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Abstract

In Pleurodeles waltlii, an urodelan amphibian which undergoes spontaneously anatomical
metamorphosis, analysis of native myosin by pyrophosphate gel electrophoresis revealed that
the transition from larval to fast myosin isoforms occurred more precociously in developing
forelimb muscles than in dorsal and ventral muscles. In the neotenic Ambystoma mexicanum,
an hypothyroidian species where metamorphosis does not occur in natural conditions, forelimb
muscle development was characterized by a complete myosin isoform transition which is in
contrast with the partial myosin isoform transition observed in the dorsal muscle. This work
demonstrated that in urodelan amphibians, the transition from larval to fast myosin isoforms
was strictly dependent on both the species- and the muscle type.
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It is now well established that different myosin isoforms
are sequentially expressed during muscle development of
mammals [3, 32], birds [1, 18] and amphibians (Rev. in 8)
and are regulated by either physiological activity [27] or
neural [2, 17, 25] and thyroid hormone control [4, 17). In
mammals and urodelan amphibians, the transitional in-
crease in serum of thyroid hormone levels observed during
the first postnatal weeks and during anatomical metamor-
phosis respectively, regulates a transition from neona-
tal/larval to fast myosin heavy chain [5, 12].

More recently, in different developing rat muscles,
D’Albis et al [13, 14] indicated that the timing of this
sequential transition from neonatal to adult fast isomyosins
was highly dependent on the muscle type, each muscle
being subjected to a specific program of myosin isoform
transition which combines the influences of both genetic
and epigenetic factors.

The aim of this report was to demonstrate, in different
urodelan amphibian muscles, if the myosin isoform tran-
sition was dependent only on a specific thyroid hormone
control always exerted during the overall metamorphosis
process or if each muscle was also subjected to a specific
intrinsic program of myosin expression. To do this, we
have analysed quantitatively the myosin isoform transition
in three developing muscles of Pleurodeles waltlii, a
species which undergoes spontaneously anatomical meta-
morphosis, and in two developing muscles of the neotenic
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Ambystoma mexicanum, an hypothyroidian species where
metamorphosis does not occur in natural conditions.

Materials and Methods

Animals

Animals of the species Pleurodeles waltlii (Michahelles)
originate from a stock introduced into the laboratory in
1950. Ambystoma mexicanum (Shaw) individuals were
obtained from a white mutant line maintained in the labor-
atory since 1970. All animals were maintained individ-
ually at 18°C in tap water in 1 liter plastic boxes and fed
with Chironomus larvae three times a week.

Staging

For development, the nomenclature established for P.
waltlii by Gallien and Durocher [16] was used for both
species in order to make easier comparisons. Thus the
climax of larval life corresponds to stage 54. Anatomical
metamorphosis started spontaneously in P. waltlii larvae
aged 90-100 days at late stage 54 and was generally
completed within 3 weeks at stage 56. The general fore-
limb pattern was established at stage 45 (larvae aged 40-45
days). Larvae of the species A. mexicanum reached stage
54 at the age of 100-120 days. In this neotenic species no
spontaneous external metamorphosis was subsequently
observed.
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Experimental procedures
Sampling
Animals were anaesthetized with tricaine methane sul-

fate (MS222) and samples stocked in cryotubes were im-
mediately frozen and stored in liquid nitrogen.
Myosin extraction

Preparation of crude myosin was performed on ice ac-
cording to [28]. The muscles were cut into small pieces and
washed with 4 vols of 600mM KCl, 40 mM NaHCO;, 10
mM Na,CO,, ImM MgCl,, 10mM Na,P,O, pH 8,8 (buffer
A). Myosin was then extracted with 4 vols of buffer A;
after 90mn of gentle shaking, the mixtures were cen-
trifuged at 10,000 x g and the supernatants containing
myosin were diluted twice with glycerol for preservation
and study of native myosin.

Electrophoretic analysis of native myosin

Non-dissociating conditions were used [11] but with
some modifications [9]. Running buffer was 20mM
Na,P,0; (pH 8,5), 10% glycerol, 0,01% 2-mercaptoetha-
nol, 2mM MgCl, and 2mM ATP. Cylindrical gels (6 x 0,5
cm) contained 4% polyacrylamide; about 1ug of myosin
per band was loaded. Electrophoresis was carried out at 80
V for 16h30 at -2°C/-3°C. Gels were stained with Coomas-
sie blue R-250 and the relative amounts of the different
myosin isoforms quantified with a densitometer equipped
with an integrator.

Myosin ATPase profile

The histochemical reaction for myosin ATPase activity
on frozen sections (8 W) was carried out as described
previously [5]. Staining for myosin ATPase reaction was
performed at alkaline pH (9.4). Preincubation at room

temperature was performed for 2 min at alkaline pH (10.4)
or for 10 min at acidic pH (4.63).

Results

In muscles from P. waltlii, by employing a modified
pyrophosphate gel electrophoresis technique adaptated to
study myosin from lower vertebrates [9], we have pre-
viously demonstrated the existence of differents kinds of
myosin isoforms. Larval muscles were characterized by
three larval isoforms composed by one specific heavy
chain (HC1) whereas adult muscles displayed three fast
(FM3-FM1 with respect to their increasing mobilities), one
intermediate and one slow isomyosins which were charac-
terized by one specific heavy chain ( HCf, HCi and HCs
respectively) [6, 10].

Analysis of the myosin isoform pattern during forelimb
muscle development from stage 39 to metamorphosed
adult showed a myosin isoform transition characterized by
the progressive replacement of the three larval isomyosins
by the adult isomyosins of lower electrophoretic mobilities
(Fig. 1). This transition occured more precociously in
forelimb muscles than in dorsal and ventral skeletal mus-
cles (Fig. 1 and Fig. 2). Indeed at stage 45, forelimb
muscles already contained adult intermediate/fast myosin
isoforms in contrast to what occurs in dorsal and ventral
muscles which, at this same stage, express only larval
isomyosins. At the time of anatomical metamorphosis
(stage 55), forelimb muscles were essentially composed of
adult myosin isoforms. These isoforms only began to
appear in dorsal and ventral muscles at this stage. More-
over, the slow myosin isoform appeared in forelimb mus-
cles as early as stage 55¢ whereas it was never detected in

Figure 1: Electrophoretic analysis under nondissociating conditions of native myosin extracted from P. waltlii muscles ar
differents stages of development: stage 39 (A), stage 45 (B), stage 53 (C), stage 55¢ (D), stage 56c (E) and

metamorphosed adult (F).
(a): ventral muscle

(b): dorsal muscle

(c): forelimb muscles

«: slow isomyosin

<« : jntermediate isomyosin
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Figure 2: Proportions of larval isomyosins in relation to total isomyosins as a function of the stage of development in P.

waltlii.

dorsal and ventral muscles from metamorphosed adults.
The intermediate isomyosin which was detected as early
as stage 45 in forelimb muscles, appeared only at the end
of anatomical metamorphosis in dorsal and ventral mus-
cles (stage 56¢). In adult muscles, the intermediate/fast
myosin isoforms pattern was clearly different between
forelimb and dorsal/ventral muscles. Intermediate myosin
was the predominant isoform in forelimb muscles while
FM1, the LC3 homodimer, was present in $mall amounts.
In dorsal and ventral muscles, fast myosin was predomi-
nant and the three fast isomyosins FM1-FM3 were present
in equal amounts (Fig. 1).

In the neotenic A. mexicanum, forelimb muscle develop-
ment was characterized by a complete myosin isoform
transition which seems to be in contrast with the partial
myosin isoform transition observed in the dorsal muscle
[5] (Fig. 3 and Fig. 4). In forelimb and dorsal muscles of
animals aged 1 month, only larval isomyosins were de-
tected. In animals aged 4 months, forelimb muscles
presented larval and adult myosin isoforms while only

Figure 3: Electrophoretic analysis under nondissociating
conditions of native myosin extracted from A. mex-
icanum dorsal (a) and forelimb (b) muscles. Ani-
mals aged 1 month (A), 4 months (B) and 1 year
(C).

« slow isomyosin

larval isomyosins were observed in dorsal muscle. Ani-
mals aged 1 year displayed only adult myosins in forelimb
muscles while they began just to appear in dorsal muscle.
Moreover slow myosin was detectable in forelimb muscles
but not in dorsal muscle as observed in P. waltlii muscles
(Fig. 3). Analysis of myosin ATPase profile in forelimb
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Figure 4: Proporgions of larval isomyosins in relation to total isomyosins as a function of the stage of development in

A.mexicanum.

muscles of animals aged 1 year showed the presence of
adult type IIA, I1B and I fibers (Fig. 5). The dorsal muscle
of the same animals presented not only these adult fibers
but also transitional type IIC fibers which represented 75%
of the total fibers as demonstrated previously [5] (Fig. 5).
Discussion

In P. waltlii, we have observed that the transition from
larval to fast myosin isoforms characteristic of normal
development occurs earlier in forelimb muscles than in
dorsal and ventral muscles. Indeed, as early as stage 45,
i.e. when the general forelimb pattern was established, fast
isomyosins were observed. This is in contrast to what
happened in dorsal and ventral muscles where the fast
myosin isoforms only began to appear at stage 55 during
the process of anatomical metamorphosis. In the neotenic
A. mexicanum, forelimb development was characterized
by a complete myosin isoform transition in opposition to
the partial myosin isoform transition observed in dorsal
muscle. The presence (in dorsal muscle) or the absence (in

forelimb muscles) of the transitional type IIC fibers con-
taining larval isomyosins [5] account for the partial or
complete myosin isoform transition respectively. It has
now been clearly demonstrated in mammals [4, 12,29] and
in amphibians [5, 6] that thyroid hormone regulates the
transition from larval/neonatal to fast myosin heavy chain.
In urodelan amphibian muscles, we had previously shown
that the appearance of fast isomyosins did not require
thyroid hormone (even though experimental T3 treatement
increased their level): however, the presence of thyroid
hormone seemed to be essential for the disappearance of
the larval isoforms [8]. The characterisation of both thyroid
hormone receptors as members of the nuclear receptor
family [15, 21] and transcription factors [30, 31] which
regulate gene expression in the presence of thyroid hor-
mone suggests that the action of thyroid hormone on the
transition from neonatal to fast myosin heavy chain may
be direct [33] and not nerve-mediated [29]. In different
developing rat muscles, d’Albis ez al [13] have previously
shown that each muscle had a specific program of myosin
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Figure 5: transversal cryostat sections stained for myosin ATPase at pH 4.63 in dorsal muscle (A) and forelimb muscles
(B) of A.mexicanum aged I year. This acidic preincubation was suitable to discriminate all different fiber types.

Type IIC fibers were observed in dorsal muscle only.

isoform transition which combines the influences of both
genetic and epigenetic factors, since the timing of the
sequential expression from neonatal to fast-type II iso-
myosins was highly dependent on the muscle type. These
authors suggested that this diversity in myosin expression
could closely correlated to the own story of each muscle.
For example, it was observed that in the plantar muscles
of the foot, which are formed later than leg muscles, the
isomyosin transition occured later than in leg muscles.
Furthermore, the different muscles are not all functional to
the same extent at birth; respiratory muscles as well as the
intercostals and the diaphragm, which are among the first
muscles able to function very actively and regularly, just
display the most precocious myosin isoform transition.
The condition of urodelan muscles was quite different,
since in the dorsal and ventral muscles which are formed
before the forelimb muscles, the adult myosin heavy
chains are expressed later than in the forelimb muscles. In
fact, the dorsal muscle of urodelan amphibians differen-
tiates very early during the development and turns out to
be very active during the aquatic larval phase; the differen-
tiation of the forelimb muscles and their complete employ-

ment in locomotion occur only later during the develop-
ment. The slow type I fibers which contain slow myosin
are responsible for maintaining posture [20]: this can ex-
plain the presence of the slow myosin isoform in forelimb
muscles. The different distribution of the intermediate/fast
isoforms observed between forelimb and dorsal/ventral
muscles can be probably correlated to the different types
of movements.

In the rat, it was shown that the various muscles did not
display the same sensitivity to the thyroid hormone but
were regulated by it in the same way since experimentally
induced hypo- and hyperthyroidism respectively delayed
or accelerated the myosin isoform transition in all the
muscles examined [14]. This suggested that the differents
muscles investigated did not contain the same amount of
thyroid hormone receptors and for this reason required
different concentrations of thyroid hormone to carry out
their isomyosin transition. Izumo et al [24] and Gustafson
et al [22] clearly demonstrated indeed that all members of
the myosin heavy chain family respond to thyroid hormone
in a highly muscle-specific way; different sensitivities to
thyroid hormones were also demonstrated in cardiac and
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skeletal muscles [33].

Amphibian metamorphosis is a complex biological event
which totally depends on the presence of thyroid hormone
[19, 23]. It should be emphasized that we had previously
demonstrated a partial myosin isoform transition in the
dorsal muscle of the perennibranchiate species Proteus
anguinus, which is characterized by the persistence of
larval isoforms in adult muscles comparable to that ob-
served in the neotenic A. mexicanum [7]. Nevertheless,
experimental hyperthyroidism, which implied a complete
transition from larval to fast isomyosins in A. mexicanum
[5], never permits a complete transition in P. anguinus
even after long term T3 treatment [7]. This low receptive-
ness of the perennibranchiate tissues to thyroid hormone
has recently been explained at the molecular level [34].
The employment of cDNA probes of Xenopus laevis thy-
roid hormone receptor [34] demonstrated that no tran-
scripts encoding for thyroid hormone receptors were
present in P. anguinus gills in contrast to what happened
in A. mexicanum whose gills did contain these transcripts.

In urodelan amphibians, the differential expression of
myosin isoforms that was observed during forelimb and
ventral/dorsal muscles development can be correlated to
the differences in the type or amount of thyroid hormone
receptors present in each of the muscles. In fact, in the
anuran amphibian Xenopus laevis, two thyroid hormone
receptor families (TR o and TR B) and their respective
genes have been characterized [35]. These receptors dis-
play different patterns of expression during development
[34]. During the prometamorphosis of Xenopus tadpoles,
Kawahara et al [26], using thyroid hormone receptor o
cRNA as probe for in situ hybridization, demonstrated a
strong hydridization signal in limb buds, if compared to
that of other muscles. The levels of thyroid hormone
receptors in urodelan forelimb muscles is very high in
comparison to that of other muscles: this could explain the
reason why, in P. waltlii, the myosin isoform transition is
more precocious in forelimb muscles than in dorsal/ventral
muscles. This hypothesis could also explain the complete
myosin isoform transition which occurs in A. mexicanum
forelimb muscles in contrast with the partial transition
observed in dorsal muscle although the level of serum
thyroid hormone is maintained low in this species all
through its life [5]. Our next step will be the attempt to
characterise the thyroid hormone receptors in urodelan
amphibians and to study their expression during muscle
development.
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