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INTRODUCTORY REMARKS 

This thesis is concerned with too diverse aspects of skeletal muscle 

than to allow for an extensive discussion of present knowledge in a gen

eral introduction. Therefore, the state of understanding will be only 

briefly summarized as far as relevant for the present studies. The reader 

will find additional information in the literature indicated at the end 

of each subsection. Moreover, the introductions to the next chapters will 

provide details and references with particular interest for the experi

mental studies. 

This chapter is concluded with an outline of the thesis. 

SKELETAL MUSCLE: A SURVEY 

Function, morphology, and physiology 

Skeletal muscle is essentially involved in the maintenance of the 

vertebrate body. Its primary function is the conversion of metabolically 

derived energy into mechanical work to elaborate locomotion and posture. 
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In order to serve this major role the tissue cooperates with other organ 

entities. The voluntary movements are initiated by electric stimuli orig

inating from the brain, which are conducted to the muscle by the moto

neurons of the sympathie system. The concerted action of several muscles 

(contraction in one muscle or group of muscles, and relaxation in the 

antagonist(s)) evokes movements of those parts of the skeleton to which 

the muscles, mostly via tendons, are attached. The lethal outcome of some 

of the human muscular disorders is attributed to ultimate insufficiency 

of respiratory muscles (I.e., diaphragm) or to metabolic poisoning of the 

rest of the body. The latter aspect relates to the metabolic interplay in 

health and disease with other body organs, among which liver, brain, and 

blood are especially important. Muscle mass, composition, and performance 

can be adapted in response to changes in nutrition, exercise, and nervous 

and hormonal control, 

The main constituent cell type of skeletal muscle is the contractile 

muscle fiber or myofiber (Fig. 1). Minor cellular components are fibro-

Myoflbri ls Ο-Ι,α) 

^Nuclei of muscle fiber 

_Миьс1е fiber crusheti 
bbow.rg 

-Sarcolemma 

Connective tissue cells 

Fig. 1 

Schematic presentation of the 

anatomy of skeletal muscle 

(from [1]) 
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cytes (which in addition to the myofibers contribute to assembly of the 

intercellular connective tissue), capillary wall cells, nerves (axons and 

Schwann cells), adipocytes, and blood cells. Myofibers are giants when 

compared to most other cells (only neurons may be larger), 10-200 ym in 

diameter, and sometimes as long as the muscle itself. They are arranged 

in parallel, separated from each other by a thin extracellular matrix 

(endomysium). Bundles of myofibers are surrounded by a connective tissue 

layer (perimysium), and finally the muscle as a whole is covered by the 

epimysial sheath. 

The morphology of a terminally differentiated myofiber is schematical

ly depicted in Fig. 2. The sarcoplasmic space is largely occupied by the 

contractile proteins actin and myosin, which are arranged in partially 

overlapping filaments parallel to the length axis. This causes the char

acteristic sarcomere pattern, appearing microscopically as the cross-

striated structure of skeletal muscle. The sarcoplasmic reticulum, a high

ly differentiated form of endoplasmic reticulum, is a vesicular network 

Sarcolemma 

Sarcolubules 

Mitochondrion 

Fig. 2 

Sections through a skeletal 

muscle fiber (from [2]) 

Myofibrils 

T-tubuh 
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which surrounds bundles (myofibrils) of contractile proteins. At the 

triads, its membrane is closely apposed to the membranes of transverse 

T-tubuli. These stand perpendicularly to the myofibrils and are in fact 

an infolding of the plasma membrane (sarcolemma). A basal lamina is cover

ing the latter. Mitochondria are positioned between the myofibrils and 

adjacent to the sarcolemma. Lysosomes, peroxisomes, ribosomes (some at

tached to the sarcoplasmic reticulum but most free in the sarcoplasm), 

glycogen particles, and lipid droplets can be visualized with the electron 

microscope and with histochemical techniques. 

Myofiber contraction is evoked by a complex sequence which starts with 

the arrival at the synaptic end plate, of an electric stimulus along the 

innervating motoneuron. The nervous depolarization wave is translated 

into secretion of acetylcholine. This neurotransmitter in turn stimulates 

the nicotinic acetylcholine receptor to induce Na -K depolarization 

spreading over the sarcolemma. The signal is conducted inward the myofiber 

through the T-tubular system. After arrival of the action potential at the 

sarcoplasmic reticulum it exerts the release of calcium ions which were 

until then segregated in the vesicles (Fig.3). Calcium becomes bound to 

the actin-associated protein troponin, which in this form alters the 

binding of another protein, tropomyosin, to actin. The binding sites for 

myosin on the actin-containing filaments become now freely exposed, and 

progressively-sliding bridge structures will be formed rapidly at the 

cost of ATP. When the stimulus ceases the normal polarized state of the 

sarcolemma (-60 to -80 mV) is restored, and ion pumps in the membrane of 

the sarcoplasmic reticulum transport the calcium back into the vesicles 

at the expense, again, of ATP. Although the contractile filaments are now 

disconnected, the muscle is dependent on its antagonist for relaxation. 

Additional literature: 

Bloom W, Fawcett DW (1975) A textbook of histology. Saunders, Philadelphia, 10th 

ed, pp 288-332 

Fette D (ed) (1980) Plasticity of muscle. Walter de Gruyter, Berlin 

Caverò I, Spedding M (1983) "Calcium antagonists": a class of drugs with a bright 

future. Part I: Cellular calcium homeostasis and calcium as a coupling messenger. 

Life Sci 33: 2571-2582 

Van Winkle WB, Entman ML (1979) Comparative aspects of cardiac and skeletal muscle 

sarcoplasmic reticulum. Life Sci 25: 11Θ9-12Ο0 
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Fig. 3 

Major mechanisms involved in the control of cytosolic free 

calcium concentration. In skeletal muscle the sarcoplasmic 

reticulum (SR) is the main source of free cytosolic cal

cium. The mitochondria can operate as a buffering system, 

especially in cardiac myocytes. V0C and ROC: voltage- and 

receptor-operated channels (from [3]) 

Myogenesis and differentiation 

Mammalian skeletal muscle cells are of the same mesodermal origin as 

fibroblasts and chondroblasts. Little is known about the mechanisms which 

determine that a particular pluripotent precursor cell will become myo

genic. The early embryonic stem cells of muscle, the myoblasts, are mono

nuclear. During the second half of gestation they fuse into postmitotic 

multinucleate syncytia (Fig. A). More myoblasts may be added to these 

young so-called myotubes during early postnatal life, but the time scale 

appears to vary between species. Some myoblasts remain conserved in a 

dormant state under the basal lamina of adult myofibers, until they are 

recruited for regeneration following injury or disease. The nuclei of 

these satellite cells amount to about 4% of all myonuclei. Regeneration 

is in many aspects a recapitulation of muscle embryogenesis (Fig. 5). 

Techniques for tissue culture of muscle also depend on the potency of 
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The life cycle of muscle fibers. Longitudinal and transversal 

sections are depicted. Myonuclei are centrally located during 

the myotube stage but migrate later towards a lateral position 

(from [4]) 

Fig. 5 

Regeneration of muscle дл vivo (from [A]). 

Four possible sequences are shown. 

I.The necrotizing myofiber (shaded) is 

replaced by myotubes developing from 

satellite cells (SO within the origin

al basal lamina 

2.SC from the necrotizing part of the 

myofiber multiply and fuse with the 

surviving fragment 

3.Injury to the myofiber is a signal 

for the SC to proliferate and form 

a new myotube within the basal lamina. 

The preexisting myofiber is repaired 

ή.SC escape from the injured fiber and 

fuse to form a new myotube in the 

interstitium 
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Saat Lamini gaxhtdlpf*-
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satellite cells to divide and fuse. Tissue culture studies have shown 

that myoblast fusion is accompanied or followed by several changes in 

cellular metabolism. Among these are synthesis of contractile proteins, 

increases in levels of a variety of metabolic enzymes, increase of acetyl

choline sensitivity, initiation of collagen secretion and basal lamina 
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formation including myotube-specific antigens, secretion of nerve growth 

factor, and synthesis of T-tubule and sarcoplasmic reticulum components. 

Certain molecular features which are specific to myoblasts disappear con

comitantly. These early transit ions appear to be independent of neuronal 

control. Myotubes become polyneuronally innervated during late gestation. 

At birth there are s t i l l l i t t l e differences between the enzymatic apparat

us of the tubes. I t appears that the mode of use and the selective elimin

ation of a l l but one of the innervating synapses are determinative for the 

ultimate fiber type. 

A group of myotubes which retains innervation from the same motoneuron 

will display identical enzyme ac t iv i t ies in the terminally differentiated 

state (myofiber). This enzyme pattern determinates the performance cap

aci t ies of any particular myofiber. Extremes herein are the SO fiber types 

which contract relat ively slowly in response to a nerve stimulus and rely 

mainly on oxidative metabolism for energy generation, and the FG types 

which have shorter twitch times and are glycolytic in nature. Classific

ations rely either on immunohistochemical methods, or on enzyme-histochem-

ical or microbiochemical procedures for the assay of myofibrillar ATPase 

(as a measure of twitch time) plus a set of metabolic enzymes. I t i s 

particularly relevant to use multiparameter schemes when transit ions 

during disease and postnatal development are to be described. In adult

hood, mammalian muscles are characterized by dis t inct proportions of fiber 

types which are often arranged in a random checkerboard pattern. 

Addi t iona l l i t e r a t u r e : 

Allbrook D (1981) S k e l e t a l muscle r e g e n e r a t i o n . Muscle Nerve 4: 234-245 
Mauro A (ed) (1979) Muscle r e g e n e r a t i o n . Baven P r e s s , New York 

Nag AC, F o s t e r JD (1981) Myogenesis in adul t mammalian s k e l e t a l muscle m vitro. 

J Anat 132: 1-18 

Campion DR (1984) The muscle s a t e l l i t e c e l l : a rev iew. In: Bourne OH, D a n i e l i ! JF 
(eds) I n t e r n a t i o n a l review of c y t o l o g y , Vol 87 , pp 225-251 
Pearson ML (1980) Muscle d i f f e r e n t i a t i o n in c e l l c u l t u r e : a problem in somatic c e l l 
and molecular g e n e t i c s . In: Leighton T, Loomis WF (eds) The molecular g e n e t i c s of 
development. Academic P r e s s , New York, pp 361-417 

I n e s t r o s a NC (1982) D i f f e r e n t i a t i o n of s k e l e t a l muscle c e l l s in c u l t u r e . C e l l S truc t 
Function 7: 91-109 
Eppenberger HM, Perriard JC (eds) (1984) Developmental p r o c e s s e s i n normal and d i s e a s 
ed musc le . Exp Bio l Med, Vol 9 · S Karger AG, Basel 
F e t t e D (ed) (1980) P l a s t i c i t y of musc le . Walter de Gruyter, B e r l i n 
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Energy generation and substrate conversion 

Skeletal muscle constitutes about 40% of the mass of the human body in 

adult age, and about 25% at birth and in old age. Considerable amounts of 

energy are required for contraction and relaxation activity, in addition 

to catabolism and anabolism, and heat generation for maintenance of body 

temperature. Energy is supplied by the enzymatic hydrolysis of ATP. Since 

one isometric contraction-relaxation cycle costs about 0.1 pmol ATP per 

gram muscle, whereas the ATP content of resting muscle is about 6 μιηοΐ per 

gram, it is necessary to rephosphorylate ATP during exercise. This may be 

accomplished by three ATP-replenishlng sources of energy, which are in 

order of recruitment upon duration of exercise: transphosphorylation using 

creatine phosphate, catalyzed by creatine kinase; glycogenolysis and glyc

olysis, the anaerobic conversion of glycogen and glucose to lactate; and 

the aerobic pathways of substrate (mainly fatty acids) degradation 

(Table 1). The intracellular locations of these pathways are shown in 

Fig. 6. 

Creatine phosphate can rapidly replenish the ATP pool because there is 

only one enzymatic step involved. The phosphorylation potential of this 

fuel is, however, sufficient only for about ten seconds of intense exerci

se. Thereafter the utilization of glucose (from the blood and from muscle 

Substrate Rest or 

recovery 

Exercise 

Short 

intense 

1 min 

Intermittent 

intense 

1 h 

Continuous 

moderate 

I h 4 h 

Creatine phosphate - ++ § - -

Glycogen - ++ § + -

Glucose - - + ++ + 

Fatty acids + - ++ ++ ++ 

Branched-chain amino acids - - - - + 

Acetoacetate - - - - + 

Lactate + - § - -

Table 1 

Contribution of substrates to muscular energy production in man in the postabsorptive 

state. - None or little, + important, ++ marked, 5 alternatively utilization and 

production 
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MYOFIBRIL MITOCHONDRION CAPILLARY 

a. 
SARCOPLASM 

Fig. 6 

Compartmentalization of energy metabolism in skeletal muscle 

glycogen) will take over. Glycolysis works also fast, but renders only 

little energy and produces toxic lactate. Microvascular oxygen supply is 

insufficient during the initial minutes of exercise to allow for appropri

ate activities of oxidative metabolism. After a few minutes, local vaso

dilatation and increased ventilatory rates are accomplished by a response 

of the parasympathic system to the elevated sanguinai CO2 level, produced 

by a shift in bicarbonate equilibrium: 

lactic acid + НСОэ" ï=r lactate" + C02 + H20 

In concert with the improved tissue oxygenation, fatty acid oxidation can 

now attain significant rates. Some intermediary products of the oxidative 

pathway (i.e., citrate and acetyl-CoA) inhibit certain key enzymes of the 

glycolysis so that after a few minutes of exercise the muscle works pre

dominantly on aerobic metabolism. Glucose is spared for the brain by this 

mechanism. The sources of fatty acids in skeletal muscle, blood, and 

eventually fat tissue are virtually inexhaustible. Branched-chain amino 

acids and ketone bodies may also contribute to muscular oxidative metabol

ism during prolonged intensive exercise, but their significance is larger 

in states of pathology and long-term fasting than in normal situations. 
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Additional literature: 

Newsholme EA (1981) Control of carbohydrate utilization In muscle in relation to 

energy demand and its involvement in fatigue. In: Di Prampero PE, Poortmans J (eds) 

Medicine and sport, Vol 13. S Karger AG, Basel, pp 53-62 

Rennie MJ, Edwards FHT (1981) Carbohydrate metabolism of skeletal muscle and its 

disorders. In: Rändle PJ et al. (eds) Carbohydrate metabolism of skeletal muscle 

and its disorders. Vol 3. Academic Press, London, pp 1-112 

Kaljser L (1982) Regulatory mechanisms in the interaction of lipid and carbohydrate 

metabolism in cardiac and skeletal muscle in man. In: Carlson LA, Pernow В (eds) 

Metabolic risk factors in ischemic cardiovascular disease. Haven Press, New York, 

pp 1Ί9-158 

Veerkamp JH (1981) The function of muscle mitochondria. In: Busch HFM et al. (eds) 

Mitochondria and muscular diseases. Mefar bv, Beetsterzwaag, The Netherlands, 

PP 29-49 

Clatz JFC (1983) Fatty acid oxidation in skeletal and cardiac muscle. Thesis, 

University of Nijmegen, Nijmegen, The Netherlands 

Figures were taken or adapted from the following sources: 

1 Bloom W, Fawcett DW (1975) A textbook of histology. Saunders, Philadelphia, 10th ed 

2 Krstic RV (1978) Die Gewebe des Menschen und der Säugetieren. Springer, Berlin 

3 Caverò I, Spedding M (1983) Life Sei 33: 2571-2582 

A Schmalbruch H (1980) Dtsch Med Wachr 105: 614-617 

OUTLINE OF THIS THESIS 

The investigations presented here were undertaken to establish a 

method for the preparation of intact isolated human myofibers. Such a 

system would not only possess the advantages of the perfused hindlimb 

(cellular integrity in combination with non-ischaemic conditions) but in 

addition allow to analyze the contributions made by single fibers of 

different types, to metabolic fluxes in muscle. This could not be realized 

due to technical difficulties with regard to the fragility of the single 

human myofibers. With rat muscle, however, the approach resulted in the 

preparation of the first available suspension of myofibers with a high 

degree of viability. Aspects of the oxidative and glycolytic metabolism of 

these suspensions will be described in chapters 2 and 4. Since the myo

fibers became detached from the fibrocytes during the dissociation proce

dure, a method to separate the cell types could be developed. This 
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afforded to measure the contributions of both to muscular palmitate oxi

dation (chapter 5). In the course of these investigations the possibility 

was recognized to monitor visually the contraction of individual muscle 

fibers in response to exogenous substances and stimuli. This unique prop

erty was used in a combined morphological and biochemical study of calcium 

homeostasis (chapter 3). 

The second main theme of this thesis concerns myogenesis and differ

entiation in skeletal muscle. In chapter 6 the postnatal development of 

rat muscles is described as studied by enzyme-histochemical and biochem

ical methods. The final part (chapter 7) evaluates the oxidative-metabolic 

properties of human skeletal muscle in tissue culture. The latter work 

will serve as a basis for future research in this laboratory on cellular 

metabolism in human skeletal muscle in tissue culture, with particular 

reference to the pathogenesis of neuromuscular disorders. 
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ABSTRACT 

A preparation of suspended fibers from m. flexor digitorum brevis of 

the rat was characterized with respect to morphological features, and 

its relevance for the study of muscular metabolism investigated. The 

activities of oxidative (palmitate and pyruvate oxidation) and glycolytic 

(lactate formation) pathways were enhanced in myofiber suspensions when 

compared to intact whole muscle. The rate of glycolysis was stimulated 

about twofold by insulin in both the myofiber suspensions and intact 

muscle. Parameters of oxidative metabolism responded similarly to metab

olic effectors in the myofiber suspensions and in intact muscle. It is 

concluded that the myofiber suspensions own distinct advantages over 

intact muscle for biochemical and pharmacological studies. 

INTRODUCTION 

Extensive research on heart and liver cells has clearly demonstrated 

the relevance of intact cellular preparations for the understanding of 

metabolism. When compared to other systems (isolated organelles, homogen-



ates, slices, isolated organs, perfused limbs) isolated cells may be the 

best available in vitro model for the study of metabolism in vivo with 

respect to intracellular compartmentation, cell membrane function and in

tegrity, optimal supply of fuels and release of end products, and cell 

type and organ specificity. It is difficult to liberate viable, different

iated skeletal muscle cells from mammalian tissue by enzymatical and 

mechanical techniques, because moat myofiber syncytia are large and will 

easily be disrupted. The only successful method has been reported by 

Bekoff and Betz [l]. In this procedure hundreds of intact fibers were dis

sociated from a small toe muscle, m. flexor digitorum brevis (FDB) of the 

young adult rat, which were used individually for physiological studies 

[l-3]. Recently, measurements of lateral molecular diffusion in exper

imentally induced membrane blebs on the surface of isolated FDB fibers 

were reported [A]. Chiesi et ai. [5] used a preparation of hyperpermeable, 

chemically skinned diaphragm myofibers from adult rats for studies of 

calcium transport in sarcoplasmic reticulum. Haljamae [6,7] investigated 

potassium movements in fragments of myofibers dissected from dog adductor 

muscle biopsies. The latter preparations can, however, not be regarded as 

intact cells. Whereas enzyme activities and metabolite concentrations have 

extensively been investigated in single myofibers of man [8-IO] and rat 

[11,12], which could be dissected after lyophilization of the muscle, no 

metabolic studies have been performed to our knowledge in intact, differ

entiated skeletal muscle cells. 

The present report describes a study on oxidative and glycolytic metab

olism of intact and collagenase-treated whole rat muscles and intact sus

pended skeletal myofibers. We characterized relevant morphological featur

es of the isolated FDB myofibers, and pyruvate, palmitate and glucose 

oxidation and the glycolytic rate. The usefulness of this myocyte prepar

ation for metabolic studies was demonstrated by its response on addition 

of insulin, coenzymes and other metabolic effectors. 

MATERIALS AND METHODS 

Materials 

Reagents were obtained from the following sources: collagenase CLS II 

(128-160 U/mg) from Worthington Biochemical Corporation, Freehold, NJ, 
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U.S.A.. D-[U-
1Ц
С]glucose, В-[2-

1ц
С]8Іисозе, [i-

1Ц
С]pyruvate and [і-

1 ц
С]-

palmitic acid from Amersham International, Amersham, U.K.; porcine mono-

component insulin from Novo, Bagsvaerd, Denmark; α-cyanocinnamic acid from 

Pfaltz and Bauer, Stamford, CN, U.S.A.; dichloroacetic acid from Fluka AG, 

Buchs, Switzerland; Aqualuma from J.T. Baker, Deventer, The Netherlands, 

and Omnifluor from New England Nuclear, Dreieichenhain, F.R.G.. L-carniti-

ne was a gift from Sigma Tau Ltd., Rome, Italy. Bovine serum albumin 

(fraction V) obtained from Sigma Chemical Co., St. Louis, MO, U.S.A., was 

made fatty acid-free according to Chen [l3]. DEAE-cellulose anion exchang

er DE-52 was from Whatman Ltd., Maidstone, U.K., and thin layer cellulose 

plates (DC-Plastikfolien Cellulose) from Merck, Darmstadt, F.R.G.. 

Preparation of muscles and fiber suspensions 

Male Wistar rats (90-125 g, 18 h starved) were killed by cervical dis

location and muscles were dissected. Connective and fat tissue were cut 

off and wet weights determined. In the case of collagenase treatment, 

muscles were incubated during 120 min at 37 С in 1 ml Krebs-Ringer bi

carbonate buffer (in mM: NaCl 118, KCl 4.7, CaCl
2
 2.5, КН

2
Р0ц 1.2, MgSO,, 

1.2, NaHCOa 25; pH=7.4) saturated with 95% 02-5% CO2, containing 4 mM 

glucose and 0.1% collagenase. In controls collagenase was omitted. Finally 

the muscles were rinsed in buffer. Fibers from m. flexor digitorum brevis 

(muscle weight 15-20 mg) were prepared according to the method of Bekoff 

and Betz [l] with some modifications. A collagenase-treated FDB muscle 

was transferred to a 35 mm plastic petri dish containing 0.5 ml Krebs-

Ringer bicarbonate buffer, and undigested connective tissue was removed 

with forceps. Contractile tissue fragments were triturated gently 10-20 

times with a pasteur pipette (bore 1 mm). The suspended fibers were trans

ferred to an incubation vial, and petri dish and pasteur pipette washed 

carefully with an additional 0.5 ml buffer to collect the fibers. 

Viability assay 

Whole muscles and fiber suspensions were examined for trypan blue up

take within 5 min after addition of the dye. Trypan blue concentration 

was 0.5%. 

Electron microscopy 

Fibers from one collagenase-treated FDB muscle were prepared by tritur-
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ation in 0.5 ml 0.1 M Na-cacodylate buffer (pH=7.3), immersed in 10 mi 

2.5% glutaraldehyde at k С for 1 h, washed with cacodylate buffer, and 

postfixed in 1% OsO, buffered with 0.1 M cacodylate for 1 h. After a wash 

in cacodylate buffer the cells were dehydrated through graded ethanol sol

utions, and transferred via twice propylene oxide, a 1:1 mixture of prop

ylene oxide and Epon to pure Epon 812 аз embedding medium. Polymerization 

was done at 37 С for 24 h and completed at 60 С for another 24 h. Thin 

sections (50-60 nm, silver-stained) were contrasted with uranyl acetate 

and lead citrate, and examined in a Philips electron microscope EM 300 at 

60 kV with objective diaphragm 15 цт. 

Enzyme histochemistry 

Drops of FDB fiber suspension were smeared out gently on microscope 

slides, and air-dried for 24 h. Intact FDB muscle was prepared for histo

chemistry as described previously [14](chapter 6). The slides were stained 

for succinate dehydrogenase (SDH: EC 1.3.99.1.) with phenazine methosul-

phate [15] and myofibrillar ATPase (ATPase: EC 3.6.1.3.; preincubation 

pH=4.35) [16]. 

Assays of substrate oxidation and glycolytic activity 

Collagenase-treated or control untreated muscles or fibers from one 

FDB muscle were placed in a rubber-sealed glass scintillation vial cont

aining 1 ml Krebs-Ringer bicarbonate buffer under a 95% 02-5% C0
2
 atmos

phere, and were incubated at 37 С in a metabolic shaker at 120 cycles 

per min. When insulin was applied, preparations were preincubated with 

1 mU/ml insulin for 5 min before substrate addition. 

For assay of oxidation rates, substrates were either 4 mM П-[и-
1 Ц
С]-

glucose, 1 mM [I-
1
 ''С]pyruvate or 0.12 mM [l-

1
'
t
C]palmitate bound to albumin 

(molar ratio 5:1). With palmitate incubations СаСІг was omitted from the 

buffer. The preparations were incubated during 60 min (fibers) or 60-90 

min (muscles), unless otherwise indicated. Incubations were stopped by 

injection of 0.5 ml 3 M perchloric acid into the medium, and
 llf
C02 was 

trapped in a plastic center well containing 0.3 ml ethanolamine-ethylene 

glycol (1:2, by vol) over a 16 h period at 4 C. Radioactivity of
 1Ц
С0,; 

was measured in 10 ml toluene-methanol (2:1, by vol) containing 0.4% Omni-

fluor. With palmitate as substrate, ^C-radioactivity of the acid-soluble 

products, which are acetyl esters and citric acid cycle intermediates {l7] 
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was also measured. An aliquot of the supernatant after centrifugation 

(5 min 10,000 g) of the acid incubation medium was mixed with 10 ml Aqua-

luma for liquid scintillation counting. Palmitate oxidation rates were 

calculated from the sum of
 1 Ц
С0 2 and ^C-labeled acid-soluble products. 

For assay of glycolytic activity, the preparations were incubated with 

A mM D- p-^Cjglucose. After 30 min at 37 С the incubations were termin

ated by addition of 1 ml ethanol and cooling in ice. A 1 ml aliquot of the 

10,000 g supernatant was analyzed by anion exchange chromatography on a 

DEAE-cellulose pasteur pipette column (pH=5.5). Glucose was eluted by 

successive washes with water, 10% glucose and water, after which the an

ions were collected with 0.1 M HCl. The '''C-radioactivity of the acid 

eluate was measured in 15 ml Optifluor. For identification of the
 1
Re

labeled anions this fraction was analyzed by cellulose thin-layer chrom

atography in n-propanol/ammonia/water (6:3:1, by vol). 

Statistical significance of differences was determined with Student's 

t-test. 

RESULTS 

Morphology and viability 

Fig. 1 

Light micrograph of isolated FDB myofibers in suspension. Large viable fibers (approx. 

1 mm) and much shorter non-viable fibers are shown. Bar, 200 μη 
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Collagenase-treated and control preparations of m. soleus, m. extensor 

digitorum longus and FDB excluded trypan blue. Both types of heraidiaphragm 

preparations, however, showed dye uptake at the distal fiber endings. 

Large and short muscle fibers were observed in suspension after tritur

ation of collagenase-treated FDB (Fig. 1). Only the short fibers internal

ized trypan blue and will be referred to as non-viable cells. The percent

age of trypan-blue-excluding (viable) FDB fibers varied markedly from one 

preparation to another (39% + 17%, 13 preparations). It was not possible 

to determine viabilities throughout subsequent incubations because non

viable fibers selectively tended to clump together at the glass-liquid-

atmosphere interface. The measurement of creatine kinase leakage was not 

useful as an alternative method to characterize cellular integrity, be

cause even by gentle centrifugation or filtration the FDB fibers could not 

be separated from the medium without complete loss of viability. The tri

turation step has to be carried out very gently without producing air 

bubbles, and carbogen should not be bubbled through the fiber suspension. 

Fig. 2 

Electron micrographs of longitudinal sections through isolated FDB fibers. Bars, 20 \im. 

a A viable FDB myofiber with myonucleus, tendinous insertion structures, cross-striated 

pattern, and arrangement of mitochondria in the subsarcolemmal region as well as in 

rows between the myofibrils and at the I-band region 

b A viable and a non-viable, hypercontracted, FDB myofiber. Shortened sarcomeres can be 

recognized in the latter 

30 



Tank et al. [h] observed also increased numbers of membrane blebs in FDB 

myofibers after short vortexing or slight compression. Viable fibers with

stand prolonged incubation with collagenase for at least one h. Neither 

omission of СаСІг from the buffer used at trituration, nor further tritur

ation of once liberated fibers, had influence on viability. 

Phase contrast and electron microscopy revealed a normal cross-striated 

sarcomere pattern only in the viable FDB fibers (Fig. 2a,b) whereas the 

short non-viable fibers were found to be hypercontracted (Figs. 2b and 

3a-d). Viable myofibers show intact sarcolemmas and, generally, continuous 

basement membranes, normal myofibrillar arrangement and sarcomeres at rest

ing length with the Η-bands visible, non-swollen mitochondria with normal 

cristae, and absence of cellular oedema. As for the non-viable fibers, 

only a small fraction has to be regarded as skinned fibers from which the 

sarcolemmal membrane has partly been removed (Fig. 3a). The majority of 

trypan blue-internalizing cells, however, shows a folded but apparently 

intact plasma membrane, and the basement membrane is at least partly 

present (Fig. 3b). The mitochondria have a normal ultrastructural appear

ance also, in these hypercontracted cells (Fig. 3c,d). Hypercontraction 

did not occur by preference in either type I (dark SDH and ATPase) or type 

II (light ATPase) myofibers. It is important to notice that the viable and 

the hypercontracted, non-skinned fibers together account for at least 90% 

of the total myofiber population. 

Attempts to liberate substantial numbers of intact myofibers from musc

les other than rat FDB failed. When collagenase-treated m. soleus, exten

sor digitorum longus or hemidiaphragm of the rat were triturated, only 

fragmented tissue and cut fibers were observed in suspension. Fiber bund

les of human m. pectoralis (length approx. 3 cm) showed cellular oedema 

and cell lysis within 15 min after start of the collagenase treatment. 

Fiber viability was not preserved better when a purified collagenase prep

aration (Worthington CLSPA) was used. Microdissection of a collagenase-

treated rat m. extensor digitorum longus or an untreated human m. pector

alis biopsy occasionally yielded a single intact myofiber or a cut fiber 

fragment, respectively, but viability was lost upon further manipulations 

like transfer to an incubation vial. 
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Fig. 3 

Electron micrographs of details in hypercontracted FDB myofibers. Bars, 1 um· 

a A non-viable, partially skinned FDB rayofiber. The sarcolemma has been ruptured locally 

and the basement membrane has been lifted from the surface. The myofibrillar pattern 

is disorganized although some striation can still be recognized. Mitochondria are 

swollen or ruptured. A single extracellular mitochondrion can be seen 

b A hypercontracted, non-skinned FDB myofiber. A folded but continuous sarcolemma with, 

closely connected, the basement membrane can be observed 

c ^ Hypercontracted, non-skinned FDB myofibers. Mitochondria are retained between the 

myofibrils and have a somewhat swollen (c) to normal (d) ultrastructural appearance 
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Metabolie activities and the effect of insulin 

Intact control and collagenase-treated muscles showed constant rates 

of pyruvate, palmitate and glucose oxidation for at least two hours. In 

FDB fibers, pyruvate oxidation activity is linear between 60 and 180 min, 

with a greater, progressively-decreasing rate in the earlier phases 

(Fig. 4). 

Pyruvate oxidized 

(>i,mol.g muscle
- 1
) 

6 

ι ι 
120 180 

incubation time (min) 

Fig 4 

Time dependence of pyruvate oxidation by FDB myofibers. 

Γi_
14
C]Pyruvate concentration was 1 шМ. Values repre

sent means + S.D. for 4 (o) or 12 (·) preparations 

After collagenase treatment pyruvate oxidation rates were slightly in

creased in the three hindlimb muscles, but not in hemidiaphragm (Tables 1 

and 2). In the latter muscle, proteolysis at the fiber ends exerted by the 

crude collagenase might be the reason for the somewhat decreased pyruvate 

oxidation. With palmitate as substrate the oxidation rate increased three

fold upon collagenase treatment (Table 2). In all preparations '""СОг con

stituted 51-56% of total oxidation products from [l-
1
'•C]palmitate. This 

value is in the range of previous results for intact muscles [18], but 
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Muscle 

Hemidiaphragm 

M. soleus 

M. extensor digitorum longus 

Oxidat 

Intact 

ЗА.A ± 3.4 

16.0 ± 1.2 

12.0 ± 0.9 

ion rat 

Coli 

в 

agenase-treated 

27.5 ± 3.8 

17.9 ± 2.9 

13.9 ± 1.0 

Table 1 

Pyruvate oxidation in intact and collagenase-treated skeletal muscles. 

Oxidation rates (in nmol/min per g muscle) are means + S.D. for three preparations. 

The concentration of [l-
1
"C]pyruvate was 1 mM. Values for collagenase-treated 

muscles are not significantly different from intact muscles 

much higher than for homogenates [17]. This may reflect a more coherent 

whole-pathway-regulation in the cellular systems. Isolated FDB fibers 

maintained oxidation rates which were 1.4 and 2.9 times higher for pyruv

ate and palmitate, respectively, as compared to intact muscle (Table 2). 

C0
2
 production from glucose was not affected by collagenase treatment 

in FDB muscle, but was impaired in FDB fibers due to the trituration step 

(Table 3). Glucose oxidation could be stimulated by insulin in intact FDB 

Preparation 

Intact muscle 

Collagenase-treated muscle 

Isolated fibers 

Oxidation 

Pyruvate 

33.8 ± 2.7 (13) 

38.1 ± 3.2
+
 (13) 

46.5 ± 14.9
+
 (12) 

rate 

Palmitate 

2.8 ± 0.5 

8.7 ± 0.3
§ 

8.1 ± 2.8
+ 

(3) 

(3) 

(16) 

Table 2 

Pyruvate and palmitate oxidation in intact and collagenase-treated m. flexor and 

isolated FDB fibers. Oxidation rates (in nmol/min per g muscle) are means + S.D. for 

the number of preparations within parentheses. The concentrations of [l-'"(^pyruvate 

and [l-^Ojpalmitate (bound to albumin, molar ratio 5:1) were 1 mM and 0.12 mM, resp

ectively. Values are different from intact muscle with: Ρ < 0.01 and Ρ < 0.001 
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Preparation 

Intact muscle (5) 

Collagenase-treated muscle (6) 

Isolated fibers (6) 

Oxidation rate 

- insulin 

6.0 ± 1.4 

6.6 ± 1.0 

2.0 ± 0.4 

+ insulin 

11.1 ± 2.2
+ 

9.3 ± 1.4
+ 

1.7 ± 0.2 

Ratio 

+/- insulin 

1.86 ± 0.29 

1.42 ± 0.19 

0.92 ± 0.25 

Table 3 

Glucose oxidation and effect of insulin in intact and collagenase-treated m. flexor and 

isolated FDB fibers. Oxidation rates (in nmol'"COj/min pergrouscle) are means + S.D. 

for the number of preparations within parentheses. The concentrations of fU-'^Clglucose 
+ 

and insulin were A mM and 1 mU/ml, respectively. Different from oxidation rate without 

insulin with Ρ < 0.01 

and to a lesser extent also in collagenase-treated muscle, but not in FDB 

fibers. The rate of CO2 production from glucose in FDB fibers was only 

0.7% of the rate of glycolysis, measured as ^C-labeled anions produced 

from [2-
1
''C]glucose (Table 4). In all cases lactate was detected as the 

only ^C-labeled anionic product. The rates of pyruvate oxidation prove 

that oxygenation is not rate-limiting to glucose oxidation. The glycolytic 

rate was markedly higher in suspended fibers than in intact muscle. 

Preparation 

Intact muscle 

Isolated fibers 

Glucose 

4 

4 

0.4 

Lactate 

- insulin 

158 ± 21 

271 ± 24
5 

53 ± 6 

formation 

+ insulin 

401 ± 69
+ 

485 ± 83
+ 

81 ± 7 

Ratio 

+/- insulin 

2.56 ± 0.44 

1.78 + O.IS
11 

1.51 ± 0.25 

Table I* 

Rate of glycolysis and effect of insulin in intact m. flexor and isolated FDB 

fibers. Rates of glycolysis (in nmol lactate/min per g muscle) are means + S.D. 

for k preparations. [2-1
''CjGlucose concentration is given in mM; insulin concen

tration was 1 reU/ml. Values are different from without insulin with: Ρ < 0.001, 

E f 

and from intact muscle with: Ρ < 0.001 and Ρ < 0.05 
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An important parameter for the characterization of plasma membrane in

tegrity and coherence of metabolism in cellular preparations is the demon

stration of an adequate response to insulin in susceptible tissue [19]. 

Glucose uptake, which is the rate-limiting step to glucose utilization 

[20], is enhanced by insulin in skeletal muscle [20-23]. In accordance 

with other investigators [22, 24-26] we observed a marked insulin stimul

ation of glucose oxidation and lactate formation in intact muscle. When 

glucose concentration was reduced to 0.4 mM the glycolytic rate decreased 

to 19% but the insulin effect was preserved. 

Influence of metabolic effectors and coenzymes on oxidative metabolism 

Intracellular compartmentalization and cofactor requirement with pyruv

ate and palmitate oxidation are shown in Fig. 5. 

FA FA 

( olbuminj-

FA FA 

* F A 

CoA 

A T P ^ J 

AMP PP ^ 

ocyl 

HITOCHONORtW 

Fig. 5 

Intracellular compartmentalization of pyruvate and 

palmitate oxidation 

Pyruvate oxidation was assayed in the presence of L-carnitine, a-cyano-

cinnamate and dichloroacetate. Essentially the same effects were found in 

FDB fibers and intact muscle (Table 5). No significant stimulation by 

carnitine addition was observed, whereas with isolated skeletal muscle 

mitochondria pyruvate oxidation is markedly stimulated by exogenous 

carnitine [27]. The absence of a carnitine effect in FDB fibers and intact 

muscle is in accordance with the much lower flux through pyruvate dehydro-
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genäse and indicates either that sufficient carnitine has been retained 

by the cells or that oxidative decarboxylation of pyruvate and citric acid 

cycle are paced well. With ot-cyanocinnamate, a specific inhibitor of mono-

carboxylate transport over the mitochondrial inner membrane and the plasma 

membrane in several tissues [28,29], pyruvate oxidation is reduced by 

about 55% in FDB muscle and fibers, whereas in muscle homogenates it is 

reduced to nearly zero (Zuurveld, J.G.E.M. and Veerkamp J.H., unpublished 

data). The smaller effect may relate to a limited uptake of a-cyanocinnam-

ate into the myofibers. With dichloroacetate, an inhibitor of pyruvate 

dehydrogenase kinase [30], oxidation rates-were enhanced by 80-100%. This 

indicates that the pyruvate dehydrogenase complex is submaximally active 

in both intact preparations and responds to exogenous stimulation. 

With palmitate as substrate, pooled data from 2-5 experiments did not 

show a significant effect of L-carnitine, coenzyme A and ATP, separately 

or in combination (Table 6). Within individual experiments, however, the 

combination of the three coenzymes stimulated significantly due to an in

crease of 1 цС-1аЬе1еа acid-soluble products as was observed in rat hemidia-

phragm [18]. This effect may relate to palmitate activation and transport 

Addition 

None 

2 mM L-carnitine 

0.1 mM a-Cyanocinnamate 

1 mM Dichloroacetate 

Oxidation 

Intact muscle 

33.8 ± 4.A 

32.0 ± 6.9 

16.0 ± 2.7
+ 

65.A ± 7.6
+ 

rate 

FDB fibers 

38.6 ± 6.4 

38.8 ± 6.4 

16.7 ± 2.3
5 

64.2 ± А.З
1 

Table 5 

Effect of some additions on pyruvate oxidation In intact m. flexor and 

isolated FDB fibers. Oxidation rates (in nmol/min per g muscle) are means 

• S.D. for 3 intact muscles and 6 FDB fiber preparations. The concentra

tion of [l-
1
'C]pyruvate was 1 mM. Values are different from no addition 

with:
 +

 Ρ < 0.01 and
 5
 Ρ < 0.001 
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Addition 

None 

L-carnitine 

L-Carnitine + CoASH 

ATP 

L-carnitine + CoASH + ATP 

Oxidation rate 

8.1 + 2.8 

8.4 ± 3.6 

9.3 ± 4.9 

9.8 ± 3.9 

11.2 ± 3.0 

(16) 

(9) 

(12) 

(8) 

(8) 

Relative rate 

100% 

114% ± 7% (3) 

125% ± 28% (5) 

115% ± 33% (2) 

163% ± 16% (3)
+ 

Table 6 

Effect of some coenzymes on palmitate oxidation in FDB fibers. Oxidation rates 

(in nmol/min per g muscle) and relative rates (in % of the control) are means + 

S.D. for the number of preparations and experiments, respectively, given within 

parentheses. The concentration of [1-'*C]palmitate, bound to albumin (molar ratio 

5:1) was 0.12 mM. Concentrations of additions were L-carnltine 2 mM, CoASH 0.1 mM, 

and ATP 5 mM. Different from relative oxidation rate with no addition, with 

Ρ < 0.001 

in those cells that had been damaged during preparation. 

DISCUSSION 

The most critical point in our procedure for the isolation of viable 

skeletal myofibers from the rat is not the enzymatic digestion but the 

mechanical treatment. Myofibers larger than a few mm are ruptured by tri

turation or microdissection after collagenase treatment, as was demonstr

ated with rat diaphragm, soleus and EDL.Only from m. flexor digitorum 

brevis, a muscle with fibers shorter than 2 mm, substantial numbers of 

viable myofibers could be obtained. 

It may be questioned whether these FDB fiber suspensions as a whole 

can be referred to as intact cellular preparations. Triturated viable FDB 
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fibers maintain resting potentials and specific membrane resistance is 

not affected [1]. In the present study we found that a marked, but vari

able percentage of the isolated fibers was viable as featured by the ex

clusion of trypan blue and normal ultrastructural morphology. In the 

majority of the other, non-viable fibers the membrane lesion appeared to 

be small in morphological terms. The triggering mechanism for FDB fibers 

to loose viability may be a mechanically-induced local membrane damage 

caused by agitation (trituration) of the rather loose network of myofi-

bers, nerves, capillaries and connective tissue that remains after enzym

atic digestion. Once the transmembraneous electrochemical gradients have 

been disturbed total contracture may be induced by the influx of calcium 

ions. 

Objections against metabolic studies on isolated intact muscles concern 

low transport rates of substrates. Comparison of control and collagenase-

treated muscles indicates that the oxidation of glucose and pyruvate is 

less markedly hindered by diffusion across the extracellular space, than 

the oxidation of palmitate which was added as a complex with albumin. In 

suspended FDB fibers the rates of pyruvate and palmitate oxidation and 

glycolysis are all higher than in intact muscle. This is not the case 

with ^СОг production from glucose. The catabolic route of glucose in both 

intact FDB muscle and suspended fibers is, however, strongly directed to

wards lactate, whereas only a minor fraction of the processed glucose 

enters the oxidative pathway. This agrees with data in the literature on 

intact muscle preparations [26,31]. From the data presented in Tables 

3 and 4 it can be calculated that the ratio of glucose molecules converted 

to CO2 versus lactate is much lower in the isolated fiber preparations 

(0.67:136) than in whole muscle (2:79)· The lower CO2 formation from glu

cose in suspended myofibers may be due to a leakage of glycolytic products 

across the sarcolemma in the damaged cells. 

An insulin effect upon glucose oxidation in FDB fibers was not detect

ed, possibly due to the low flux of glucose through the oxidative pathway. 

The glycolytic rate, however, is evidently enhanced, indicating the pre

sence of functional insulin receptors [19]. Since the insulin receptor is 

a glycoprotein [32] and the type II collagenase contains unspecified 

tryptic activity, it is still possible that the degree of insulin stimul

ation in EDB fibers was affected by proteolytic degradation of some re

ceptors. A decrease of specific binding of insulin to trypsin-treated 
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isolated rat cardiac myocytes [33] and of glucagon to dispase-treated 

hepatocytes [34] was reported. Adipocytes pretreated with trypsin exhibit

ed, however, normal sensitivity to insulin [35]. 

Although the palmitate oxidation rates for FDB fibers reported in the 

present study are the highest values found in any intact skeletal muscle 

preparation at 120 μΜ concentration [18], they are still only 31% of the 

metabolic capacity as measured in FDB homogenates. This difference may 

be due to the resting state of the muscle fibers, in which they do not 

use much of the metabolic capacity [36-38]. 

The experiments with metabolic effectors and added cofactors indicate 

that the FDB fiber suspension and intact muscle share a lot of features 

with respect to oxidative and glycolytic metabolism. The sarcolemmas of 

the viable and of the trypan blue-internalizing, non-skinned fibers still 

constitute a barrier for intra- and extracellular molecules, and regulat

ory mechanisms are retained well in these cells. For future research, our 

suspended myofibers may have two major advantages over the intact muscle. 

Firstly, single fibers can be visualized by microscopy for, e.g., invest

igations of contraction dynamics and intracellular tracing of fluorescence-

labeled metabolites. Secondly, the cell surface is freely accessible and 

the cellular environment can be effectively manipulated for a diversity 

of purposes. Besides for applications in the field of membrane transport, 

intermediary metabolism and hormone research, the cells seem to be more 

adequate for pharmacological studies with calcium antagonists and other 

drugs, and for the molecular characterization of sarcolemmal components 

like the insulin receptor. 
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ABSTRACT 

Myofiber suspensions with 80% viability were prepared from rat m. 

flexor digitorum brevis by a 6 h collagenase treatment. The viable fibers 

had intact sarcolemmas and generally showed continuous basal laminas. The 

intracellular compartments exhibited normal muscular morphology. The susp

ended myofibers showed good tolerance against extracellular calcium (up to 

30 mM) but were susceptible to 15 niM EGTA. Calcium ionophore A 23187 

induced contraction with loss of viability in both calcium-containing and 

nominally calcium-free Krebs-Ringer medium. EGTA prevented the ionophore 

effect, but the muscle cells collapsed as soon as calcium was replenished. 

A calcium paradox, as observed with isolated beating hearts and cardiac 

myocytes, could not be induced in isolated skeletal myocytes. This susp

ended cell system may be a proper tool for the investigation of relation

ships between metabolic parameters and muscle physiology. The extracellu

lar environment can easily be manipulated and cellular responses of indi

vidual skeletal muscle fibers can be measured and visualized. 
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INTRODUCTION 

Studies on skeletal muscle have been performed with test systems at 

different levels of tissue and cell integrity (isolated mitochondria, 

homogenates, skinned fibers, intact isolated muscles or myofiber bundles, 

and perfused hindlimbs). Of these systems, only perfused muscle shares a 

normal intra- and intercellular organization concomitant with an appropri

ate circulation of extracellular fluid, and approximates properly the іл 

vivo situation. A preparation of intact isolated skeletal myofibers could 

be an equally powerful tool for the study of the metabolism of skeletal 

muscle as has been demonstrated with cardiac myocytes [1-3] . In addition, 

it would provide the unique opportunity to visualize relations between any 

exogenous intervention and aspects of contraction at the level of individ

ual myofibers. 

Intact viable myofibers were isolated for the first time by Bekoff and 

Betz \k,5] from a small rat hindfoot muscle, m. flexor digitorum brevis. 

Recently, we applied their procedure with some modifications to prepare 

myofibers for the study of oxidative and glycolytic metabolism (chapter 2) 

but the viability of the preparations was not quite satisfactory due to 

mechanical damage. No other protocols for the isolation of intact striated 

muscle cells have been described, which is presumably due to the fragility 

of single myofibers upon handling. 

In the present work we will introduce a modified procedure for the 

preparation of myofiber suspensions with a much higher viability than 

attained before (chapter 2). We will describe effects of the calcium iono-

phore A 23187, and report the absence of the calcium paradox phenomenon 

in isolated skeletal myofibers. These cells appear to be a useful system 

for metabolic and pharmacophysiological studies of skeletal muscle. 

MATERIALS AND METHODS 

Preparation of myofiber suspensions 

M. flexor digitorum brevis (FDB) was isolated from 18 h-starved male 

Wistar rats (100-120 g). M. extensor digitorum longus (EDL) was prepared 

from 3 weeks-old male Wistar rats. Terminal tendons and connective tissue 

were trimmed away and removed with forceps, respectively. Individual musc-
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les were transferred to 20 ml glass vials containing 1 ml Krebs-Ringer bi

carbonate buffer (NaCl 118.5 mM, KCl 4.74 mM, CaCl
2
 2.54 mM, КНгРО,, 1.18 

mM, MgS0
4
 1.18 tnM, NaHCOa 25 mM, D-glucose 4 mM, Na-penicillin 50 lU/ml, 

streptomycin sulphate 10 pg/ml) supplemented with 0.15% collagenaae and 

equilibrated with carbogen (95% O2 + 5% CO2) to a final pH of 7.4. In some 

experiments СаСІг was omitted. 

With FDB, after 5.5 h incubation in a shaking waterbath (120 cycles per 

rain) at 37 C, most of the connective tissue had been digested and many 

myofibers had already been liberated. The vial was then shaken firmly by 

hand during 4 seconds and placed back into the waterbath for another 30 

min. After this 6 h collagenase treatment a few small and softened tissue 

fragments were still present, but these could easily be dispersed to yield 

mainly intact cells by gentle trituration with a wide-bore plastic pasteur 

pipette. Finally the suspension was flushed with carbogen. 

With the much larger myofibers from EDL muscles the final shaking and 

pipetting procedures were omitted. 

Assay of viability 

Cell suspensions were gently mixed by pipetting up and down without 

producing air bubbles. One drop was sampled and mixed with one drop of 

trypan blue solution (1% dye in 0.9% NaCl) on a microscope slide. The 

cells were covered with a coverslip. Examination was completed within 2 

min after sampling, at magnification lOOx with phase contrast. Per sample 

100-250 myofibers were counted, and viability was expressed in percents. 

FDB suspensions contained two myofiber types: either colorless, cross-

striated, and at resting length (designated "viable"), or blue-stained, 

without cross-striations, often showing membrane blebs, and contracted 

to less than 30% of the resting length (designated "non-viable") (Figs. 

1 and 2). After treatment with A 23187 and EGTA fibers were observed which 

did not fit into these two categories (for classification, see Results and 

Figs. Юа-е). 

Electron microscopy 

Thin sections (50-60 run) from FDB myofibers were prepared and examined 

as described (chapter 2). In some cases, the fixation with 2% glutaralde-

hyde in 0.15 M Na-cacodylate buffer (pH=7.3) and rinsing twice for 1 h 

with the same buffer was followed by incubation for 1 h with a 1% tannine 
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solution in 0.15 M cacodylate buffer (pH=7.0) before rinsing and fixation 

in osmium tetroxide. 

I 

Fig. 1 

Fig. 2 

Fig. 1 

Suspended skeletal myofibers from rat m. flexor digitorum brevis. Myofibers were liber

ated by incubation with collagenase, and stained with trypan blue as described in Methods. 

One non-viable (dark) and four viable (light) fibers are shown. Bar, 100 pm 

Fig. 2 

Detail of a viable isolated FOB myofiber, showing the infolded sarcolemma at the former 

myotendinous junction. Cross-striatlon is visible even without phase contrast optics. 

Four smaller cells, possibly fibrocytes, are present. Bar, 10 um 
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Preparation of agent solutions 

Ca-ionophore A 23187 (2.5 mg/ml) was dissolved in ethanol/acetone 

(9:11 v/v) by ultrasonication. Dilutions were made in ethanol and stored 

at -20 C. During the experiments they were kept in ice. EGTA and СаСІг 

for stock solutions were dissolved in water and pH was adjusted to 7.4 

with NaOH. Demineralized water was used for Krebs-Ringer buffer, and for 

EGTA and СаСІг solutions. 

Experiments with agents 

Myofiber suspensions from several FDB muscles were pooled and viabili

ty was determined at the start of the experiment. Final concentrations 

of agents are indicated in the Figures and Table. 

For A 23187 experiments, portions of 500 μΐ cell suspension were trans

ferred to glass vials, gassed with carbogen, and preincubated for 1 min 

in the shaking waterbath at 37 C. lonophore solution (10 μΐ) was added, 

and at appropriate times samples were assayed for viability. 

For calcium paradox experiments, 10-50 yl EGTA solution was added to 

500 μΐ cell suspension (vial 1). After 5 min incubation at 37 С 250 μΐ 

cell-plus-EGTA suspension was transferred to another prewarmed and pre-

gassed vial (vial 2). СаСІг solution (10-50 μΐ) was added to vial 2 after 

another 5 min EGTA treatment. Viability was assayed in vial 1 for EGTA 

effect (10 min and 20 min) and in vial 2 for cumulative effects of EGTA 

followed by calcium (20 min). For calculation of the free calcium it was 

assumed that one mol EGTA will bind one mol calcium. The effect of 10 min 

incubation with СаСІг alone was assayed in suspensions from the same pool. 

The pH was monitored with phenol red during the experiments, and the 

suspensions were additionally flushed with carbogen if necessary. 

Chemicals 

Collagenase type CLS II was from Worthington (Millipore); A 23187 was 

purchased from Eli Lilly Company (lot no. 361-V02-228). Percoli for 

density gradient centrifligation was from Pharmacia. All other chemicals 

were of analytical grade. 
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RESULTS 

Isolation procedure and cellular fragility 

After 6 h collagenase treatment single skeletal myofibers were liberat

ed from rat FDB muscle (Figs. 1 and 2) in high yield (100% tissue disag

gregation) and with high viability (80% + 6%, 15 preparations). When cal

cium was omitted from the Krebs-Ringer buffer cell yield and viability 

(77% + 5%! 10 preparations) were comparable, but in the presence of 2.5 

mM EGTA the muscle did not dissociate. Suspended cells maintained viability 

for at least 4 h, indicating that this type of collagenase at the concen

tration used is not harmful to the myofibers. Experiments were always 

carried out within 2 h after the final trituration. 

With EDL muscles of young rats about 50 viable myofibers (less than 1% 

of the total fiber number), but much more non-viable cells and cell frag

ments, were liberated. The majority of myofibers were kept entangled with

in the decollagenized muscle body and were frequently damaged. 

Isolated skeletal muscle fibers are extremely large when compared to 

most other cell types (rat FDB 1 to 2 mm, EDL about 8 mm). Cell length 

may be crucial for the preservation of integrity during the preincubation 

with collagenase, in which the myofiber has to become entirely dissociated 

from the endomysium and the terminal tendons, and during the subsequent 

experimental manipulations. We observed that mechanical forces should be 

minimized to ensure optimal preservation. One should avoid bubbling carb-

ogen through a cell suspension, pipetting vigorously, dropping a cover-

slip, and shaking the vial too fast. Contraction of myofibers followed by 

trypan blue influx can easily be induced by exerting moderate pressure on 

the coverslip (Figs. 3a-d). Earlier (chapter 2) we described myofibers 

which had been suspended by trituration of partially disaggregated FDB 

muscle. The mechanically skinned fibers which constituted a minor fract

ion of the non-viable cells in those preparations, were completely absent 

from the FDB suspensions described here. 

Attempts to separate the viable from the non-viable FDB cells, or to 

remove collagenase, were not successful because the majority of viable 

myofibers did not survive compression even with very gentle centrifugat-

ion or nylon mesh filtration techniques. With sedimentation at unit grav

ity in preformed Percoli density gardients (30 to 80% stock isoosmotic 

Percoli, centrifuged for 15 min at 30,000 g) the viable cells were dis-
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Fig. 3 

Contraction of an isolated EDL myofiber 

after mechanical damage as induced by 

pressure on the coverglass. The sequen

ce a-d was completed within 10 seconds. 

The fiber was broken into two segments 

during contraction (d). Bar, 1 mm 

^ 

^ 

tributed over almost the entire density range, overlapping a smaller band 

of non-viable cells. Although a limited purification on Percoli could 

therefore be effected, we did not explore the technique since it was im

possible to concentrate the viable cell fraction without damage. 
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Fig. 4 

Electron micrographs of the cell surface of viable FDB rayoflbers. The basal lamina (BL) 

was contrasted with tannine, and appears to be continuous. The H-bands ÍH)t a myonucleus 

(N) and T-tubuli (T) are visible. Bars, 1 ym 

Fig. 5 

Electron micrographs of mitochondria in Isolated FDB myofibers. Cristae are arranged in 

a parallel way. Bar , 0.1 ym 
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Fig. 6 

Electron micrograph of a FDB myofiber show

ing a local, lateral contracture. At the dis

tal side the sarcomeral structure can still 

be distinguished. Bar, 1 pm. 

Inset: lower power magnification of the same 

fiber 
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Cellular morphology of suspended myofibers 

Viable and non-viable FDB myofibers were easily distinguished according 

to the criteria described in the Methods section. Examples of both are 

shown in Figs. 1 and 2. With electron microscopy, sarcomere lengths and 

morphology in viable cells (Fig. A) and intact isolated FDB muscle (not 

shown) were comparable. The plasma membranes and basal laminas appeared 

to be intact (Fig. 4), and the mitochondria had a normal, non-swollen, 

ultrastructure with a dense matrix (Fig. 5). 

Non-viable myofibers (Figs. 1 and 3d) showed hypercontraction and loss 

of sarcomere pattern. The sarcolemmas were often blebbing. Fig. 6 shows a 

FDB myofiber with a one-sided contracture. It presumably represents an 

intermediate stage of contraction induced by a single small membrane 

perforation. 

Effects of calcium lonophore A 23187 

Calcium lonophore A 23187 was added to FDB skeletal muscle cells, and 

cellular viability was assayed at several conditions of concentration, 

incubation time, and extracellular free calcium. 

I 1 1 1 -1 ll ^=-vJ 

О 05 10 15 20 50 
[A 23187] (>jg ml M 

Fig 7 

Dose dependence of the effect of calcium lonophore A 23187 on the viability of suspended 

FDB myofibers Cell suspensions were preincubated at 37
 0
C for 1 min before lonophore 

was added to the indicated final concentration. After 10 m m at 37
 0
C the viability was 

determined, Myofibers from several FDB muscles had been pooled after preparation in 

Krebs-Ringer buffer with 0.15% collagenase either in the absence (o—o) or presence 

(·—·) of 2.5Ί шМ calcium. Values are means + S.D. for four experiments 
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A 23187 had a concentration-dependent effect on the viability of the 

myofibers (Fig. 7). The dose-response curves were sigmoid-shaped with 

significant (P < 0.01) decrease of viability up from 0.05 iJg per ml, in 

both normal and nominally calcium-free Krebs-Ringer buffer. With only 

the solvent or 0.005 yg ionophore per ml added, no significant effect was 

observed. At intermediate ionophore concentrations (0.75-2.0 yg per ml) 

the myofibers in a nominally calcium-free suspension appeared to be less 

sensitive than the cells prepared with calcium, but these differences 

were not significant (P < 0.3 or 0.A). Viability was completely lost at 

concentrations of 2 and 5 yg per ml in cell's prepared with and without 

calcium, respectively. 

Time curves showed that A 23187 did not work instantaneously (Fig. 8). 

Viability decreased at a dose-dependent rate in the initial phase with 

at the lower concentrations a tendency to stabilize after 10 min. 

Viability (%) 

100 

8 0 -

6 0 

4 0 -

2 0 -

O-· 
10 20 30 

Incubation time (mm ) 
Fig. 8 

Time dependence of the effect of calcium ionophore A 23187 on the viability of suspended 

FDB myofibers. Cell suspensions were preincubated at 37
 0
C for 1 m m before ionophore 

was added to the following final concentrations (in Mg per ml): л 0.005, с 0.05, o0.5, 

" 0.75,0 1.0, and » 2.0. Myofibers from several muscles had been pooled after preparation 

m Krebs - Ringer buffer with 0.15% collagenase either in the absence (left) or presence 

(right) of 2.54 mH calcium. Representative curves for 2-4 experiments are shown 
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When 0.5 mM EGTA was present during the preincubation and the subse

quent incubation with a high concentration of ionophore (5 yg per ml) the 

myofibers maintained almost complete viability. If calcium was then added 

to a final free calcium concentration of 1 mM the cells collapsed as yet 

(Fig. 9). 

In incubations with A 2318?! cell forms were frequently observed which 

did not fit in the standard descriptions of viability and non-viability 

(see Methods, and Figs. 1 and 2). The aberrant structures presumably re

present intermediary stages of contraction. Examples are shown in Figs. 

lOa-e. Only those myofibers were counted as viable which showed normal 

dimensions, total exclusion of trypan blue, cross-striations visible over 

the entire length, and absence of membrane blebs (Figs. 2 and 10a). 

Vebtltly (·/.) 

ι ι ι f ι 
О 10 20 30 

Incubation lime ( mm ) 

Fig. 9 

Myofiber viability after A 23187 adminiatration in EGTA-pretreated and control cells, and 

effect of calcium replenishment. FDB myofibers prepared in nominally calcium-free Krebs-

Ringer buffer were incubated with 0.5 mM EGTA for 10 min before A 23187 (final concentrat

ion 5 pg per ml) or, in case of controls, ethanol was added. Calcium chloride (final free 

concentration 1 mM) was administrated 10 min after ionophore addition. Samples for viab

ility assay were taken 30 sec before any addition was made, and at the end (30 min after 

the start) of the experiment. Values are means + S.D. for 8 (at times zero and 10 min) or 

A (at 20 and 30 min) suspensions 

Fig. 10 

Aberrant fiber morphology after A 23187 treatment (10 m m ) . 

a Myofiber with a slightly swollen end. Fibers like these were designated "viable" if trypan 

blue was excluded. Cross-striation may or may not be visible in the terminal region. A 23187, 

0.005 \i& per ml. Bar, 10 pm 

b Partially hypercontracted myofiber. The still striated part is being "swallowed" by the al

ready hypercontracted part. A 23187, 0.75 ug per ml. Bar, 10 pm 

с Most non-viable fibers after A 23187 treatment were not fully hypercontracted when compared 

56 



шшншт 

with the non-viable cells present after collagenase treatment {Fig. 1). Note the colourless, 

slightly contracted fiber. A 23187, 1 pg per ml. Bar, 100 urn 

d In the upper part of this non-viable fiber the sarcolemraa is still intact, though blebbing, 

and can prevent trypan blue intrusion. The dye is, however, invading from the lower part of 

the fiber. A 23187, 1 yg per ml. Bar, 10 pm 

e Hypercontracted FDB myofiber with the sarcolemma blebbing, but impermeable for trypan blue. 

A 23187, 1 ve per ml. Bar, 10 urn 
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Treatment 

None 

10 min EGTA 

20 min EGTA 

10 min Ca 

10 min EGTA + 10 min Ca 

Mode A 

(2 mM EGTA, 

75% ± 

68% ± 

61% ± 

72% ± 

62% ± 

2 mM free 

6% (7) 

8% (7) 

7% (4)
+ 

9% (3) 

4% (6)
§ 

Ca) (15 mM 

Viability 

Mode В 

EGTA, 

72% ± 

58% ± 

58% ± 

64% ± 

38% ± 

30 mM free Ca) 

1% (4) 

5% (4)
+ 

7% (4)
t 

2% (3)
§ 

7% (4)
§ 

Mode С 

(130 mM EGTA, 30 mM free Ca) 

76% ± 7% (5) 

54% ± 9% (5)
+ 

46% ± 9% (5)
§ 

64% ± 2% (3) 

»0% (2)^ 

Table 1 

Myofiber viability before and after EGTA treatment and calcium addition. 

FDB myofibers were prepared and incubated in nominally calcium-free Krebs-Ringer buffer during periods and with additions as 

indicated. Concentrations of additions are given in the top of the table. Values represent means + S.D. for the number of 

suspensions given within parentheses. Viabilities are different from before treatment with Ρ < 0.01, and Ρ < 0.001. 

Not determinable because of cell aggregation 



Calcium paradox 

The possible occurrence of calcium paradox was investigated with FDB 

myofibers which were prepared in nominally calcium-free Krebs-Ringer buf

fer. After a period of calcium depletion by EGTA, calcium was replenished 

by the addition of equimolar amounts of СаСІг to compensate for EGTA, plus 

extra СаСІг to make up the desired free calcium concentration. Viability 

was determined at relevant stages of this sequence. The effects of EGTA 

and СаСІг alone were also determined. The results with three concentration 

variants (A, B, and C) are shown in Table 1. The high concentration of 

130 mM EGTA was applied in mode С just to enable comparison with a commun

ication [6] in which the occurrence of a calcium paradox was reported. 

In all variants the viability was significantly reduced after applicat

ion of EGTA plus calcium, when compared with FDB myofibers before treat

ment. The same decrease was, however, found after incubations for 20 min 

with EGTA alone. Calcium alone had a small effect only at 30 mM (B and C). 

Aberrant cell forms were frequently observed with 15 and 30 mM EGTA. 

The same criteria for viability were applied as in the A 23187 experiments 

(Figs. Юа-е). Myofibers with single or multiple focal trypan blue intrus

ions, located laterally or at the fiber ends, were often seen. Cross-

striation was absent from such segments as observed with the light micro

scope but was still visible in the rest of the myofiber. 

DISCUSSION 

In this report we describe a procedure for the isolation of rat skelet

al muscle fibers with high yield and viability. We demonstrate that the 

interference of agents with muscular calcium homeostasis can be visualized 

and quantified with this preparation. In multicellular preparations like 

fiber bundles or intact whole muscles some of the myofibers may react more 

strongly or at lower concentrations than others, which may result in pas

sive co-contraction of the latter. In suspensions of myofibers, however, 

the individual responses of free cells can be monitored. In the following 

we will discuss our results with respect to cellular morphology and cal

cium metabolism. 

Bekoff and Betz [A,5] published a combined enzymatical and mechanical 

procedure for the liberation of rat skeletal muscle fibers from the 
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penniform m. flexor digitorum brevis (FDB) without, however, documenting 

their percentage of viability. Other investigators [7-10, chapter 2] used 

the method for various purposes, but viability was reported to be low 

(chapter 2). In our hands the mechanical steps appeared to be mainly resp

onsible for cell damage (chapter 2). Therefore we prolonged the collagen-

ase incubation as described here in order to get the cells released with 

a minimum of mechanical forces. Although FDB myofibers are much larger 

and more fragile than most other cell types, the viability values found 

are constant and well in the range of isolated myocyte preparations obtain

ed from heart [з]. The morphological examinations did not reveal any signs 

of cellular abnormality in those fibers classified as viable. 

The viability of FDB myofiber suspensions decreases dramatically upon 

addition of A 23187, a compound which acts as a divalent cation ionophore 

in biological membranes [11-13]. It is known to induce contraction in 

muscle [14,15] concomitant with an increase in the cytosolic calcium con-
-4 Г 1 

centration, which normally is as low as 10 mM [16]. After treatment with 

relatively high concentrations of A 23187, all suspended FDB myofibers are 

indeed fully contracted. The calcium may have entered from the extracel

lular space. The somewhat smaller but still prominent effect on viability 

when nominally calcium-free buffer is used, may be explained from calcium 

that originates from non-viable myofibers with damaged SR (sarcoplasmic 

reticulum), or from glassware and chemicals. The total absence of an 

A 23187 effect in EGTA-(pre)treated cells indicates that an exogenous 

source is involved, and that it is calcium and not magnesium. However, the 

possibility that intracellular calcium stores (SR and mitochondria) might 

also be responsible for the A 23187 effect [l4,17-2l] can not be excluded. 

In that case, EGTA should also have access to the sarcoplasmic space (Fig. 

9, 20-30 min, closed symbols). It has been demonstrated that EGTA can not 

enter cardiac myocytes [22]. Under the influence of the ionophore, con

traction proceeds much slower than after mechanical damage (Figs. 3a-d). 

This fact, together with the presence of fully or partially contracted, 

often trypan blue-excluding myofibers at intermediate A 23187 concentrat

ions (Figs. lOb-e) suggests that only moderate, intracellularly raised 

calcium concentrations may be involved. In both visions the ongoing de

crease in viability with time may be explained by ultimate exhaustion of 

the intracellular energy pool, leading to impaired clearance of sarco

plasmic calcium by the SR pump. The A 23187 mechanism may be further in-
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vestigated by microscopical visualization of calcium streams in FDB myo-

fibers, with the help of intracellular fluorescent calcium indicators 

[23,24]. 

Hypercontraction of a particular myofiber is not necessarily accompan

ied by trypan blue influx (Fig. 10e). One possible explanation is that 

the sarcolemmal perforation is not large enough in all fibers to permit 

passage of large molecules like trypan blue. Alternatively, sarcolemmal 

damage may be not the cause but the consequence of contraction and for un

known reasons preferentially affect certain fibers. 

We subjected FDB myofibers to EGTA treatment (calcium depletion) fol

lowed by calcium repletion both at different concentrations, to investig

ate if calcium paradox can be induced in skeletal muscle. The phenomenon 

was defined with heart cells as the dramatical impairment of cellular 

tolerance to physiological calcium concentrations in apparently morphol

ogically intact cells, after the calcium-free perfusion which was thought 

to be necessary to separate the cardiac myocytes at the intercalated 

disks [з]. It is recognized now that during the perfusion of hearts with 

enzyme solutions calcium has to be included in micromolar concentrations 

in order to bring about good preservation of glycocalyx structure as well 

as digestion of the intercellular cement. In skeletal muscle the tissue 

is built up differently: myofibers have no direct contact to each other 

but are embedded individually in connective tissue, which rises the quest

ion if a calcium paradox should be expected to appear. In addition, the 

calcium which triggers skeletal muscle contraction comes from intracellu

lar stores rather than from the extracellular space, as with cardiac 

muscle. 

With isolated skeletal muscle fibers we did not observe a difference 

in cellular viability after calcium repletion as compared to the control 

incubation with EGTA (Table 1). The viabilities after the treatments with 

physiologically relevant concentrations (mode A), were only slightly 

lower than before. We therefore conclude that there is no true calcium 

paradox in skeletal muscle fibers. The contradictory observations [6] 

that were made with intact muscle in situ may relate to an effect of the 

high concentration of EGTA used (as in our Table 1, modes В and C). 

Karpati et al. [6] do not describe the effects of appropriate control 

bathings with EGTA alone. EGTA treatment, at moderate concentrations, is 

likely to cause more or less severe hyperpermeability of the sarcolemma 
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in cardiac and skeletal muscle [25-29]. In addition, EGTA may compete for 

calcium with sarcolemmal nucleotide-protein-Ca complexes as was recently 

demonstrated with heart cells [22]. At low concentrations (1 mM) EGTA, 

however, the steady outward current generated by rat skeletal muscle fib

ers is not altered, indicating that the electrochemical gradients remain 

intact [30]. In our experiments В and C, the cell deterioration may have 

been (partly) caused by the high osmolarities. 

We did not investigate why some FDB fibers respond to certain thres

hold concentrations of agents whereas others do not. There may be a rela

tion with fiber type, since in slow-twitch muscle less SR is present per 

unit of cell volume than in fast-twitch muscle [3l]. The flexor digitorum 

brevis muscle is of a mixed type with respect to enzyme-histochemical 

criteria. At the age of the rats used in this study (6 weeks) the muscle 

has a slightly immature aspect as indicated by the myofibrillar ATPase 

typing (chapter 6). 

We have shown some applications of the improved system of suspended 

FDB myofibers for the investigation of muscle metabolism and pharmacology. 

It may be an appropriate model for studies on metabolic regulation in

cluding the simulation of pathology, for applications in the field of cell 

surface and receptors, for monitoring intracellular traffic of fluorescen

ce-labeled molecules, and for in vitro studies on the mechanisms of myo-

fiber damage and repair. 
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ABSTRACT 

Palmitate oxidation in rat skeletal muscle was investigated with a 

suspension of intact isolated cells. M. flexor digitorum brevis was dis

sociated by a 6 h collagenase treatment to yield single myofibers of 

which 76% were viable. The contributions of ^СОг and
 ІЦ
С-1аЬе1еа acid-

soluble intermediates to total oxidation products from palmitate were 

evaluated. The myofiber suspension exhibited a higher total oxidation 

rate than the isolated whole muscle, due to improved transport of palm

itate to the sarcolemma. Addition of cytoplasmic cofactors L-carnitine, 

CoASH, and ATP did not increase the palmitate oxidation. ^СОг amounted 

to about 37% of oxidation products. With [ W c ] - and [16-
1Ц
С]palmitate 

the oxidation rates were equal. These findings indicate that the cellular 

integrity was well preserved. The oxidation rates were sharply decreased 

in fibers with damaged sarcolemmas, and in intact fibers when rotenon 

and antimycin A were applied. The damaged fibers restored the production 

of acid-soluble intermediates in the presence of cofactors. The results 

indicate that suspended skeletal myofibers are an adequate іл vitro 

system for measurements of metabolic activities in the resting muscle. 



INTRODUCTION 

The question of tissue permeability has been a matter of discussion 

whenever isolated intact-cellular muscle preparations (whole muscles or 

slices) were used for in vitro metabolic studies. The process under in

vestigation may become influenced by anoxia and products of metabolism as 

soon as the inner part of the tissue becomes ischaemic. Exogenous substra

tes may fail to gain adequate access to the pen- and intracellular spaces 

especially when short incubation periods are used. In these compartments, 

both concentration and specific activity (the latter with radiolabeled 

substrates) are likely different from those in the medium, so that the 

actual metabolic rates will be often underestimated. 

With most tissues these problems have been encountered after the 

development of techniques for the preparation of intact cell suspensions. 

For skeletal muscle, Bekoff and Betz [1,2] developed a method with which 

the short (1-2 mm) myofibers from a rat toe muscle could be isolated. 

Recently we evaluated this procedure with respect to cellular morphology 

and oxidative and glycolytic metabolism (chapter 2). Other techniques 

have not been described, which is probably due to the fragility of 

single skeletal myofibers. 

In this report we present an improved preparation procedure involving 

a 6 h incubation of the muscle with collagenase, which results in a high

er viability of the myofibers. We measured palmitate oxidation during and 

after this treatment and compared the results with intact muscle. The 

effects of mechanical damage, of cofactors of palmtate oxidation, and of 

respiratory chain inhibitors, were also investigated in the isolated 

cells. 

MATERIALS AND METHODS 

Preparation of myofiber suspensions 

Young adult male Wistar rats (100-120 g) were starved for 18 h and 

killed by cervical dislocation. M. flexor digitorum brevis (FDB) were 

prepared from the hindfeet, tendons and connective tissue were removed, 

and wet weight (15-20 mg) determined. The muscles were dissociated indi

vidually by incubation m 1 ml Krebs-Ringer bicarbonate buffer (NaCl 
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118.5 mM, KCl 4.7^ тМ, СаС1
2
 2.54 пМ, КНгРО,, 1.18 тМ, MgS0

4
 1.18 ИМ, 

ЫаНСОэ 25 тМ, with А тМ D-glucose, 50 lU/ml penicillin and 10 pg/inl strep

tomycin), supplemented with 0.15% collagenase and gassed with carbogen 

(95% 02/5% CO2). After 5.5 h at 37
 0
C in a shaking waterbath (120 rpm) 

muscle disaggregation was facilitated by shaking by hand, and after 6 h 

total incubation time the remaining tissue fragments, if present, were 

dissociated by gentle trituration. Precautions were taken to avoid mechan

ical damage to the single fibers. Viability was assayed by counting the 

percentage of dye-excluding myofibers at 0.5% trypan blue concentration. 

Assay of palmitate oxidation 

Palmitate oxidation rates were determined according to the method of 

Glatz and Veerkamp [3]. Palmitate concentration and incubation period 

were 120 μΜ and 30 min, respectively, unless otherwise indicated. Oxida

tion rates (in nmol/min per g original muscle) were calculated as the sum 

of ^СОг and
 1,f

C-labeled acid-soluble products. 

[l-'^C]- or [ 16-
llf
C]palmitate complexed to bovine serum albumin in a 

molar ratio of 5:1 was added to 1 ml medium containing cells or intact 

muscle, at the end of the 6 h preincubation. In the kinetic studies, how

ever, the albumin concentration was fixed at 400 μΜ and the palmitate con

centration varied from 0.2 to 2.0 mM. In the time curve experiments (Fig. 

2) palmitate was added at the start of the preincubation period. Incu

bations were carried out at 37 С in a shaking waterbath, and terminated 

by injection of 0.3 ml COa-absorbant (ethanolamine/ethylene glycol, 1/2 

v/v) into a center well, and 0.5 ml 3 M perchloric acid into the incuba

tion medium. After a second incubation of 16 h at 4 C, radioactivity of 

trapped
 ІІ,

С0г was measured in 10 ml toluene/methanol (2/1, v/v) contain

ing 4 g Omnifluor per 1. Acid-soluble products were assayed by counting 

radioactivity of 0.75 ml of the supernatant fraction (5 min 10,000 g) of 

the incubation medium, in 10 ml Optifluor. 

Stock solutions of cofactors in water and of inhibitors in ethanol, 

were prepared freshly before each experiment. These compounds were ad

ministered before palmitate addition, if indicated. Final concentrations 

were for L-carnitine 2 mM, CoASH 0.1 mM, ATP 5 mM, L-malate 1 mM, NAD
+ 

1 mM, antimycin A 4 yg/ml, and rotenon 4 pg/ml. 
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Chemicals 

Collagenase type CLS II was from Worthington (Millipore, Freehold, NJ, 

U.S.A.), [I-^C]- and [16-
1Ц
С]palmitic acid from Amersham International, 

Amersham, U.K., and New England Nuclear, Dreieichenhain, F.R.G., respect

ively. Bovine serum albumin fraction V (Sigma, St. Louis, MO, U.S.A.) was 

made fatty acid-free according to Chen [A]. L-carnitine was a gift from 

Sigma Tau Ltd, Rome, Italy. Coenzyme A, ATP, and NAD were obtained from 

Boehringer Mannheim, and palmitic acid and L-malic acid from Merck, Darm

stadt, F.R.G.. Antimycin A and rotenon were from Sigma, St. Louis, MO, 

U.S.A., and Omnifluor and Optifluor from New England Nuclear (Dreieichen-

hain, F.R.G.) and Baker (Deventer, The Netherlands), respectively. 

Fig. ι 

a Isolated flexor digltorum brevis (FDB) myoflbers after staining with 0.5% trypan blue. 

Bar, 250 μη 

b A viable myofiber. Cross-striations and sarcolemraal foldings at the former myotendinous 

junction can be seen. Bar, 100 μιη 

с Non-viable myofibers. The cross-striations have disappeared due to hypercontraction. 

Membrane blebs may or may not be present. Bar, 100 μοι 
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RESULTS 

Palmitate oxidation during collagenase treatment 

Between 0 and 6 h incubation with collagenase the muscle tissue 

gradually disaggregated. At 2 h the first free myofibers appeared in 

suspension, and at 6 h only a few small tissue fragments were left which 

could easily be dissociated by trituration. Cellular viability at this 

point as determined by trypan blue exclusion was 76% +_ 7% (23 preparat

ions) and remained constant during at least A h thereafter. This value 

is much higher than with 2 h-collagenase treatment and mechanical disso

ciation (chapter 2). 

In Fig. 1 a FDB suspension, and details of viable and non-viable 

myofibers are shown. At electron microscopy, mitochondria in viable fibers 
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Fig. 2 

Oxidation of palmitate during long-term incubations of FDB muscle with (squares) and without 

(circles) 0.15* collagenase at 37 0C. [ I-1"Ç]palmitate (J20 μΜ) was bound to albumin in a 

molar ratio ôf 5:1. Values (in iimol per g muscle) are means + S.D. for 3-6 preparations. 

a Accumulation of total oxidation products 
i» 14 

b Accumulation of CO¿ (open symbols) and C-labeled acid-soluble products (filled symbols) 
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exhibit a condensed structure with no signs of swelling. Non-viable fibers 

are hypercontracted as a result of sarcolemmal damage during the disso

ciation procedure. 

To study the time-dependence of palmitate oxidation in dissociating 

muscles and intact controls, [l-^C]palmitate was added to freshly dis

sected FDB muscles with or without collagenase. After 1-7 h the incubat

ions were terminated and oxidation products measured. Fig. 2a shows that 

the palmitate oxidation rate was constant in intact FDB muscles after a 

short lag period. In the dissociating muscles, however, the oxidation rate 

increased still after 1 h. ^СОг and
 ІЦ
С-1аЬе1еа acid-soluble intermediat

es contributed to different extent to the total oxidation products (Fig. 

2b). With no collagenase present, ^СОг continuously accumulated at a 

constant rate, whereas the rate of intermediates formation slowed down. 

In contrast, during collagenase treatment both '"'СОг and to a lesser 

extent acid-soluble intermediates contributed to the increasing rate after 

1 h. The ratio of
 1 Ц

С 0
г
 to total products increased to the same extent in 

intact and dissociating muscles, namely from about 0.A6 over the first h 

to about 0.66 over 7 h. 

When [l-
1
'
,
C]palmitate was added after 6 h (with all myofibers free in 

suspension), the accumulation of total oxidation products was almost 

( μ mol g - 1 ) 

Incubation lime (mm) 
Fig. 3 

Time dependence of f 1-'"C]palmitate oxidation in suspended FDB myofibers. After 6 h preincub

ation in the presence of collagenase the dissociated muscle was incubated at 37
 0
C with 

120 μΜ [1- '''Cjpalniitate bound to albumin (molar ratio 5:1). The accumulated amounts of "CO4 

(·), '"C-labeled acid-soluble products (A), and the sum of both (•) are indicated. Values 

(in vmol per g muscle) are means + S.D. for 3 or Ί preparations 
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linear during the first 30 min but slowed down at longer incubation 

(Fig. 3). Thia may be due to a more complete equilibration of [^Cjpalm-

itate with the intracellular lipids. The ratio of
 1 Ц

С 0
2
 to total products 

markedly increased from 0.06 to 0.40 over 5 and 60 min incubation, res

pectively. Oxidation rates with isolated fibers were usually measured 

during the linear period (30 min), and amounted to 14.8 + 2.6 nmol/min per 

g (27 preparations) in comparison to 2.3 ¿ 0.5 nmol/min per g for intact, 

6 h-preincubated muscle (10 preparations). The oxidation rates in the 

fibers are higher than those measured when [l',C]palmitate was added at 

the start of the collagenase treatment (6-8 nmol/min per g, calculated 

over the corresponding 6-7 h and over the total 7 h-period, Fig. 2a). The 

difference may be caused by the oxidation of endogenous palmitate before 

[1',C]palmitate addition in the former case, with reduced label dilution 

as a consequence. The oxidation rates with fibers which are reported 

here are higher than those obtained with fibers prepared by mechanical 

dissociation after a 2-h preincubation with collagenase (chapter 2). This 

probably relates to the lower viability (37%) in the latter preparations. 

oxidation ra t * 
(nrrwH.g^.min-1 ) 

palmliaie concentrai ion (mM) palmllal«- concentration (mM) 

Fig. * 

Concentration dependence of palmitate oxidation at 0.Ί mM albumin in suspended FDB myo-

fibers (squares) and intact FDB muscle (circles). Incubations were preceded by a 6-h pre

incubation of the muscle in the presence or absence of collagenase, respectively. Prepar

ations were incubated for 30 min at 37
 0
C with the final concentrations of [ I-

1
 "Clpalmi-

tate indicated. Values (in nmol/min per g muscle) are means + S.D. for Ί preparations. 

a Total oxidation rates 

b Accumulation rates of "COj (open symbols) and '»C-labeled acid-soluble products 

(filled symbols) 
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Fig. 'te 

Lineweaver-Burk plot of the 

data presented in Fig 4a 

r . (mM
- 1
) 

[p*lmlt*l«] 

Concentration dependence of palmitate oxidation 

Oxidation rates at palmitate concentrations between 0.2 and 2 mM were 

determined in isolated myofibers and intact muscle at a fixed albumin 

concentration of 0.4 mM (Fig. 4a). The rate was maximal at 1.2 mM palm

itate in suspended muscle cells, but in intact muscle the optimal concen

tration appeared to be higher than 2 mM. '"'СОг production completely ac

counted for the increase in oxidation rates at higher palmitate concentra

tions (Fig. 4b). Calculations with a Lineweaver-Burk plot (Fig. 4c) gave 

values for V (in nmol/min per g) and apparent К (in mM) of 47.4 and irax i- о Г-Г-
 m 

0.32 for suspended myofibers, and 10.8 and 0.60 for intact muscle, resp

ectively. The oxidation rates at 2 mM palmitate at a molar ratio of 5:1 

(Fig. 4a) are higher than the values found at 120 μΜ palmitate at the 

same ratio, for both myofibers and intact muscle (see before). 

Coherence of palmitate oxidation 

We investigated the effects of addition of cofactors and of respiratory 

chain inhibitors on palmitate oxidation by suspended fibers (Table 1). 

Palmitate oxidation was not increased by the addition of the cofactors 

L-carnitine, CoASH, and ATP, nor was the contribution of '"'СОг altered. 

This indicates that at least the smaller molecules did not leak out, in 

contrast with the cells obtained by 2-h collagenase treatment (chapter 2). 
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Application of antimycin and rotenon did not affect cellular viability, 

but decreased the oxidation rates to about 17% of the control irrespective 

of addition of cofactors.
 1 Ц
С0

2
 production was negligible. These fibers 

probably have an energy deficit, although not severe enough to induce 

membrane collapse. 

To investigate the degradation of intermediates from palmitate the 

oxidation rates of [l-^C]- and [іб-^С]palmitate were compared (Table 1). 

In all conditions tested, these rates were not different from each other, 

in contrast to those with homogenates and isolated mitochondria [5]. This 

indicates absence of acid-insoluble ß-oxidation intermediates and integri

ty of the muscle cells [5]. The lower ^СОг contribution with [іб-^С]-

palmitate arises from different label dilution in the citric acid cycle, 

since [l-'^C]- and [г-^С]-carbon atoms of acetyl-CoA are differently 

processed. 

Additions [I-
1Ц
С]palmitate 

oxidation rate % CO2 

[іб-^С] palmitate 

oxidation rate % CO2 

None 

Cofactors 

Respiratory inhibitors 

Cofactors + respirat

ory inhibitors 

14.8 ± 2.6 37 ± 7 (27) 

13.5 ± 2.4 38 ± 11 (12) 

2.7 ±1.7 4 ± 4 (5) 

2.7 ±0.6 3 ± 2 (6) 

15.4 ± 1.3 11 ± 2 (6) 

13.9 ± 0.7 12 ± 2 (7) 

2.5 ±1.6 2 ± 2 (6) 

2.6 ±1.0 0 ± (8) 

Table 1 

Effect of cofactors and respiratory Inhibitors on palmitate oxidation in suspended FDB 

myofibers. Myofiber suspensions were incubated with 120 μΜ palmitate bound to albumin in 

a 5:1 ratio for 30 min at 37
 0
C. Cofactors were 2 mM L-carnitlne, 0.1 mM CoASH, and 5 mM 

ATP. Respiratory inhibitors were Ί ug/ml antimycin A and A yg/ml rotenon. Oxidation rates 

(in nmol/min per g original muscle) and "COj contribution (in percents of total oxidat

ion products) are given as means + S.D. for the number of preparations within parentheses. 

Only the differences between oxidation rates with and without respiratory inhibitors are 

significant (P < 0.001, Student's t-test) 
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The relation between cellular integrity and palmitate oxidation was 

also investigated with mechanically damaged cells. Fiber suspensions were 

vigorously vortexed for 10 sec, which induced sarcolemmal leakage (trypan 

blue uptake), membrane blebbing, and rapid hypercontraction in all fibers. 

The palmitate oxidation rate was decreased to 24% by this treatment, with 

the
 1I
*C02 production more affected than the formation of acid-soluble 

intermediates (Table 2). When cofactors were added to compensate for 

probable leakage of cytoplasmic components, the disrupted cells showed 

almost the normal oxidation rate. '''СОг production, however, remained 

low. 

System and additi 

Intact fibers: 

No addition 

Carn, CoA, ATP 

Carn, CoA, ATP, 

Damaged fibers: 

No addition 

Carn, CoA, ATP 

Carn, CoA, ATP, 

Carn, CoA, ATP, 

0ПЗ 

mal 

mal 

mal, 

(10) 

(5) 

(3) 

(8) 

(6) 

(6) 

NAD"
1
" (3) 

Palmitate oxidation 

CO
 2 

5.1 ± 0.5 

6.5 ± 0.3
+ 

6.8 ± О.З
1
" 

0.4 ± 0.1 

0.8 ± 0.1
+ 

0.8 ± О.З
1
" 

0.9 ± 0.1
+ 

Acid-soluble 

11.9 ± 1.1 

9.7 ± 0.4
+ 

10.0 ± 0.7 

3.8 ± 1.1 

12.7 ± 1.5
t 

13.4 ± 1.2
+ 

17.3 ± 4.7
+ 

products 

Total 

17.0 

16.2 

16.8 

4.1 

13.5 

14.2 

18.1 

± 1.6 

± 0.5 

± 0.9 

± 1.2 

± 1.5
+ 

± 1.1
 + 

±4.6
+ 

Table 2 

Effect of cofactors on palmitate oxidation in intact and disrupted FDB myoflbers. Oxida

tion rates were measured at 120 μΜ [ I-
1
"С]palmitate. Damaged fibers were obtained by 

vortexing vigorously during 10 sec. Concentrations of cofactors were: L-carnitine 2 mM, 

CoASH 0.1 mM, ATP 5 mM, L-malate 1 mM, and NAD* 1 mM. Oxidation products (in nmol/mln per 

g original muscle) are given as means + S.D. for the number of preparations within par

entheses.
 +
 Significantly different from no addition (P < 0.01, Student's t-test) 
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DISCUSSION 

Suspended myofibers, in which the metabolic rates would not be limited 

by intratissular transport, might be regarded as the іл vitro equivalent 

of a resting muscle in which the capillary bed supplies the myofibers with 

substrates and oxygen. The purpose of this study was to obtain an 

improved preparation of isolated muscle fibers, and to infer its value 

for metabolic studies from investigations of palmitate oxidation. The 

prolongation of the collagenase treatment from 2 h as previously used 

(chapter 2) to 6 h resulted in a myofiber suspension with a twofold 

higher viability and a higher palmitate oxidation rate, which was inde

pendent of exogenous carnitine, CoASH, and ATP. 

Several authors [3,6] demonstrated that the oxidation of fatty acids 

in intact isolated muscles is linear with time after a short lag. A steady 

state is also reached in this study with m. flexor digitorum brevis. The 

intact muscle maintains a turning-over pool of palmitate-borne acid-

soluble intermediates which is not much enlarged during the 7 h period 

(Fig. 2b). This pool feeds the mitochondrial
 1 Ц

С 0
2
 production, which in 

this system is largely responsible for the increase of total palmitate 

oxidation. The results with collagenase-treated muscle show that when 

the cells become more liberated the oxidation rates of palmitate steadily 

rise up to 4 times the values for intact control muscle. The pool of acid-

soluble intermediates is also increasing in these fibers, which indicates 

that 0-oxidation activity in the intact isolated muscle is suboptimal. 

The uptake of fatty acids by skeletal muscle in vivo is correlated 

to the concentration of free fatty acids in the blood [?]. The fatty 

acid/albumin ratio appears to be a relevant factor [β]. With intact iso

lated muscle, increasing oxidation rates with rising palmitate concentra

tions were observed in FDB (this study) and reported for diaphragm [3,9] 

and EDL [ΐθ]. This indicates that the availability of fatty acids at the 

sarcolemma and not oxygen supply is limiting. The rates with suspended 

myofibers are much higher due to the absence of intratissular barriers. 

With the fiber suspensions the apparent К for palmitate oxidation is 

comparable to those in homogenates of rat diaphragm [з] and m. quadriceps 

[llj at the same physiological albumin concentration. This indicates that 

palmitate uptake and cytosolic transport are not rate-limiting and that 

label dilution by endogenous palmitate plays no role. The oxidation rate 
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with isolated myofibera at 120 JJM palmitate (2A yM albumin) approaches 

the corresponding value in homogenates of FDB [3]. 

The oxidation products in cell-free systems of rat muscle consist for 

about 90% of acid-soluble intermediates (Veerkamp, J.H. et al., unpubl

ished data), which accumulate in the 50-fold diluted, cofactor-supplied 

extramitochondrial space. In isolated fibers, however, the
 1ц
С-1аЬе1еа 

acid-soluble products constituted a smaller and rather constant fraction 

(8-12 nmol/min per g) at all palmitate concentrations and palmitate:al-

bumin ratios tested, whereas ^СОг often amounted to much more (5-34 

nmol/min per g) and accounted for the observed differences in total oxi

dation rates. The intracellular pool of acid-soluble intermediates appears 

to be of a distinct, limited size. The higher levels of intermediates which 

accumulate at the longer incubation periods with palmitate during muscle 

dissociation (Fig. lb) may be due to diffusion of products from the cyto

plasm to the medium, and by transition of label to other acid-soluble 

products than the usual ones (e.g., amino acids). On the other hand, some 

'''C-labeled products may escape detection by becoming reincorporated into 

acid-insoluble molecules (lipids, proteins)[l2]. Mechanically damaged myo-

fibers have a label distribution between CO2 and acid-soluble products 

which is comparable to homogenates [5]. Their low CO2 production from 

palmitate may be due to disturbances of the cellular compartmentation and 

the metabolite and ionic composition, leading to disregulation of the 

citric acid cycle and the electron transport chain. 

In the presence of respiratory chain inhibitors, the low palmitate 

oxidation rates are accounted for by acid-soluble products. The absence 

of an increasing effect of cofactor addition on these products, in con

trast to with the mechanically disrupted fibers, may be caused by the in

creased reduction grade of NAD and FAD. The low residual activity prob

ably reflects incomplete chain-shortening of palmitate in the peroxiso

mes [5] . 

The high yield and grade of viability, and the metabolic character

istics measured with palmitate oxidation indicate that, in analogy with 

isolated cardiac myocytes [l3,14] the suspended myofibers of rat m. flexor 

digitorum brevis are a valuable system for the study of skeletal muscle 

metabolism. It combines the advantages of intact intracellular compart

mentation and proper perifusion with substrates, hormones or drugs. Visual 

monitoring of the cells for contraction responses to electrical stimula

tion may be possible as with heart cells [15]. 
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ABSTRACT 

Myofibera and fibrocytes were purified from a cell suspension of rat 

m. flexor digitorum brevis. The procedure was successful only when myo-

fibers were intentionally damaged before separation. Density gradient 

centrifugation yielded a fraction containing 82% of fibrocytes and 20% 

of myofibers, and a second fraction with the complementary 18% and 80% of 

fibrocytes and myofibers, respectively. Since the damaged myofibers had a 

negligible palmitate oxidation activity, the relative contribution of 

fibrocytes and myofibers to palmitate oxidation in the parent cell sus

pension with intact myofibers could be established, and amounted to 

13% and 87%, respectively. 

INTRODUCTION 

In skeletal muscles a considerable but variable fraction of cellular 

mass is occupied by other cell types than contractile myofibers, predom

inantly fibrocytes. The usual intact-cellular and cell-free experimental 

systems do not permit an analysis of the role of the different cell types 

in muscular metabolism. Fatty acids are important fuels for skeletal musc-
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le [i-A] but nothing is known about the contribution of fibrocytes to 

muscular palmitate oxidation. Comparison with cultured fibroblasts may 

be misleading since these constitute a proliferating population in which 

palmitate is probably differently metabolized with more emphasis on bio-

synthetic pathways [5]. 

We recently developed a method for the preparation of muscle cell susp

ensions by incubating a small rat toe muscle, m. flexor digitorum brevis, 

with collagenase (chapters 2 to 4). This system appeared to provide a 

basis for separation of the major cell populations of which skeletal musc

le is built up. In this report we describe a simple density 

method with which myofibers and fibrocytes can be separated. It was, how

ever, not possible to obtain purified intact myofibers: the muscle cells 

had to be damaged in order to attain a satisfactory uniform buoyant den

sity. With palmitate oxidation as a measure, 13% of the muscular oxidation 

activity could be assigned to the fibrocytes. 

Fig. ι 

Myofiber suspensions from m. flexor digitorum brevis. Viable myofibers excluding trypan 

blue account for 80% + A% (5 preparations) of all fibers. Non-viable fibers have taken 

up trypan blue and are hypercontracted. The coloured spheres without granules are sarco-

lemmal blebs which have detached from non-viable myofibers. Mononuclear cells (arrows) 

are viable. Bars: 250 μΜ (a) and 50 um (b) 
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MATERIALS AND METHODS 

Preparation of myofiber suspensions 

Flexor digitorum brevis (FDB) muscles were prepared from 18 h-starved 

male Wistar rats (100-120 g) and incubated individually in 1 ml Krebs-

Ringer bicarbonate buffer supplemented with 4 mM glucose, 0.15% collagen-

ase, 50 lU/ml penicillin and 10 yg/ml streptomycin. The dissociation pro

cedure was previously described (chapter 2), but in the present study the 

collagenase concentration was raised, antibiotics were added, and the in

cubation period was extended to 6 h after which the muscle had almost 

completely dissociated. A short trituration was then sufficient to elabor

ate complete suspension of the myofibers (Fig. 1). Viability was measured 

as the percentage of trypan blue-excluding cells at 0.5% dye concentra

tion. 

Damaging of myofibers (Fig. 2) was accomplished by vortexing a susp

ension in a test tube during 10 sec at maximal speed. 

Fig. 2 

A myofiber suspension 

after vortexing. The myo

fibers have lost viability, 

show membrane blebs, and 

are almost uniform in size. 

Bar: 100 \im I 

Separation of cell populations 

The buoyant densities of viable and non-viable myofibers and fibrocytes 

were determined with a continuous density gradient. The gradient (10 ml) 

was preformed by centrifugation (15 min 30,000 g, 23 0 angle) of 60% (v/v) 

SIP in 0.15 M NaCl (SIP: Stock Isoosmotic Percoli, is 9 vol Percoli plus 

1 vol 1.5 M NaCl). 1 ml of myofiber suspension was layered, and after 10 
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min centrifugation at WO g the gradient was fractionated in portions of 

0.5 ml starting from the top. The densities throughout the gradient were 

recorded with density marker beads in a control gradient without cells. 

The fractions were examined for cell types as described below. 

Fibrocytes and non-viable myofibers were separated using a FDB suspen

sion in which all myofibers were disrupted. The cells were layered on 3 

ml Percoli (p=1.060, made isotonic with 0.15 M NaCl) in a 12 ml polyprop

ylene Sorvall centrifuge tube. After centrifugation (10 min at A00 g, 23 

angle) the aqueous top fraction with the top 2 mm of Percoli was aspirat

ed and transferred to a V-bottom container. The Percoli surface and the 

transfer pipette were washed with 1 ml 0.15 M NaCl, and this washing was 

added to the container (fraction F). The Percoli with cell sediment was 

transferred to a second container and the gradient tube and transfer 

pipette washed with 1 ml 0.15 M NaCl (fraction M). 20 ml 0.15 M NaCl was 

added to each container and the cells were spun down in a table centri

fuge (10 min 400 g). The sediments were suspended in the appropriate 

medium and assayed for either palmitate oxidation or cell types. 

Cell typing and counting 

Gradient fractions were mixed with 2 ml culture medium (100 vol 

Dulbecco's Modified Eagle Medium with 10 vol horse serum, 2 vol detoxified 

chicken embryo extract, 50 lU/ml penicillin, and 10 pg/ml streptomycin) in 

35 mm diameter plastic culture dishes, and stored in a humidified incu

bator at 37 С under a 95% air / 5% CO2 atmosphere. Viable and non-viable 

myofibers were counted within 2 h in 20 randomly distributed fields 

(magnification lOOx). Mononuclear cells were counted in 20 fields (magnif

ication AOOx) after adhesion was completed but before proliferation init

iated (usually 16 h). Cell numbers were corrected for magnification 

factors using a calibration raster. Upon prolonged culture, nearly all 

mononuclear cells developed the morphology of typical fibroblasts as 

characterized by a spindle-form during the first and second days in vitro, 

merging into stellate and flattened shapes. Some myotubes were developing 

after about one week. They were mostly originating from, or growing in the 

vicinity of a myofiber (viable or non-viable), indicating that the satel

lite cells had not been liberated from the myofibers by the time of the 

Percoli separation. 
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Assay of palmitate oxidation 

Oxidation products ('""СОг and ̂ C-labeled acid-soluble intermediates) 

from 120 μΜ [l-'^C]palmitate complexed to albumin (molar ratio 5:1) were 

measured after a 30 min incubation at 37 С according to described proce

dures (chapter 2). 

Materials 

Dulbecco's Modified Eagle Medium and horse serum were obtained from 

Gibco, Hoofddorp, The Netherlands, and from Flow Laboratories, Zwanenburg, 

The Netherlands, respectively. Chicken embryo extract (Flow) was detoxi

fied according to Skrbic et al. [6]. Percoli and Density Marker Beads 

were from Pharmacia, Den Haag, The Netherlands. The source of the other 

chemicals was described previously (chapter 2). 

RESULTS 

First we developed a procedure to separate the myocytes from the fibro-

cytes. The buoyant densities (p) of the cell types present in a FDB myo-

fiber suspension (Fig. 1) were determined with the preformed continuous 

density gradient described in the Methods section. The viable myofibers 

were found dispersed over a large density range from the top until 

p= 1.064. The majority of non-viable myofibers were concentrated in a band 

of about 1 cm at density 1.051-1.065, and most fibrocytes were found in a 

larger volume at the lower densities (p=1.010-1.060). Because it was ap

parently impossible to select out the viable myofibers with density grad

ient centrifugation, the inverse strategy was chosen namely to isolate the 

fibrocytes. All myofibers were made non-viable by vortexing (Fig. 2). 

Because their density became now more uniform, and higher than for most 

fibrocytes, it was possible to separate them from the latter. Optimal 

separation was effected by centrifuging vortexed cell suspensions on 

Percoli solutions with a density of 1.060. The F (fibrocyte) fractions 

which were recovered from the surface of these cushions contained 

82% + 9% of all fibrocytes and 20% + 14% of all (now non-viable) myofibers 

in the tube, whereas the pelleted M (myocyte) fractions contained the 

complementary 18% of fibrocytes and 80% of myocytes (means of 8 preparat

ions). These results are negatively influenced by the presence, in both 
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F and M fractions, of myocytes entrapped in gelly strings of fibrocytes. 

Palmitate oxidation rates were determined with F and M fractions and com

bined F + M fractions from individual muscles, and compared with values 

for damaged and untreated myofiber suspensions (Table 1). The preparations 

with damaged myofibers exhibited a much lower oxidation activity than the 

untreated suspensions, which is due to release of essential cytoplasmic 

cofactors (chapters 2 and 4). In all preparations derived from vortexed 

cells,
 1 Ц
С0

2
 production was low. The oxidation rates with F fractions were 

6 times higher than with M fractions, which suggests that the fibrocytes 

are mainly responsible for the palmitate oxidation in vortexed suspen

sions. It appears conceivable that the low oxidation rate with M fractions 

is also at least partly due to the contaminating fibrocytes. The combined 

Treatment 

None 

Vortexing 

Separation: 

F (fybrocyte) fraction 

M (myocyte) fraction 

F + M fractions 

(10) 

(5) 

(5) 

(5) 

(5) 

^C-labeled oxidation 

CO
 2 

5.1 ± 0.5 

0.3 ± 0.0 

0.4 ± 0.1 

0.2 ± 0.1 

0.5 ± 0.2 

acid-soluble 

11.9 ± 1.1 

3.1 ± 0.6 

1.5 ± 0.4 

0.1 + 0.1 

1.3 ± 0.3 

products 

total 

17.0 ± 1.6 

3.4 ± 0.7 

1.9 ± 0.4 

0.3 ± 0.1 

1.8 ± 0.3 

Table 1 

Palmitate oxidation in intact and vortexed cell suspensions and in separated cell fract

ions from FDB. Cell suspensions prepared from FDB muscle by collagenase treatment were 

vigorously vortexed during 10 sec. F (fibrocyte) and M (myocyte) fractions were separated 

by centrifugation of vortexed suspensions on Percoli (p=1.060) as described in Materials 

and Methods. Oxidation products were determined after 30 min incubation at 37
 0
C with 

120 μΜ [ WC]palmitate bound to albumin (molar ratio 5:1). Values (in nmol/min per g 

original muscle) are given as means + S.D. for the number of preparations within par

entheses 
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F + M fractions attained a rate which was about equal to the sum of the 

separate rates. This amounted to about 60% of the rate with vortexed cell 

suspensions, which may be caused by loss of cells and/or cofactors during 

the separation procedure. It may be assumed that the metabolic activity 

of fibrocytes was not affected by the vortexing and centrifugation proce

dure because they maintained almost 100% viability throughout the treat

ments. It can be calculated from the data presented in Table 1 that the 

fibrocytes in fraction F account for 1.9/17.0 χ 100% = 11% of the total 

palmitate oxidation activity in untreated suspensions. Since 82% of 

the recovered fibrocytes were found in the F fraction, the contribution 

of fibrocytes to palmitate oxidation may at least amount to 13%. When the 

activity in the vortexed suspensions would be only due to fibrocytes, 

their contribution would be 20%. The myofibers are thus responsible for 

80-87% of the oxidation activity. The non-viable myofibers in untreated 

suspensions (about 20%) contribute only 2-4%, when oxidation activities 

are assumed to be equal in the non-viable myofibers of vortexed and 

untreated suspensions. 

DISCUSSION 

In this report we describe a density gradient cell separation procedure 

which enabled us to determine the contribution of fibrocytes and myofibers 

to muscular palmitate oxidation. Although none of the two cell populations 

was obtained in pure form, the negligibly low oxidation rate measured 

with the damaged myofiber (M) fraction allows the conclusion that the 

oxidation rate in the fibrocyte (F) fraction can be considered as a reli

able value for palmitate oxidation activity in muscle fibrocytes. 

To our knowledge, the cell types in rat skeletal muscle have never 

been quantified. Fibrocytes are always present, but their relative amounts 

may vary considerably from one muscle to another. Flexor digitorum brevis 

is a penniform muscle with tendon strips over its entire length, and endo-

and perimysial connective tissue are also more prominent than in m. soleus 

and extensor digitorum longus (data not shown; see chapter 6, Fig. 10). 

Therefore the fraction of palmitate oxidation which can be ascribed to 

fibrocytes is presumably higher in this muscle than in many other muscles. 

Palmitate metabolism in cultured human fibroblasts has been investig-
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ated by several authors who determined on basis of protein content rates 

of
 1 Ц
С 0

2
 production [7-IO] or palmitate uptake from the medium [5]. Their 

results are difficult to compare with our data, because the presence of 

protein-rich myocytes in the F fractions impeded us to use protein as 

basis and because we used a different, more accurate assay of palmitate 

oxidation. With our method not only
 1Ц
С02 but also labeled acetyl esters 

and citric acid cycle intermediates are measured [il]. We established that 

in cultured human skin fibroblasts
 1Ц
С02 constitutes only about 20% of 

total '""C-labeled oxidation products from [l-^C]palmitate after 60 min 

incubation (Veerkamp J.H. et al., unpublished data). It must also be con

sidered that cultured fibroblasts are a proliferating cell population with 

a high biosynthetic activity, which may involve extensive incorporation of 

fatty acids into membrane components rather than oxidative degradation [5]. 

For energy generation, cultured fibroblasts prefer glutamine oxidation 

and anaerobic glycolysis above other pathways including palmitate oxida

tion [7]. The present results, however, suggest a significant role for the 

non-proliferating population of muscle fibrocytes in the oxidative metab

olism of palmitate in skeletal muscle. 
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ABSTRACT 

The postnatal development, between 0 and 90 days, of three hindlimb 

muscles and diaphragm of the rat has been investigated with respect to 

fiber type and diameter (histochemistry) and substrate oxidation rates 

and enzyme activities (biochemistry). The process of muscle fiber differ

entiation into mature patterns was evaluated in detail by visual classif

ication into 3 or 4 staining intensities for 3 enzyme-histochemical react

ions, so that 26 fiber types could be distinguished. These exhibited 

specific sizes and growth rates which, however, varied between the musc

les. One of the hindleg muscles (flexor digitorum brevis) remained much 

more immature when compared with soleus and extensor digitorum longus. The 

histochemical and biochemical findings correlated well. Capacities for 

pyruvate and palmitate oxidation, as well as cytochrome с oxidase and ci

trate synthase activities, increased markedly between 9 and 37 days in 

soleus and extensor digitorum longus (except citrate synthase in the lat

ter) but not in flexor digitorum brevis. Creatine kinase levels increased 

in all hindlimb muscles. Both the capacities and the activities of pyruv

ate oxidation (determined in homogenates and intact isolated muscles, res-
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pectively) were in accordance with the fiber type composition. In con

trast to oxidation capacities, the activities of pyruvate oxidation de

creased after birth until a final value at the mature stage of 18-42% 

when compared to early postnatal muscles. 

INTRODUCTION 

The functional capacities of adult muscle fibers are, in broad outline, 

related to their contractile protein composition and metabolic qualities, 

which in turn depend on aspects of use and neuronal control [l-3]. Adult 

muscle fibers appear to behave rather plastic, i.e. adaptation to chang

ing circumstances of use is frequently observed [A,5]. Metabolic inter

play within fibers is reflected in the coordinately proportionated activ

ities of functionally related enzymes [6-IO]. 

Maturation of mammalian skeletal muscle during the pre- and postnatal 

period involves a highly complex sequence of events. Developmental as

pects may be characterized as growth and differentiation. Not all muscles 

pass through identical developmental pathways nor do they end up with 

similar compositions with respect to fiber types. The time schedule varies 

from species to species and in a species, from muscle to muscle. Rat and 

mouse muscles are relatively immature at birth when compared to other 

mammals [11-13]. Differentiation of the myotubes, which are initially 

slowly contracting [14,15], into mature myofibers showing a large but 

continuous spectrum of functional (i.e. contractile and metabolic) prop

erties [10, 16-22] is largely completed at about three weeks of age. Re

cent immunohistochemical evidence suggests, however, that differentiation 

in terms of myosin isoforms starts already during gestation [23] . By the 

sixteenth postnatal day, polyneuronal innervation has been eliminated 

in favour of single-motoneuronal innervation [24,25]. Also, locomotion 

and posture have changed towards a more adult pattern. 

The present study aims to describe the development between 0 and 90 

days after birth, of the rat muscles soleus, extensor digitorum longus, 

flexor digitorum brevis and diaphragm. It offers an integrated approach 

combining biochemical, enzyme-histochemical and morphometrical data. The 

activities of mitochondrial marker enzymes (cytochrome с oxidase and 

citrate synthase) and of creatine kinase, and the capacities of pyruvate 
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and palmitate oxidation were determined in muscle homogenates, together 

with the activities of pyruvate oxidation in intact isolated muscle. 

A system of fiber classification, which was originally developed to 

describe the postnatal development in hindleg muscles of normal and dys

trophic mice [22,26], was applied to the rat muscles. 

The results of both approaches correlate well. Characteristics of the 

FDB appear to be quite different from those of other hindleg muscles. 

MATERIALS AND METHODS 

Animals and muscles 

Wistar white rats, fed at libitum, were used for all studies. Within 

16 h after birth the nest sizes were reduced to eight animals to ensure 

optimal and standardized growth rates [27,28]. After weaning at 23 days 

postnatally, equal numbers of male and female rats were used. Care was 

taken to avoid hypothermia in the youngest age groups when the dams were 

absent. 

Soleus, EDL (extensor digitorum longus), FDB (flexor digitorum brevis) 

and diaphragm muscles were dissected from ether-anesthetized (in case of 

histochemistry) or cervically dislocated (other purposes) animals. The 

histochemical analyses and investigations with homogenates were performed 

at days 9» 37, and 90 after birth (day 0), and the studies with intact 

isolated muscles between days 0 and 66. 

For biochemical studies, tendinous and adhering connective tissue was 

trimmed off as much as possible without damaging the myofibers. After a 

short rinse in Krebs-Ringer bicarbonate buffer (pH=7.4) the muscles were 

quickly blotted and wet weights were determined. For each experiment 

(n=1) the animals were taken from different nests. Two leg muscles from 

one animal were pooled, except with intact-muscle incubations at days 

20-66 (only one muscle used) and with homogenates at day 9 (32 pool

ed muscles from 16 animals, 2 complete nests). To match substrate 

utilization, only the right hemidiaphragms were incubated at days 37 and 

66. The weights of the leg muscles at young ages (0 to A or 6 d) of sole

us, EDL and FDB were too low for accurate weighing and were inferred from 

the protein content of the incubation system after the oxidation experi

ment. Since the protein content of diaphragm remained constant during the 

suckling period (Table 1), the values (in mg protein per g muscle) for 
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the hindleg muscles were calculated by averageing contents between 9-20 d 

(soleus and FDB) or 6-20 d (EDL) which amounted to 0.168 + 0.018 (20), 

0.172 + 0.018 (24), and 0.131 + 0.017 (19), respectively. 

For enzyme histochemistry, the animals were taken from different 

nests. Individual muscles were wrapped in the skin of a 1-day-old mouse 

to prevent rupturing upon sectioning. The specimen were quickly frozen 

in isopentane chilled with liquid nitrogen (-150 C), and were stored for 

maximally 3 weeks at -90 C. 

Assays of pa Imitate and pyruvate oxidation 

The intact muscles were incubated in 20-ml glass vials in 1 ml Krebs-

Ringer bicarbonate buffer per 50 mg muscle with a minimum of 500 μΐ, 

under a 0
2
/C0

2
 atmosphere (95/5, v/v). After 5 min preincubation at 37 С 

[l-
1
 "Ό]pyruvate was added to a final concentration of 1 mM. After 90 min 

incubation at 37 C, 0.3 ml base (ethanolamine/ethylene glycol, 1/2, v/v) 

was injected into a center well and 0.5 ml 3 M perchloric acid added to 

the medium.
 1Ц
С02 was trapped during a second incubation of 16 h at 4 C, 

and measured in 0.4% Omnifluor in 10 ml toluene/methanol (2/1, v/v). 

Muscle homogenates (5%, w/v) were prepared at 0 С in a medium contain

ing 250 mM sucrose, 2 mM EDTA, and 10 mM Tris-HCl (pH=7.4). The tissue 

was minced with scissors and homogenized with a Potter-Elvehjem glass-

Teflon homogenizer with pestles of subsequent clearances of 0.12 and 0.05 

mm (3 strokes each). Because the rigid tendon strips in FDB did not per

mit Potter-homogenization of 37- and 90-d FDB muscles, these were homogen

ized by Polytron treatment (4-6 times 5 sec, rate 3). In control experi

ments with heart and diaphragm muscles no differences were found between 

the capacities of pyruvate and palmitate oxidation and the citrate syn

thase activities in Potter- and Polytron-prepared homogenates. Cytochrome 

с oxidase activity was about 30% lower in the latter (data not shown). 

Oxidation rates were determined in a total volume of 500 μΐ (pH=7.4) of 

which 50 μΐ was homogenate. The medium for palmitate oxidation contained 

(in mM): 25 sucrose, 30 KCl, 10 КНгРОц, 5 MgClz, 1 EDTA, 75 Tris-HCl, 

5 ATP, 1 NAD
+
, 0.025 cytochrome c, 0.1 CoASH, 0.5 L-malate, and 0.5 L-

carnitine. For pyruvate oxidation, the composition was (in mM): 25 sucro

se, 30 KCl, 10 KHzPO,,, 5 MgCl
2
, 1 EDTA, 60 Tris-HCl, 5 ADP, 0.025 cyto

chrome c, 1 L-malate, 2 L-carnitine, and 15 NaHCOs. After 5 min prein

cubation at 37 C, incubations were started by the addition of 
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[ l-'^C] palmitate bound to albumin (molar ratio 5:1) or [I-
1
 '•C]pyruvate 

(final concentrations 120 μΜ and 1 mM, respectively), and terminated 

after 30 min (palmitate) or 10 min (pyruvate) at 37 С as described above 

for intact muscles. The second incubation period was 90 min. With [
1
'*C]-

palmitate as substrate, besides
 1 Ц

С0
2
 the '"'C-labeled acid-soluble inter

mediates were also assayed by measurement of radioactivity, in 10 ml 

Aqualuma, of 150 μΐ of the supernatant fraction after centrifugation 

(5 min 10,000 g) of the incubation medium. Palmitate oxidation was cal

culated as the sum of ̂ СОг and
 1Ц
С-1аЬе1еа acid-soluble products. 

Enzyme and protein determinations 

Cytochrome с oxidase (EC 1.9.3.1.) was assayed in homogenates as des

cribed previously [29]. Citrate synthase (EC A.1.3.7.) was measured in 

supernatants of sonicated homogenates [30]. Units of activity (U) repre

sent the amounts (ymol) of cytochrome с and CoASH which are oxidized and 

liberated, respectively, per min at 25 С in these assays. Cytosolic 

creatine kinase (EC 2.7.3.1.) was measured with the NAC-activated monotest 

kit (Boehringer Mannheim) at 37 C. Units of activity are defined as pmol 

NADPH formed per min. 

Protein was determined with bovine serum albumin as standard [3l]. The 

incubation mixtures with intact muscle were alkalized with NaOH (final 

concentration 1 M) and hydrolyzed at 37 С until digestion was completed. 

Supernatants of centrifuged (5 min 10,000 g) samples were used for the 

assay. The recovery of added albumin was 100%. 

Enzyme histochemistry and morphometry 

Methods were described in detail elsewhere [22]; they will be given 

in short. Serial cross sections (10 pm) of the muscles were cut with 

a Walter Dittes cryostat (-25 С) at about 10 levels, taken at regular 

intervals. Consecutive sections were stained for succinic dehydrogenase 

(SDH: EC 1.3.99.1., [32]), + phenazine methosulphate; a-glycerolphosphate 

dehydrogenase (GPox: EC 1.1.99.5., [33] , modified for GPox [34]); myo

fibrillar ATPase (ATPase: EC З.6.1.З., [35]), preincubation pH=4.35; and 

cytochrome с oxidase (EC 1.9.3.1., [36]). Additionally, sections were 

stained with haematoxylin-eosin. 

Cross-sectional areas at each muscle level were drawn using a project

ion microscope and measured with a Bit-pad digitizer. The largest cross-
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sectional area was chosen as a measure for muscular size. A sample of 

about 200 fibers per muscle was selected in a distinct, representative 

area of this section. Contours of the muscle fibers were drawn from a pro

jected image, and the cross-sectional areas were determined using the 

method of the best-fitting circle. Subsequently the same muscle fibers 

were classified histochemically according to the density classes of three 

enzymes (SDH, GPox and ATPase), which were estimated by eye and recorded 

using the sequential sections to recover each individual fiber. For SDH 

and ATPase 3 densities were distinguished and for GPox A. Theoretically 

36 combinations are possible, but only 26 (A to Z, Fig. 1) were found to 

occur in the material as with mouse muscles [22]. Since the classes were 

established by the rating of relative densities, the objective staining 

intensities may be somewhat different between the two species. Data were 

computerized and evaluated statistically. 

SDH 
GPOX 

ATPase 5 
435 3 

Fig. 1 

Combination scheme of histochemical reactions indicating the different fiber types 

(from [22]). For SDH and ATPase 3 densities are distinguished, for GPox 4. Lightest 

staining = 1, darkest staining = 3 or 4. Shaded blocks represent non-occurring combin

ations. Seven classes of fiber types may be recognized: class 1 (Α-C) slow fibers, 

equivalent to SO
1
'; class 2 (D-C) transitional fibers; class 3 (Η-K) intermediate fib

ers; class 4 (L-N) and class 5 (0-F) rare fibers; class 6 (S-V) fast-red fibers, of 

these U and V equivalent to FOG ; and class 7 (W-Z) fast-white fibers, of these Ï and 

Ζ equivalent to FG . According to the classification of Peter et al. [63] 
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EJectron microscopy 

Muscles were quickly dissected, and fragments of tissue were pinned 

on a piece of cork in a slightly stretched position. The tissue was im

mersed in 2% glutaraldehyde at 4 С in 0.1 M phosphate buffer (pH=7.4) 

for 2 h, washed with buffer and postfixed in 1% OsO,,, buffered with 0.1 M 

phosphate, for 1 h. After rinsing in the same buffer the specimen were 

dehydrated through graded ethanols and transferred via propylene oxide 

(2x), a mixture of propylene oxide and Epon (1/1, v/v) to pure Epon 812. 

Polymerization was done at 37 С for 24 h and completed at 60 С for 24 h. 

Thin (silver) sections were contrasted with uranyl acetate and lead ci

trate and examined in a Philips EM 300. 

Chemicals 

The sources of chemicals were given previously [22,37]. 

RESULTS 

Muscle growth and protein content 

mrrr 

10 

8 

6 

4-

2-

9d 37a 90d age 

Fig. 2 

Postnatal growth of the hindleg яиэсіеэ. The 

largest cross-sectional area (in mm
2
) was determ

ined. Points represent the average value for 3 

muscles. ·, soleus; «, EDL; O, FDB 
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Age 

(d) 

0 

1 

3 

6 

9 

13 

16 

20 

37 

66 

90 

Body weight 

(g) 

5.8+ 0.6 

7.2+ 0.6 

8.5+ 1.4 

11.2+ 1.8 

17.1+ 3.2 

31.7+ 2.4 

38.0+ 3.3 

50.9+ 2.1 

115.0+15.5 

213.2+17.2 

338.0+34.3 

(12) 

(12) 

(6) 

(6) 

(8) 

(4) 

(4) 

(4) 

(8) 

(6) 

(4) 

Diaphragm 

weight 

(mg) 

12.7+ 1.8 

17.8+ 1.5 

18.6+ 2.1 

24.6+ 3.4 

36.2+8.1 

66.8+ 5.5 

75.7+ 7.4 

105.3+ 6.8 

100.7+13.1
t 

185.9+21.8
+ 

ND 

protein 

(%) 

15.8+1.6 

17.4+1.5 

16.4+0.7 

17.7+0.5 

17.0+1.5 

16.0+0.5 

16.7+0.9 

15.7+0.6 

19.3+1.5 

19.2+0.6 

ND 

(12) 

(12) 

(6) 

(6) 

(8) 

(4) 

(4) 

(4) 

(8) 

(6) 

weight 

(mg) 

0.4+ 

0.5+ 

0.7+ 

1.2+ 

2.4+ 

5.6+ 

7.3+ 

14.5+ 

41.6+ 

81.1 + 

110.4+ 

Sol 

0.1
§ 

0.1« 

0.2
§ 

0.3
§ 

0.8 

0.7 

1.5 

2.3 

7.7 

1.4 

6.3 

;us 

protein 

(%) 

-

-

-

17.6+2.3 

15.6+0.6 

16.9+1.8 

16.5+0.7 

21.6+1.8 

20.4+0.9 

ND 

(10) 

(8) 

(5) 

(6) 

(8) 

(4) 

(4) 

(4) 

(8) 

(6) 

(4) 

EDL 

weight 

(mg) 

0.7+0.3
5 

0.9+0.1
§ 

1.1+0.2
§ 

1.9+0.4 

3.2+0.6 

7.0+0.9 

8.9+2.2 

16.4+1.6 

49.1+9.9 

102.1+ 8.5 

160.8+13.0 

protein 

(%) 

-

-

17.2+0.0 

17.0+2.8 

16.2+0.4 

18.6+0.8 

17.2+0.5 

22.9+1.7 

21.6+0.8 

ND 

(10) 

(8) 

(5) 

(6) 

(8) 

(4) 

(4) 

(4) 

(8) 

(6) 

(4) 

FDB 

weight 

(mg) 

0.6+0.2
5 

0.5+0.I
5 

0.9+0.2
5 

1.4+0.2
5 

2.3+0.9 

6.3+1.5 

8.0+1.8 

12.4+2.1 

21.0+4.5 

30.6+5.0 

35.1+2.3 

protein 

(%) 

-

-

-

12.8+1.5 

11.6+2.4 

13.9+0.6 

14.5+0.3 

20.3+1.7 

19.8+1.1 

ND 

(8) 

(8) 

(6) 

16) 

(7) 

(4) 

(4) 

(4) 

(8) 

(6) 

(4) 

TABLE 1 : Weight and protein content of 4 skeletal muscles during postnatal development of the rat 
ε 

Calculated from protein amount in the incubation, and averaged protein content during the suckling period 

Right hemidiaphragm 

ND Kot dcterrrined 

Percentage protein was calculated as mg protein per mg tissue (wet weight) . 100% 



Muscle growth, as expressed by the largest cross-sectional area, is 

given in Fig. 2. The soleus and EDL increased markedly in size during the 

first three months. With FDB, however, the increase in cross-sectional 

area was minimal after the first month. Muscle weights (Table 1) showed 

essentially the same growth pattern, with diaphragm » EDL > FDB > soleus 

until day 16, and soleus interchanging with FDB at day 20. From this point 

on FDB stayed far behind of the other leg muscular weights, which contin

ued to increase linearly until day 90 (EDL) or day 66 (soleus). After 

day 37 the cross-sectional area of soleus and EDL stayed behind of the 

development of body- as well as muscle weights. This indicates proportion

al increases in muscle length. 

Biochemistry 

The postnatal development of pyruvate oxidation showed the same gener

al pattern in all investigated intact-muscular preparations (Fig. 3). 

Oxidation rates per g muscle decreased·from birth to 20 d and remained 

constant thereafter. Throughout the whole age range, the rates were in 

diaphragm > soleus > EDL. Oxidation activity appeared to decline in FDB 

the least of all muscles. The curve and standard deviations were not 

м С О г ( п т о | mm ' g muscle :) 

Fig. 3 

Postnatal development of pyruvate oxidation in intact 

isolated muacles. C0
2
 паз measured after 90 m m incub

ation at 37
 0
C with 1 mM [l-

1
''cl pyruvate. Points repre

sent means for 6-16 incubations 
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altered essentially when the rates with diaphragm were expressed per mg 

protein (data not shown). The value in diaphragm at day 3 was significant

ly higher than at days 0 (P < 0.01) and 1 (P < 0.001) but not day 6, and 

the differences disappeared when oxidation rates were related to wet 

weight instead of age (Fig. 4). Palmitate oxidation in diaphragm and FDB 

showed a comparable age-dependent decrease [38], except that on the first 

day after birth a marked increase was observed when compared to day 0. 

When palmitate oxidation rates were related to muscle weight, it appeared 

also that the individual values fitted better into the curve [38]. As a 

measure for cellular intactness the creatine kinase activity in the medium 

after 90 min incubation was determined. This amounted to 7% (diaphragm) 

and 2% or less (hindleg muscles) of the muscular creatine kinase contents 

at time zero and 90 min. 

The capacities for oxidation of palmitate and pyruvate were determined 

in homogenates of soleus, EDL, and FDB from rats at ages 9, 37» and 90 d 

postnatally (Table 2). In contrast to the decrease of the activities 

measured in intact soleus and EDL, the maximal rates generally increased 

between days 9 and 37, and remained the same between days 37 and 90. 

Palmitate oxidation capacity in EDL, however, did 

diaphragm weight qrojp (mg ' 
TO SO TOO 

η ^ "~ - -" ~ ' — ' ^| 
мС02(пгтіоІ mm ' g muscle 1) 

150 -

100 -

50 -

0 -' 1 1 1 . 1 1 1 . . . 1—τ , 1 , . r—ι 1 r—ι " 

О 5 Ю 15 20 
rat age (days) 

F i g . A 

Pyruvate oxidation in intact isolated rat diaphragm 

(0-20 d). Incubations were the same as in Fig. 3. For 

weight-related oxidation values, diaphragms were grouped 

into classes of 5 mg (with muscle weights 0-40 mg) or 10 

mg (above Ί0 mg). Means + S.D. for 2-15 muscles (weight-

related) or 6-16 muscles (age-related) are indicated 
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Muscle and age 

Soleus 9 d 

37 

90 

EDL 9 d 

37 

90 

FDB 9 d 

37 

90 

Oxidation rate 

Pyruvate Palmitate 

1506 + 207 109.2 + 10.4 

2977 + 177 186.4 + 12.7 

3100 + 188 174.7 + 14.1 

1700 + 300 123.3 + 24.4 

2310 + 334 120.0 + 5.7 

2539 + 193 89.5 + 5.4 

508 + 79 34.7 + 7.0 

487 + 122 25.9 + 6.1 

596 + 106 19.2 + 5.2 

Enzyme activity 

Cytochrome с Citrate Creatine 

oxidase synthase kinase 

34.0+ 4.5 10.3+0.8 1103+124 

72.7+26.4 16.2+2.4 2936+169 

63.8+16.1 17.8+1.0 3135+322 

42.3+ 8.4 12.9+1.1 1697+125 

73.9+21.1 12.0+2.5 6160+199 

66.8+14.9 12.7+1.1 7198+428 

17.3 + 4.0 2.7 + 0.5 274 + 54 

21.1 + 3.4 5.6 + 1.1 1665 + 24 

15.6 + 0.9 3.7 + 0.5 1711 + 124 

TABLE 2: Capacities for oxidation of pyruvate and palmitate, and activities of some enzymes, in rat 

skeletal muscles during postnatal development 

Homogenates were assayed according to the procedures described in Materials and Methods. 

Oxidation rates (in nmol.min" .g muscle" ) and enzyme activities (in U.g muscle ) are 

given as means + S.D. for 4 experiments. 
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90d age 

Fis- 5 

Postnatal differentiation of muscle fibers fitted in 7 fiber type classes. Fiber type classes were defined in Fig. 1. Points 

represent percentages calculated for a sample of 200 fibers per muscle, averaged for 3 animals 



not change during the first period and decreased thereafter. Capacities 

for pyruvate and palmitate oxidation in soleus were lower than in EDL at 

day 9, but higher in older rats. With FDB the oxidation capacity was only 

10-30% of that in the older muscles, and no large changes were observed 

over the 9-90 d age period. In homogenates of all muscles the age patterns 

of cytochrome с oxidase and citrate synthase activities were generally 

consistent with the capacities for both pyruvate and palmitate oxidation. 

Creatine kinase activities increased markedly in all muscles between days 

9 and 37, but thereafter only in EDL. 

Enzyme histochemistry and fiber morphometry 

In mouse muscles, the fine tuning of developmental sequences could 

be revealed by distinguishing 26 fiber types spread over 7 fiber type 

classes, instead of the usual 3 or 4 [17-19, 22]. The same fiber classif

ication scheme as presented by Wirtz et ai.,[22], depicted in Fig. 1, 

will be used here to describe the differentiating hindleg muscles in the 

rat. The combined data obtained from three histochemical procedures show

ed that the soleus, EDL and FDB each possessed typical features of post

natal differentiation with respect to the shifts in fiber type classes 

(Fig. 5). The soleus at day 9 was mainly composed of slow fibers. Transit

ional fibers occurred in limited number. At day 37 fast-red fibers had 

developed, which formed about one-third of the population. During the 

period thereafter these fast-red fibers decreased slowly in number, and 

in adult animals only few of them remained (data nor shown) [39]· The EDL, 

in contrast, appeared to be histocheraically more mature than the soleus at 

9 days of age, in the sense that differentiation of slow to fast fibers 

was more advanced. Transitional fibers represented about one-third, while 

intermediate fibers occupied about 50%, and about 15% of the fibers were 

slow. During the first postnatal month these fiber classes decreased in 

favour of both the fast-red and fast-white classes resulting in a pattern 

at day 37 of about 50% fast-white and both 25% of fast-red and intermed

iate classes. FDB again appeared to behave quite differently from the 

other muscles. At day 9 it was particularly immature (about 100% slow 

fibers) and at one month of age differentiation had hardly progressed, 

which can be inferred from the high percentage of intermediate-class 

fibers and the scarceness of mature, fast (classes 6 and 7) as well as 

slow (class 1) fibers. At 90 d this situation had not changed 
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Flg. 6 

Staining patterns for myofibrillar ATPase (preincubation ρΗ=Ί.35) 

obtained at days 9, 37, and 90, with soleus (a-c), EDL (e-g) and 

FDB (1-k) . Bar, 100 \im 
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appreciably. Representative pictures of the ATPase staining are shown 

in Fig. 6. 

For comparison with the biochemical determinations, cytochrome с oxi

dase was histochcmically assessed. Results are shown in Fig. 7 for the 

three hindleg muscles at day 90. At 9 days of age the cytochrome с oxi

dase reaction was negative in all muscles. With FDB the activity remained 

negligible throughout the observation period, but soleus and EDL showed 

moderate staining intensities at 37 and 90 days. 

Staining patterns for cytochrome с oxidase, obtained at day 90, with 

soleus (a), EDL (b), and FDB (c). Bar, 50 um 
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Growth of muscle fibers per fiber type. Fiber size (cross-sectional area), vertical scale, is expressed in μπι
2
. Values were 

obtained by averageing the sizes of fibers belonging to a particular fiber type in a sample of 200 fibers. This implicates 

that the value for a certain fiber type may have been derived from a single fiber. Each letter represents the averaged data 

of three muscles. Note that the scale of FDB is different from that of soleus and EDL 



Postnatal growth of fibers of different enzyme-hiatochemical types is 

shown in Fig. 8. The figure is self-explanatory, and only general remarks 

will be made here. The fiber types in a particular muscle tend to possess 

specific sizes and growth rates, which may be different from those in an 

other muscle (e.g. in the soleus the U- and V-fibers were large, where

as in the EDL they were much smaller while the Y-fibers dominated in 

size). Due to the pennate structure of FDB, nonperpendicularly-cut 

fibers were present in some sections. Such fibers were not used for area 

determinations. Cross-sectional areas of FDB fibers were much smaller 

than in the other muscles. Thus, postnatal growth as well as differentia

tion in the FDB stayed behind when compared with the soleus and EDL. 

Changes in the fiber type composition of the muscles as well as growth 

of the individual fiber types are summarized in histograms (Fig. 9). In 

addition, the distribution of each fiber type over the size classes can 

be seen. The soleus has a unimodal distribution, in contrast to the EDL 

which is bimodal. The FDB again is unimodal and composed of rather small 

fibers. 

DISCUSSION 

Postnatal development of metabolic and contractile activities in 

skeletal muscles has received more attention from investigators using 

histochemical techniques than from biochemists. The aim of the present 

study was to combine the two approaches in a descriptive study of growth 

and differentiation in four rat muscles, which were chosen because of 

their different functions. The rat diaphragm becomes continuously concern

ed with breathing immediately after birth, whereas the use of hindlimb 

muscles such as soleus and EDL starts later and involves intermittent use 

for locomotion. FDB participates in the flexion of the three middle digits 

in the hindfoot. 

On the basis of the enzymatic equipment the three hindleg muscles can 

be considered as immature at day 9, when EDL solely displays some diverg

ence in its fiber composition but only with respect to the ATPase stain

ing. At this time, the other enzymes used for fiber typing (SDH and GPox) 

still show moderate activities in all muscles, which is in agreement with 
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Histograms depicting fiber growth and differentiation. Size class

es (pm
z
) are indicated in the vertical scale. Values were determ

ined in a sample of 200 fibers from one representative animal per 

age group. Each letter represents 1% of the number of fibers per 

type class 
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observations made by others [АО,Al]. The SDH reaction is indicative for 

oxidative capacity and fatigue resistance [42,43], and GPox, although 

located on the mitochondria, correlates well with glycolytic activity 

[44]. At the young-adult stage (day 37) soleus consists of slow (Α-C) and 

fast (S-V) fibers whereas EDL shows a pattern with little slow fibers but 

with much more fast (S-V and X-Z) and intermediate (Η-K) fibers. The 

ratios of the activities of creatine kinase and citrate synthase illustr

ate the oxidative and glycolytic nature of mature soleus and EDL, respect

ively. Such relations would presumably be more prominently expressed when 

established in individual myofibers [6-I0]. Cytochrome с oxidase as a 

respiratory chain component might be expected to cluster with SDH, but in 

fact attains equal levels in soleus and EDL with both biochemical and 

enzyme-histochemical assays. This casts some doubt on the value of cyto

chrome с oxidase as a marker enzyme for oxidative activity. Citrate syn

thase, in contrast, increases in the soleus during development but not 

in the EDL. This is in agreement with results for soleus and "white" and 

"red" vastus lateralis portions [45]. 

In FDB nearly all fiber types are present, but intermediate types 

dominate with more than 80%, which suggests an incomplete maturation pro

cess. In this muscle ATPase and creatine kinase are the only enzymes 

which show changes in activity during the postnatal period. The oxidative 

metabolic capacities do not develop. The low enzyme activities per g 

muscle as determined in homogenates might be suspected to be due to 

"dilution" with connective tissue, which is abundantly present in this 

muscle (Fig. 10), but the staining intensities for the histochemical 

reactions indicate that this is not the case. The reason for the low 

degree of maturity in FDB may be related to limited recruitment of the 

muscle for digit flexion in caged laboratory rats. 

The present findings with respect to rat muscles are comparable with 

the course of enzymatic changes which was found to occur postnatally in 

murine hindleg muscles [22]. It involves the evolution of a part of the 

slow fibers, which generally dominate in muscles at birth [14,15,23,39] 

through transitional (decrease of ATPase, pH=4.35) and intermediate class

es towards fast types. 

The postnatal decrease of pyruvate (this study) and palmitate [38] 

oxidation rates in intact muscle preparations paces with the disappear

ance of immaturity as characterized by the enzyme-histochemical pattern. 
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In rat diaphragm the oxidative fibers are most abundant [46,47], but 

developmental aspects of fiber types have never been investigated. It is 

noticeable that FDB, which remains immature into adulthood, displays the 

smallest postnatal decay of pyruvate oxidation of all intact muscles. 

Whereas the values for intact muscles represent activities, the rates 

with homogenates estimate maximal capacities. With both pyruvate and 

palmitate as substrates, the oxidation capacities in soleus and EDL are 

the same at day 9, also when they are related to cytochrome с oxidase 

or citrate synthase contents. At days 37 and 90, however, the soleus 

Fig. 10 

Electron micrograph of a cross-sectioned FDB muscle from a 90 d old 

rat. Connective tissue is more abundant, in both the endo- and peri

mysial regions, than in soleus and EDL. The major tendons can be seen 

in Fig. 6. Bar, 10 μπι 
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expresses its oxidative character in higher oxidation capacities than 

those of EDL with both substrates. This is in accordance with reported 

differences in pyruvate dehydrogenase activity [48], and oxygen consurap-

tion due to pyruvate oxidation [49r50] In the mature soleus, the ratio 

of oxidation capacity for palmitate to that for pyruvate is higher than 

in EDL, as found by Hooker and Baldwin [50] measuring oxygen consumption. 

Denervation and reinnervation studies have suggested the relevance of the 

innervating neuron type for pyruvate metabolism [48]. Oxidation rates in 

FDB attain much lower values than in the other muscles, but are compar

able when calculated per unit of the mitochondrial marker enzymes. As 

with palmitate oxidation in diaphragm [38], the ratio of pyruvate oxida

tion rate in intact muscle versus capacity is low, and decreases during 

postnatal development from 0.053 and 0.037 at day 9 for soleus and EDL, 

respectively, to values of about 0.010 at day 37 and thereafter. The 

fraction of pyruvate oxidation capacity which is used in intact isolated 

FDB (decreasing from 0.17 at day 9, to about 0.07 at days 37 and 90) is 

much higher than in soleus and EDL. This low and changing extent of 

utilization of the capacity may relate to regulatory phenomena in intact 

muscle, but may also be due to absence of muscular activity [51-53], to 

differences in internal dilution of added substrate [54,55], or to 

impaired substrate transport into and metabolite efflux from the deeper 

parts of the intact muscles [56]. Substrate oxidation in liberated FDB 

muscle fibers is substantially higher than in whole intact FDB muscle 

(chapters 2 and 4). 

Increases of metabolic activities were reported to occur in distinct 

rat skeletal muscles during the first two months after birth, with regard 

to enzymes of glycogen metabolism [57,58], palmitate oxidation rates [38], 

electrolyte concentrations [59]. citrate synthase [38,60], and many, 

but not all, glycolytic enzymes [61,62]. Glucose utilization, however, 

decreases [62]. Our results extend these data, and also demonstrate 

clearly that postnatal development of metabolism varies considerably 

from one muscle to another. 
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Developmental stages of human skeletal muscle in tissue culture. Satellite cells were isolated from m. sternocleidomastoideus. Culture 

methods are given in chapter 7. Bars, 100 um (a-c) and 1 mm (d) 

a Satellite cells (arrows) in situ, 4 h after dissociation from the biopsy. Myofibrillar debris and erythrocytes will be washed away after 

attachment of the mononuclear cells to the dish 

b Proliferating myoblasts (Giemsa) 

с Young myotubes during myogenesis (Giemsa) 

d Low-power micrograph showing the typical ice-fern-llke growth pattern of myotubes after 7 days in differentiation medium (Giemsa). The 

in situ aspect of this culture is shown in Fig. 1, chapter 7 
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ABSTRACT 

Human muscle cell cultures were examined for capacities to oxidize 

several substrates, and for activities of some enzymes related to inter

mediary metabolism. The results indicate that mitochondrial activities 

attained appreciable degrees of maturity. The specific activity of crea

tine kinase increased during myoblast fusion. In contrast, parameters of 

oxidative metabolism (palmitate- and pyruvate oxidation, and cytochrome с 

oxidase and citrate synthase) did not significantly change throughout myo-

genesis and thereafter. In differentiated cells (myotubes) the oxidation 

capacities were pyruvate > 2-oxoglutarate > malate (+ acetylcarnitine) > 

malate (+ pyruvate), as in muscle biopsies. On base of protein the cult

ured human muscle cells showed higher activities than the original biop

sies (=100%) with respect to citrate synthase (179%), but lower values for 

cytochrome с oxidase (50%) and creatine kinase (7%). Palmitate oxidation 

capacities were the same in both systems. The presence of antimycin and 

rotenon inhibited to a comparable extent the palmitate oxidation in 

cultured muscle and biopsies. 
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INTRODUCTION 

Intact isolated myofibers could provide an appropriate experimental 

system for investigations іл vitro of cellular muscle metabolism and its 

regulation in health and disease. A successful preparation method for such 

fibers has, however, not been reported for human, in contrast to rat 

(chapters 2 to 5) skeletal muscle. This is due to the fragility of the 

large myofiber syncytia. Bundles of human myofibers may to some extent 

serve as an alternative [1,2] but are also difficult to keep intact during 

preparation and may suffer from ischaemia during experiments. These con

siderations have led us to initiate human muscle cultures according to the 

dispersion technique of Yasin et al. [3] as an alternative cellular tool. 

Metabolic aberrations associated with certain human neuromuscular 

diseases have been reconstituted in cultured muscle, whereas with other 

disorders no abnormalities were found in cultured muscle from the patient 

(Table 1). This may relate to the partially differentiated state of some, 

but not all, metabolic (iso)enzymes in muscle cultures [21]. Most invest

igations with cultured human muscle so far have concerned case-linked 

studies, each covering a rather small range of parameters, with a main 

interest in extramitochondrially-located processes. 

In this study we present a survey of capacities for mitochondrial oxi

dation and of activities of some functionally related enzymes, in human 

muscle during cultivation. We compare the values obtained with those in 

muscle biopsies, in order to assess the relevance of cultures for in vitro 

studies on developmental and regulatory aspects of mitochondrial muscular 

disorders. 

MATERIALS AND METHODS 

Materials 

Tissue culture plastic was obtained from Costar, Badhoevedorp, The 

Netherlands. Trypsin (1:250) came from Difco, Detroit, MI, U.S.A., colla-

genase (type II) from Sigma, St. Louis, MO, U.S.A., and bovine serum 

albumin from BDH, Poole, U.K.. Dulbecco's Modified Eagle Medium was pur

chased from Gibco, Hoofddorp, The Netherlands, and chicken embryo extract, 

fetal calf serum, and horse serum from Flow Laboratories, Zwanenburg, The 
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Defect reconstituted 

a Adult-onset acid maltase deficiency 

b Ragged-red fibers in oculocraniosomatic neuromuscular syndrome 

с Mitochondrial abnormalities in epilepsy and lactic acidosis 

d Inclusions and accumulation of C22-C26 fatty acids in adreno-

myeloneuropathy 

e Abnormalities in cyclic nucleotide metabolism 

f Carnitine palmitoyltransferase deficiency 

g Ornithine aminotransferase deficiency 

h Glycogen-debranching enzyme deficiency 

i Mucolipidosis (I-cell disease) of fibroblasts. Lysosomal 

enzymes deficient in myoblasts, not in mature myotubes and 

biopt myofibers 

Defect not reconstituted 

Glycogen Phosphorylase deficiency (McArdle's disease) 

(Fetal isozymes are synthesized in culture [15,16]; adult iso 

zyme found in [14]) 

Adenylate deaminase deficiency 

(Possibly a fetal isozyme is synthesized in culture) 

Primary systemic carnitine deficiency 

(Carnitine transport is normal in culture) 

Muscle carnitine deficiency 

(Carnitine uptake and fatty acid oxidation are normal in 

cultured muscle cells) 

Phosphofructokinase deficiency (Tarui's disease) 

(Active nonmuscle subunit forms are synthesized in culture. 

Muscle isoforms are immunoreactive but catalytically defective) 

Table 1 

Reconstitution in muscle cultures, of biochemical and morphological aberrations 

associated with metabolic neuromuscular diseases 
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Netherlands. Radioactive substrates were obtained from Amersham Internat

ional, Amersham, U.K.. The sources of other materials have been described 

previously (Chapters 2 and A). 

Culture media and buffers 

Phosphate-buffered saline (buffer A) contained (in mM): 145 NaCl, 5.A 

KCl, 5 NaaHPOi,, 25 glucose, and 25 sucrose, plus 50 IU/ral penicillin and 10 

yg/ml streptomycin (pH=7.3). Growth medium was composed of Dulbecco's 

Modified Eagle Medium with 20% fetal calf serum, 2% chicken embryo extract, 

50 lU/ml penicillin, and 10 yg/ml streptomycin. Differentiation medium 

contained 10% horse serum instead of fetal calf serum. Growth- and differ

entiation medium were shown to render optimal proliferation and different

iation, respectively [22]. Homogenization buffer contained (in mM): sucro

se 250, EDTA 2, and Tris-HCl 10 (рН=7.А). 

Muscle cultures 

Human muscle biopsies were obtained from individuals without any known 

neuromuscular disorders (age range 12-82 y ) . They underwent surgery for 

orthopedic corrections (m. gluteus, m. quadriceps), laryngeal extirpation 

(m. sternocleidoraastoideus), or gallbladder extirpation (m. rectus abdom

inis). The muscles from which the biopsies were taken do not differ mar

kedly with respect to fiber type composition [23]. Fragments with little 

connective and fat tissue were dissociated essentially according to the 

method of Yasin et al. [з]. Briefly, mononuclear cells were liberated by 

digestion of 200 mg muscle with proteolytic enzymes (0.1% collagenase, 

0.15% trypsin, and 0.1% bovine serum albumin, in buffer A), in 4 incubat

ion-trituration cycles. The cells obtained (3 to A. 10
5
) were plated into 

35 mm tissue culture dishes (б.Ю
1
* cells per dish in 2 ml growth medium). 

The cultures were incubated in a humidified CO2 incubator (5% СОг, 95% 

air) at 37 C. After 24 h cell debris and non-adherent cells were removed 

by a wash with 2 ml growth medium. When a cell density of 3.10
s
 cells per 

dish was reached, the cultures were washed once with buffer A, treated 

with EDTA (2 mM in buffer A) during 1 min, and trypsinized (0.05% trypsin 

in buffer A, 10 min maximally at room temperature). After neutralization 

of the enzyme with 2 ml growth medium, the cells were collected by centri-

fugation (5 min 50 g), suspended in growth medium, and replated (бЛО
1
* 

cells per 60 mm dish in 4 ml growth medium). From this moment on, fresh 
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medium was given every 3 days. To induce fusion, the medium was changed 

to differentiation medium at approximately 6.10
5
 cells per dish. After 

1-10 (usually 7) days of differentiation in this medium the cultures were 

used for oxidation experiments and enzyme determinations. 

Biochemical assays 

Cultured muscle cell layers were washed 4 times with buffer A and 

harvested by scraping each dish with 2 times 100 μΐ homogenization buffer. 

Scraped muscle cells from 4 dishes, and minced biopsies (50 mg tissue per 

ml homogenization buffer) were homogenized manually at 0 С in a Potter-

Elvehjem glass-Teflon homogenizer using pestles with subsequent clearances 

of 0.12 and 0.05 mm (3 strokes each). 

Oxidation rates were measured with the following substrates at the 

concentrations indicated: 120 μΜ [l-
l
'
,
c]palmitate (bound to albumin in 

molar ratio 5:1), 1 mM [l-^c] pyruvate, 1 mM [l-
1
'
,
C]2-oxoglutarate, and 

1 mM [U-'^c]malate. 100 yl Homogenate was incubated in triplicate in a 

final volume of 500 μΐ medium (pH=7.A), containing (in mM): 25 sucrose, 

30 KCl, 10 KHzPOi,, 5 MgClz, 1 EDTA, and 0.025 cytochrome с With palmitate 

oxidation were also included (in mM): 75 Tris-HCl, 5 ATP, 1 NAD
+
, 0.1 

CoASH, 0.5 L-carnitine, and 0.5 L-malate; with the other substrates: 60 

Tris-HCl, 5 ADP, 1 L-malate (omitted with 2-oxoglutarate oxidation), 2 

L-carnitine, and 15 ЫаНСОз. With [U-'^C]malate, 1 nM malonate plus either 

1 mM pyruvate or 2 mM DL-acetylcarnitine were supplied. After a preincub

ation of 5 min at 37 С the radioactive substrate was added. The incubat

ion was terminated after 30 min by injection of 0.3 ml base (ethanolamine/ 

ethylene glycol, 1/2) into a center well, and 0.2 ml 3 M perchloric acid 

into the medium. After a second incubation (90 min at 4 C), trapped 

'"•COz was measured in 10 ml toluene/methanol (2/1) containing 4 g/1 Omni-

fluor. With palmitate oxidation, '''C-labeled acid-soluble intermediates 

were also assayed by measuring radioactivity of an aliquot of the super

natant, after centrifugation (5 min 10,000 g) of the incubation medium, 

in 10 ml Optifluor. 

Cytochrome с oxidase and citrate synthase were assayed as described by 

Van Hinsbergh et al.[24] and Shepherd and Garland [25], respectively. 

Units of activity of these enzymes represent μιηοΐ cytochrome с oxidized 

and coenzyme A liberated, respectively, per min at 25 C. Total creatine 

kinase activity was determined at 37 С with the Boehringer CK NAC-activ-
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Parameter 

Palmitate oxidation 

Pyruvate oxidation 

Cytochrome с oxidase 

Citrate synthase 

Creatine kinase 

Protein 

Day 

(5) 

22.7 ± 

536 ± 

3.4 ± 

8.3 ± 

0.05 ± 

0.13 ± 

1 

5.1 

430 

3.9 

5.9 

0.02 

0.03 

Day 4 

(5) 

37.9 ± 19.6 

424 ± 352 

8.2 ± 3.8 

9.3 ± 2.0 

0.41 ± 0.27 

0.28 ± 0.04 

Day 7 

(4) 

84.7 ± 40.2 

769 ± 551 

12.2 ± 3.2 

13.0 ± 4.2 

0.52 ± 0.46 

0.40 ± 0.07 

Day 

(5) 

112.6 ± 

1691 ± 

15.9 ± 

14.7 ± 

0.54 ± 

0.51 ± 

10 

48.2 

1081 

9.6 

2.6 

0.48 

0.15 

Table 2 

Oxidation rates, enzyme activities, and protein content of muscle cultures during differentiation. Oxidation 

rates (in pmol/min per dish), enzyme activities (in mU per dish for cytochrome с oxidase and citrate synthase, 

in mU per dish for creatine kinase), and protein (in mg per dish) were determined in muscle cultures at the 

indicated days after the change of growth medium to differentiation medium. A culture initially consisted of 

16 dishes which were used in subsets of Ί each day. Values represent means + S.D. for the number of cultures 

given between parentheses 



Parameter 

Palmitate oxidation 

Pyruvate oxidation 

Cytochrome с oxidase 

Citrate synthase 

Creatine kinase 

Day 

178 

2625 

17.A 

44.0 

0.35 

(5) 

+ 

± 

+ 

± 

+ 

1 

41 

1480 

22 

14 

0 

6 

9 

13 

Day 4 

130 

1558 

28.6 

33.7 

1.42 

(5) 

± 55 

± 1294 

± 9 

± 5 

± 0 

8 

7 

.84 

Day 7 

212 

1915 

30.6 

32.5 

1.22 

(4) 

± 87 

± 1281 

± 3 

± 5 

± 0 

4 

8 

.98 

Day 10 

(5) 

226 ± 105 

2600 + 1666 

30.1 ± 10.3 

30.6 ± 8.9 

1.11 ± 1.02 

Table 3 

Specific activities of oxidation rates and enzymes in muscle cultures during differentiation. Oxidation rates 

(in pmol/min per mg protein) and enzyme activities (in mU per mg protein for cytochrome с oxidase and citrate 

synthase, in mU per mg protein for creatine kinase) were calculated from the same data as used in Table 2. The 

significance of differences between the values at days 1, 7 and 10 and those at day 4 was calculated with 

Student's paired t-test. Only creatine kinase activity at day 1 differed sienificantly (P < 0.05) 



ated test kit. Units of activity are defined аз \mol NADPH formed per min. 

Protein was measured according to Lowry et al. [26] with bovine serum 

albumin as standard. 

RESULTS 

Fusion of myoblasts was observed with all cell cultures to occur in 

differentiation medium between days 1 and A. The formed myotubes were 

multinucleated with the nuclei mostly arranged in rows (Fig. 1). 

"Spontaneous" contractions were sometimes observed. Cultures established 

from different muscle types exhibited similar growth patterns with respect 

to myoblast proliferation rate and fusion, but myoblasts from adolescent 

individuals proliferated faster than those from older persons. The metab

olic activities showed no consistent relationship with biopsy type or 

donor age. 

Fig. ι 

Phase-contrast micrograph of a muscle culture in situ, in the dif

ferentiated state (day 7 after medium change). Numerous multinucle

ated myotubes can be seen, which are variable in size and are often 

branched. Nuclei appear concentrated in rows (arrows). Bar, 100 \¡m 
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During myogenesia and the following differentiation period the develop

ment of oxidative metabolism with its related enzymes, and of creatine 

kinase and protein content, was investigated (Table 2). The oxidation 

rates represent capacities as established in homogenates under optimized 

conditions. All parameters increased gradually between days 1 and 10 when 

calculated per dish. For the first A days this may be (partly) related to 

cell proliferation, but thereafter the dishes contained an almost contin

uous monolayer in which cell numbers did no longer substantially increase. 

Therefore, changes after the initial 4 days probably relate to true en

hancements of enzyme activities, oxidative pathways, and (contractile) 

proteins. Based on protein (Table 3), the developmental changes were only 

significant with creatine kinase between days 1 and A-10. With palmitate 

and pyruvate oxidation capacities and cytochrome с oxidase and citrate 

synthase activities, no significant differences were observed between 

cells before and after fusion nor during further differentiation. 

In all subsequent experiments, the cultures were used after 7 days 

in differentiation medium. A survey of oxidation rates in homogenates of 

these cultures is presented in Table A, together with the same parameters 

measured in m. gluteus biopsies. Although protein content may differ in 

Substrate 

[I-
1
"C]Pyruvate 

[l-
11,
C]2-0xoglutarate 

[U-'^CjMalate + pyruvate 

[U-^C] Malate + acetylcarnitine 

[I-
1
"C]Palmitate 

Cultured muscle 

1262 ± 1025 

1085 ± 753 

68 ± 40 

158 ± 116 

292 ± 93 

(13)
 + 

(9) 

(8)
1
" 

(8)
 + 

(14) 

Muscle biopsy 

6740 ± 3940 (9) 

1235 ± 680 (4) 

327 ± 40 (4) 

853 ± 373 (4) 

274 ± 82 (17) 

Table 4 

Oxidation rates of substrates in homogenates of cultured human muscle and m. gluteus 

biopsies. Homogenates were incubated for 30 min at 37
 0
C with 0.12 mM palmitate or 1 mM 

of other substrates, in the standard medium plus additions as described in the Materials 

and Methods section. With muscle biopsies, a protein content of 150 mg/g muscle [27] was 

used for the calculations. Oxidation rates (in pmol/min per mg protein) are means + S.D. 

for the number of cultures and biopsies indicated between parentheses. Specific activ

ity different from that in biopsies (P < 0.001) 
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cultured muscle cells and muscle tissue we compared specific activities 

on base of protein. For muscle biopsies we used a protein content of 

150 mg per g muscle [27]. The cultured cells exhibited significantly lower 

oxidation rates with pyruvate and malate when compared with the biopsies, 

in contrast to palmitate and 2-oxoglutarate which were oxidized at about 

the same rates in both muscle systems. Comparable oxidation rates were 

measured in cultured muscle with pyruvate and 2-oxoglutarate. Dichloro-

acetate (1 mM) did not stimulate pyruvate oxidation with cultures and 

biopsies, which indicates maximal activation of the pyruvate dehydrogen

ase complex [28]. Anaplerotic mechanisms may attribute to some extent to 

^СОг production from [l-
1
'
f
C]pyruvate, via formation of '''C-labeled 

citric acid cycle-intermediates [29]. '""CO;, production from [U-
1
'
t
c]malate 

was measured in the presence of malonate to prevent recycling of malate, 

and label dilution by citric acid cycle-derived malate. The rate of
 1'tC02 

production from this substrate was low, even when multiplied by a factor 

2 to compensate for the effect of uniform
 ll,

C-labeling. The higher rate 

of malate oxidation in the presence of acetylcarnitine when compared to 

pyruvate ( Ρ < 0.05 in both muscle systems) indicates that the acetyl-

carnitine transferase activity is not a limiting factor. With palmitate, 

'^СОг contributed very little (0 to 3%) to total oxidation products, as 

is usually found in homogenates and isolated mitochondria [30]. Most of 

Parameter 

Palmitate oxidation 

Cytochrome с oxidase 

Citrate synthase 

Creatine kinase 

Cultured muscle Muscle biopsy 

323 ± 29 289 ± 129 

36.3 ± 13.6
+
 91.2 ± 46.5 

44.0 ± 10.4
§
 28.8 ± 16.4 

1.8 ± 1.6
§
 25.9 ± 4.8 

Ratio χ 100% 

134% ± 68% 

50% ± 31% 

179% ± 74% 

7% ± 7% 

Table 5 

Specific activities of palmitate oxidation, mitochondrial marker enzymes and creatine 

kinase in cultured muscle and the original biopsies. Palmitate oxidation rates are 

expressed in pmol/min per mg protein, cytochrome с oxidase and citrate synthase activit

ies in mU per mg protein, and creatine kinase in U per mg protein. With muscle biopsies, 

a protein content of 150 mg/g muscle [27] was used for the calculations. Means + S.D. 

for 6 biopsies and their derived cultures are given. Specific activities in cultures are 

different from those in biopsies with: Ρ < 0.05 and Ρ < 0.01 (Student's paired t-

test) 
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the labeled products in cell-free systems are acid-soluble carnitine- and 

CoA-esters and citric acid cycle-intermediates [30]. In cultured muscle, 

palmitate oxidation and citrate synthase attained higher specific act

ivities than in the biopsies from which the satellite cells were derived 

(Table 5). In contrast, cytochrome с oxidase and creatine kinase stayed 

behind, the latter by one order of magnitude. The differences between 

cultured muscle and biopsies were significant only with the enzyme activ

ities. 

The effect of inhibitors of the respiratory chain on palmitate oxida

tion was comparable in muscle cultures and biopsies (Table 6). The resi

dual activities originated from the acid-soluble products only, and may 

represent peroxisomally generated chain-shortened products [30] . 

DISCUSSION 

The time-dependent differentiation of the oxidative metabolic appar

atus in mammalian muscle cultures has received little attention. The 

Addition 

None 

Antimycin + rotenon 

Cultured muscle 

345 ±11 

98 ± 24 

Muscle biopsy 

253 ± 133 

104 ± 52 

Table 6 

Effect of antimycin and rotenon on palmitate oxidation rate in 

cultured muscle ani the original biopsies. Palnitate oxidation rates 

(in pmol/rain per mg protein) are given as means + S.D. for 3 

biopsies and their derived cultures. Antimycin and rotenon were 

added to final concentrations of ή yg/ml each. The relative oxidat

ion rates in the presence of respiratory inhibitors were 29% + 8% 

and 42% + 2% for cultured muscle and biopsies, respectively 
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scarce data in the literature merely concern enzyme activities, especially 

those of the cytoplasmic compartment, and not metabolic rates. Develop

mental changes are usually reported to occur during fusion. Cultured rat 

muscle showed rises concomitant with myogenesis for myokinase (adenylate 

kinase) and Phosphorylase, followed by a plateau phase [31]. The specific 

activities of these enzymes also increased during fusion but declined 

thereafter. Different developmental patterns were observed for specific 

activities of oxidative enzymes (constant through all phases from seeding 

until 21 days), and enzymes of glycogen metabolism, LDH, and pyruvate 

kinase (increase during fusion, constant or slow decrease thereafter [32]. 

Rat myotubes, in contrast to their human counterparts, exhibit frequent 

"spontaneous" contractions. Lawrence and Salsgiver [32] have taken advant

age of this property to demonstrate that in chemically paralyzed myotubes 

most, but not all, enzymes attain lower activities. With human cultured 

muscle, lannacone et al. [ЗЗ] reported an increase of the specific activ

ity of pyruvate kinase during fusion and a decline thereafter. The speci

fic activity of creatine kinase has univocally been demonstrated to rise 

until fusion is completed and to decline slowly from that moment on 

[31-34, this study]. The isozyme type BB which is present in myoblasts 

becomes supplemented with MB type during fusion, and with MM as differ

entiation proceeds [21,ЗА,35]. We demonstrated that the mitochondrial en

zymes cytochrome с oxidase and citrate synthase remain constant in human 

muscle cultures throughout myogenesis and differentiation. 

Hitherto no data have been reported on oxidation rates during develop

ment of muscle in culture. In chick myoblasts palmitate is incorporated 

mainly into triglycerides, but after fusion a marked shift towards phos

pholipid synthesis is observed [Эб]. It was suggested that this might re

late to a development from oxidative to glycolytic metabolism. However, 

glucose uptake increases only slightly in cultured chick muscle cells 

after seeding until far into the mature myotube stage [37]. Amino acids 

can contribute significantly to energy production in cultured muscle cells 

[38-40], but the developmental courses of these processes have not been 

studied. Our present results implicate that palmitate and pyruvate oxida

tion capacities remain the same throughout myogenesis and differentiation 

in vitro. 

We demonstrated that the oxidation capacities for pyruvate, 2-oxoglu-

tarate, malate and palmitate can well be measured in cultured human 
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muscle. The data for the three former substrates give information on the 

segment between malate and succinyl-CoA of the citric acid cycle. This 

may be important in studies with cultured muscle from patients suspected 

of mitochondrial enzyme deficiencies. By comparison of the oxidation 

rates of pyruvate and of malate plus additions, aberrations in the activ

ities of pyruvate dehydrogenase, acetylcarnitine transferase, malate de

hydrogenase, and citric acid cycle enzymes between oxaloacetate and 2-oxo-

glutarate can be distinguished. '''СОг production from 2-oxoglutarate is 

indicative for 2-oxoglutarate dehydrogenase activity. The cycle segment 

between succlnyl-CoA and malate can not be investigated directly with 
1
'*C-labeled substrates, but indirect information can be obtained from the 

stimulation by succinate and fumarate of [і-
1ц
С]pyruvate oxidation. The 

oxidation of succinate can be estimated spectrophotometrically. 

The activities of palmitate oxidation and citrate synthase on base of 

protein are higher in the muscle cultures than in the biopsies. Palmitate 

oxidation expressed per unit citrate synthase is, however, comparable. 

Lowry et al. [41] demonstrated within individual human myofibers that the 

activity of citrate synthase correlates positively with that of 3-hydroxy-

acyl-CoA dehydrogenase (involved in fatty acid oxidation) and the latter 

in turn with fumarase. The activities of these mitochondrial enzymes are 

inversely correlated to LDH activity [Al]. In the present study, palmitate 

oxidation and the activities of the mitochondrial marker enzymes appear 

not to be related at all to the cytosolic creatine kinase activity. 

The residual activity of palmitate oxidation in the presence of resp

iratory chain inhibitors indicates the occurrence of peroxisomes in cult

ured myotubes. These organelles were identified histochemically in mature 

skeletal muscle [42,43]. They are able to oxidize long-chain fatty acids 

through a 3-oxidation sequence which differs, however, in many respects 

from the mitochondrial process [44]. Cultured muscle may offer a cellular 

system for in vitro studies on biogenesis and metabolic activity of per

oxisomes in skeletal muscle. 

In conclusion, we have shown that human skeletal muscle cells in tissue 

culture are well comparable to mature muscle with respect to oxidative 

capacities and enzyme activities. The cultured myotubes display specific 

activities which are at the same level or higher than in muscle biopsies, 

with 3 out of 7 parameters. Whereas the cytosolic enzyme creatine kinase 

stays far behind, it appears that the mitochondrially-located metabolic 
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systems maturate together with the contractile apparatus during myogenesis 

and differentiation in vitro. We conclude that cultured human muscle cells 

represent a cellular model for studies on the pathogenesis of muscular 

disorders which are related to oxidative metabolism. 
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Summery 

This thesis deals with aspects of intermediary metabolism and its 

development during differentiation in rat (chapters 2 to 6) and human 

(chapter 7) skeletal muscle. The line guiding through the present studies 

is: the myofiber as a cellular system. Whereas most knowledge on the bio

chemistry of skeletal muscle has been derived from studies in cell-free 

systems and perfused limbs, the objective of this project was to establish 

and evaluate preparations of isolated muscle fibers. Such preparations 

might constitute the in vitro system which would optimally approach the 

in vivo situation for certain parameters to be studied. 

The experimental sections concern two main themes: 

1. The biochemical and morphological characterization of a new system of 

isolated, differentiated, rat skeletal myofibers. Aspects of the energy-

generating metabolic pathways (chapters 2, A, and 5), and of calcium 

homeostasis (chapter 3). 

2. The development of intermediary metabolism during myogenesis and dif

ferentiation in vivo, in the rat (chapter 6) and in vitro, in cultured 

human muscle cells (chapter 7). 

141 



Chapter 1, as a general introduction to the experimental chapters, 

offers a survey of morphological, physiological, and biochemical principles 

of skeletal muscle function and plasticity in the mature (differentiated) 

state. The main events during postnatal development and tissue culture of 

skeletal muscle (essentially a recapitulation of embryogenesis) are dis

cussed . 

In chapter 2 a method is presented for the preparation of a suspension 

of single myofibers from a small rat toe muscle, m. flexor digitorum brevis. 

The myofibers become released upon a 2-h incubation with collagenase, fol

lowed by a gentle trituration of the "decollagenized" muscle. The quality 

of these fibers is described according to morphological criteria. When 

compared to intact isolated muscle, the suspension exhibits higher oxida

tion rates with pyruvate and palmitate, and also a higher glycolytic act

ivity. Myofiber suspensions and intact muscle respond similarly to meta

bolic effectors of pyruvate oxidation (L-carnitine, a-cyanocinnamate, and 

dichloroacetate) and glucose transport as measured by glycolytic activity 

(stimulation by insulin). 

In chapter 3 it is described that the viability of the suspended myo

fibers can be markedly increased when the preincubation period with col

lagenase present is extended to 6 h. The trituration step, causing mechan

ical damage to the fibers described in chapter 2, can be omitted with the 

improved procedure. 

These rat myofiber suspensions are used in chapter A for a study of 

palmitate oxidation. The improved accessibility of the sarcolemma leads 

to a fourfold higher oxidation rate when compared to intact isolated musc

le. The structural and functional integrity of the suspended myofibers 

is established by the absence of stimulation by cofactors of fatty acid 

oxidation. The contribution of CO2 to total oxidation products is rela

tively much higher than in homogenates, which indicates a more coherent 

whole-pathway regulation in the cells. CO2 accounts for the increase in 

the total oxidation products from palmitate at elevated palmitate concen

trations, whereas the acid-soluble products remain the same. The compar

able oxidation rates with [l-^C]- and [ 16-
1Ч
С]-labeled palmitate indicate 

the intactness of the sarcolemma. The importance of interplay between 

mitochondria and sarcoplasm is demonstrated with myofibers of which the 

sarcolemmas are intentionally damaged: these become dependent on external 

cofactors. 
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In chapter 5 the contributions of fibrocytes and myofibers to muscular 

palmitate oxidation are measured. This is accomplished after separating 

the two cell populations on a density step-gradient. The procedure is 

successful only when the myofibers are forced to hypercontract, in order 

to elicit the objected differences in cellular buoyant density with fibro

cytes . The relative contributions of fibrocytes and myofibers to palmitate 

oxidation in the original untreated suspensions can be calculated, and 

amount to 13-20% and 80-87%, respectively. 

One of the unique properties of single myofibers, i.e. the opportunity 

to visualize contraction in individual myofibers by microscopy, is util

ized in chapter 3 to investigate aspects of calcium homeostasis. The iso

lated myofibers are susceptible, in a dose- and time-dependent way, to the 

calcium ionophore A 23187. At elevated doses of this drug all myofibers 

contract and may become permeable, but at moderate concentrations part

ially contracted cell forms are also recognized. Since EGTA prevents the 

ionophore effect, it appears that exogenous calcium is the primary resp

onsible agent for hypercontraction¡ the sarcoplasmic-reticular and mito

chondrial calcium stores may, however, also be involved. A calcium para

dox as occurring in cardiac muscle upon reperfusion with calcium-contain

ing media after a period of calcium-free perfusion, can not be induced in 

skeletal muscle. The paradox setting is imitated by EGTA treatment follow

ed by addition of excess calcium. 

In chapter 6 the postnatal development of four rat muscles is invest

igated by a combined biochemical and enzyme-histochemical approach. The 

results of this study indicate that the often studied muscles soleus and 

EDL are not representative for all muscles. The findings with both methods 

correlate well. The activities of pyruvate oxidation measured in intact 

isolated muscles decrease after birth. In contrast, the capacities for 

pyruvate and palmitate oxidation, as well as cytochrome с oxidase and 

citrate synthase activities, increase markedly in m. soleus and EDL, but 

not in m. flexor digitorum brevis. Creatine kinase levels increase in all 

muscles, predominantly during the first 6 weeks. The use of a classific

ation system distinguishing 26 fiber types enables to detect subtle chang

es during postnatal development. 

In chapter 7 the oxidative metabolism of aneurally cultured human 

skeletal muscle cells (myotubes) is surveyed. Capacities for the oxidation 

of palmitate, pyruvate, 2-oxoglutarate and malate are established, and 
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discussed in relation to the activities of cytochrome с oxidase, citrate 

synthase, and creatine kinase. When calculated on base of protein, most 

of the values do not differ much from those measured in muscle biopsies. 

The creatine kinase activity in the cultured cells is, however, only 

one-tenth of the value in the biopsies. Cultured muscle cells may be 

suitable as a cellular system for the investigation of pathogenesis of 

mitochondrially-borne muscular disorders. 
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Sonnenraíting 

Dit proefschrift behandelt diverse aspekten van het intermediair-

metabolisme, inklusief de ontwikkeling tijdens differentiatie, in skelet

spier van de rat (hoofdstukken 2 tot en met 6) en de mens (hoofdstuk 7). 

De rode draad die de afzonderlijke studies verbindt, is: de skeletspier-

vezel als cellulair systeem. De huidige kennis omtrent de biochemie van 

skeletspier stamt voor het grootste deel uit studies met celvrije systemen 

en geperfundeerde ledematen; de doelstelling van dit projekt was het be

reiden en evalueren van preparaties van geïsoleerde skeletspiervezels. De 

rationale hierachter was de gedachte dat een dergelijk in vitro systeem 

het beste de in vivo situatie zou benaderen met betrekking tot bepaalde 

te onderzoeken parameters. 

De experimenten zijn te groeperen rond twee centrale thema's: 

1. De biochemische en morfologische karakterisering van een nieuw systeem 

van geïsoleerde, gedifferentieerde, skeletspiervezels van de rat. 

Aspekten met betrekking tot de energieleverende metabole routes en 

calcium-homeostase worden besproken in respektievelijk de hoofdstukken 

2, A en 5, en hoofdstuk 3. 

2. De ontwikkeling van het intermediair metabolisme tijdens myogenese en 

differentiatie in vivo in de rat (hoofdstuk 6) en in vitro in gekweekte 
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humane skeletspiercellen (hoofdstuk 7). 

Hoofdstuk 1, een algemene inleiding tot de experimentele hoofdstukken, 

geeft een overzicht van de principes van de morfologie, fysiologie en bio

chemie van skeletspier, en geeft inzicht in de funktie en de plasticiteit 

van dit weefsel in de gedifferentieerde fase. Tevens worden veranderingen 

tijdens de postnatale ontwikkeling en in weefselkweek (een rekapitulatie 

van de embryogenese) besproken. 

In hoofdstuk 2 wordt een methode beschreven waarmee een suspensie van 

losse skeletspiercellen kan worden bereid uit een kleine teenspier, m. 

flexor digitorum brevis, van de rat. De spiervezels komen vrij uit het weef-

selverband door een 2 uur durende inkubatie met kollagenase, gevolgd door 

voorzichtig tritureren van de "gedekollageniseerde" spier. Deze spier

vezels worden beschreven aan de hand van morfologische kriteria. De sus

pensies hebben hogere oxydatiesnelheden voor pyruvaat en palmitaat dan in-

takte geïsoleerde spier, en ook een hogere glykolytische aktiviteit. Ske-

letspiervezelsuspensies en intakte spier reageren vergelijkbaar op meta-

bole effektoren van de pyruvaatoxydatie (L-carnitine, a-cyanocinnamaat en 

dichlooracetaat) en glukosetransport gemeten als glykolytische aktiviteit 

(stimulatie door insuline). 

In hoofdstuk 3 wordt aangetoond dat een aanzienlijk groter percentage 

van de geïsoleerde cellen intakt verkregen wordt indien de preinkubatie-

periode met kollagenase wordt verlengd tot 6 uur. De trituratiestap, ver

antwoordelijk voor de mechanische beschadiging van de vezels in hoofdstuk 

2, wordt hierdoor overbodig. 

Deze spiervezelsuspensies worden gebruikt in hoofdstuk 4 voor een stu

die van palmitaatoxydatie. De verbeterde toegankelijkheid van het sarco-

lemma leidt tot een A keer hogere oxydatiesnelheid dan gemeten in intakte 

geïsoleerde spier. De strukturele en funktionele integriteit van de gesus

pendeerde vezels wordt afgeleid uit de afwezigheid van stimulatie door ko-

faktoren. De bijdrage van CO^ aan de oxydatieprodukten is procentueel veel 

hoger dan in homogenaten; dit geeft aan dat de regulatie van de route als 

geheel in de cellen een betere samenhang vertoont. De verhoogde vetzuur-

oxydatiesnelheid bij hogere palmitaatkoncentraties komt geheel voor reke

ning van CO2, terwijl de zuuroplosbare produkten niet toenemen. De oxyda

tiesnelheden met [і-
1 ц
С]- en [16-

1
 "Ό]-gelabeld palmitaat zijn vergelijk

baar, hetgeen een indikatie is voor de intaktheid van het sarcolemma. Het 
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belang van samenspel tussen mitochondria en sarcoplasma blijkt uit experi

menten met opzettelijk beschadigde spiervezels; deze worden afhankelijk 

van externe kofaktoren. 

In hoofdstuk 5 wordt de bijdrage van fibrocyten en skeletspiervezels 

aan de palmitaatoxydatie in spier bepaald. Hiertoe worden de 2 celpopula

ties gescheiden op een diskontinue dichtheidsgradiënt. De procedure slaagt 

alleen met skeletspiervezels die tot hyperkontraktie zijn gebracht, ten

einde verschillen in dichtheid te bewerkstelligen. De relatieve bijdragen 

van fibrocyten en spiervezels aan de palmitaatoxydatie in de oorspronke

lijke, onbehandelde suspensies zijn volgens berekening respektievelijk 

13-20% en 80-87%. 

Een van de unieke eigenschappen van geïsoleerde skeletspiervezels, de 

mogelijkheid om kontraktie van individuele cellen zichtbaar te maken met 

het mikroskoop, wordt in hoofdstuk 3 gebruikt om aspekten van de calcium-

huishouding te bestuderen. De geïsoleerde vezels zijn gevoelig voor de 

calcium-ionofoor A 23187 zowel met betrekking tot de dosis als de inkuba-

tieduur. Vezels hyperkontraheren en worden veelal permeabel bij hoge kon-

centraties, terwijl bij wat lagere koncentraties ook partieel gekon-

traheerde celvormen optreden. Exogeen calcium is vermoedelijk het agens 

dat primair verantwoordelijk is voor de hyperkontraktie; het kan echter 

niet worden uitgesloten dat calcium opgeslagen in het sarcoplasmatisch reti

culum en de mitochondria ook een rol speelt. Een calcium-paradox, zoals 

optreedt in hartspier wanneer een periode van calciumvrije perfusie wordt 

gevolgd door reperfusie met calciumbevattend medium, kan niet worden ge

ïnduceerd in skeletspier. Het paradox-protocol bestaat uit behandeling 

met EGTA gevolgd door toevoeging van een overdosis calcium. 

In hoofdstuk 7 wordt de postnatale ontwikkeling van 4 rattespieren 

onderzocht middels een gekombineerde biochemische- en enzym-histochemische 

benadering. De resultaten geven aan dat de veel bestudeerde m. soleus en 

EDL niet representatief zijn voor alle spieren. De uitkomsten met beide 

methoden stemmen goed overeen. De pyruvaatoxydatieaktiviteit gemeten in 

intakte geïsoleerde spieren neemt af na de geboorte. De kapaciteiten voor 

pyruvaat- en palmitaatoxydatie, alsmede de activiteiten van cytochroom с 

oxydase en citraat synthase, nemen daarentegen sterk toe in m. soleus en 

EDL, maar niet in m. flexor digitorum brevis. Creatine kinase stijgt in 

alle spieren, vooral tijdens de eerste 6 weken. Het gebruikte klassifika-

tiesysteem met 26 onderscheiden vezeltypes maakt het mogelijk dat kleine 
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veranderingen tijdens de postnatale differentiatie worden gesignaleerd. 

In hoofdstuk 7 wordt het oxydatief metabolisme in aneuraal-gekweekte 

skeletspiercellen (myotubes) behandeld. De verkregen waarden voor de 

oxydatiekapaciteiten ten opzichte van palmitaat, pyruvaat, 2-oxoglutaraat 

en malaat worden besproken in relatie tot de aktiviteiten van cytochroom 

с oxidase, citraat synthase en creatine kinase. De meeste waarden, uitge

drukt op basis van eiwit, verschillen niet sterk van de waarden in spier-

biopten. Creatine kinase is echter 10 keer hoger in het biopt dan in de 

gekweekte cellen. Spiercellen in weefselkultuur lijken geschikt als cellu

lair systeem voor het onderzoek naar de Pathogenese van mitochondriële 

spierziekten. 
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Sloti/i/oord 

Degenen die een aandeel hebben gehad in de totstandkoming van dit 

proefschrift hebben, als het goed is, al eerder aan mij gemerkt hoe zeer 

ik hen waardeer. Toch wil ik enkelen hier graag nog eens speciaal bedanken. 

Mijn vader, onderwijzer van de oude stempel, deed me voor hoe je plezier 

kunt beleven aan het vergaren van kennis. Hij wilde zo graag dat ik later 

zou gaan studeren en vertrouwde er volledig op dat het nog goed zou gaan 

ook: hij heeft me daarmee waarschijnlijk behoed voor een al te bescheiden 

vertrouwen in eigen intellektueel kunnen, het voorstadium van afhaken. 

Dr. Victor van Hinsbergh, voormalig stagebegeleider, dank ik eveneens 

voor een goed voorbeeld. Mijn (ex-)labgenoten ben ik erkentelijk voor hun 

hartelijke en konstruktieve houding en voor het medeleven in vette en mage

re jaren. Arie Oosterhof hoedde de humane spierkweken met veel toewijding, 

deelde mijn zorgen wanneer gisten en schimmels toesloegen, en verrichtte 

samen met Herman van Moerkerk het merendeel van de bepalingen in hoofdstuk 7. 

Hélène Loermans en Dr. Peter Wirtz (Laboratorium voor Cytologie en Histo

logie) hebben metterdaad bijgedragen aan de totstandkoming van A hoofdstuk

ken in dit proefschrift. Zij hebben mij vrijwel vanaf het begin terzijde ge

staan met kritiek en enthousiasme in een voor mij optimale mengverhouding. 

Mede dankzij hen heb ik menigmaal het speciale genoegen mogen smaken dat 

wilde plannen de kinderziektes overleefden en opgroeiden tot spannende 

stukjes research. 

Het Laboratorium voor Neurologie, Universiteit van Amsterdam, ia in meer

dere opzichten belangrijk geweest. Dr. Piet Bolhuis en Drs. Henk de Zwart 

leerden mij spiercellen kweken. Zij, en Prof. Dr. J.M.B.V. de Jong, stimu

leerden en adviseerden mij bij de voorbereiding van mijn postdoc-onderzoek 

in Baltimore. 

Van Ap Groeneveld en Dr. Gertrude Treskon-Mungyer heb ik goede raad ge

kregen met betrekking tot weefselkweek en fotografie. Hans Konings en Cees 

Nicolasen maakten de figuren. Bij Annette Willemen en Theo Hafmans was de 

elektronenmikroskopie en de verzorging van de foto's altijd in goede handen. 
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De medewerkers van de operatiekamers Algemene Chirurgie en Keel-, Neua-

en Oorheelkunde van het St. Radboudziekenhuis, en Orthopedie van de St. 

Maartenskliniek, ben ik erkentelijk voor de humane spierbiopten. 

Research is een schitterend vak. Desondanks waren de ontmoetingen aan 

tafel, iedere werkdag om half zeven (ongeveer), een verademing. Mijn (ex-) 

eetgroepgenoten hebben met hun veelal zeer persoonlijke verhalen over be

levenissen in onder meer het klubhuis, de theatergroep en de provinciale 

waterstaat mijn ontwikkeling in de wetenschap, en elders, wezenlijk beïn

vloed . 
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Cumculum Nitae 

Judith G.E.M. Zuurveld werd geboren op 30 december 1952 te 

Bredevoort. 

Na het eindexamen HBS-B (1970) aan het Marianum te Groenlo studeerde 

zij Biologie aan de Universiteit van Nijmegen. Het kandidaatsexamen Big 

werd afgelegd op 4 december 1973. De doktoraalfase, met als hoofdvak 

Mikrobiologie (Drs. A.H. Weerkamp en Prof. Dr. G.D. Vogels) en bijvakken 

Exobiologie/Organische Geochemie (Dr. G. Dungworth en Prof. Dr. A.W. 

Schwartz) en Biochemie (Drs. V.W.M, van Hinsbergh en Prof. Dr. J.H. Veer

kamp) werd afgesloten op A september 1979. 

Als student-assistent begeleidde zij praktika Exobiologie en Mikrobio

logie. Onder supervisie van Dr. C. Stumm bereidde zij gedurende drie 

maanden een herziene versie van het praktikum Mikrobiële Genetika voor. 

Daarnaast verkreeg zij de eerstegraads lesbevoegdheid voor het vak Bio

logie, en volgde de kursus Wetenschapsjournalistiek (Dr. J. Willems). 

Van 15 september 1979 tot en met 31 december 1982 was zij als weten

schappelijk medewerker verbonden aan het Laboratorium voor Biochemie, 

Universiteit van Nijmegen, ten laste van het Prinses Beatrix Fonds. Na 

afloop van de projektsubsidie werd het onderzoek voortgezet op basis van 

een volontairsovereenkomst. Deze dissertatie werd voorbereid onder lei

ding van Prof. Dr. J.H. Veerkamp. In september 1982 nam zij deel aan het 

Vth International Congress on Neuromuscular Diseases te Marseille. 

Met ingang van 1 oktober 1984 zal zij werkzaam zijn aan de Johns 

Hopkins University (Dept. of Neurology and Neuroehemistry), Baltimore, 

U.S.A., hiertoe in staat gesteld door ZWO (NATO Science Fellowship). In 

de werkgroep van Dr. 0. Hurko en Prof. Dr. G. McKhann zal zij in eerste 

instantie een methode ontwikkelen voor het bereiden van fibroblastvrije 

primaire myoblastkulturen, gebruik makend van verschillen in antigen-

samenstelling. Met behulp van zuivere spierkulturen zal zij vervolgens 

afwijkingen in de genprodukten-katalogus onderzoeken bij spierdystrofie 

van Duchenne en andere neuromusculaire aandoeningen. 
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Stellingen 



1 De bevinding dat de proliferatiepotentiaal van myoblasten in vitro in 

kultures van Duchenne-patiënten verlaagd is, rechtvaardigt de verwachting 

dat weefselkweektechnieken zullen bijdragen aan de opsporing van de gene

tische en molekulaire defekten die ten grondslag liggen aan de spier

dystrofie van Duchenne. 

Blau HM, Webster C, Pavlath С (1983) Proc Natl Acad Sci 

USA 80: 4856-4860 

2 Vetzuuroxydatieaktiviteit kan worden gemeten als zuurstofkonsumptie of 

als vorming van tussen- en eindprodukten. Voor het bepalen van de 

stoichiometrische relatie tussen beide parameters is een kwantitatieve 

analyse van de afzonderlijke intermediairen onontbeerlijk. 

3 Geïsoleerde myofibers en gekweekte spiercellen zouden bij uitstek geschikt 

zijn als experimenteel systeem voor het intracellulair traceren van meta-

boiieten in skeletspier met behulp van fluorescentietechnieken. 

Pagano RE, Longmuir KJ (1983) TIBS may: 157-161 

Pjura WJ, Kleinfeld AM, Karnovsky MJ (1984) Biochemistry 

23: 2039-2043 

ή Bij toepassen van radiotherapie dient rekening te worden gehouden met 

lokaal verlies van regeneratiekapaciteit in spierweefsel. 

5 Gezien de individualistisch gerichte persoonlijkheidsstruktuur van de 

meeste wetenschappers, valt te betwijfelen of een samenwerkingsverband 

dat tot stand is gekomen onder druk van financiële sanktionering kan 

uitgroeien tot een duurzaam funktioneel geheel. 

6 Het medisch-wetenschappelijk onderzoek in Nederland is te zeer ver

snipperd dan dat een nationaal kader voor de beoordeling van Projekten 

zinvol kan funktioneren. Het verdient dan ook aanbeveling een inter

nationaal "peer-review" netwerk op te zetten. 

Walgate R (1984) Nature 309: 491-510 

7 De relativerende wijze waarop geslaagde research beschreven wordt in 

Current Contents' Citation Classics is moedgevend en inspirerend voor 

aankomend wetenschappers. 



8 Door het algemeen invoeren van een simpel systeem van literatuurverwij

zingen waarin met name het gebruik van interpunktie zoveel mogelijk 

wordt vermeden, kan het insluipen van fouten geminimaliseerd worden. 

9 Vrouwen zeggen vaak een afkeer te hebben van het funktioneren in de 

traditionele hierarchische strukturen en het toepassen van strategieën 

van machtsvorming. Dit kan voortkomen uit overtuiging, maar ook uit 

niet-onderkende onmacht en uit angst voor het onbekende. 

Dowling С (1982) Het assepoestercomplex. Bert Bakker, 

Amsterdam 

10 In een organisatie waarin het maken van fouten niet wordt getolereerd 

kunnen onmogelijk innoverend-kreatieve topprestaties tot stand komen. 

11 Ten onrechte is de hoogte van het inkomen in westerse landen gekorreleerd 

met de graad van arbeidssatisfaktie. 

12 Het stelsel van huwelijksvermogensrecht en de daaraan gekoppelde erf-

bedingen is in verregaande mate achterhaald door de maatschappelijke 

ontwikkelingen. 

Ars Aequi (1977) pp 333-460 

13 Het motto van de staat Maryland, USA ("Fatti Maschi, Parole Femine") 

behoeft herziening. 

Nijmegen, 13 september 1984 

Judith Zuurveld 








