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ABSTRACT Evolution in development can be viewed as a sequence of changes in gene
regulation. To investigate the cross-species compatibility of 5’ upstream regulatory regions, we
introduced exogenous gene constructs derived from a gnathostome genome into fertilized eggs of the
Japanese lamprey, Lampetra japonica, a sister group of the gnathostomes. Eggs were injected with
gene constructs in which a sequence encoding the green fluorescent protein (GFP) had been located
downstream of either a virus promoter or 5’ regulatory regions of medaka actin genes. Reporter gene
expression was recorded for more than a month starting two days after injection. Although the
expression patterns were highly mosaic and differed among individuals, GFP was expressed
predominantly in the striated muscles of lamprey embryos when driven by the 5’ upstream regions
of the medaka muscle actin genes. This implies that a pan-vertebrate muscle-specific gene regulatory
mechanism may have evolved before the agnathan/gnathostome divergence. This gene-transfer
technique potentially facilitates the visualization of cells in various differentiating tissues
throughout development. The introduction of developmental genes of the lamprey or other animals
into lamprey embryos is another potentially important application, one that could provide us with
information on the evolutionary changes in functions of genes or gene cascades. J. Exp. Zool. (Mol.
Dev. Evol.) 296B:87–97, 2003. r 2003 Wiley-Liss, Inc.

INTRODUCTION

Exogenous gene transfer has been a commonly
used strategy for the analysis of gene function in
some animals that are used as ‘‘developmental
model systems,’’ such as the mouse (Müller, ’99),
zebrafish (Higashijima et al., ’97; Krovel and
Olsen, 2002), C. elegans (Mello and Fire, ’95),
and Drosophila (Rong et al., 2002). Although
recent advances include new, sophisticated tech-
nology such as electroporation (Swartz et al., 2001;
Di Gregorio and Levine, 2002) and sperm nuclear
transfer (Kroll and Amaya, ’96; Jesuthasan and
Subburaju, 2002), the most conventional method
with which to generate transgenic animals is still
the simple microinjection of a gene into the
cytoplasm or nucleus of a fertilized egg. Injected
individuals are raised to maturity and crossed to
produce stable transgenic lines in which the
foreign genes are expected to be transmitted in
the germ line. This type of strategy is complicated
and time-consuming, and difficult to apply to wild

animals, which occupy important positions in
animal phylogenies.

Previously, the expression of reporter genes
injected into embryos was analyzed directly to
determine tissue-specific regulatory regions in sea
urchins (Davidson, ’99), ascidians (Kusakabe, ’97;
Harafuji et al., 2002), and the teleost medaka,
Oryzias latipes (Kusakabe et al., ’99; Kusakabe
and Suzuki, 2001). In these analyses, reporter
constructs were generated by fusing upstream
regulatory regions of tissue-specific genes to the
coding regions of reporter genes such as lacZ or
GFP. Expression is supposedly transient, but it
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precisely reflects the expression pattern of the
endogenous genes. By microinjecting various con-
structs carrying deletions or mutations in regula-
tory sequences, the components of regulatory
regions can be identified in relatively short times,
compared with the use of genetically established
transgenic lines.

The lamprey, an agnathan (jawless) vertebrate
species, is considered to be a sister group of the
gnathostomes (jawed vertebrates; Janvier, ’96). In
previous molecular phylogenetic studies, lamprey
genes have often been positioned on phylogenetic
trees as the sister groups of all the gnathostome
genes (Mallatt and Sullivan, ’98; Kuraku et al.,
’99). Recent analysis of lamprey development at
the molecular level seems to have clarified the
evolutionary sequences of the changes in regula-
tion of some developmentally important regula-
tory genes (Ogasawara et al., 2000; Murakami
et al., 2001; Myojin et al., 2001; Shigetani et al.,
2002; Cohn, 2002; reviewed by Kuratani et al.,
2001, 2002). However, it has been difficult to test
the functions of gene products or gene regulatory
regions in live lamprey embryos. In this paper, we
report the introduction of exogenous gene con-
structs into fertilized lamprey eggs by microinjec-
tion. The validity of this strategy was
demonstrated in cross-specific gene transfer be-
tween medaka and lamprey using the upstream
regions of muscle actin genes.

As the first practical application of this trans-
genic method, we also demonstrate in this paper a
detailed observation of differentiating skeletal
musculature that possesses both pan-vertebrate
and lamprey–specific characteristics. The verte-
brate skeletal musculature can be roughly classi-
fied into two major categories: axial trunk muscles
derived from postotic somites, and head muscles,
which originate from the head mesoderm. In the
gnathostomes, the former can further be categor-
ized as epaxial and hypaxial muscles, whereas the
latter include pharyngeal muscles and extrinsic
ocular muscles.

Visualization of these members of the lamprey
musculature has been performed using acetylcho-
linesterase (AchE) activity and the monoclonal
antibody CH-1 raised against tropomyosin (Kur-
atani et al., ’97, ’99). These markers appear in the
head muscle much later than in the paraxial
myotomes. Here, based on the muscle-specific
expression pattern of introduced GFP gene, we
contribute new insights into the development of
the lamprey musculature visualized in living
embryos.

MATERIALS AND METHODS

Obtaining lamprey embryos

Ripe adults of the Japanese lamprey Lampetra
japonica were purchased from the Ebetsu Fish-
ermen’s Association (Ebetsu, Hokkaido, Japan),
and maintained at 141C. Spawning was induced,
and fry were reared to the appropriate develop-
mental stages at 161C in fresh water or in 10%
Steinberg’s solution (Steinberg, ’57). Developmen-
tal stages were defined according to the descrip-
tion of Tahara (’88) for L. reissneri, a species
closely related to L. japonica.

Microinjection of foreign genes

The pEGFP-N1 construct (Clontech) consists of
the cytomegalovirus (CMV) promoter and en-
hanced GFP coding region. The structures of the
fusion genes OlMA1-GFP and OlMA2-GFP, which
consist of the 5’ upstream regions of the medaka
muscle actin genes and the GFP coding region,
were described by Kusakabe et al. (’99; Fig. 1A).
OlMA1-GFP corresponds to MA1(�949) and
OlMA2-GFP corresponds to MA2(�1570) (Kusa-
kabe et al., ’99).

Micropipettes were made from siliconized and
sterilized 1� 90-mm fiber-filled glass capillary
tubes (GD–1, Narishige) using a horizontal puller.
Circular plasmid DNA was dissolved in phosphate-
buffered saline (PBS) containing 0.1% phenol red
at concentration on 50 ng/ml. Under a dissecting
microscope, fertilized eggs were stabilized by
suction using a glass holding pipette and injected
with DNA solution through the chorion. The
injected eggs were washed and incubated in
1�Steinberg’s solution (Steinberg, ’57) at 161C.
GFP signal was detected under a stereoscopic
fluorescence microscope. Most of the embryos did
not hatch spontaneously, and the chorion had to
be removed manually.

RESULTS

Introduction of exogenous gene constructs
into lamprey embryos

In L. japonica, it usually takes about 6 h from
fertilization to the first cleavage. During this
period, fertilized eggs were injected with DNA
constructs containing various promoter sequences
and the GFP coding sequence. About half the
injected embryos survived for more than two days.
Most of the embryos displayed normal morphol-
ogy, but some were severely deformed.
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In the initial experiment, pEGFP-N1, in which
the CMV promoter is attached to the coding region
of modified GFP, was injected. A total of 207
embryos were injected; 185 survived for longer
than three days. In 80 embryos among them,
strong GFP expression was observed from stage 10
(day 2) onwards (Fig. 2A-E). The expression
patterns varied from embryo to embryo. Up to
the neurula stage, regional GFP expression was
detected in random and asymmetrical patterns
(Fig. 2A), implying that these cells derived from a
small number of blastomeres that had incorpo-
rated the exogenous genes. In the pharyngula,
reporter gene expression was seen in multiple
types of cells, predominantly in yolk cells and
epidermal cells (Fig. 2B). As development pro-
ceeded, signal was often seen in separate cell
populations within an embryo (Fig. 2C). Although
pEGFP-N1 was often activated more strongly in
epidermal and yolk cells than in other cell types,
activation of the CMV promoter did not exhibit
any strict tissue preference. There were some
examples of organ-specific expression of pEGFP-
N1. These included an embryo with specific GFP
expression in the pronephric duct (Fig. 2D) and
another expressing GFP in the trunk skeletal
musculature (Fig. 2E).

Expression of medaka muscle actin-GFP
constructs in lamprey embryos

The above experiments demonstrated that
exogenous DNA constructs can be injected into
fertilized lamprey eggs and stably expressed
throughout development. To examine whether
promoters of tissue-specific genes originating from
other animal species are functional in the lamprey
embryo, we injected gene constructs carrying an
upstream region of medaka muscle actin genes
connected to the GFP coding sequence (Fig.1A)
into fertilized lamprey eggs. We used two different
medaka muscle actin genes, the expression pat-
terns and functions of the 5’ regulatory regions of
which have been studied previously (Kusakabe
et al., ’99). The skeletal muscle actin gene, OlMA1,
is expressed specifically in somitic skeletal muscle
in medaka embryos. It has been shown in this
animal that the genomic region from �949 to the
start codon of OlMA1, which includes the first
intron, is sufficient for skeletal muscle-specific
expression of a GFP reporter (Fig. 1B). Another
medaka muscle actin gene, OlMA2, is the cardiac
actin gene, which is expressed in both somitic and
cardiac muscles. The upstream region from �1570
to the start codon of OlMA2, which includes the

Fig. 1. Structures and expression of medaka muscle actin-
GFP constructs used in this study. A. The genomic structures
of endogenous medaka actin genes (top) and corresponding
fusion gene constructs (Kusakabe et al., ’99). Broken lines
correspond to the first intron of the gene. ‘‘Met’’ indicates the
start Met codon of actin open reading frames (ORF). In all the
fusion genes, the actin ORF was replaced with the GFP ORF,

as indicated by a white box. B. A five-day medaka embryo
injected with an OlMA1-GFP fusion construct. Strong signal is
seen in somitic muscle (white arrowhead). C. A four-day
medaka embryo injected with OlMA2-GFP fusion construct.
GFP expression is strong in both somitic (white arrowhead)
and cardiac (white arrow) muscles.
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first intron, is sufficient for specific expression in
both skeletal and cardiac muscles (Fig. 1C). In the
present study, we designated these regions con-
nected to the GFP coding sequence as OlMA1-
GFP and OlMA2-GFP.

The OlMA1-GFP plasmid was injected into
fertilized lamprey eggs before the first cleavage.
Five days after injection, weak GFP expression
started in broad areas of the embryos including
epidermal cells. Ten GFP-positive embryos out of
58 total injected embryos were examined exten-
sively. As soon as the somites formed at stage 22,
GFP expression was detected in several parts of

the somites in 5 embryos (Fig. 2F). Expression was
not seen in the heart of any of these embryos,
consistent with the results of experiments using
the same construct in medaka (Kusakabe et al.,
’99). The other five embryos died before the
formation of somites. As the development pro-
ceeded, GFP expression in somites became stron-
ger and more distinctive than that in other parts
of the embryos. GFP-positive areas often consisted
of adjacent cells from different somites that
appeared to have been derived from a part of the
pre-segmented mesoderm. The expression pat-
terns in somitic muscle were highly mosaic, and

Fig. 2. Expression of pEGFP-N1 or OlMA1-GFP in
lamprey embryos. A. A stage-18 embryo injected with
pEGFP-N1. Anterior is to the right. GFP-positive yolk or
epidermal cells form a cluster in the ventral trunk area. B. A
stage-22 embryo injected with pEGFP-N1. Strong signal is
evident in the ventrolateral trunk (black arrow) and epider-
mal cells right above the forming somites (white arrow). C.
Another example of pEGFP-N1-injected embryos at stage 26.
In addition to patchy, scattered signal seen in the ventrolat-
eral trunk area (white arrows), a single cell with signal is
visible in the head (black arrow). D. A pEGFP-N1-injected

embryo at stage 27. Anterior is to the right. Putative
pronephric duct has strong GFP signal (white arrowhead).
E. Another pEGFP-N1-injected embryo at the ammocoete
larval stage. Anterior is to the right. The body-wall muscle
cells are partly GFP-positive. F. A stage 24 embryo injected
with OlMA1-GFP. Somite-specific signal (double arrowhead)
is evident. G and H. Stage 25 of the same embryo shown in F,
in left (G) and right (H) lateral views. Expression patterns of
somite-specific signal (double arrowhead) are different on the
two sides.
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differed between the left and right sides of the
embryos (Fig. 2G and H). Such a GFP expression
pattern was maintained even after the embryos
grew into ammocoete larvae.

Similarly, OlMA2-GFP was injected into 69
fertilized lamprey eggs and 10 GFP-positive
embryos were served for detailed observation.
GFP was initially expressed in the epidermal cells,
and then in forming somites of five embryos (Fig.
3B). As soon as the heart formed (stage 25), strong
GFP expression was visible in the pulsating
myocardium (Fig. 4B). GFP expression specific to
the skeletal and cardiac muscle continued into the
ammocoete larval stage, again consistent with the
expression pattern of the same construct in
medaka embryos (Kusakabe et al., ’99). The above
results show that transcriptional regulatory me-
chanisms of skeletal and cardiac muscle-specific
actin genes are conserved between medaka and
lamprey.

In these experiments, both OlMA1- and OlMA2-
GFP were also ectopically expressed in epidermal
cells, especially at the initial stage of the reporter
gene expression. This ectopic expression mirrors
that of the same transgenes in medaka (Kusakabe
et al., ’99). Moreover, in medaka, the ectopic
epidermal GFP signal was constantly observed,
even in embryos injected with shorter constructs
that exhibited no GFP signal in muscle cells
(Kusakabe et al., ’99). Thus the embryonic
epidermal cells might serve as an environment in
which the 5’ upstream regions carrying minimal
transcriptional regulatory elements could be acti-
vated.

Development of lamprey head muscle
as visualized by OlMA2-GFP

Two of the OlMA2-GFP-injected embryos, #1
and #7, survived for longer than one month with
marked expression of GFP. In addition to the
initial expression seen similarly in somites and
heart muscle, embryo #1 and #7 displayed signals
in different cell populations within head skeletal
muscle derivatives.

Embryo #1 starts to express strong signals in
myotomes as soon as they are formed (Fig. 3B and
C). As the development proceeds, strong patchy
signals appeared to cover the dorsal part of the
head (Fig. 3G), most of which we speculate as
somitic derivatives, since they characteristically
extend rostrally to cover the lateral aspect of the
embryonic head (see discussion). In addition to the
signal in the epaxial somitic muscle, embryo #1

expressed specific signals in muscle fibers in
branchial arches 4 to 7 (Fig. 3F and G). Within
the bundle of muscle fibers in branchial arch 4,
several distinct muscle fibers were identified with
strong GFP signal (Fig. 3F and G). Two sets of
muscle fibers extended dorsoventrally; one was
the constrictor branchial muscle located lateral to
the branchiopore, and the other was the adductor
branchial muscle, which is located medial to the
former. Between the constrictor and adductor
muscles, the branchiopore is surrounded by the
anterior and posterior external branchial sphinc-
ter muscle. In our observations, the sphincter
muscle first appeared as a complete ring, within
which the anterior and posterior parts of this
muscle could not be distinguished. These bran-
chial muscle cells seemed to have been derived
from the preotic head mesoderm (Kuratani et al.,
’99).

On the lateral aspect of the pharynx, segmented
hypobranchial muscle extends rostrally. Precur-
sors of this muscle appear to originate from
postotic epibranchial somites, which migrate
first caudally, ventrocaudally, and ventrally,
and then rostrally along the entire length of
the pharynx beneath the gill pores (Kuratani
et al., ’97, ’99). After reaching the lateral aspect
of the pharynx, this muscle divides into seg-
ments (reviewed by Kuratani et al., ’97). The
GFP signal in this muscle of embryo #1 appeared
much later than signals in other branchial
musculatures.

When embryo #1 was fully grown into an
ammocoete larva (Fig. 3D-G), these GFP-positive
muscles exhibited concerted movement in expand-
ing and compressing the gill chamber, producing a
flow of water from the velum through the gill
chamber. These visceral muscles in the ammo-
coete are thought to disappear to be replaced by
adult muscles during metamorphosis (Hardisty
and Rovainen, ’72).

Embryo #7 had strong GFP signal in somite
rows on both sides of the body (Fig. 4A and B).
More somite blocks produced signal on the right
side than on the left. The rostral part of the
embryo was somewhat deformed morphologically;
an abnormal protrusion at the rostral end, with
no mouth or lips and no eye (Fig. 4D). At stage 25,
the most rostral GFP-positive somite on the
right side corresponded to the second somite,
judging from its dorsally split and anteriorly
extended morphology (Kuratani et al., ’99; Fig.
4C). The dorsal half gave rise to the supraoptic
muscle, and the ventral half to the infraoptic
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Fig. 3. Expression sequence of OlMA2-GFP in lamprey
embryo #1 during development. A. Stage-23 embryo, photo-
graphed in bright field. B. The same view as in A, observed
under an excitation light. Patchy signals (black arrowhead)
are seen in the head and ventral trunk. Initial muscle-specific
expression (double white arrowhead) was detected in the
dorsolateral trunk. C. At stage 25, muscle-specific signal is
evident (white arrow). Putative non-specific signal is seen in
the epidermis. D. On day 24, ammocoete larval stage. E. The
same view as in D, under an excitation light. Signal occurs in
both somitic (double white arrowhead) and cardiac (white

arrowhead) muscle. F. The head of the day-36 larva. Numbers
indicate the positions of seven branchial arches. The signal is
strong in somitic (double white arrowhead) and cardiac (white
arrowhead) muscle. Branchial arches 3–7 and hypobranchial
muscle (hbm) express GFP signal in muscle fibers. G. Higher
magnification of F. Abbreviations: abm, adductor branchial
muscle; aebsm, anterior external branchial sphincter muscle;
ba4, branchial arch 4; cbm, constrictor branchial muscle; iom,
infraoptic muscle; pebsm, posterior external branchial sphinc-
ter muscle; som, supraoptic muscle.
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muscle, both of which expressed strong GFP
signal in the ammocoete larval stage (Fig. 4F).
The supraoptic muscle seemed to consist of an
anterior part extending into the rostral tip of the
animal, and a posterior part dorsally overlapping
the anterior part (Fig. 4G). The third somite did
not express GFP until stage 25 (Fig. 4C, black
arrowhead), but it developed a small number of
GFP-positive fibers at later stages (Fig. 4F, black
arrowhead).

DISCUSSION

Exogenous gene transfer by microinjection
applied to lamprey embryos

Because our understanding of developmental
mechanisms has been greatly accelerated by the
application of transgenic technology in mice, more
emphasis has been placed on the effective intro-
duction of exogenous genes into the germ line in

Fig. 4. Expression sequence of OlMA2-GFP in lamprey
embryo #7. A. Stage 25. Viewed from the left side. Anterior is
to the left. Somites are marked with strong GFP signal (double
white arrowhead). B-G. Anterior is to the right. B. The right
side of the same embryos as shown in A. There are more
somites expressing signal (double white arrowhead) than are
seen in the view from the left side. Pulsating cardiac muscle
(white arrowhead) expressing strong signal is also visible. C.
Higher magnification of the head part from B. Signal is absent
from somite 3 (black arrowhead). Somite 2 splits into dorsal
and ventral halves (white arrow). D. Day-18 ammocoete larva

in bright field. E. The same view as in D, observed under an
excitation light. Strong signal in somitic muscle is absent only
from the mid-part of the trunk (double black arrowhead). The
heart is out of focus (white arrowhead). F. Higher magnifica-
tion of the head from E. Muscle fibers from somite 2 extend
anteriorly (white arrow). G. Head part of day-24 ammocoete
larva. Cardiac muscle (white arrowhead), somitic muscle, and
head muscle derived from somite 2 (‘‘som’’ and ‘‘iom,’’
Kuratani et al., ’99) show strong signal. Abbreviations: iom,
infraoptic muscle; som, supraoptic muscle.
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many animal species used in laboratories. In
studies of marine invertebrates, however, exogen-
ous genes can be expressed quite stably according
to the spatiotemporal specificity of their promo-
ters, when simply injected into fertilized eggs.
Although it is inevitable that this expression will
be mosaic, this method potentially allows us to test
various gene constructs simultaneously and to
acquire a rough idea about the functions of
introduced genes in specific cellular environments
during development. This method should also be
particularly valuable when applied to wild animals
such as lampreys, for which the establishment of
transgenic lines is inherently difficult due to their
complex life cycle and the difficulty of breeding
them in the laboratory.

In other studies, this type of technology has
been used for misexpression experiments. In
ascidians, the transient expression of introduced
developmental regulatory genes was followed by
large-scale subtractive screens for downstream
targets of the regulatory cascade (Takahashi
et al., ’99). Successful gene transfer into lamprey
embryos may provide us with a strategy to directly
analyze the function of lamprey developmental
genes, and other members of the cascade in which
those genes are involved.

The pattern of lamprey embryogenesis is sig-
nificantly different from that of teleosts such as
medaka and zebrafish. Teleost embryos go
through discoidal cleavage, and the embryonic
part and extraembryonic material such as the yolk
are physically separated. When DNA molecules
are injected into the egg cytoplasm, they are
quickly distributed to multiple cell lineages.
Lamprey eggs, on the other hand, are evenly filled
with relatively large yolk granules and are opaque
like amphibian eggs. Cleavage proceeds holoblas-
tically. These characteristics could potentially
cause interference, especially in diffusion of the
DNA construct throughout the egg cytoplasm. As
the cleavage proceeds, injected DNA may have
reached only limited number of blastomeres,
which may cause the mosaic expression of reporter
genes. Using this method, however, as many as
200 fertilized eggs can be injected during the one-
cell stage, which should give rise to a considerable
number of embryos with exogenous DNA incorpo-
rated into their genomes at relatively early stages.
Indeed, we obtained multiple embryos injected
with OlMA1-GFP or OlMA2-GFP that exhibited
distinctive GFP expression in large population of
striated muscle cells. By careful observation to
ascertain a composite expression pattern from

multiple embryos throughout development, the
function of the upstream regions that driven the
reporter gene expression can be precisely assessed.

Cross-species gene transfer as a tool
in the study of evolutionary mechanisms

in gene regulation

Comparisons of the 50 upstream sequences of
homologous genes have been made for several
developmental genes from various species (for
example, Gajewski and Voolstra, 2002). The
functional properties of the regulatory regions
have also been compared in some transgenic
experiments. The activity of cis-regulatory regions
of lamprey (Carr et al., ’98) and amphioxus
(Manzanares et al., 2000) Hox genes have been
analyzed in transgenic mice, suggesting the con-
servation of neuronal enhancers across vertebrate
species. The upstream region of another develop-
mental transcription factor, Xenopus Dlx, was
tested in transgenic mice and shown to be
activated in hair follicles and mammary glands,
organs absent in Xenopus (Morasso et al., ’95). In
the examples described above, however, investiga-
tors did not test whether the reporter construct
would reproduce the expression pattern of the
endogenous gene in the animals from which the
upstream sequences originated. The reciprocal
transgenic analyses, transferring mouse genes to
other animals, have not been conducted. Such
analyses are required for any speculation on the
conservation and divergence of gene regulatory
regions.

In this study, we introduced GFP reporter
constructs containing medaka regulatory regions
into fertilized lamprey eggs. In the lamprey, both
OlMA1- and OlMA2-GFP were expressed in the
skeletal muscle and only OlMA2-GFP was
expressed in cardiac muscle, in accordance with
the previously observed expression patterns in
medaka (Kusakabe et al., ’99). This indicates that
lamprey skeletal and cardiac muscle cells contain
different sets of transcription factors that can
specifically bind to the regulatory regions of
medaka muscle actin genes. The regulated activa-
tion of medaka muscle actin promoters in lamprey
embryos suggests that the skeletal/cardiac muscle-
specific regulatory mechanisms in extant gnathos-
tomes may have been established before the
agnathan/gnathostome divergence. Characteriza-
tion of the upstream regions of the lamprey
muscle actin genes will add further insight into
this picture.
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Development of lamprey musculature
and evolutionary speculation

The spaciotemporal expression pattern of
OlMA2-GFP in lamprey embryos can be regarded
as a marker for muscle-specific regulatory activity,
since a lamprey muscle actin gene is expressed at
tissues and timing corresponding to that of
OlMA2-GFP in the lamprey (R. Kusakabe, un-
published data). In OlMA2-GFP-injected embryos,
GFP expression driven by the muscle actin
promoter appeared early in somitogenesis, and
then spread to head mesoderm derivatives in the
pharyngeal arches and head region later in
ammocoete larvae (Fig. 3 and 4). Remarkably,
however, the hypobranchial muscle, a somitic
derivative that migrates around the caudal aspect
of the branchial chamber, starts to express GFP in
fully grown ammocoete larvae (stage 29; Fig 3G),
even later than the initial expression in branchial
muscles. Similarly, AchE activity was not detected
in the hypobranchial muscle in stage-28.5 larvae
(Kuratani et al., ’99). It is also noteworthy that
none of the OlMA2-GFP-injected embryos ex-
pressed GFP in the muscles of the oral region or
the velar muscles, both of which are derived from
the head mesoderm. In summary, development of
the epaxial, hypaxial, branchial, and other head
muscles seems to depend on distinct regulatory
mechanisms that turn on muscle-specific genes at
different times.

The existence of such differential regulatory
cascades in skeletal muscle subsets has been
reported in mice (Carvajal et al., 2001) and
chickens (Hacker and Guthrie, ’98; Noden et al.,
’99; Mootoosamy and Dietrich, 2002). In these
animals, genes encoding myogenic regulatory
factors (MRFs) Myf5 and Mrf4 were found closely
linked on the genome (Carvajal et al., 2001). In
mice, the 140-kb upstream sequence of the Myf5
coding region contains multiple regulatory ele-
ments that differentially control both Myf5 and
Mrf4, in distinct population of skeletal muscle
cells (Carvajal et al., 2001; Hadchouel et al., 2000).
Noden et al. (’99) showed in chickens that the
onset of expression of MRFs is fine-tuned in
different musculatures, as it is for downstream
muscle structural genes.

We expect that the evolutionary origin of
differential control mechanisms of skeletal mus-
culature might be traced back in the study of
lamprey, a primitive vertebrate in which some
intriguing characteristics are retained in the
development of both somitic and head muscles

(reviewed in Kuratani et al., 2002). One of the
most prominent features is that, as we confirmed
in this work (Figs. 3 and 4), some of the most
rostral postotic myotomes and the hypobranchial
muscle grow rostrally and cover the cranial region;
this does not occur in gnathostomes (Kuratani
et al., ’97, ’99, 2002). It is interesting to note that
these lamprey-specific myotomes also appear to
regulate muscle-related genes as in more posterior
trunk myotomes. In gnathostomes, the hypobran-
chial myoblasts migrates rostroventrally to pene-
trate the oral floor and gives rise to the tongue
muscle (summarized in Dietrich et al., 1999).
Lampreys do not possess a real tongue, and the
structure apparently similar to the tongue in
lamprey is a head mesoderm derivative (Kuratani
et al., ’99, 2002). Such differences might be
explained by the diversity of structure and
regulation of muscle-specific genes encoding pro-
teins involved in the interactions between myo-
genic cells and surrounding tissues, MRFs, muscle
structural proteins including actins. However, the
entire structure of the actin multigene family,
which in vertebrates consists of multiple striated
and smooth muscle-specific genes (Vandekerc-
khove and Weber, ’79), has not been clarified in
lamprey. Moreover, no MRF member has been
characterized in lamprey. By comparing the
detailed expression patterns of these muscle-
specific genes between agnathans and gnathos-
tomes, it should be possible to characterize the
evolutionary pathway of complex head and somitic
muscles in extant vertebrates.
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