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Abstract

Five goat latissimus dorsi muscles (LDM) were submitted to a progressive
chronic electrostimulation program to reach an integrated understanding
of the fast-to-slow transformation process in large mammals. LDM were
regularly sampled and followed during a period of 8 months. Each sample
was simultaneously assessed for histoenzymological study, myosin and
LDH isoforms and bioenergetic capacities [NADH dehydrogenase cyto-
chrome ¢ oxidoreductase (NADH Cyt ¢ OR), succinate dehydrogenase
cytochrome ¢ oxidoreductase (Succ Cyt ¢ OR), cytochrome c¢ oxidase (Cyt
¢ Ox) and LDH]. Such muscles were also tested with and without comple-
tion of II to I transformation for their mechanical properties in isometric
and isotonic strain gauge testing. The conversion of fast-to-slow myosin
monitored by heavy chain (HC I) and light chain slow component (LC,s)
began a few days after stimulation and was almost 100% after 100 days.
The H-LDH isoforms evolved similarly but did not reach 100% conver-
sion after 200 days. The activity of respiratory chain oxidases increased
within 36 h but to a variable extent and peaked after 32 days, correspond-
ing to a 75% transformation of myosin compared to initial levels. NADH
Cyt ¢ OR, Succ Cyt ¢ OR, and Cyt ¢ Ox, respectively increased 10-, 5- and
5-fold. These activities then significantly decreased before the completion
of the myofibrillar transformation and reached a plateau with stable activ-
ities that remained 2- to 3-fold higher than the unstimulated LDM. LDH
activity sharply decreased until day 62 (5-fold) and then plateaued. Func-
tionally, muscle showed a reduced speed of contraction and moderate
reduction in power output but had become fatigue-resistant. This study
documents the transformation process in large mammals and suggests the
dynamic relation between workload, aerobic-anaerobic metabolism and
the contractile myofibrillar system.

twitch muscles (mostly populated with type II
fibers) are involved in brief phase activity and

The distinction between fast-twitch and
slow-twitch skeletal muscle is basically histo-
logical, biochemical, and mechanical. Fast-

are characterized by a pale aspect. Fatigue-
prone type II fibers have an energetic supply
mainly from anaerobic glycolytic metabolism

© 1996 S. Karger AG, Basel
0014-312X/96/0282-0080$10.00/0

KARGER

E-Mail karger@karger.ch
Fax +41 61306 12 34

Dr. M.A. Radermecker Received:
Service de Chirurgie Cardio-Vasculaire January 17, 1995
CHU Liege Accepted:
Domaine Universitaire du Sart-Tilman June 8, 1995

B-4000 Liége (Belgium)




involved in postural tonus and are capable of
sustaining tonic contraction without fatigue.
They have a red aspect due to their cyto-
chrome and myoglobin contents and their
higher blood supply, and are constituted of
type 1 fatigue-resistant slow-twitch fibers.
They are characterized by a high vascular and
mitochondrial content. Such muscles rely on
aerobic oxidative metabolism for their energy
supply. These contractile properties are
strongly related to the myosin isoforms
present in the fibers and to their ATPase
activity [1].

Most muscles, however, such as the LDM,
exhibit an intermediate profile and are com-
posed of a mixed population of type II (pre-
dominant) and type I fibers. Following the
experimental work of Buller et al. [2], it was
progressively realized that the phenotypic as-
pect of muscles and their fiber content may be
susceptible to deep modifications as a conse-
quence of modified neural influx or chronic
stimulation. This was interpreted as an ex-
tradordinary adaptive potential of muscles to
cope with increased functional demand. It
was shown that a fast-twitch fatigue-prone
muscle may acquire the features of a slow-
twitch fatigue-resistant one through a com-
plex transformation of type II to type I fibers
fora review, see 3]. These new physiological
properties are obtained through deep changes
in metabolic pathways, vascular supply and
myofibrillar protein isoforms. This remark-
able plasticity, together with progress in car-
diac stimulation, led to utilizing transformed
muscles as power generators in different sorts
of cardiac assist configurations [3-6]. Al-
though the plasticity exhibited by striated
skeletal muscles and the fast to slow transfor-
mation process have been extensively studied
[3], little information is available for larger
mammals (apart from dogs and sheep) [4, 7-

A Time Course Analysis of Type II to
Type I Transformation in Goats

taneously for histoenzymological, biochemi-
cal, physiological and ultrastructural features
in a time course study.

The evolution of the fast to slow transfor-
mation was investigated on purpose with his-
tological and histochemical techniques and
electrophoresis of specific myosin (HC 1,
LC,ys) isoforms and lactate dehydrogenase
(LDH) isoenzymes (H-LDH content). Whole
LDM, ventricular and atrial cardiac myosins
were also investigated.

At the same time, the oxidoreductive po-
tentials of four chemosmotic enzymes of the
mitochondrial respiratory chain, as well as
LDH activity were studied. Apart from cyto-
chrome c oxidase (Cyt ¢ Ox) [11], the mito-
chondrial oxidases have never been carefully
investigated although they constitute the nec-
essary pathways of all reducing equivalents
(complex I and I1I) produced by cellular dehy-
drogenases. It was further hypothesized that
the longitudinal and simultaneous recording
of markers of oxidative and glycolytic metab-
olism, contractile myofibrillar systems and
histoenzymology would provide new insights
into this transformation phenomenon. Com-
parison of gross LDM mechanical features
both in isometric and isotonic testing would
further complete this study.

Material and Methods

Material

Five adult female goats (weight 30-50 kg) were
used. The animals were cared for according to guide-
lines published by the National Institutes of Health.
Sedation was obtained by intramuscular (IM) adminis-
tration of xylazine, and anesthesia was induced by
ketamine IM. The animals were intubated and placed
under mechanical ventilation [12]. The intervention
consisted of a vertical skin incision at the level of the
axilla and dissection of the proximal third of the latissi-
mus dorsi (LD) to expose the thoracodorsalis neuro-
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jean et al. [13]. Impedance and thresholds were
checked. Both LD on the same animal were stimulat-
ed, using unipolar Itrel pacemakers (Medtronic). After
a 15-day rest period, the muscles were stimulated by 2
pulses (35/min), then after periods of 2 weeks, 3 pulses,
and finally burst pulses (6 pulses, 30 Hz, 185 ms, 35/
min) according to the Broussais protocol currently
adopted in clinical cardiomyoplasty [4]. Voltage (3—
5 V) was selected to elicit palpable and visible contrac-
tion with movement of the forelimb on the anesthe-
tized animal. Biopsies were regularly performed under
local anesthesia from distal to proximal, in order to
avoid artifacts due to neurovascular damage. The site
of sampling was carefully repaired. The upper and low-
er borders were avoided to decrease the risk that biop-
sy sampling sites alone could influence the changes
attributed to the electrical stimulation. The timing of
muscle biopsies was set for each muscle so as to pro-
vide information for time course interpretation. This
kinetic approach obviously precluded the presentation
of results as mean + SD. Approximately 9 biopsies per
muscle (1-2 g, full thickness) were performed, most of
them in the first 60 days following stimulation. Sam-
ples were immediately processed for histochemistry
and biochemical analysis. In three muscles, stimula-
tion was arrested after 112, 140 and 216 days for a
period of 21 days. These muscles were then biopsied
and restimulation was reestablished in two of them
and biopsies were done after 20 days.

Histological Methods

The specimens for histochemistry were sectioned,
12 um thick in a cryostat, and then routine hematoxy-
lin-eosin stain, ATPase staining at pH 4.1 and 9.4 [14],
and NADH tetrazolium reductase stain were done.
The percentage of type I and II fibers was determined,
as well as a routine microscopic examination. Elec-
tronic microscopy was done in fully transformed mus-
cles.

Biochemical Methods

For the biochemical analyses, muscle samples of
approximately 0.05 g were immediately weighed and
finely cut in 10 vol of a solution containing KCI
0.05 M, Tris 0.01 M, dithiothreitol (DTT) 0.001 M,
NaNj3; 0.005%, glycerol 50% (v/v), pH 7.5, kept 24 h at
4°C with occasional mixing and stored at —18°C for at
least 8 days before use. After centrifugation (20 min,
39,000 g), the supernatant containing crude sarcoplas-
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0.01 M, B-mercaptoethanol 0.002 A, pH 8.8 for 5 min
in a mortar with sand and precipitated by 10 times
dilution at pH 6.3. The pellet of actomyosin was disso-
ciated in a sodium dodecyl sulfate (SDS) solution (Tris
0.0625 M, SDS 0.69 M, glycerol 10%, B-mercaptoetha-
nol 5%; pH 6.8) and heated at 100°C for 2 min.

Polyacrylamide gel electrophoresis (PAGE) was
performed on vertical slab gels (18 x 8 x 0.2 cm).
LDH isoenzymes were separated on continuous PAGE
and enzymatically revealed according to Leberer and
Pette [15]. Myosin heavy chain subunit (HC) separa-
tion was carried out on high porosity gels according to
Danieli-Betto et 1. [16]. To improve the resolution of
fast-type myosin heavy chains HC I1a and HC IIb, the
concentration in acrylamide of the separation gel was
adjusted to 8% and the concentration in glycerol to
45% (w/v). Electrophoresis was run at 10 mA (constant
current) for 16 h. Myosin light chain subunits (LC)
were resolved on 20% acrylamide gels at pH 8.4 ac-
cording to Laemmli [17].

Gels were stained with Coomassie briliant blue R-
250 (Serva). Densitometric tracings were obtained
with a Helena Quick-Scan densitometer (Beaumont,
Tex.). The relative amounts of each LDH isoform or
myosin subunit were calculated from the integrated
values of the peak areas. The amount of H monomer of
LDH isoenzymes was computed with the method of
Thorling and Jensen [18].

Bioenergetic Methods

Mitochondrial oxidase activities were measured
with spectrophotometry at 30 °C (Aminco Chance DW
2UV/VIS spectrophotometer, FLM, Urbana, Ill) ac-

-

cording to Schneider et al. [19] for NADH dehydroge ™,

nase cytochrome ¢ oxidoreductase (NADH Cyt ¢ OR,
and for succinate dehydrogenase cytochrome ¢ oxido-
reductase (Succ Cyt ¢ OR), and according to Moller
and Palmer [20] for Cyt ¢ Ox. The LDH activity was
determined according to Bergmeyer and Bernt [21] ata
pyruvate concentration that does not inhibit H isoen-
zymes (0.5 mAM).

Electron Microscopy

Fresh biopsy samples before and after LDM trans-
formation were immersed in a fixative solution (2.5%
glutaraldehyde (LADD) in 0.1 M phosphate buffer pH
7.4) for 90 min, changed 3 times at 4 ° C and postfixed in
2% osmium tetroxide in the same buffer. They were
rinsed, dehydrated and embedded in an Epon mixture.

Radermecker et al.




Strain Gauge Test

In anesthetized goats, the left LDM was dissected
with preservation of the neurovascular bundle. Stimu-
lating IM electrodes were implanted. Muscles were
maintained in a warm atmosphere (£ 30°C). For iso-
metric testing, the muscle tendon and its distal part
were grasped in a mechanical device permitting a pro-
gressive augmentation of the length of the muscle thus
modifying the starting length or preload. Passive and
total tension were obtained via an FT10 gauge (Grass
Instrumental Company, Quincy, Mass.). For isotonic
measurements, the muscle was fixed at the tendon and
its distal part was attached via the FT10 force displace-
ment transducer to selected loads. The muscle was
allowed to slide in a horizontal plane on a smooth silas-
tic surface to minimize friction effects. For each given
load, the muscle distension (starting length) was estab-
lished and the shortening during contraction as well as
the speed of shortening were recorded (Tektronix Am-
plifier AM502 and Gould TA200 recorder). Muscles
were stimulated with 6 pulses (30 Hz, 185 ms) and a
voltage corresponding to twice the full recruitment
threshold leading to a supramaximal contraction. The
fatigue test consisted of muscle stimulation in isomet-
ric conditions at 6 pulses, 5V, 90/min. With isotonic
measurement, the working capacity (W, expressed in J)
was computed for each preload via the formula:

W=F.d=m-g-d,

where m = mass, g = gravity and d = shortening.
The power (P, expressed in W) was derived from
the formula:

; Ax
where m = mass, g = gravity and v = — = instanta-
neous velocity. At

Results

Histoenzymology

The normal goat LD muscle (LDM) is
composed to a variable extent of fast type II
fibers (£ 75%) and slow type I fibers (£ 25%)

A Time Course Analysis of Type II to
Type I Transformation in Goats
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tissue containing the vascular supply. With
ongoing stimulation (after 36 h), there was no
histological difference from control tissue.
Lack of fiber degeneration or necrosis and a
similar proportion of type I and type II fibers
were found. The switch of type II to I fibers
perfectly fitted the transformation of myosin
subunits and full conversion was observed
after 100 days (see below). At that time, the
histoenzymological aspect showed a homoge-
neously transformed LDM which consisted of
almost 100% type I fibers (fig. 1b). The fiber
diameter was decreased and a more pro-
nounced heterogeneity of fiber size was noted.
There was neither evidence of necrosis nor
degeneration. Following cessation of chronic
stimulation, the fiber heterogeneity became
more obvious after 20 days (fig. 1c), but soon
disappeared when stimulation was continued
(fig. 1d).

‘Sl PNt = N TR Nl RN, N

Biochemical and Bioenergetic Results

The electrophoretic distribution of myosin
heavy chains and light chains in the goat
LDM is shown in figure 2a and was compared
to the corresponding subunits from the car-
diac muscle. The low-percentage PAGE, in
the presence of glycerol, made possible a good
separation between the different myosin
heavy chains. In the unstimulated LDM three
bands were visible: the faint ahead-migrating
band was the slow-fiber myosin HC 1 while
the two slower ones corresponded to fast-fiber
myosin HC IIb and Ila. After 4 months of
stimulation, the LDM myosin exhibited only
HC 1 clearly pointing out the complete re-
placement of fast fibers by their slow counter-
parts. This latter electrophoretic pattern was
identical to that of ventricular muscle. The
atrial muscle HC isoform seemed to migrate a

Eur Surg Res 1996;28:80-95 83




Fig. 1. ATPase pH 4.1 (x 100) of LDM sample: before stimulation (a), after 110 days of
chronic stimulation and obtaining of complete transformation (b) and after 21 days of arrest
(partial detransformation; ¢). d Histoenzymological evidence of retransformation after 20
days of restimulation.

little slower although the phenomenon was
indiscernible in comigration experiments.
The different isoforms of myosin light chains
were discriminated by high-percentage PAGE
of the goat actomyosin (fig. 2b). The unstimu-
lated LDM showed a large content of fast light
chains LC;f and LC,f and a trace of LCsf.
Both slow light chains (LC;s and LC,s) were
also well separated. Our light chain identifica-
tion was confirmed by previous work on
sheep myosin [7]. Low amounts of TN-I con-
taminating the actomyosin preparations com-
igrated with LC1 (TN-Is with LC,f and TN-If
with LC;s); therefore, no precise evaluation of
these latter light chains was possible. Because
LC,f and LC;s were electrophoretically better
discriminated and free from contaminant, the

84 Eur Surg Res 1996;28:80-95

relative percentages of these two light chains
were used in the computation of the fast- and
slow-fiber proportions during the time course
of muscle transformation. In the transformed
LDM, the fast myosin chain LC,f had disap™®
peared as did the fast myosin heavy chain,
whereas some LC,f was still visible. The faint
band that remained at the level of LC,f did
not exactly comigrate with LC,f and could
have been a contaminant protein. The com-
parative analysis of ventricular and atrial
myosin light chain pattern revealed the pres-
ence of a similar LC, (LC,v and LC,a) corre-
sponding to the skeletal muscle LC,s isoform.
By contrast, the ventricular and atrial muscle
LC; were distinct from each other but also
when compared with both skeletal LC;f and

Radermecker et al.
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nated according to their electrical charge [data
not shown]. The results indicated that the
myosin extracted from transformed LDM
muscle were similar to the myosin present in
the slow fibers from the unstimulated muscle
but clearly differed from ventricular or atrial
myosin at the level of the LC,f light chain.

The time course of the transformation of
myosin heavy and light subunits in five mus-
cles is illustrated in figure 3a and b. In the five
muscles studied, the transformation of the
contractile proteins was initiated a few days
after stimulation and regularly progressed to
reach a 90-100% conversion after 60-100
days. The myosin light chain LCys followed
the time course of HC I. The increase of HC I
was the mirror image of HC Ila which almost
disappeared after 60 days. The amount of H
monomer in LDH tetrameric isoenzymes in-
creased steadily but never reached more than
70-80% after 7 months (fig. 3c). The electro-
phoretogram [data not shown] displayed the
sequential development of the transformation
of myosin heavy chains: the progressive re-
placement of HC Ila by HC I and disappear-
ance of HC IIb (HC IIb — HC Ila —» HCI).

Cessation of the stimulation after complete
™ ransformation (100% of HC I and LCjs)
induced little if any regression towards the
fast-type myosin. The reversibility in LDH
conversion looked more pronounced. In any
case, the prearrest aspect was quickly restored
when the stimulation was continued.

The enhancement of mitochondrial oxi-
dases was already observed 36 h after onset of
stimulation. However, each complex had a
characteristic time course. NADH-Cyt ¢ OR,
Succ Cyt ¢ OR, and Cyt ¢ Ox peaked between
30 and 100 days, and declined thereafter. This
progressive decrease ultimately led to stabi-

A Time Course Analysis of Type II to
Type I Transformation in Goats
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Fig. 2. a SDS-PAGE of actomyosin from control
LDM (1), transformed LDM (2), cardiac ventricle (3)
and cardiac atrium (4) of the goat (8% acrylamide,
45% glycerol, pH 8.8). b SDS-PAGE of comigrating
goat ventricular myosin light chain LC;v with fast skel-
etal muscle myosin LC,f, slow skeletal muscle myosin
LC;s or atrial moysin LC;a (in 20% acrylamide,
pH 8.4).

lized values 2-3 times higher than initial lev-
els (fig. 4). When the terminal mitochondrial
activities were expressed as ratio of LDH
activity, to emphasize the relative capacities
of oxidative and glycolytic anaerobic metabo-
lism, three distinct profiles could be dis-
cerned. The NADH Cyt ¢ OR/LDH evolved
in a multiphasic pattern characterized by a
fast enhancement (3-4 times) within 3 days
after stimulation, then a plateau phase fol-
lowed after 14-21 days by a subsequent in-
crease (fig. 5a). The Succ Cyt ¢ OR/LDH
showed a linear increase with individual dif-

Eur Surg Res 1996;28:80-95 85
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Fig. 3. Time course of the synthesis of the slow myosin heavy chain HCI (a) and light chain LCys (b) subunits
and LDH-H monomer (¢) expressed as percentages of the respective subunit or monomer total content. The black
arrows represent cessation of the stimulation and the white arrows continued stimulation.

Fig. 4. Time course of the myosin subunits (HC I, LC,s), LDH total activity, H-LDH isoform content (all %)
and mitochondrial oxidases activities (all nmol-min~'-mg WW-!) during stimulation, and its cessation after 216
days in 1 goat. %

Fig. 5. Kinetic aspects of, NADH Cyt c OR/LDH (a), Succ Cyt c OR/LDH (b) and Cyt c OX/LDH during the
early phase of progressive chronic stimulation. Pulses refer to the number of aggregated impulses delivered to the
muscle at each stimulation. (¢). d Evolution of LDH activities.
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Fig. 6. Histograms illustrating
the relative percentages of myosin
heavy and light chains as well as H-
LDH monomer contents of the
whole LDM samples. a Mean val-
ues of 3 unstimulated LDM (3
goats). b Values of 1 transformed
LD. ¢ Schematic representation of
the whole left LDM localizing the
analyzed samples (1-13) and the
area of biopsies used in the time
course of the muscular transforma-
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tion study (hatched area).

ferences of the slopes (fig. 5b). The Cyt ¢ OX/
LDH ratio followed a sigmoidal course
(fig. 5¢). At 75% conversion of HC I, mito-
chondrial oxidases peaked and decreased
soon after. When the stimulation was sus-

88 Eur Surg Res 1996;28:80-95

pended during this phase, the decrease of
maximal activities was accelerated, but easily
reversed by reinstitution of stimulation. A
similar behavior was observed when cessation
occurred during the plateau phase [data not

Radermecker et al.
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nously with the contractile proteins, but never
reached completion. LDH activity changed
during the first 5 days of stimulation accord-
ing to its initial value (fig. 5d). It promptly
decreased if initially high or modestly de-
creased if low. Then after and independently
of the initial status, it decreased and con-
verged to similar values approximately at
day 50.

The close examination of the fiber compo-
sitions in the native LDM used in this study
obviously showed quite a broad fluctuation of
the type II fiber population. Thirteen uni-
formly distributed muscle samples (approxi-
mately 1g, from outer to inner muscle sur-
face; fig. 6¢) from three unstimulated and one
transformed muscles (4 goats) were analyzed
for the initial fiber composition and the ho-
mogeneity of the fiber repartition following
complete transformation.

Before stimulation, the mean values (n = 3)
of myosin subunits (HC IIb: 15.2%, SD: 2.9;
HC IIa: 65.7%, SD: 9.3; HCI: 19.1%, SD: 6.9;
LC5s:29.5%, SD: 5.8) and H-LDH monomers
(11.6%, SD: 2.7) indicated a fairly homoge-
neous fast aerobic muscle type rich in type ITA
fibers (fig. 6a). The amount of slow myosin
™ ubunit LCsys (29.5), greater than that of HC I

subunit could imply the presence of IIA fibers
with hybrid myosin. The comparatively low
amount of HC IIb (below 20%) was relatively
constant within the muscle mass, while an
inverse relation was observed between the
percentage of subunits HC Ila and HC I. The
HC Ila was the most represented subunit
within the goat LD. Only the ventral and dor-
sal edges differed from the general pattern.
The upper border contained a greater amount
of slow-type fibers rich in HC I, LC,s and H-
LDH monomers, while the lower border

A Time Course Analysis of Type II to
Type I Transformation in Goats
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[around 20 nmol-min-!-mg wet weight
(WW)-1] in the upper border samples (1, 2, 6,
fig. 6¢c) and twice less (9 nmol-min-!.mg
WW-1) in the lower border samples (10-13,
fig. 6¢). The median part of the muscle shows
a uniform Cyt ¢ OR activity (around
15 nmol-min-!-mg WW-1) indicating a ho-
mogeneous fiber composition and a predomi-
nant aerobic metabolism. The site of sam-
pling was therefore limited to the median part
of the muscle. These data also demonstrated
the relative variability of the content in type I
fibers between muscles of various goats with a
global concentration mainly between 13.8%
(SD 6.3) and 24.0% (SD 6.9; according to the
HC I content).

One LD was examined in the same way
after 6 weeks of electrical stimulation. The
whole muscle exhibited a completely trans-
formed fiber population containing essential-
ly type I fibers (fig. 6b), apart from a narrow
whitish band (corresponding to samples 7 and
8) in the middle of the muscle which failed to
be adequately stimulated. In this area the con-
tent of type I fibers appeared dramatically
reduced in favor of type IIA and type IIB
fibers. Electron microscopy confirmed the
transformation of this muscle: the mitochon-
dria density was increased and the Z bands
between sarcomeres were thicker (fig. 7) as
usually found in fatigue-resistant muscles.

Functional Assessment

Control LDM behaved in isometric condi-
tions as predicted by the length-tension curve
(Frank-Starling relationship). The isometric
tension was a function of prestretch until a
threshold was achieved. Beyond the thresh-
old, any increase in starting length resulted in
a fall of the global tension. The global isomet-

Eur Surg Res 1996;28:80-95 89




Fig. 7. Longitudinal sections of goat
LDM as demonstrated by electron micros-
copy before (a) and after (b) II to I transfor-
mation ( x 10,600).

ric tension was the summation of passive elas-
tic tension resulting from viscoelastic proper-
ties of muscle and the active tension resulting
from the actomyosin interaction (fig. 8a).
Nontransformed goat LD promptly fatigued
when stimulated on a continuous mode. Un-
der 90 burst/min of six pulses at 5V, there
was a rapid drop (50%) of isometric tension
after 4 min. At 15 min, the drop in tension
was 75% [data not shown].

90 Eur Surg Res 1996;28:80-95
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In isotonic conditions, the muscle power
output was calculated taking into account the
speed of contraction, displacement and mo-
bilized mass. The results showed that the
power output depends on the preloading con-
ditions (fig. 8b) and the stimulating pattern
[data not shown]. Transformed muscle dis-
played similar gtbss behavior both in isomet-
ric and isotonic conditions. However, their
contraction velocity was decreased (£ 50%)
and they were fatigue-resistant. Preliminary

Radermecker et al.




Force x 9.8 N

erately reduced by the fast to slow transforma-
tion initiated by our stimulation protocol
(= 50%), apparently owing to a reduction in
muscle velocity. Residual power was approxi-
mately 120 mW for a 180-gram muscle
(fig. 8c).
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data suggest that the power output was mod- Discussion

The fast to slow transformation process
has not been studied in detail in large mam-
mals (apart from dogs). Goats are considered
exemplary models for the study of both basic
questions and surgical techniques [10, 12].
This multidisciplinary time course study was
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teleological analysis. The activity of mito-
chondrial oxidase, LDH activity and the pro-
portion of myosin isoforms and LDH iso-
zymes in the normal goat LDM were estab-
lished by a systematic sampling of the muscle.
The myofibrillar analysis demonstrated the
heterogeneity of the type I fiber content be-
tween muscles with a global concentration
varying from 15 to 30% for a given muscle.
Also within a given muscle, a difference in
fiber type concentration was demonstrated
between the dorsal and the ventral segments,
the former being more aerobic, the latter
slightly more anaerobic. These data probably
illustrate a preponderant use of the dorsal seg-
ment in the postural tonus in this species and
confirm data obtained in previous anatomic
studies [22].

The data also demonstrate a transforma-
tion that takes place in individual fibers as a
consequence of protein degradation and neo-
synthesis. Owing to the delay (36 h) before the
first biopsy, we were able to assess early the
morphology of the muscle and found no evi-
dence of fiber necrosis. Muscles retained their
usual checkerboard appearance and no sign of
fiber degeneration (inflammatory reaction,
degradated fibers) was evidenced. An inter-
mediate fiber type was noted when specimens
were processed for the demonstration of myo-
fibrillar ATPase suggesting that the fibers
transform from type II to type I through a
transitional type. This had been previously
demonstrated by immunochemical (using an-
timyosin-labelled antibodies) [23] or electro-
phoretic studies which had shown that iso-
lated fibers may contain a mixture of slow and
fast myosin isoforms [24]. Unlike reports de-
scribing a transformation through degenera-
tion-regeneration ‘of muscle fibers [25, 26],
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Following electrostimulation, muscles dis-
played an orderly sequence of changes involv-
ing structural, functional and molecular as-
pects of the fibers. Metabolic adaptations ap-
peared to precede changes in myosin isoforms
(thick filament), agreeing with a previously
reported sequence of events [28]. Electron mi-
croscopy demonstrated a marked augmenta-

tion of mitochondrial volume and density,

illustrating the important increase in aerobic <™

oxidative capacities (fig. 7). Chronic stimula-
tion also modified the isoenzyme pattern of
the LDH. The normally predominant M-type
isoenzyme was progressively replaced by the
H-type isoenzyme with a lower enzymatic ac-
tivity. This transformation however was in-
complete (80%). The replacement of fast
heavy and light chain myosin subunits by
their slow counterparts, monitored by the ap-
pearance of slow HC I and LCss, evolved
simultaneously within 60-100 days of stimu-
lation. As first shown by Brown et al. [29] in
stimulated rabbit muscles, the replacement of
the LC,f by the LC;s did not occur synchro-
nously with that of LC, but appeared later.
The heavy chain transformation followed the
transition sequence described by Maier et al.
[30] and Pette [31]: HC IIb — HC ITa — HC '™
the heavy chain HC IlId, usually found in fast
oxidative muscles such as the diaphragm, was
not detected in goat muscles. The myosin slow
isoform found in transformed goat LDM was
similar to that present in the unstimulated
slow-twitch fibers. This was consistent for
both heavy and light chains. These observa-
tions contradict the report of Chachques et al.
[4]. The slow myosin isoform from trans-
formed LDM differs from the ventricular iso-
form with respect to molecular weight and the
isoelectric point of LCf. Moreover, unlike

Radermecker et al.
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the changes in myosin synthesis do not recapi-
tulate the developmental sequence.

The time course of the aerobic/anaerobic
relative activities (fig. Sa) is characterized by
the early enhancement (2-4 days) of NADH
Cyt ¢ OR. This can be explained by a direct
activation of complex I that may indicate an
important control strength of this complex in
the overall oxidative metabolism in vivo, es-
# pecially during high energy demand. Indeed,

this enzyme must turn over the reducing
equivalent NADH produced in the cytosol
and entering the mitochondria via the malate-
aspartate shuttle. In contrast, the lag period
observed in the Cyt ¢ Ox profile might indi-
cate that the activity of this enzyme correlates
closely with the neoformation of mitochon-
dria (fig. 5¢). The lack of a strict correlation
with the number of impulses suggests that
these patterns of evolution are part of a meta-
bolic response to the increased workload as a
result of chronic stimulation rather than a
response to the three steps of the stimulation
protocol.

The integrated analysis of the markers
of oxidative metabolism (mitochondrial
oxidases), glycolytic-anaerobic metabolism

#UDH isozymes and LDH activity), and myo-
sin isoforms (HC I and LC5s) suggests a devel-
opment in three phases of muscle expe-
riencing an increased workload. (1) The ini-
tial response (1-2 weeks) after initiation of

chronic electrostimulation consists of an im-

mediate enhancement of oxidative capacities

with a modest transformation of the contrac-
tile proteins (phase 1). (2) This is followed by
the development of a slow contractile appara-
tus (containing myosin HC I and LC,s) while
the oxidative capacities still increase to reach
their peak values between days 20 and 35

A Time Course Analysis of Type II to
Type I Transformation in Goats
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nously with the completion of myosin trans-
formation by day 100 (phase 3).

Our results are in agreement with those of
Glatz et al. [10] who found after 12 weeks a 2-
to 3-fold increase in oxidative capacity (fatty
acid oxidation and citrate synthase activity)
and a 75% decrease in fructose-6-phosphate
kinase and LDH in goat LDM submitted to
continuous electrical stimulation (Broussais
protocol).

The overall process leads to a new steady
state between the energetic requirements of
the new slow myosin and the capacities for
energy production, mainly via oxidative me-
tabolism. The secondary decrease of mito-
chondrial oxidase activity consists of a meta-
bolic adaptation rather than a degeneration of
the muscle. This was demonstrated by the
finding of a normal morphological appear-
ance of muscle specimens on histological and
histochemical assays. Therefore, in our opin-
ion, these time courses illustrate the interde-
pendence of workload, energy demand, ener-
gy production capacities and the efficiency of
the contractile machinery. Following a sud-
den increase of workload, muscle fibers re-
spond to the energetic imbalance with a rapid
and probably immediate upregulation of the
oxidative pathway to supply the necessary
amount of ATP. Subsequently a more effi-
cient contractile mechanism with a lower rate
of ATP consumption per unit force takes
over. This feature may be due in part to the
energetic characteristics of the slow myosin
and the reduction of sarcoplasmic Ca2+ flux
[34, 35]. As this transition between myosin
isoforms develops, . the energy metabolism
readapts itself to reach a new steady state with
the energetic requirements of the new acto-
myosin system.
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the myofibrillar level, the effect of cessation of
stimulation was studied. Muscle oxidase ac-
tivity was either in the plateau (phase III) or
decreasing phase (phase II). In each case, a
reversal was observed after 3 weeks when the
LDH isoforms and the markers of aerobic
metabolism moved towards prestimulation
values. The LDH activity increased, the activ-
ity of the mitochondrial oxidases decreased,
whilst the myosin isoforms showed a very lim-
ited return to the pattern of untransformed
LDM. Histoenzymology also confirmed this
reversal with the reappearance of type II
fibers in a muscle previously populated by
100% type I fibers. This was promptly re-
versed by reinstitution of stimulation. These
data illustrate the reversibility of the transfor-
mation phenomenon and demonstrate the
linkage between metabolic-structural adapta-
tion and functional demand.

The mechanical and functional evaluation
of muscles submitted to similar protocols was
performed to validate the teleological hypoth-
esis related to fatigue resistance. One main
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than in controls and despite a reduction of the
contraction speed (probably due to prepon-
derance of slow type of myosin) they main-
tained a significant power output. This fur-
ther supports the concept of muscle-powered
cardiac assistance by suggesting that electro-
stimulated muscles may contract chronically
with properties of fatigue resistance and
biomechanical characteristics with the capaci-
ty to generate hemodynamic work.
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