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The Timing and Pattern of Myogenesis
in Hymenochirus boettgeri

MatTHew T SMETANICK, RAFALE Q Dt 5a, AND GaRY
P Ranicy, Department of Brology, Unroersity of Rickmond,
Richmond, Virgima 23173, USA  [-mail: yradice
Grichmond edu

Ditferences in the refative timing of homologous de-
velopmental events among closely related spedes,
known as heterochronies, may provide valuable clues
in understanding evolutionary relationships (McKin-
ney, 1988; McNamara, 1995). Examining the hming of
myogeuc events is a relatively easy and effective
mwthod for finding heterochronic events. For example,
whether muscle proteins and myofibrils appear before
or after multinucleation can be determined through
histological techniques (Kiclbowna, 1981). Simple ob-
servations of live speamens can pinpaint funcional
landmarks sudh as first twitch (spontarmeous or due to
external stimuli) and first heartbeat.

Heterochronies are known te ewust in amphibian
myogenwsis, particularly in the formation of awial
muscles A commaon pattern of muscle development,
as seen in the common Eurasian spadefoot toad (Pr-
lobates fuscus), begins (n the myotome with the ap-
pearance of mononucleated myotomal myuvblasts,
which then fuse to form elongated, multinucleated
muscie cells (Kielbowna, 19813 The muscle fiber then
synthesizes myofibnls, which s followed by first
twitch {sce Radice ot al., 1989 for review ). Xenopus I
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vis and Bombina wariegata differ from this myogenic
pattern by exhibiting early muscle function. Develop-
ing muscle in X. larvis displays a remarkably early
expression of myosin and actin fibers and becomes
functional prior to becoming multinucleated (Muntz,
1975; Kielbowna, 1981; Gurdon et al., 1985; Boudjelida
and Muntz, 1987). First twitch in X. laevis can be ob-
served at about 24 h post-fertilization, preceding the
first heartbeat by about a day and the multinucleation
of the myotome by about three days (Nieuwkoop and
Faber, 1975). The similarity in myogenic pattern be-
tween X. laevis and B. wariegata may suggest that early
myogenesis is an ancestral myogenic condition for an-
urans since these taxa represent basal lineages within
Anura (Ford and Cannatella, 1993). However, addi-
tional members among basal anurans must be exam-
ined to test this hypothesis.

We have studied another pipid species. Hymenochi-
rus boettgeri, to determine whether the pattern of myo-
genesis seen in X. laevis is unique to that species, or
represents a pattern specific to the pipid lineage.

A total of 86 specimens of Hymenochirus boettgeri
were examined. Larvae were preserved in Dent fixa-
tive, consisting of four parts methanol to one part di-
methyl sulfoxide (Dent et al., 1989), and staged ac-
cording to the Nieuwkoop and Faber (1975) normal
table of development for X. lacvis (NF stages). The
specimens ranged from NF 24-50. Larvae were raised
from “naturally induced” (non-hormone injected)
clutches obtained in the laboratory from three females
and three males. Adults were bred in 40-1 aquaria and
fed with commercial fish food. Eggs were removed
from the aquaria and stored in sterilized disposable
culture dishes at room temperature. At stage 42, the
larvae were transferred to a 40-1 aquarium and fed
brine shrimp, Daphnia copepods, and commercial fish
food. Experiments were conducted in accord with ap-
proved Institutional Animal Care and Use guidelines.

Nieuwkoop and Faber’s (1975) normal table of de-
velopment could not be used to stage H. boetlgeri spec-
imens between stages 43-45. Changes in intestinal
structure are used to distinguish among these stages,
but intestinal development in H. boettgeri differs sig-
nificantly from that in X. laevis. The next reliable stage
marker common to both species is the first appearance
of hind limb buds, which identifies stage 46/47. A
normal staging table for H. boettgeri is in preparation
(Olson, 1997).

Determinations of first twitch (18 specimens), first
heartbeat (12 specimens), and immunohistochemical
staining (33 specimens), were made by using a Nikon
dissecting microscope. Observations of axial myotome
multinucleation (23 specimens) were made with a Ni-
kon Optiphot microscope.

To observe muscle cell nuclei, fixed specimens were
embedded in glycol methacrylate. Axial muscles were
sectioned longitudinally at 2 um using glass knives,
transferred to a slide, and stained for 10-15 sec with
0.1% toluidine blue in 1% sodium tetraborate (Dawes,
1979).

Whole-mount immunohistochemical staining was
performed on H. boetigeri specimens from stages 24-
32 to identify the initial presence of muscle protein.
For comparison, immunohistochemical staining was
also performed on X. laevis specimens from stages 17—
25. The procedure was adapted from Hanken et al.
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(1992, 1997) using monoclonal antibody 12/101, a
muscle-specific antibody that recognizes an antigen in
amphibian skeletal muscle (Kintner and Brockes,
1984). Antibody was obtained from the Developmen-
tal Studies Hybridoma Bank, University of lowa. The
primary antibody was visualized using the Vectastain
Universal Kit (biotin-avidin complex) and diamino-
benzidine (DAB). Stained embryos were cleared with
benzyl alcohol:benyzl benzoate (1:2). Embryos and
histological sections were photographed with Kodak
Technical Pan film.

Immunohistochemical staining of the H. boettgeri
specimens detected the initial presence of muscle pro-
tein in axial muscle at NF stage 25, approximately 24
h post-fertilization (Fig. 1A). At this stage, only the
most anterior axial myotome was visible. Muscle pro-
tein was not detected at NF stage 24, as indicated by
the absence of DAB staining in the dorso-medial part
of the embryo (Fig. 1A). In contrast, muscle protein
was first detected in X. laevis at NF stage 20 (Fig 1B).

First twitch of axial muscle, stimulated by poking
live specimens with a metal probe, was observed no
later than NF stage 27/28, approximately 5 h after the
earliest detected presence of muscle protein. Sponta-
neous mid-body flexing was observed by stage 30/31.
For comparison, X. laevis shows stimulated twitching
at stage 22/23, and spontaneous flexing at stage 25
(Nieuwkoop and Faber, 1975).

Observation of methacrylate sections revealed the
presence of mononucleated myotome cells from stage
24 to stage 42 (Fig. 1C). Because of the difficulties of
staging H. boettgeri between NF stages 43-45, it was
not possible to determine whether muscle cells be-
came multinucleated during these stages. However,
the myotome fibers clearly were multinucleated by
stage 46/47 (Figure 1D), which is distinguished by the
first appearance of hind limb buds. First heart beat
was not observed in H. boettgeri until stage 36/37. It
occurs at stage 33 in X. lacvis (Nieuwkoop and Faber,
1975).

It is possible that patterns of myogenesis are lineage
specific within anurans. If so, then other pipids should
display myogenic patterns similar to X. lacvis. We have
found that three landmarks of skeletal muscle myo-
genesis—muscle protein synthesis, first twitch, and
multinucleation—indeed occur in the same sequence
in H. boettgeri and X. laevis. Because these myogenic
landmarks are relatively easy to assess, additional
phylogenetic comparisons will be possible if live, ear-
ly stages of additional species can be obtained.

Although the sequence of these myogenic events is
the same in both pipid species studied, the timing of
these events relative to other developmental markers
is delayed in H. boettgeri compared with their timing
in X. lacvis. The timing of these events is summarized
in Fig 2. The earliest stage at which muscle-specific
antigens can be detected is NF stage 20 in X. lacvis
and stage 25 in H. boettgeri. Antigen expression in H.
boettger: is later in absolute time as well as relative
developmental age since both species reach NF stage
25 at same time—about 24 h post-fertilization at
22 C. First stimulated twitch is also delayed in H.
boetigeri (stage 27/28, about 29 h) compared with X.
laevis (stage 22, about 22 h). First spontaneous twitch
is correspondingly later, occurring as late as stage 31
in H. boettgeri versus stage 25 in X. laevis. Although
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FiG. 1. First a
A. Lateral view of H. boettgeri whohuumhhuuhnbd\ele&duulhwwud&nmpm“ppuembm
is at stage 24, the lower is at stage 25. Muscle-spedific staining is seen in axial myotomes (arrow)
at stage 25. Bar, 0.5 mm. B. Dorso-lateral view of X. laevis whole mount at stage 20. Anterior is to
the left. of the lateral rows of myotomal muscles is seen at arrows. Bar, 0.5 mm. C. Appearance of
mononucleate axial muscle cells in H. boettgeri. I-'tmta.l and slightly oblique section of a stage 31 tadpole. Each
muscle cell spans the width of a myotome (m) and has a single nucleus at its center. An is seen

arrows where nuclei from five cells line up in a single column. Bar, 50 pm. D. Appearance of
multinucleate muscle cells in H. boettgeri. Frontal section of 46/47 embryo. At this stage, striated myofibrils
can be seen extending the length of each muscle cell. Four in a single cell are seen at arrows. Bar, 50 um.

ldlu\!!ylmﬂmnﬂtdlwllpveadu&rnhaﬂbnt boettgeri. Nevertheless, it is safe to conclude that time
in H. Mnmwhthnnaw of multinucleation is not delayed in H. boettgeri. Xen-

with stage 32 in X. tlmeand opus laevis becomes multinucleated at stage 46, when
stage of multinucleation were more difficult to com- hind limb buds first appear. Axial muscle is also mul-
pare because the morphological characters used to Whﬂ.mucmﬁmmd\eudy
stage X. laevis at stage 43-45 are not present in H. events of both skeletal and myogenesis seem
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X. laevis 3 " v ) A
H. boetigeri * v [ ] A
1 1 1 1 1 1 1
NF Stages 20 22/23 25 27/28 30/31 33/34 36/37 45/46

Fic. 2.

Five myogenic events were examined in Xenopus laevis and Hymenochirus boettgeri: 1) the initial

presence of a muscle protein in axial muscle (#), 2) first stimulated twitch of axial muscle (W), 3) first spon-
taneous twitch of axial muscle (¥), 4) first heartbeat (@), and 5) multinucleation of axial myotome (&). T
developmental events occur between Nieuwkoop and Faber (1975) stages 20-46 (NF Stages). The time between
stages is not linear. Early muscle development in H. boettgeri appears to be delayed at early stages. However,
axial muscle multinucleation occurs at stage 46 in both species.

to be heterochronically delayed as measured by both
absolute time and development stage in H. boettgeri
compared with X. [aevis, but multinucleated fibers ap-
pear at about the same developmental stage.

Muscle development is somewhat delayed in H.
boettgeri compared with X. laevis, but both species
have unusually early myogenesis compared with oth-
er anurans (Radice et al, 1989). One explanation pro-
posed for early muscle function in X. laevis is that it
is an adaptation for fast development to a free-swim-
ming tadpole (Blackshaw and Warner, 1976; Forman
and Slack, 1980). Alternatively, the pattern may arise
from historical constraints in the pipid lineage. The
present study shows that myogenesis in H. boettgeri,
though occurring slightly later than in X. lacvis, still
occurs much earlier in development than in other an-
urans studied (Radice et al., 1989), consistent with an
evolutionary conservation of myogenic timing. Ex-
amining additional pipids, and other families with
faster or slower developmental rates, as well as direct
and indirect developing anurans, will be necessary for
a more complete understanding of the constraints on
myogenic patterns,

In addition, it will be important to extend the com-
parison to events preceding myogenesis, including
mesoderm formation and somitogenesis. Minsuk and
Keller (1996) compared the cellular mechanics of me-
soderm formation in H. boettgeri and X. laevis and
found major differences in the origin and migration
of axial and paraxial mesoderm, which includes the
precursors to skeletal myoblasts. In contrast, we have
found that the later sequence of myogenesis is largely
the same in the two spedies. It will be interesting, and
valuable, to compare patterns of cellular rearrange-
ments during the intermediate steps of somitogenesis.
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