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Summary

The a-actins are among the earliest muscle-specific
mRNAs to appear in developing cardiac and skeletal
muscle. To determine if there is coexpression of the a-
actin proteins at early stages of myogenesis, we have
used an a-actin-specific polyclonal antibody and in situ
hybridization with specific cRNA probes to cardiac and
skeletal a-actin transcripts on serial slides of mouse
embryo sections. As soon as we can detect a-actin
mRNAs in embryonic striated muscle, we also detect the
protein suggesting that a-actin transcripts are translated

very rapidly after transcription during myogenesis. In
skeletal muscle, this colocalization of a-actin mRNA and
protein was observed both in the myotomes of somites
and in developing muscles in the limbs. In cardiac
muscle, a-actin transcripts and proteins are abundantly
expressed as soon as a cardiac tube forms.

Key words: sarcomeric actins, mouse embryo, myotome,
antibody staining, in situ hybridization, muscle
development.

Introduction

Cardiac and skeletal a~actin gene transcripts are known
to be early markers for myogenesis in mouse embryos
(Sassoon etal. 1988). Both of these isoforms are
expressed in developing cardiac and skeletal muscle.
The cardiac isoform is predominant in the heart
throughout development. During embryonic skeletal
muscle development (which we define as 8-15 days
p.c.), cardiac a-actin is initially predominant, but
skeletal a-actin accumulates very rapidly (Sassoon et al.
1988). In fetal skeletal muscle (between 15 days p.c. and
birth), approximately 30 % of the a-actin transcripts are
cardiac (Minty et al. 1982). The smooth a-actin gene is
also expressed transiently in developing striated
muscle: in the embryonic chick heart (Ruzicka and
Schwartz, 1989), and in fetal rat cardiac and skeletal
muscles (Woodcock-Mitchell et al. 1988). Both skeletal
and cardiac a-actin protein is known to be expressed in
fetal and postnatal mammalian muscles (Vandekerck-
hove et al. 1986), but little is known about its expression
in embryonic muscle.

Earlier studies of muscle-specific gene expression
with muscle cells in culture have suggested that there is
a close correlation between the amounts of mRNAs
coding for contractile proteins and the rate of synthesis
of these proteins (Shani et al. 1981). Recently, however,
Lawrence ef al. (1989) have shown that cardiac a-actin
mRNA can accumulate in individual postmitotic myo-

genic cells without coexpression of the corresponding
protein. This observation suggests that as myoblasts
terminally differentiate in vivo there may be a delay
between the appearance of a-actin mRNA and its
protein product. Since cardiac and skeletal a-actin
transcripts can be detected at very early stages of
myogenesis by in situ hybidization (Sassoon et al. 1988),
we investigated whether the proteins encoded by these
mRNAs could also be localized. We found that, at each
developmental stage where cardiac and skeletal a-actin
transcripts are detected in embryonic skeletal and
cardiac muscle, a~actin protein is also present.

Materials and methods

Preparation and prehybridization of tissue sections
The protocol that was used to fix and embed mouse embryos
is described in detail in Sassoon et al. (1988). Briefly, embryos
were fixed in 4 % paraformaldehyde in phosphate-buffered
saline, dehydrated and infiltrated with paraffin. 5-7 ym serial
sections were mounted on subbed slides (Gall and Pardue,
1971). 1-3 sections were mounted on each slide, deparaffi-
nized in xylene and rehydrated. The sections were digested
with proteinase K, post-fixed, treated with triethanolamine/a-
cetic anhydride, washed and dehydrated.

Probe preparation

Bluescribe+ (Stratagene) was grown in E. coli TG1. The
following probes were used:
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1) 5" UTR of mouse cardiac a-actin mRNA (Sassoon et al.
1988). This plasmid was linearized with EcoRI and the
antisense probe was generated using T3 polymerase.

2) 5" UTR of mouse skeletal a~actin mRNA (Sassoon et al.
1988). This plasmid was linearized with EcoRI and the
antisense probe was generated using T3 polymerase.

The cRNA transcripts were synthesized according to manu-
facturer’s conditions (Stratagene) and labelled with *S-UTP
(>1000 Ci mmol™'; Amersham).

Hybridization and washing procedures

The hybridization and posthybridization procedures are as -

described by Wilkinson ez al. (1987). Sections were hybridized
overnight at 52°C in 50 % deionized formamide, 0.3 M NaCl,
20mM Tris—HCI pH7.4, 5mM EDTA, 10mm NaPQ,, 10%
dextran sulfate, 1X Denhardt’s, 50 ug ml~! total yeast RNA,
and 50-75000ctsmin™" ul~' 33S-labelled cRNA probe. The
tissue was subjected to stringent washing at 65°C in 50 %
formamide, 2XSSC, 10mm DTT and washed in PBS before
treatment with 20 ugml™' RNAse A at 37°C for 30min.
Following washes in 2XSSC and 0.1XSSC for 15 min at 37°C,
the slides were dehydrated and dipped in Kodak NTB-2
nuclear track emulsion and exposed for one week in light tight
boxes with desiccant at 4°C. Photographic development was
carried out in Kodak D-19. Slides were analyzed using both
light- and dark-field optics of a Zeiss Axiophot microscope.

Antibody staining of paraffin sections

Paraffin sections were stained using a polyclonal, affinity-
purified anti-a-actin antibody described earlier (Polzar et al.
1989) using the alkaline phosphatase anti-alkaline phospha-
tase procedure (Cordell ef al. 1984) with some modifications.
Briefly, after treating paraffin sections sequentially with
xylene, methanol and methanol/PBS buffer (1:2) for 10min
each, they were incubated for 30 min with the polyclonal anti-
actin at room temperature. After 3 PBS washes, the sections
were treated with mouse anti-rabbit IgG (Dakopatts (M 737))
at a dilution of 1:250 for 30 min, followed by a rabbit anti-
mouse I[gG (Dakopatts (Z 259)) at a dilution of 1:25 for
30 min. After 3 PBS washes, the preformed APAAP complex
(Dakopatts) was added at a dilution of 1:150 for 30 min.
Thereafter the last two incubations were repeated for 10min
each with extensive washing in between. Visualization of the
bound alkaline phosphatase was achieved as detailed by
Cordell ez al. (1984).

Results

Cardiac muscle, which is the first striated muscle to
form in the mouse embryo between 7.5 and 8 days post
coitum (p.c.) (Rugh, 1990) expresses a-actin transcripts
at high levels (Sassoon et al. 1988). Cardiac a-actin is
the main isoform expressed in the heart throughout
development. In an 18-somite mouse embryo (at 9.25
days p.c., Rugh, 1990), cardiac actin transcripts and -
actin proteins are both expressed abundantly in cardiac
myocytes (Fig. 1A,B). The levels of cardiac a-actin
transcripts and a-actin protein at 8§ days p.c. (data not
shown) are comparable to that seen in Fig. 1A,B.

In contrast to the heart, a-actin transcript and protein
levels in the myotomes of somites at 9.25 days p.c.
(arrowheads Fig. 1A,B) are very low but detectable.
The myotomes are the first skeletal muscles to form in
the embryo. Myotomes develop in a rostrocaudal

gradient, and the a-actins are expressed in a similar
fashion. Thus, myotomes of somites more caudal to
those shown in Fig. 1A,B are negative for cardiac
action mRNAs and protein (data not shown). An
earlier report on myogenesis in the mouse embryo
(Fiirst et al. 1989) showed positive a-actin antibody
staining in the cervical somites of a 20-somite embryo.
Our results show that a-actin protein synthesis in
myotomes has begun by the 18-somite (9.25 days p.c.)
stage.

The antibody we used also cross-reacts with smooth
a-actin (Polzar et al. 1989), but it is clear that the level
of cross-reactivity is low in paraformaldehyde-fixed
sections. In Fig. 1A, there is an abrupt transition in
staining between the smooth muscle in the blood vessel
leading to the heart and the cardiac muscle. Also, the
smooth muscle in the primitive gut between the neural
tube and the heart does not stain positively with our
antibody.

As myotomes mature and enlarge to form the
premuscle masses around the developing vertebrae
(arrowheads Fig. 1C,D), both a-actin transcripts and
protein continue to be expressed at high levels.
Interestingly, the antibody staining in Fig. 1C suggests
that the a-actin protein expression is uniform through-
out the myotome, whereas the in situ hybridization
results show discrete areas of .cardiac actin mRNA
production concentrated in the central region of the
myotome. However, this observation may reflect the
different sensitivities of the two experimental tech-
niques.

Both cardiac and skeletal a~actin genes are expressed
in developing myotomes (Sassoon efal. 1988;
Fig. 1D,F), and it is likely that both contribute to the a-
actin protein detected with our antibody. At 10.5 days
p.c. (34-36 somites, Rugh, 1990), a-actin transcripts
and protein are expressed at much higher levels in
rostral myotomes (arrowheads Fig. 1E,F) than they
were at the 18-somite stage (9.25 days p.c.).

a-actin mRNAs and proteins are coexpressed in
developing limb and body wall muscles as well as in the
muscles derived from the myotome. Limb muscles form
from cells that migrate out from the ventrolateral edge
of somites early in development (Milaire, 1976; Jacob
et al. 1979). The myogenic cells in limb buds do not
express a-actin mRNAs or proteins as early as
myotomal cells. However, when cardiac a-actin tran-
scripts are first detected in limb buds at 11.5days p.c.
(Sassoon er al. 1989), a~actin protein is also detected
(data not shown). At 13days p.c., in the developing
mouse hindlimb bud, a-actin mRNAs and the corre-
sponding proteins (Fig. 1G,H) continue to be expressed
in the muscle groups. As skeletal muscle development
proceeds, cardiac a-actin transcript levels decrease and
skeletal a-actin mRNA levels increase (Minty et al.
1982; Garner et al. 1989).

Discussion

Our results show that early in the process of striated



Fig. 1. a-actin proteins and mRNAs are colocalized in developing myotomes and muscle masses. (A,B) Parallel transverse
sections of an 18-somite (9.25 days p.c.) mouse embryo at the level of the cervical somites and the heart. The section in B
was hybridized with the cardiac actin-specific probe. (C,D) Serial slides of 11.5day p.c. embryonic parasagittal sections in
the cervical region where somites have matured and distinct dermatomes are no longer present. D was hybridized with the
cardiac actin-specific probe. (E,F) Rostral somites in a 10.5-day p.c. embryo. F was hybridized with the skeletal actin
specific probe. (G,H) Serial transverse sections of a hindlimb of a 13-day p.c. embryo. H was hybridized with the cardiac
actin-specific probe. At this stage, subdivision of the limb muscle masses into the mature muscle groups is not yet
complete. h=heart, t=tibia, f=fibula. Bars A-F=100 ym. Bar G,H=100 ym.



muscle formation in developing mouse embryos, both
a-actin transcripts and their corresponding proteins are
expressed. In somites, this coexpression in rostral
myotomes occurs by the 18-somite stage and probably
earlier. Myotomal cells are elongated, mononucleated
cells, which are known to express myosin heavy chain
(MHC), another muscle-specific protein, prior to fusion
(Holtzer et al. 1957; Vivarelli er al. 1988). However, a-
actin mRNA and protein accumulation appears to
occur before that of MHC mRNA and protein (Lyons
et al. 1990). The MHCs and a-actins are assembled into
functional myofibrils because myotomal myocytes have
been observed to contain cross-striations and to
contract (Holtzer er al. 1957). Other muscle structural
proteins such as tropomyosin, a-actinin (Jockusch et al.
1984), titin and nebulin (Fiirst et al. 1989) have also
been detected in embryonic mouse skeletal muscle.
These proteins appear to be expressed in a specific
sequence (Fiirst ef al. 1989).

The use of paraffin sections of paraformaldehyde-
fixed mouse embryos for antibody staining gives
significantly better morphology when compared to
frozen sections. Most previous reports of localization of
muscle-specific proteins in embryos have used immuno-
cytochemistry on frozen sections, and the spatial
relationships of the different cell types were difficult to
discern. Our results show that fixed, embedded sections
can be compatible with antibody staining. Further
improvements of the techniques used in this paper, i.e.
the use of nonradioactive in situ probes and antibodies
on the same sections will provide definitive evidence for
the colocalization of mMRNAs and proteins in embryonic
myocytes.

The results presented here suggest that there is no lag
time between a-actin gene transcription and mRNA
translation in embryonic mouse muscle. Translational
controls of certain muscle-specific mRNAs may occur in
embryonic chick muscle (reviewed in Roy et al. 1984)
and in embryonic mouse muscle, in which perinatal
MHC transcripts appear to accumulate prior to
perinatal MHC protein (Lyons et al. 1990). Recently,
Lawrence et al. (1989) have shown that in vitro mono-
nucleated chick myocytes that have withdrawn from the
cell cycle make high levels of cardiac a~actin mRNA but
little or no a-actin protein. These authors suggest that
the a~actin transcripts may not be translated until some
time after these cells fuse. The differences between our
results and those of Lawrence eral. (1989) may be
explained in several ways. First, they may result from
in vitro versus invivo growth conditions. Second,
Lawrence et al. (1989) were able to colocalize mRNA
and protein in single cells, but embryonic mouse
sections always contain a population of cells and one
cannot conclusively localize autoradiographic signal to
a specific cell. A third more interesting possibility is that
the 12-day chick embryonic pectoral muscle cells that
were grown in vitro represent a different myogenic cell
population from that found in myotomes.

The authors thank Mme Odette Jaffrezou and U. Kraus-
kopf for their invaluable technical assistance. G.L. holds a

a-actin mRNA and protein in embryos 453

NIH/CNRS fellowship from the Fogarty International
Center. This work was supported by grants from the Pasteur
Institute, CNRS, INSERM, AFM, NATO and ARC to M.B.
and by the Deutsche Forschungsgemeinschaft to H.M.

References

CorDELL, J., FaLini, B., ErBNER, W., GosH, A., ABULAZIZ, Z.,
MAcDoNALD, S., PULFORD, A., STEIN, H. AND MasoN, D.
(1984). Immunoenzymatic labeling of monoclonal antibodies
using immune complexes of alkaline phosphatase and
monoclonal anti-alkaline phosphatase (APAAP complexes).

J. Histochem. Cytochem. 32, 219-229.

FUrsT, D., OsBorN, M. AND WEBER, K. (1989). Myogenesis in the
mouse embryo: Differential onset of expression of myogenic
proteins and the involvement of titin in myofibril assembly.

J. Cell Biol. 109, 517-527.

GaLL, J. AND ParRDUE, M. (1971). Nucleic acid hybridization in
cytological preparations. Methods Enzymol. 21, 470—480.

GARNER, 1., SASSOON, D., VANDEKERCKHOVE, J., ALONSO, S. AND
BUCKINGHAM, M. (1989). A developmental study of the
abnormal expression of accardiac and a-skeletal actins in the
striated muscle of a mutant mouse. Devl Biol. 134, 236-245.

Hovrtzeg, H., MaARsHALL, J. aND Finck, H. (1957). An analysis of
myogenesis by the use of fluorescent antimyosin. J. Biophys.
Biochem. Cytol. 3, 705~-724.

Jaco, M., CHrisT, B. aND Jacos, H. (1979). The migration of
myogenic cells from somites into the leg region of avian
embryos. Anat. Embryol. 157, 291-309.

JockuscH, H., MULLER, U. AND JockuscH, B. (1984).
Accumulation and spatial distribution of structural proteins in
developing mammalian muscle. Exp! Biol. Med. 9, 121-125.

LAWRENCE, J., TANEJA, K. AND SINGER, R. (1989). Temporal
resolution and sequential expression of muscle-specific genes
revealed by i situ hybridization. Devi Biol. 133, 235-246.

Lyons, G. E., ONTELL, M., Cox, R., SassooN, D. aND
BuckiNGHAM, M. (1990). The expression of myosin genes in
developing skeletal muscle in the mouse embryo. J. Cell Biol.
111, 1465-1476.

MiLaIrg, J. (1976). Contribution cellulaire des somites 2 la gendse
des bourgeons de membres postérieurs chez la souris. Archs
Biol. (Bruxelles) 87, 315-343.

MINTY, A., ALONSO, S., CARAVATTI, M. AND BUCKINGHAM, M.
(1982). A fetal skeletal muscle actin mRNA in the mouse, and
1ts identity with cardiac actin mRNA. Cell 30, 185-192.

PoLzar, B., RoscH, A. AND MaNNHERZ, H. G. (1989). A simple
procedure to produce monospecific polyclonal antibodies of high
affinity against actin from muscular sources. Eur. J. Cell Biol.
50, 220-229.

Roy, R., SAIDAPET, C., DASGUPTA, S. AND SARKAR, S. (1984).
Regulation of mRNA translation during chicken myogenesis in
ovo. Expl Biol. Med. 9, 284-289.

RuGH, R. (1990). The Mouse, Its Reproduction and Development.
Oxford: Oxford Univ. Press, 430 pp.

Ruzicka, D. AND SCHWARTZ, R. (1989). Sequential activation of a-
actin genes during early avian cardiogenesis as demonstrated by
in situ localization. In Cell and Molecular Biology of Muscle
Development, UCLA Symposia on Molecular and Cellular
Biology, vol. 39 (eds L. Kedes and F. Stockdale), pp. 391-397.
New York: Alan R. Liss.

SassooN, D., GARNER, 1. AND BuckiNGHAM, M. (1988). Transcripts
of a-cardiac and a-skeletal actins are early markers for
myogenesis in the mouse embryo. Development 104, 155-164.

SassooN, D., Lyons, G., WRIGHT, W., LIN, V., LASSAR, A,
WEINTRAUB, H. AND BuckinGHaM, M. (1989). Expression of two
myogenic regulatory factors: myogenin and MyoD1 during
mouse embryogenesis. Nature 341, 303-307.

SHANI, M., ZEVIN-SOoNKIN, D., SaxeL, O., CArMON, Y., KATCOFF,
D., NupkL, U. anp YAFFE, D. (1981). The correlation between
the synthesis of skeletal muscle actin, myosin heavy chain, and
myosin light chain and the accumulation of corresponding
mRNA sequences during myogenesis. Dev! Biol. 133, 235-246.



454 G. E. Lyons, M. E. Buckingham and H. G. Mannherz

VANDEKERCKHOVE, J., BuGaisky, G. AND BUCKINGHAM, M. (1986). of the proto-oncogene int-1 is restricted to specific neural cells
Simultaneous expression of skeletal muscle and heart actin in the developing mouse embryo. Cell 50, 79-88.
proteins 1n various striated muscle tissues and cells. A ‘WoODCOCK-MITCHELL, J., MITCHELL, J., Low, R., KIENY, M.,
quantitative determination of the two actin isoforms. J. biol. SENGEL, P., RuBBIA, L., SkaLLI, O., JacksoN, B. AND GABBIANI,
Chem. 261, 1838-1843. G. (1988). a-smooth muscle actin is transiently expressed in
VivareLLl, E., BRown, W., WHALEN, R. aAND Cossu, G. (1988). embryonic rat cardiac and skeletal muscles. Differennation 39,
The expression of slow myosin during mammalian somitogenesis 161-166.

and limb bud differentiation. J. Cell Biol. 107, 2191-2197.
WILKINSON, D., BAILES, J. AND McMAHON, A. (1987). Expression (Accepred 8 November 1990)





