fibroblasts. ZnCl
2 

was shown to have no 

effect on 3T3 fibroblasts in the absence of DMDS,except for toxicity of 

the compound itself at 100-150 ~M. When tested along with the 

inhibitory DMDS, ZnC1
2 

reduced the inhibitory effect of the sera at 10 

and 50 ~M (Fig. 19) but was toxic itself at 100 ~M. NaCl tested as a 

chloride control had a slight effect at 50 ~M but the effect was 

significantly different from that of zinc chloride. NaCl did not cause 

toxic effects itself at any concentration tested (10-200 ~M). 

Studies on Human Duchenne and Control Fibroblasts 
Cultured with Duchenne and Control Sera 

The basic question we set out to answer was whether cells from 

DMD patients exhibited abnormalities in metabolism - especially with 

respect to components of the ECM. With that goal in mind, experiments 

were first conducted on fibroblasts (DMD and control) from Montreal 

Childrens Hospital because they were immediately available and, later, 

on primary dermal fibroblasts isolated by us from 14 boys. Hydroxy

proline/ proline, incor~oration of 3SS0~ into GAG, and FN synthesis were 

examined in these lines to study matrix components. In addition thymi-

dine, uridine and tryptophan incorporation were measured as a basis for 

relating the effects seen in ECM components to basic cellular metabolic 

rates of DNA, RNA and protein synthesis. Lastly, we examined the effect 

of zinc and putrescine on these cells since both are increased in DMD. 

Characterization 

Characterization of all primary fibroblast lines cultured by us 

preceded their use in experiments. Since they were of dermal origin, 

contaminating cells would be expected to be epithelial. Therefore, all 
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primary lines were cultured on coverslips and examined by direct 

immunofluorescence using anti-vimentin and anti-keratin. 
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The results are shown in Table 6. All of our primary lines stained 

with anti-vimentin (monoclonal mouse anti-guinea pig) which stains most 

cultured cells, but not epithelial cells (which would be primary 

candidates for contamination of our cells). None of our primary lines 

stained with anti-keratin (affinity purified rabbit anti-human, 

polyclonal) which stains epithelial cells. All controls were negative. 

Therefore, we were fairly certain that all of our cells were 

fibroblasts. Fig. 20 shows typical staining patterns of DMD (A,B) and 

control (C,D) fibroblasts with anti-vimentin. Although the available 

antibodies to vimentin were not of high quality and specificity, the 

staining patterns were clear. Both DMD and control fibroblast cultures 

had elongated cells with organized patterns of staining (cells at upper 

right of Fig. IB) and well spread cells which also generally 

demonstrated organized intracellular cytoskeletons (Fig. ID-center). 

For each primary line, five fields were observed microscopically and the 

ratio of elongated cells to spread cells calculated in order to 

determine whether DMD cells differed in that respect (Fig. 21). The 

percentage spread/elongated cells was increased for five of the six DMD 

lines over five of the controls but there were overlapping values in 

both groups. 

Transmission electron microscopy of the primary lines revealed both 

control (Fig. 22) and DMD (Fig. 23) fibroblasts to be actively 

synthesizing protein, as shown by the enlarged rough endoplasmic 



Cell 

TABLE 6 

IMMUNOFLUORESCENCE OF DUCHENNE AND CONTROL SKIN FIBROBLASTS 
USING ANTIBODIES TO VIMENTIN AND KERATIN 

Age of Anti- Anti-
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Line Type Patient Keratin 1 Control Vimentin 2 Control 

A Control 10.5 1-2+ 

B " 7 1+ 

C " 6 trace-l+ 

D " 12 trace-l+ 

E " 9.5 1+ 

F " 12 1-2+ 

G " 13.5 1+ 

I " 9.5 1+ 

S DMD 6.5 1+ 

T " 12.5 trace-l+ 

U " 14 trace-l+ 

W " 8.5 1+ 

X " 9 1+ 

Y " 10.5 1+ 

1. Affinity purified rabbit anti-human keratin #18A (polyclonal) from 
Dr. Raymond Nagle, Arizona Health Sciences Center, Tucson, AZ. 
positive control was an endometrial adenocarcinoma cell line. 

2. Mouse anti-guinea pig vimentin (monoclonal) from Labsystems, 
Chicago, IL. Positive control was a sarcoma cell line. 



Fig. 20 
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Immunofluorescence Micrographs of DMD Fibroblasts (A,B) and 
Control Fibroblasts (C,D) Treated with Monoclonal Mouse 
Anti-guinea Pig Vimentin. Both DMD and control cultures 
contained elongated cells with organized patterns of 
staining (upper right of Fig. 20B) and well spread cells 
which also demonstrate organized intracellular cytoskeletons 
(center of Fig. 20D). 
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Anti-Vimentin Immunofluorescence in Cultured 
Duchenne and Control Skin Fibroblasts 
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Figs. 22 and 23 

TRANSMISSION ELECTRON MICROSCOPY 

Transmission Electron Micrographs of a Control Cell Line 
Derived from a 12-year-old Male (Fig. 22) and a Duchenne's Cell 
Line Derived from a 10 1/2-year-old Male (Fig. 23). Rough 
endoplasmic reticulum cisternae (c) are shown to be enlarged in both 
cell lines. These enlarged organelles are indicative of active 
protein synthesis in both cell lines. Nuclear (N) and nucleolar 
(Nu) organelles can also be seen in both cell lines. No consistent 
differences were observed between the various Duchenne lines and age 
and sex-matched control lines. 
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reticulum cisternae. Nuclear and nucleolar organelles as well as 

cytoplasmic elements revealed no differences between the two cell types. 

Hydroxyproline 

Hydroxyproline was measured by incorporation of 3H-proline into 

DMD fibroblasts and thin layer chromatography to separate the amino 

acids after hydrolysis. Increased hydroxyproline/proline was demon

strated in three DMD cell lines exposed to DMD sera (Fig. 24). The 

increased collagen production by the cells was not contributed to by the 

increased Hyp measured in DMD sera as only de novo synthesis of Hyp and 

Pro are measured in the assay. 

Sera from DMD patients also have been shown to stimulate the 

production of collagen by skin fibroblasts, both normal and dystrophic, 

as compared to age and sex-matched control sera. Six cell lines from 

the Repository for Mutant Human Cell Lines (Montreal Childrens Hospital) 

were cultured in Falcon flasks. Each was exposed to test sera over a 

period of ten days with a change of medium and serum at day five. It 

was found that the hydroxyproline content of the media from both the 

dystrophic and the normal cells (from days five to ten) was consistently 

increased by the pooled DMD sera (Fig. 25). The increase in h~droxy

proline caused by the DMD sera was significantly different from the NHS 

values in four cell lines and was significantly different from the age

matched control serum in four of the lines (Student's t-test). In a one 

way repeated measures ANOVA analysis, the three sera tested were each 

significantly different from the others, NHS vs CBS (p<O.05), (NHS/CBS) 

vs DMDS (p<O.OOl). The difference between cell lines (Control vs 

Duchenne) was not significant as all cell lines responded similarly. 
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Hydroxyproline Accumulation in the Media from Normal and 
Dystrophic Fibroblasts Exposed to Various Sera. In a one 
way repeated measures ANOVA analysis, the three sera tested 
are each significantly different from the others, NHS vs CBS 
(P(O.05) , NHS/CBS vs DMDS (P(O.OOl). 
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The increased accumulation of hydroxyproline appeared to be related to 

the age of the cell donor both for DMD and normal cell lines, with 

increased accumulation of hydroxyproline, thus collagen, in fibroblasts 

from older donors. 

Hydroxyproline was also measured in the cell mono layers which 

had been exposed to test sera for ten days (Fig. 26). The DMD sera 

caused increased accumulation of hydroxyproline over NHS and age-matched 

control sera in the DMD cell lines. Because of the overlap of some 

values and the difficulty of measuring very small amounts of hydroxy

proline (the benzene extraction method was used), in only one cell line 

were the DMD values signijicantly different from the age-matched control 

sera using Student's t-test. However, using a one way repeated measures 

ANOVA analysis, DMDS differed significantly in its effect on Hyp 

(P<O.Ol) from NHS/CBS. The two types of cell lines again, do not 

respond differently to the sera. 

Glycosaminoglycans 

Glycosaminoglycans were measured in control vs Duchenne human 

fibroblasts by measuring incorporation of 35S0~ into GAG in the medium 

(Table 7). Despite the toxicity of DMDS on 3T3 fibroblasts (protein in 

monolayer reduced), it stimulates 35S0~ incorporation in the medium 54% 

(p<O.05). In human cells, DMDS stimulates control fibroblasts 31% and 

Duchenne fibroblasts 21% (p<O.OOl) to incorporate increased sulfate into 

GAG in the media. 

Fibronectin 

Fibronectin was localized in DMD and control fibroblasts using 

immunofluorescence (Fig. 27). Both control and Duchenne primary 
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TABLE 7 

35 -
INCORPORATION OF SO~ INTO MEDIA OF LOG PHASE FIBROBLASTS 

CULTURED IN 10% DUCHENNE OR CONTROL SERA 

35
S0

= 
4 

Fibroblasts Serum (dpm/well) 

3T3 CBS 5648 ± 143 

DMDS 1904 ± 296
b 

Control CBS 20279 ± 693 

DMDS 22543 ± 1427 

Duchenne CBS 21857 ± 2289 

DMDS 24795 ± 544 

a Significantly different from CBS at P < 0.05 
b Significantly different from CBS at P < 0.001 

Protein 35 = 
S04 

(l1g/well) (dpm/l1g protein) 

10.1 ± 0.8 566 ± 44 

2.2 ± 0.2 
b 

874 ± 92
a 

31.4 ± 0 647 ± 22 

27.0 ± 1.5
a 

845 ± 97 

30.3 ± 1.5 717 ± 47 

28.7 ± 0.3 864 ± 26
a 

~(%) 
CBS 

l54
a 

131 

l2l
a 

U) 
OJ 



Fig. 27 

IMMUNOFLUORESCENCE LOCALIZATION OF FIBRONECTIN 

Immunofluorescence Micrographs of Fibronectin Localization 
in Duchenne's and Normal (Control) Fibroblast Cell Lines Derived 
from Boys of Different Ages (a-e). Fig. a: Fibronectin staining is 
primarily localized in the perinuclear and cytoplasmic regions of 
the cells. The nucleus (n) of one of the cells from a control cell 
line (from a 9 1/2-year-old male) contains very little staining 
associated with it. Fig. b: In comparison, a control cell line 
derived from a 10 1/2 year-old male appears to have a more intense 
staining pattern associated with the nuclear region (n). A fila
mentous staining arrangement can also be seen in these cells and 
extracellularly. Fig. c: Cells derived from a 12-year-old normal 
male contain a positive staining pattern for fibronectin, both in 
the cytoplasm and in the nucleus (n). Fig. d: A Duchenne's cell 
line derived from a 10 1/2-year-old male contains a variety of 
staining patterns characteristic of nuclear (n) and cytoplasmic 
patterns seen in previous figures. Fig. e: A Duchenne's cell line 
derived from a 12-year-old male shows no nonspecific staining after 
omitting the primary antibody and substituting pre-immune sera. 
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fibroblast lines stained both intrace11u1ar1y and extrace11u1ar1y and no 

distinctions could be made between the staining patterns of the two 

groups. 

FN was measured initially in the cell mono1ayers and media (on 

days nine and 13 of culture) of human skin fibroblasts (DMD and control 

lines from Montreal Chi1drens Hospital) grown in 10% fetal bovine serum 

(Table 8). FN/protein was elevated significantly in the media (43-150%) 

(Fig. 28) and cell mono1ayers (25-66%) (Fig. 29) from DMD boys 12 and 18 

years old as compared to controls, but was decreased in DMD cultures 

from boys two months and six years old. This correlates with the 

increase in serum FN which increased with age in DMD boys. 

All eight cell lines from Montreal Chi1drens Hospital were then 

cultured in 10% DMDS or age and sex-matched CBS. In the presence of 

Dr~S, seven of the eight cell lines produced 8-33% more FN in the medium 

than those grown in control sera (Table 9). Since the passage number of 

the cells available to us from Montreal was higher than we ideally like 

to use, the experiment was repeated with a primary DMD line isolated by 

us. It was cultured at lower passage in medium to which was added NHS, 

CBS or DMDS in order to assess any alterations in FN production by the 

cells (Fig. 30). A significant (p<O.OOl) increase in FN in the medium 

was caused by DMDS. 

A concentration curve was next done using 1%, 5% or 10% CBS vs 

DMDS on either DMD or control fibroblasts at low passage (Fig. 31). At 

1% serum all values were similar. At 5%, and, to a greater extent, at 

10% DMDS had a stimulatory effect on FN secretion into the media of both 

control and DMD cells. The stimulatory effect was much greater (~ 45%) 

on control fibroblasts than on DMD fibroblasts (~ 20%). 



TABLE 8 

FIBRONECTIN LEVELS IN THE MEDIA AND CELL MONOLAYERS OF HUMAN SKIN FIBROBLASTS 
GROWN IN THE PRESENCE OF 10% FETAL BOVINE SERUM 

Cell Honolayers Media (day 9) Media (day 13) 

l1g fibronectin l1g fibronectin l1g fibronectin 
Cell Age of l1g prote~n l1g prote~n l1g prote~n 
Type Cell Donor (x 10 ) (x 10 ) (x 10 ) 

Control 1 month 9.5 ± 0.2 23.5 ± 2.1 32.1 ± 2.7 

DMD 2.5 months 9.8 ± 1.9 (103%)a 20.1 ± 2.1 (86%) 21.4 ± 1.4 (74%)b 

Control 7 years 12.2 ± 0.6 49.4 ± 8.9 56.0 ± 9.7 

DMD 6 years 6.9 ± 2.5 (57%) 22.4 ± 0.6 (45%)b 36.7 ± 2.2 (66%) 

Control 12 years 10.1 ± 0.2 12.2 ± 0.6 14.5 ± 0.6 

DMD 13 years 12.6 ± 0.3 (125%)b 17.4 ± 1.1 (143%)b 24.1 ± 2.27 (166%)b 

Control 17 years 6.2 ± 0.4 10.6 ± 2.1 8.5 ± 0.3 

DMD 18 years 10.3 ± 0.4 (166%)b 20.2 ± 2.0 (191%)b 21.3 ± 1.3 (250%)b 

. . h DMD f h h d . a F1gures 1n parent eses represent or eac age-mate e pa1r. 
Control 

b DMD significantly different from control at P < 0.05. 

I-' 
o 
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Fibronectin in Fibroblast Media 
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Fibronectin in Media of Cultures of DMD vs Control 
Fibroblasts. Values represent FN/protein in the media on 
day 13 of culture of fibroblasts (4 DMD lines, 4 age and 
sex-matched control lines) in 10% FBS. FN was measured by 
ELISA and was significantly different in DMD vs control 
fibroblasts in 3 of the 4 cultures (paired according to age) 
(P<0.05). See Table 8. 
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Fibronectin in Fibroblast Monolayer 
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Fibronectin in Cell Monolayers of Cultures of DMD vs Control 
Fibroblasts. Values represent FN/protein in the monolayers 
on day 13 of culture of fibroblasts (4 DMD lines, 4 age and 
sex-matched control lines). FN was measured by ELISA. 
Significant differences were seen in the 2 older age-paired 
groups (P<0.05). See Table 8. 
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TABLE 9 

FIBRONECTIN LEVELS IN THE MEDIA OF HUMAN SKIN FIBROBLASTS 
(DMD AND CONTROl,) EXPOSED TO 10% DMD OR CONTROL SERA 

FN in Media of Cells (ng/ml x 10-3) 
Age of Grown in: DMD Sera % 

Cell Donor Control Sera DMD Sera Control sera( ) 

1 month 1.62 1.86a 115 

7 years 1.03 1.37a 133 

12 years 1.62 1.82a 112 

17 years 1.49 1. 73 116 

2.5 months 1.57 1.69 108 

5.5 years 1.35 1. 79a 133 

13.5 years 1.46 1.85b 126 

18 years 1.37 1.17 86 

a DMD different from control at P < 0.01 using Student's T Test 
b DMD different from control at P < 0.001 using Student's T Test 



Fig. ·30 
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Fibronectin in the Media from Dystrophic 
Fibroblasts Incubated with Dystrophic 

or Control Sera 

p<O.01 

Normal Human (Flow) Age Matched Control 

Sera 

p<O.001 

Duchenne 

Fibronectin in the Media from Dystrophic Fibroblasts 
Incubated with Dystrophic or Control Sera. FN was measured 
by ELISA. 
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Fibronectin in the Media of Duchenne and Control 
Fibroblasts Exposed to Various Concentrations of 

CMDS or CBS 
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Fibronectin in the Media of Duchenne and Control Fibroblasts 
Exposed to Various Concentrations of DMDS or CBS. 



To partially characterize the stimulatory effect, DMDS was 

heat-inactivated, dialyzed, freeze-thawed and trypsin treated prior to 

culture on cells (Table 10). None of the treatments reduced the 

stimulatory effect. They all caused further stimulation (22% increase 

from heat-inactivation, 10% increase from dialysis, 9% increase from 

freeze-thawing and 395% increase from trypsinization). 
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Because all of the FN assays reported on so far were done using 

the ELISA technique, and because increases in DMDS FN had been found, it 

was necessary to look at de ~ FN synthesis in DMD and control fibro

blasts. The increases in FN caused by exposing cells to DMDS could not 

be attributed solely to the increased FN in DMDS, but it was necessary 

to determine precisely what portion of the FN in the fibroblast media 

was newly synthesized. In a preliminary study using primary cultures of 

DMD and control fibroblasts isolated in our laboratory and cultured in 

10% FBS, increased FN/total protein in cells metabolically labeled with 

35s-methionine and immunoprecipitated with antibodies to FN was seen. 

Total newly synthesized protein was determined by TeA precipitation of 

35S_labeled material (Fig. 32). The increase in FN production was most 

evident in fibroblasts from older patients. 

Eleven primary lines (six DMD, five control) were then analyzed 

for de ~ synthesis of fibronectin (FN) in medium with 10% fetal 

bovine serum. The levels of FN/protein in the medium of the DMD cell 

lines were elevated (Fig. 33A,B) over those in the age and sex-matched 

control lines, with the exception of one DMD line. When analyzed 

statistically on an outlying values routine (Grubbs, 1950), the outlying 

low value for % FN/protein in the medium of one DMD fibroblast line 



TABLE 10 

FIBRONECTIN IN THE MEDIA AND CELL MONOLAYERS OF 
HUMAN FIBROBLASTS EXPOSED TO DUCHENNE SERUM 

Fibronectin % of 
(cell mono- DMDS 

Additions to Cells la;ter) (llg) (original) 

CBS - original 12.0 74.0 

DMDS - original 16.2a 
100.0 

DMDS - heat-inactivated 

DMDS - dialyzed 

DMDS - freeze-thawed 

DMDS - trypsin treated 

a Significantly different from CBS at P < 0.05 
b Significantly different from CBS at P < 0.02 
c Significantly different from CBS at P < 0.001 

Fibronectin 
(Media) 
(llg/ml) 

24.2 

34.0b 

4l.4b 

37.S
a 

37.0c 

168.2c 

108 

% of 
DMDS 

(original) 

71.1 

100.0 

121.8 

110.3 

108.8 

494.7 
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Fibroblast Fibronectin vs Age 
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Fibroblast Fibronectin vs Ageo Radioimmunoprecipitation of 
newly synthesized FN was measured in 8 primary fibroblast 
lines isolated by us and used at low passage. 



Fig. 33A 

Fibronectin in Fibroblast Media 
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Fibronectin in Fibroblast Media: 
A - analyzed without respect to age of fibroblast donor. 
Duchenne fibroblasts have 36% more FN/protein than control 
fibroblasts (P<0.05). 
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Fibronectin in Fibroblast Media: 
B - analyzed according to age of the fibroblast donor. FN 
was radioimmunoprecipitated and total protein precipitated 
with TeA. 
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(Fig. 33A) was statistically extremely close to being able to be 

discarded at the 5% confidence level (to be discarded, table value 

0.2032, value for DMD line = 0.236). The values for FN/protein in the 

monolayer were less dramatic (Fig. 34A) but there was an increase of 

FN/protein in the monolayer in the older DMD patients (Fig. 34B). 

Protein in the fibroblast media (Fig. 35A) was unremarkable 

except that there was an increase with age in the DMD fibroblast lines 

and not in the control lines (Fig. 35B). Protein in the monolayers 

(Fig. 36A) was extremely variable but again increased with age of the 

DMD fibroblast donor. It did not change with age in control fibroblast 

donors (Fig. 36B). 

The Pearson correlation coefficients (Table 11) for these 

experiments show high correlations between all parameters except those 

relating to FN/protein in the medium compared to protein in the medium 

or monolayers. 

Fibronectin in DMD Carrier Fibroblast Clones 

Radioimmunoprecipitation of FN in log phase cultures labeled 

with 35s-methionine was used to measure fibronectin in DMD carrier 

fibroblast clones. Clones of fibroblasts were received from Dr. Victor 

Ionasescu (Department of pediatrics, University of Iowa) who had 

analyzed their collagen synthesis and found two populations of clones, 

one with normal and the other with high collagen synthesis. In our 

initial experiment, clones from patient PK were analyzed (Table 12) and 

two clones appeared to have elevated rates of FN synthesis compared to 

the remaining three. Results were sent to Dr. Ionasescu who confirmed 

that he had seen elevated incorporation of Hyp into collagen in those 
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Fibronectin in Fibroblast Monolayer 
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Fibronectin in Fibroblast Monolayer: 
A - analyzed without respect to age of fibroblast donor. 
Duchenne fibroblasts averaged 71% more FN/protein than 
control fibroblasts (P(O.l). 
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Fibronectin in Fibroblast Monolayer: 
B - analyzed according to age of the fibroblast donor. FN 
was radioimmunoprecipitated and total protein precipitated 
with TeA. 
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Fig. 35A Protein in Fibroblast Media: 
A - analyzed without respect to age of fibroblast donor. 
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PROTEIN IN FIBROBLAST MEDIA 
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Fig, 35B Protein in Fibroblast Media: 
B - analyzed according to age of the fibroblast donor, 
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Fig. 36A Fibronectin in Fibroblast Monolayer: 
A - analyzed without respect to age of fibroblast donor. 
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Fig. 36B Fibronectin in Fibroblast Monolayer: 
B - analyzed according to age of the fibroblast donor. 
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TABLE 11 

DE NOVO SYNTHESIS OF FIBRONECTIN AND PROTEIN IN MEDIA 
AND MONOLAYERS OF SKIN FIBROBLASTS FROM DUCHENNE PATIENTS 

AND AGE AND SEX-MATCHED CONTROLS 

Protein (monolayer) vs Protein (media) 

Fibronectin/protein (monolayer) vs 
Fibronectin/protein (media) 

Fibronectin/protein (monolayer) vs 
Protein (media) 

Fibronectin/protein (monolayer) vs 
Protein (monolayer) 

Protein (monolayer) vs 
Fibronectin/protein (media) 

Protein (media) vs 
Fibronectin/protein (media) 

Pearson 
Correlation 
Coefficient 

0.8381 

0.7898 

0.8366 

0.6748 

0.2681 

0.4937 

Significance 

P < 0 .. 001 

P < 0.002 

P < 0.001 

P < 0.015 

P < 0.398 

P < 0.101 
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TABLE 12 

DE NOVO SYNTHESIS OF FIBRONECTIN AND COLLAGEN IN THE MEDIA OF 
FIBROBLAST CLONES FROM CARRIERS OF DUCHENNE'S MUSCULAR DYSTROPHY 

Clones with In-
FN/protein creased Hydroxy-

Carrier Clone ( lis) proline (collagen)a 

1. P.K. 2 8.82 ± 0.35 X 

8 4.69 ± 0.23 

11 4.45 ± 0.24 

15 5.84 ± 0.20 

31 8.66 ± 0.16 X 

2. S.S. 3 7.71 ± 0.24 X 

5 6.35 ± 0.16 

8 5.83 ± 0.21 

10 6.84 ± 0.40 

3. P.K. HI 9.13 ± 0.22 X 

H2 9.02 ± 0.52 

H5 9.81 ± 0.50 

H6 7.83 ± 0.26 

H7 8.23 ± 0.73 

4. M.H. HI 3.81 ± 0.25 X 

H2 5.07 ± 0.15 

H3 4.95 ± 0.17 

H4 4.53 ± 0.34 X 

a Hydroxyproline analyses were done on clones grown at the University 
of Iowa in the Laboratory of Dr. Victor Ionasescu. 
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same clones. If the Lyon hypothesis (Lyon, 1974) is true, that in each 

cell of females one of the X chromosomes is randomly inactivated, one 

would expect to see half of the cell clones from women carriers of DMD 

to carry the defective X chromosome and to display metabolic 

abnormalities. The results on patient PK were exciting since 40% of her 

clones appeared strikingly different from the other 60% which respect to 

both collagen and FN biosynthesis. After receiving and testing 

additional clones from Dr. Ionasescu, the results were less clear cut. 

In patient #2 (S.S), Ionasescu found one clone to be producing excessive 

amounts of collagen and our results also demonstrated elevated FN 

biosynthesis in that clone. In patient #3 (F.K.), Ionasescu saw one 

clone with increased collagen production and we saw three clones with 

elevated FN. In patient #4 (M.H.), Ionasescu found two clones to 

produce increased collagen while in our hands those clones \'lere the 

lower producers of FN. 

Thymidine Incorporation 

Thymidine incorporation was measured in control and Duchenne 

fibroblasts exposed to 2%, 5% or 10% serum (FBS, CBS, or DMDS) (Fig. 37). 

The inhibitory effects of 10% FBS as well as the reduced ability of 2% 

FBS to support maximal growth were observed in both DMD and control 

fibroblasts. In DMD fibroblasts, there was little difference in the 

ability of CBS vs DMDS to stimulate incorporation of 3H- TdR at 5% and 

10% serum, but at 2% DMDS was significantly less stimulatory than CBS. 

In contrast, the control cells were stimulated 38% more by DMDS than CBS 

at the limiting serum concentration of 2%. 
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When all three test sera were dialyzed (Fig. 38) several changes 

were apparent. FBS became less inhibitory to both DMD and control 

fibroblasts. The factor in DMDS which stimulated only control 

fibroblasts at 2% serum was dialyzed out and not present in sufficient 

quantity at 2% to significantly stimulate the control cells. However at 

5% and 10% serum concentrations DMDS continued to stimulate thymidine 

incorporation by control fibroblasts but not DMD fibroblasts. Factors 

in CBS stimulatory to control cells were also removed by dialysis. 

Uridine and Tryptophan Incorporation 

Uridine and Tryptophan were incorporated into Duchenne and 

control cells in order to evaluate any changes in RNA or protein synthe-

sis. Ten primary log phase fibroblast lines were incubated with 10% FBS 

for 24 hours in the presence of 3H-thymidine or 3H-uridine (Fig. 39). 

The uridine/thymidine data indicate a reduction in RNA/DNA synthesis 

with age in DMD fibroblasts. There was an increase in RNA/DNA with age 

in the control fibroblasts. 3 When incorporation of H-tryptophan was 

measured (Fig. 40), a similar pattern was noted as would be expected, 

showing a constant relationship between Urd/TdR and Trp/TdR. 

In order to measure changes in-tryptophan, uridine or thymidine 

incorporation in cells exposed to various sera, incorporation of radio-

active label into DNA, RNA and protein in normal and DMD fibroblasts 

exposed to DMD or age-matched control sera was measured (Table 13). 

DMD sera (10%) caused a slight reduction in thymidine incorpor-

ation in DMD fibroblasts but not in control fibroblasts. In the log 

phase of growth, DMD fibroblasts incorporated 88% of the label incorpor-

ated by control fibroblasts (exclusive of the type of serum). 
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Incorporation of 3H-Thymidine by Human Fibroblasts 
Exposed to Various Concentrations of Dialyzed 

Duchenne and Control Sera 

Fig. 38 
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Relative Uridine/Thymidine Incorporation in Duchenne 
vs. Control Fibroblasts Cultured in 10% Fetal 
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Relative Tryptophan/Thymidine Incorporation in Duchenne 
vs. Control Fibroblasts Cultured in 10% Fetal 
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TABLE 13 

incorporation of label into DNA, RNA, and Protein in 
Normal and Duchenne Fibroblasts Exposed to puchenne 

or Age Matched Control Sera - A Summary 

Assay 

1} 3H·TdR - DNA (10% human serum) 

2) 3H·TdR - DNA (2% human serum) 

3) 3H·TdR - DNA (1% felal calf 
serum, 10- 4M pulresclne) 

4) 3H·Urd - RNA (10% human serum) 

5) 3H-Trp - Protein (10% human 
serum) 

CeU OMD Conlrol 
Growlh Phase flbrobla~;ts Fibroblasts 

log • 7%· 0 

conlluent 0 0 

log • 10% r 38% 

log r 19% t 65% 

log 0 , 9% 

confluent 0 0 

log t 14% 0 
confluenl t 14%" 8% 

·Values represent percenl chango as a result of exposure 10 CMD sera compared 10 conl(ol sera. 

IncorporaUon 0' label 
by DMD fibrobfasls 

Incorporalfon of label 
by Conlrol Fibroblasts 

(exclusive 0' serum added) 

88% 

104% 

56% 
70% 

70% 
60% 

I-' 
I\J 
-..J 
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At a limiting serum concentration (2%), DMD sera greatly 

stimulated incorporation of thymidine by control fibroblasts (38%) as 

compared to the effect of control sera. DMD fibroblasts were inhibited 

by DMD sera. 

Putrescine 

The stimulation of thymidine incorporation by putrescine was 

significantly greater in control fibroblasts than in DMD fibroblasts 

(Table 14). Preliminary data from our laboratory indicate that DMD 

fibroblasts may contain significantly elevated levels of putrescine and 

perhaps other polyamines. This may be the source of elevated polyamine 

levels measured in the urine and muscle of DMD patients since the 

fibroblast compartment is greatly enlarged in DVill muscle and may account 

for the reduced response of DMD fibroblasts to exogenous putrescine. 

RNA synthesis in DMD fibroblasts was only 56-70% of that of 

controls, regardless of the serum. DMD sera reduce RNA synthesis in 

control but not DMD fibroblasts. 

Protein synthesis in DMD fibroblasts is only 60-70% of that in 

controls, regardless of serum type. DMD sera stimulated protein 

synthesis in control and dystrophic fibroblasts. 

Protein Degradation 

Protein degradation was measured by labeling cultures of 

Duchenne and control fibroblasts with 35s-methionine, removing the 

medium at day 0, and measuring total TeA precipitable protein in the 

monolayers and media at 24, 48 and 72 hours (Fig. 41). Protein 

degradation was found to be nearly identical in control and Duchenne 



TABLE 14 

EFFECT OF PUTRESCINE ON LOG PHASE NORMAL AND DUCHENNE FIBROBLASTS 
CULTURED IN 1% FETAL BOVINE SERUM 

Putrescine 

o (control) 

10-7 M 

10-5 M 

3 h 'd' , ( ) H-t ym~ ~ne Incorporat~on cpm 

DMD 
Fibroblasts 

3074 ± 75 

3010 ± 136 
(98%)a 

3351 ± 27
b 

(109%) 

3394 ± 55
b 

(110%) 

3654 ± 124b 
(119%) 

3035 ± 28 
(99%) 

Control 
Fibroblasts 

3494 ± 26 

5096 ± 49
c 

(146%) 

5314 ± 103
c 

(152%) 

4694 ± 212
c 

(134%) 

5766 ± 330
c 

(165%) 

4866 ± 4
d 

(139%) 

a Numbers in parentheses represent % of control 
b Significantly different from control at P < 0.05 
c Significantly different from control at P < 0.01 
d Significantly different from control at P < 0.001 
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Protein Degradation in the Monolayers 
of CNID and Control Fibroblasts 
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fibroblasts, with ~ 37% of the labeled proteins in the monolayer 

disappearing by 24 hours, ~ 50% by 48 hours and ~ 57% of the labeled 

proteins in the monolayer disappearing by 72 hours. 

Fibronectin was radioimmunoprecipitated from the media of these 

DMD and control fibroblasts when the media were changed at 24, 48 and 72 

hours (Fig. 42). Although the amount of FN in both groups of fibro-

blasts was similar at 24 hours (day one), the amount of FN in the media 

of DMD fibroblasts on days two and three increased while labeled FN 

levels in the media of control fibroblasts remained stable and 

significantly less than that in DMD media. In order to determine FN 

" "" 35 h"" secreted 1nto the med1a relat1ve to the total amount of S-met 10n1ne 

labeled protein in each cell monolayer at the end of the labeling 

period, FN (media)/total protein (monolayer-day 0) was calculated (Fig. 

43). Values for control fibroblasts peak at day two and decline by day 

three whereas FN/protein in DMD fibroblasts increases with time, 

exhibiting 42% more FN/protein on day three than in control cultures. 

Zinc 

Zinc chloride (10-200 ~M) was added to cultures of DMD and 

control fibroblasts cultured in MEM + 10% FBS and 3H- TdR (Fig. 44). The 

patterns were quite different for the two cell types. On DMD cells, 10 

~M znCl
2 

stimulated incorporation of 3H- TdR 19% and 50 ~M stimulated 

incorporation of label 5% whereas in control fibroblasts, 10 ~M znCl2 

had no effect and 50 ~M ZnCl
2 

was slightly inhibitory. The trend became 

more dramatic at 100 ~M znCl
2 

where DMD fibroblasts were inhibited only 

9% as compared to 21% in control cells. At 150 ~M znCl2 , control cells 

were inhibited 96% as compared to 49% inhibition in DMD cells. 
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Fibronectin Released into the Media of 
Duchenne vs Control Fibroblasts 

~-----';I[ 

Ii.\) DMD fibroblasts 
Q) Control fibroblasts 

1.0 2.0 3.0 

Day 

Fibronectin Released into the Media of Duchenne vs Control 
Fibroblasts. DMD fibroblasts release significantly more FN 
into the medium on day 2 (p<O.Ol) and day 3 (p<O.OOl). 
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Fibronectin in the Media/Total Protein 
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Effect of Zinc Chloride on log Phase Duchenne vs. 
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150 ~M ZnC12 , DMD cells are inhibited 49% «p<O.OOl), while 
control cells are inhibited 96% (p<O.OOl). 



DISCUSSION 

Muscle Biopsy Analyses 

The results presented indicate that tissue extracts from 

patients with several neuromuscular disorders contain one or more 

factors which inhibit fibroblast proliferation (as measured by 

incorporation of tritiated thymidine) as well as one or more factors 

which enhance the production of collagen by fibrogenic cells (Ulreich, 

Stern, and Chvapil, 1982). The inhibitory effect of muscle biopsy 

extracts from these patients on DNA synthesis by 3T3 fibroblasts was 

concentration dependent. 

Several difficulties were encountered in the course of the 

study: 1) Muscle biopsies sizable enough for fractionation and 

characterization of the factors which alter fibroblast activity were 

impossible to obtain. Not all assays could be carried out using each 

extract because of limited quantities of the test material. 2) The 

biopsies differed greatly in size, quantity of connective tissue, and 

hemoglobin content. 3) Age-matched control tissue was difficult to 

obtain. Each of these factors could affect the homogeneity of results. 

Because serum is readily available in quantities sufficient for study 

and is more homogenous in nature than tissue, it was decided to continue 

the investigation using dystrophic and control sera. 

Analysis of DMD Sera 

There have been several reports in the literature of circulating 

plasma factors in DMD which cause normal cells to behave like dystrophic 
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cells (Lloyd and Emery, 1981), perhaps by interacting with the plasma 

membrane. Sera from DMD patients and age and sex-matched controls were 

evaluated for components which might be related to the proliferation of 

fibroblasts and connective tissue in DMD muscle. Fibronectin levels in 

DMDS were found to be significantly elevated over those in CBS and 

increased with age. This increase may reflect an increased synthesis or 

secretion from muscle cells or fibroblasts, reduced degradation, or an 

alteration in the structure/properties of FN which creates an inabi1.~ .. ty 

to interact normally with the ECM. If cells in DMD are "prematurely 

senescent" as has been suggested by several researchers (Robert, et a1, 

1981) and if FN produced by "senescent" cells is altered with respect to 

morphology and function, the increased serum levels could represent 

compensatory production of FN. Our finding of increased FN in DMDS 

correlates well with our data showing that DMD fibroblasts produce more 

FN/protein than control cells, an effect which also increases with age. 

Creatine kinase measurements of DMDS were made to insure that we 

were dealing with sera typical of DMD patients. Levels decreased with 

age as is typical in DMD and bore no relationship to FN levels. CK is 

though by some to "leak" out of diseased muscle in DMD as a result of 

some defect in the plasma membrane. However, many molecules smaller 

than CK do not appear in increased quantity in the serum, leaving the 

"leaky membrane" hypothesis unresolved. 

Protein levels in Dr-IDS were lower than those in CBS and 

increased somewhat with age as opposed to levels in CBS which were 

independent of age. The reduced levels correlate well with our finding 

of reduced protein synthesis in DMD fibroblasts. 



Immunoglobulins showed no consistent useful diagnostic changes 

although there was increased IgM in 31% of the DMDS tested. Th~re have 

been very few reports in the literature attempting to imply an 

immunological aspect in DMD. 

The significant elevation of hydroxyproline in DMDS which we 

observed is not unexpected since there is extensive accumulation of 

collagen in DMD muscle. This observation, as with the increase in FN, 

correlates well with our finding of increased Hyp production by DMD 

fibroblasts in culture. These observations, along with those of 

enhanced activity of prolyl hydroxylase (the enzyme responsible for 

hydroxylation of proline in nascent collagen polypeptides) in muscle 

biopsies again supports the notion that overproduction, oversecretion, 

decreased degradation, or altered molecular structure and consequent 

inability to interact normally with cells or the ECM might be reflected 

as an increase in Hyp, thus collagen, in DMDS. 
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The increased levels of zinc (significant) and copper (not 

significant) in DMDS vs CBS might be attributed to leakage from altered 

muscle plasma membranes, or release from degenerating muscle. Erythr

ocytes contain high levels of zinc in carbonic anhydrase. Increased 

fragility of these cells might allow its release during serum prepar

ation since a concomitant increase in hemoglobin was observed. It 

should be stressed that serum zinc levels were not out of the normal 

range used in cinical laboratories but these standards may be derived 

from adult serum levels. Lloyd and Emery (1981) observed no significant 

differences in calcium or magnesium in DMD vs control plasma so it 

appears that there is no generalized "leakage" of divalent cations into 

the blood. 
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Culture of 3T3 Fibroblasts with DMD and Control Sera 

An established line of fibroblasts (3T3, murine) was used in our 

initial studies because of our concern that, should we find a difference 

in the effect of DMDS on cells that could be useful diagnostically, a 

characterized cell line would be more stable over many passages and more 

available to other investigators than primary lines of human origin. 

Hydroxyproline analysis of 3T3 fibroblasts revealed that in 50% 

of the DMDS tested, there was an increased amount of Hyp in the media. 

Heat inactivation of the sera prior to testing was necessary as human 

sera from boys are extremely toxic to murine cells (3T3 or 3T6). This 

may have interfered by partially inactivating serum components necessary 

for the stimulation of Hyp which we observed in our human fibroblasts. 

GAG, other prominent components of the ECM, were increased in 

cells grown in DMDS vs control sera. Additional testing for alterations 

in the components of the ECM was reserved for primary human lines where 

heat inactivation was not necessary. 

Thymidine incorporation was originally measured to determine 

whether a component of DMDS might be stimulatory to fibroblast prolifer

ation. When the extremely inhibitory nature of the sera (reduced with 

age of the serum donor) was noted both for age and sex-matched controls 

as well as DMD patients, the idea of using the extreme inhibition 

exhibited by DMDS as a diagnostic tool was abandoned. Because carriers 

of the DMD gene are older and age and sex-matched control sera are much 

less inhibitory in older individuals, the inhibition of 3H- TdR incorpor

ation was much more dramatic and correlated well with the clinical 

classification of carriers as possible, probable or obligate. There are 
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clearly one or more factors present in both DMDS and carrier sera which 

are more inhibitory than control sera. This finding of exaggerated 

toxicity in cells of murine origin was not limited to DMD. In an 

analysis of patients with a wide variety of neuromuscular disorders, we 

found that excessive toxicity of their sera to murine cells was not 

unusual. Characterization of the responsible factor in DMDS revealed it 

to be a non-dialyzable protein present in plasma as well as serum, thus 

removing the possibility that the inhibitory factor was released from 

erythrocytes during serum preparation. During study of various anti

coagulants used in plasma preparation, it was noted that heparin, in a 

concentration dependent manner, removed the toxic moiety from DMDS. 

Other GAG (CS and HA) were ineffective in reducing the toxicity. This 

finding intrigued us as heparin is known to bind FN (the heparin-binding 

fragments of which have been reported to inhibit several cell types 

(Homandburg et aI, 1986». Upon binding by heparin, FN can, in turn, 

bind collagen, other GAG, etc. Keller, Keller and Kuhn (1986) have 

recently reported that the C-terminus of type I collagen is a major 

binding site for heparin. Collagen and heparin-like molecules bind to 

each other, whereas collagen and other GAG do not. Until the 

heparin-binding moiety of DMDS is analyzed, a conclusion cannot be drawn 

about which serum molecules are removed (bound) upon addition of 

heparin. Based on recent research, FN and collagen (whether fragments 

or intact) remain prime candidates for the observed effects as both have 

been reported by us to be present in increased amounts in the sera in 

DMDS and both are i,ntimately involved in cell mcrph010gy, proliferation 

and differentiation as reviewed in the Introduction. Zinc chloride 



added to the medium along with or-ms ameliorated the toxic effects 

somewhat (significantly differently from sodium chloride used as a 

chloride control). This effect may have been the result of zinc's well 

known effect as a stabilizer of membranes, the probable target of the 

toxic moiety. An important concept to keep in mind in these studies is 

that true growth inhibition can be difficult to distinguish from other 

effects in culture of anchorage-dependent cells, such as interference 

with cell attachment to the culture dish. 

Studies on Human Duchenne and Control Fibroblasts 
Cultured with Duchenne and Control Sera 

Characterization of primary fibroblast lines used in these 

studies revealed them to be free of epithelial contamination (vimentin 

+, keratin -). TEM revealed no consistent differences in intracellular 
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inclusions and organelles or cell morpholog~ consistent with the reports 

of others (Cullen and Parsons, 1977; Roses et aI, 1980). Immunofluor-

escent staining with antibodies tu virnentin revealed patterns suggesting 

the DMD fibroblasts may have a higher percentage of spread vs elongated 

cells. This could result from altered ECM-actin transmembrane 

interactions as discussed previously. 

l-leasurement of radioactively labeled de novo synthesized Hyp/Pro 

as an indication of collagen synthesis was performed in several DMD 

fibroblast lines cultured in the presence of DMDS. In a second assay, 

measuring hydroxyproline in collagen by a colorimetric procedure, DMDS 

stimulated collagen production in the media of both control and DMD 

fibroblasts in an age-related manner with a greater accumulation of 

collagen in fibroblasts from older donors. Increases of Hyp in the cell 
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monolayers were consistent with observed increases in the media but less 

dramatic. These results agree with the reports of Ionasescu et al 

(1977a, 1977b, 1982) and others that collagen is increased in media of 

cultures of both dystrophic myocytes and fibroblasts. Our results 

extend these observations to demonstrate that the altered collagen 

synthesis can be induced in control cells by a serum factor from DMD 

patients and that further stimulation of collagen production can be 

initiated in DMD fibroblasts exposed to DMDS. 

GAG secreted into the media of fibroblasts were also increased 

by exposure of either control or DMD fibroblasts to DMDS. From this, 

along with the stimulation of collagen and FN accumulation in the media, 

we conclude that DMDS contains a factor(s) stimulatory to production of 

several ECM components by control and Duchenne fibroblasts. 

To study the possible involvement of FN in DMD as stated in our 

hypothesis, required looking at basal levels of FN synthesis in cells 

exposed to FBS. Immunofluorescence localization of FN both intra

cellularly and extracellularly revealed intense staining patterns in DMD 

and controls cells. Two methods of FN quantitation, ELISA and radio

irnrnunoprecipitation of de ~ synthesized FN, confirmed the increased 

FN produced by DMD fibroblasts. In the ELISA assay, only fibroblasts 

from older cell donors displayed increased FN under the conditions of 

culture, but addition of DMDS stimulated increased FN production in 

seven of the eight control and DMD cell lines, compared to age and sex

matched control sera. Stimulation of FN secretion into the media by 

DMDS was greater in control fibroblasts. Stimulation was caused by a 

factor not affected by heat inactiviation, dialysis or trypsin 

treatment. 
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In the second assay used to quantitate FN, again the greatest 

increases in FN were in fibroblasts from older boys cultured in 10% FBS. 

With the exception of one cell line (statistically close to being 

discarded), the FN/protein in the media of DMD lines was elevated over 

that of controls. Increases in the monolayers were less dramatic, as 

observed in experiments using the ELISA technique. Protein in the media 

increased with age of the DMD cell donor, but not in controls. A 

picture emerges of the DMD fibroblast as exhibiting increased production 

or decreased degradation of several ECM components. DMD sera stimulate 

such changes in control fibroblasts and cause further stimulation of DMD 

fibroblasts. 

Heasurements were made of de ~ synthesized FN in obligate 

carrier fibroblast clones to test the Lyon hypothesis. Because of 

X-chromosome dosage compensation, one X-chromosome in each female cell 

is inactivated, except for genes toward the tip of the short arm. The 

carrier of DMD is a mosaic of cells, some expressing the X-chromosome 

bearing the normal gene and the remainder, the X-chromosome with the DMD 

gene. Inactivation is believed to be random in respect to the parental 

origin of the X-chromosome and cultures of skin fibroblasts should be 

approximately 1:1 mixtures of normal cells and cells expressing the DMD 

gene (Lyon, 1974). In the pilot experiment (cells were at a later 

passage), the clones which were found to be producing increased levels 

of FN also produced increased collagen as measured by victor Ionasescu 

(University of Iowa). In later tests of clones at an earlier passage, 

the correlations were less obvious. It is known that FN and collagen 

are not necessarily coordinately expressed in fibroblasts (Leibovitch et 
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al1986). Therefore, the reason for the initial correlation may be that 

the defect in FN synthesis is better expressed in cells at later 

passage. The results are suggestive that an abnormality in ECM 

expression is demonstrable in a portion of obligate carrier cells. 

Measurement of TdR incorporation in human fibroblasts exposed to 

limiting serum concentrations (2%) of DMDS or CBS showed that DMD 

fibroblasts were stimulated to a greater degree by CBS than DMDS and the 

converse was true for control cells which were stimulated 38% more by 

DMDS than CBS. 

In an attempt to measure possible alterations in RNA and total 

protein synthesis in the presence of 10% FBS, uridine/thymidine data 

collected show a reduction in RNA synthesis with age of the DMD fibro

blast donor whereas control fibroblasts incresed RNA/DNA with age. A 

similar pattern emerged for tryptophan/thymidine incorporation as \V'ould 

be expected. This is in agreement with the majority of studies in DMD 

cells, the concensus being that there is impaired RNA/protein synthesis 

(Introduction). DMDS reduced RNA synthesis in control but not D~~ 

fibroblasts. The observed reduction in RNA and protein synthesis in DMD 

dermal fibroblasts (exclusive of the serum added) and the altered 

reactivity of the fibroblasts to DMD sera add to the evidence that DMD 

may not be primarily a defect of muscle. 

Preliminary data from our laboratory indicate that DMD 

fibroblasts may contain elevated levels of putrescine. At limiting 

serum concentrations, TdR incorporation was increased in control 

fibroblasts exposed to exogenous putrescine to a significantly greater 

degree than in DMD fibroblasts. DMD fibroblasts may be less affected by 
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exogenous putrescine because intracellular levels are already elevated. 

Because of the increased compartment of fibroblasts in DMD muscle, these 

cells could conceivably be the source of elevated polyamines measured in 

the urine and muscle of DMD patients (Kaminska, Stern and Russell, 

1981). In general, the DMD fibroblast behaves in an almost "hypo

reactive" manner (perhaps similar to reports of "prematurely senescent" 

cells). They are less reactive than control cells to: putrescine, 

production of GAG in response to DMDS, production of FN in the medium in 

response to DMDS, stimulation of incorporation of thl~idine at limiting 

serum concentrations of DMDS, synthesis of RNA and protein, and reduc

tion of RNA synthesis by DMDS. This "hyporeactivity", especially to 

components present in DMD~could be explained by an already increased 

intracellular concentration of factors found in DMDS. 

Protein degradation rates were measured in control and DMD 

fibroblasts labeled with 35s-methionine. Rates of total protein 

degradation were similar in both types of cells. However, measurement 

of radio labeled FN over time showed increased amounts of labeled FN in 

the media of DMD fibroblasts with time after removal of 35S-methionine 

from the culture media. FN levels in the media of control fibroblasts 

revealed no such increase and were significantly less than in DMD 

fibroblasts. By day three after removal of the radiolabel, mm 

fibroblasts exhibited 42% more FN in the medium than controls. 

pizzey, Bennett and Jones (1983) and Pizzey, witkowski and Jones 

(1984) measured the rate of spreading of normal and DMD skin fibroblasts 

on glass. Monensin treatment (Na+, K+ ionophone-inhibits Golgi-mediated 

transport to cell surface) inhibited the spread of DMD and control cells 



145 

to a similar extent. If cells were pre incubated in monensin for 20 

hours before trypsinization and replating, DMD cells failed to recover 

hy 100 minutes and spreading was significantly inhibited. This suggests 

that there may be a defect in the process by which DMD cells synthesize, 

transport and replace surface molecules that are removed by trypsin. 

Our results support this observation. Despite the similar rates of 

total protein degradation in DMO vs control fibroblasts, FN was either 

released more slowly from the DMD fibrcblasts or degraded more slowly. 

In agreement with our data, McElligot and Dice (1984) have reported no 

differences in overall rates of protein degradation in DMD and control 

fibroblasts. 

The report of Okada and Dice (1984) on reduced catabolism of 

long-lived proteins in senescent cells and the possible effects on 

protein content and composition may be relevant since some investigators 

have reported changes in DMD cells reminiscent of premature senescence. 

FN in our system appears to have a reduced rate of catabolism, 

independent of the rate for the total labeled proteins. 

Zinc chloride (10 ~M) stimulated incorporation of 3H- TdR in DMD 

fibroblasts while that concentration had no effect on control cells. At 

100 and 150 ~M znC1
2 

(reaching toxic levels), inhibition of 

incorporation of thymidine was half as great in D~n cells. This could 

be attributed to hyporeactivity of the DMD cells as discussed above 

(perhaps because of already elevated intracellular zinc) or 

stabilization of damaged membranes by zinc. 



CONCLUSIONS 

Experimental data have been presented showing: 

1) The presence in muscle biopsies of one or more factors 

which promote collagen accumulation in 3T3 fibroblasts. These may arise 

from muscle cells, fibroblasts, connective tissue or other tissue 

components. 

2) Decreased protein and concomitant increases in FN and 

collagen (hydroxyproline) in sera of DMD patients. 

3) Increased FN and collagen in the media and monolayers (to a 

lesser extent) of dermal fibroblasts cultured from DMD patients, 

exclusive of the type of serum used for culture. The effect was 

age-related. 

4) Stimulation of increased collagen, FN, and GAG accumulation 

by exposure of both control and D~n fibroblasts to DMDS (also increased 

in 3T3 fibroblasts); 

5) Reduced RNA and protein synthesis in DMD fibroblasts and a 

general "hyporeactivity" to stimulation by putrescine or DMDS as 

compared to control fibroblasts. An inhibition of RNA synthesis in 

control fibroblasts was observed when cultured with DMDS. 

6) Reduced catabolism of FN in the media of DMD fibroblasts 

while total protein synthesis was unaffected. 

7) Increased inhibition (toxicity) of thymidine incorporation 

into 3T3 fibroblasts caused by DMD and carrier s~ra. Differences in DMD 

sera vs age and sex-match~d control sera may not be of sufficient 
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magnitude for prenatal screening but carrier sera show significant 

deviations from normal age-matched controls. 

8) Different degrees of FN/total protein synthesis in cloned 

fibroblasts from DMD carriers. These may reflect affected vs 

non-affected fibroblasts depending on the X-chromosome inactivated. 
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9) The absence of striking morphological differences in DMD vs 

control fibroblasts in vitro as observed by TEM and immunofluoresence. 

10) Zinc at nontoxic concentrations reduces the toxicity of 

DMDS on 3T3 fibroblasts. It stimulates thymidine incorporation by DMD 

but not control human fibroblasts at 10 ~M and DMD cells are much less 

affected by the toxicity of zinc at higher concentrations. These 

results could be explained by the "leakage" of zinc from dystrophic 

cells, leaving reduced intracellular levels. 

The results indicate that DMD may not be primarily a defect of 

muscle since fibroblasts have been found to exhibit metabolic 

abnormalities, especially with respect to components of the ECM 

whether by increased synthesis, decreased catabolism, or molecular 

alterations which might render them unable to function normally. If the 

primary lesion is expressed in a wide variety of tissues, the effect in 

DMD may well depend on the degree of the requirement of the altered 

protein for normal function of the tissue. Serum factors may playa 

critical role in modulation of DMD cells. The observed effects are 

reminiscent of Ionasescu's experiment in which a DMD soluble enzyme 

fraction from cells was necessary for control polyribosomes to produce 

increased amounts of collagen such as were seen in DMD polyribosomes. 

An abnormal control mechanism for the regulation of the ECM is suggested 
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\'lhich could contribute significantly to the pathogenesis or progression 

of DMD. The defect in DMD appears to cause excessive deposition of ECM 

components at the expense of other proteins (if the apparent reduction 

in overall RNA and protein synthesis that we have observed in DMD 

fibroblasts in vitro is reproduced in vivo). 

Evidence has been presented in the Introduction that an excess 

of FN may be involved in the regulation of myogenesis both by direct 

effects on myoblasts and, indirectly, by promoting the influx of an 

increased number of fibroblasts and macrophages, which themselves 

produce factors stimulatory to increased fibrogenic responses of muscle 

cells and fibroblasts. A "vicious cycle" might result with the 

increased connective tissue not only causing myoblasts to fail to 

differentiate or even to dedifferentiate, but also chemotactically 

attracting additional fibrogenic cells. Consequent interference in 

neuronal stimulation, and/or diffusion of nutrients and oxygen from the 

vascular system might serve to exacerbate the situation leading to the 

typical picture of degenerating, largely non-functional muscle in DMD 

patients. Our results, in conjunction with a recent report that FN 

production is no~mal in DMD muscle cells in culture, suggest the 

possibility that increased accumulation of FN (and collagen) in 

dystrophic muscle may result from a defect in fibroblast metabolism and 

that FN may interact with other ECM components to interfere in normal 

myogenesis. 



APPENDIX I 

LIST OF ABBREVIATIONS 
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BM 

BMD 

CBS 

CK 

ConA 

CS 

DMD 

DMDS 

ECM 

FA 

FBS (FCS) 

FN 

GAG 

HA 

Hyp 

LM 

MD 

NHS 

PG 

TdR 

TEM 

Trp 

Urd 

LIST OF ABBREVIATIONS 

basement membrane 

Becker muscular dystrophy 

control boy sera 

creatine kinase 

concanavalin A 

chondroitin sulfate 

Duchenne's muscular dystrophy 

Duchenne's muscular dystrophy sera 

extracellular matrix 

fatty acid 

fetal bovine serum (fetal calf serum) 

fibronectin 

glycosaminoglycans 

hyaluronic acid 

hydroxyproline 

laminin 

muscular dystrophy 

normal human sera 

proteoglycans 

thymidine 

transmission electron microscopy 

tryptophan 

uridine 
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