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involved in thetranscriptional regulation of all erythroid-specific
genesthat have been characterized, including those encoding the
globins and the heme biosynthetic proteins. Targeted gene dis-
ruption experiments in the mouse have indicated that GATA-1
is absolutely required for normal primitive and definitive ery-
thropoiesis (Pevny et al., 1991). During development, GATA-1
expression is locdized to the ventral region of the Xenopus
embryo and precedes the expression of embryonic globins
(Kelley et al., 1994). In zebrafish, GATA-1 isinitialy detected
at the 2-somite stage in two stripes of cellsthat flank the paraxial
mesoderm of the posterior embryo (Detrich et al., 1995).
Another member of the family, GATA-2, is highly expressed in
early hematopoietic progenitors, mast cells and megakaryocytes
(Dorfman et al., 1992; Yamamoto et a., 1990). It is also
expressed in abundance in non-hematopoietic tissues including
the developing brain and mature endothelium (Wilson et al.,
1990). By gene targeting experiments in the mouse, GATA-2
has been shown to play a critical role in hematopoiesis, by reg-
ulating genes controlling either growth factor responsiveness or
the proliferative capacity of early hematopoietic cells (Tsa et
al., 1994). In Xenopus embryos, GATA-2 is highly expressed in
the ventral region of the embryo by the end of gastrulation and
later is expressed in the blood island region and the centra
nervous system (CNS) (Kdley et a., 1994). In zebrafish,
GATA-2isdso first detected at the end of gastrulation (Detrich
et a., 1995). Later, it is expressed in al hematopoietic progen-
itorsincluding the presumptive stem cells found in the posterior
region of the intermediate cell mass of Oellacher (ICM). Thus,
GATA-1 and GATA-2 are the earliest characterized markers of
blood cell differentiation.

Endothelia cell differentiation is less well understood. Three
distinct mechanisms have been proposed to underlie endothelia
differentiation and blood vessel formation: vasculogenesis type
| refers to the endothelial cells that differentiate in situ (such as
those forming the trunk vessels), while vasculogenesis type Il
applies to endothelial cells that differentiate after extensive
migration of their progenitors (such as the endocardium and
head vessels; Poole and Coffin, 1991). The third mechanism,
angiogenesis (Folkman and Shing, 1992), refersto the formation
of new vessels from pre-existing vessels by vascular sprouting.
It is thought to be responsible for the formation of the inter-
somitic vessels, among others. Antibody markers (Pardanaud et
al., 1987) and, more recently, genes expressed early during
endothelial cell differentiation have been isolated. A receptor
tyrosine kinase gene, flk-1, has been reported to be expressed in
endothelia progenitor cells in the mouse (Millauer et al., 1993;
Quinn et a., 1993; Yamaguchi et a., 1993). A close relative, flt-
1, is expressed in a similar pattern athough at a dightly later
stage (Shibuya et al., 1990). Two other receptor tyrosine kinase
genes, tek (Dumont et al., 1992; Schnurch and Risau, 1993) and
tie (Korhonen et al., 1994), have been shown to be expressed in
more mature endothelial cells. These genes are expressed in all
endothelial cells. No genes have been characterized to contribute
to functional diversification of endothelia cells or demarcate
different vascular beds during devel opment.

The endocardium of the heart is a specialized endothelium
which clearly plays specific functions in cardiac formation. In
the definitive heart tube, the endocardial layer is surrounded by
the myocardial layer. At the boundaries between chambers,
endocardial cells migrateinto the extracellular matrix under the
control of signals from the myocardial cells and differentiate

into prevalvular mesenchyme (Markwald et a., 1990). Whether
signals also emanate from the endocardium is unknown.

We are taking a genetic approach in the zebrafish to dissect
the morphogenesis of the cardiovascular system. Here we
present a mutation, cloche, that affects the cardiovascular
system in a most intriguing way. cloche blocks the formation
of part of the vasculature, namely the endocardium of the heart.
Early cardiac morphogenesis appears to proceed normally in
the absence of the endocardium. cloche also affects blood cell
differentiation at a very early stage. It appears to either act
upstream of the GATA factors or affect a population of cells
that differentiate to express the GATA factors.

MATERIALS AND METHODS

Zebrafish embryos

Zebrafish were raised and handled as described by Westerfield (1993).
Developmental time at 28.5°C was determined from the morpholog-
ical features of the embryo. The Indonesian fish were purchased
through J. Sohn. The spontaneous allele clo™® was maintained in the
genetic background in which it was originally identified and a so out-

Fig. 1. Live wild-type (A) and homozygous clo™® mutant (B)
zebrafish embryos at 24 hours (all times are in hours postfertilization
at 28.5°C; clo indicates the locus of the mutation, and m39 is the
allele designation). At thistime and at this magnification, a slight
edemais noticeable in the pericardial region of the mutant embryo but
no other abnormalities are apparent. Indeed, devel opment appears
normal until the onset of the heart beat by the 26-somite stage (22
hours). From that time onwards, the heart exhibits aweak beat and
becomes abnormally enlarged, especially the atrium. Edema becomes
very pronounced by day 2. Thereis no circulation, although cellsare
present in the trunk vessels (see Fig. 3). (C) In anormal heart at
around 40 hours, the myocardium and endocardium (arrows) are
clearly distinct. Endocardial cells are the thin elongated cells that
form the inner layer of the heart. The clo mutant heart only has a
single layer of cells (as shown in amedial view of the heart (D), see
also F), determined to be the myocardium by its spontaneous
contractility, and also morphologically, ultrastructurally, and
biochemically, using monoclonal antibodies (mAbs) against myosin
heavy chain and tropomyosin (Stainier and Fishman, 1992) (see aso
Figs 2 and 4). The main chambers (atrium (A) and ventricle (V)) are
distinct morphologically and biochemically (using chamber specific
mADbs against myosin heavy chain; data not included) (Stainier and
Fishman, 1992) and contract sequentially. In the mutant heart, the
chambers are dysmorphic, the atrium is abnormally enlarged and the
ventricleis collapsed. Some mutant hearts undergo normal looping
morphogenesis. (E) Transverse sections of the atrium of anormal
heart at 3 days showing the myocardium and endocardium (arrows) as
well as some blood cells (dark round cells) and of aclo mutant heart
at 3 days (F) showing the presence of asingle layer of cells,
previously determined to be the myocardium. Scale bars, 200um
(A,B); 50 um (C-F). [InFig. 1 C and E, asilent heart (sih) mutant
embryo is shown as the wild-type control. Because thereisno
circulation in the clo mutant embryo, we wanted to distinguish the
specific effects of the clo mutation from the indirect effects resulting
from alack of circulation. For this purpose, we examined the
phenotype of another mutant, the sih mutant (isolated in Eugene,
Oregon by C. Walker and C. Kimmel), which, as the name indicates,
exhibits no heart beat, and thus no blood flow. We previously
determined at the molecular level that thesih mutation is cardiac
specific and is thus a good model to examine the indirect effects
resulting from alack of circulation (Stainier et a., in preparation).
The sih mutant heart is morphologically similar to the wild-type heart.]



crossed to the standard wild-type (AB) laboratory strain (obtained
from C. Kimmel, Eugene, Oregon). The mutation is fully penetrant
and exhibits complete and indi stinguishable expressivity in both back-
grounds. Homozygous mutant embryos were obtained from normal
crosses between identified heterozygotes carrying the clo™? alele.

Whole-mount immunohistochemistry and histology

Embryos were staged according to somite humber, then stained in
0.1% saponin as described by Stainier and Gilbert (1990). Monoclonal
antibodies CH1 (against tropomyosin; Lin et al., 1985) and MF20
(against myosin heavy chain; Bader et al., 1982) were obtained from
the Developmental Studies Hybridoma Bank; mAb $46 (against
myosin heavy chain) stains specifically the atrium in zebrafish and
was obtained from Jeff Miller (Mass. Gen. Hospital). All 3mAbsstain
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specifically the myocardial layer. After peroxidase staining with CH1,
some of the whole mounts were postfixed in 4% formaldehyde (EM
grade: Polysciences) and then embedded in JB4 (Polysciences) and
sectioned at 4 um. Sections were counterstained with methylene blue.

Cell transplantation

Transplantations were performed essentially as described previously
(Ho and Kane, 1991; Halpern et al., 1993; Ho and Kimmel, 1993).
Donor embryos were injected with 4% rhodamine-dextran/4% biotin-
dextran (Molecular Probes) in 0.2 M KCI. Transplanted cells were
removed from and transplanted to the dorsal or ventral marginal zone
(this cannot be determined at the time of transplantation) of donor and
host embryos. Transplantations were done this way because we had
determined that the ventral margina zone is the cardiogenic area at
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Fig. 2. The clo mutant heart expresses
normal levels of myofibrillar proteins. A
number of myofibrillar proteins were
examined by immunohistochemistry,
including different isoforms of myosin
heavy chain, troponins| and T, and
tropomyosin. Comparable levels of
tropomyosin as observed by
immunofluorescence are seen in wild-type
(A), and clo mutant (B) embryos at 36
hours. Arrows point to the heart and the
other staining is skeletal musclein the
trunk.

the blastula stage (Stainier et al., 1993). Ho and Kimmel (1993)
recently showed that cells do not become committed to a particular
germ layer until mid gastrulation. We also subsequently confirmed
that cellstaken from various regions of the mid blastulacan form heart
tissue when transplanted into the cardiogenic area, athough the
relative frequency of incorporation into heart tissue was not strictly

A

analyzed with respect to the origin of the cells. At 36-48 hours, donor
and host embryos were phenotyped, and host embryos were analyzed
for the presence of fluorescent cells in the heart. To confirm the
identity of the labeled cells, hosts were fixed and processed for HRP
staining of biotin-dextran filled donor cells as described by Wester-
field (1993), embedded in JB4 (Polysciences), and sectioned at 5 pum.

B

Fig. 3. (A,B) Liveembryos at 36 hours. Asin wild type (A), the clo mutant (B) has blood vesselsin the trunk. A shows the central vesselsin
the mid-trunk region; B shows the central vessels more caudally where they are easier to photograph in the mutant. Arrows point to endothelial
cells. The dorsal aorta (DA) sits between the notochord (N) and the axial vein (AV). (Cdllsfill the trunk vessels in wild-type and mutant
embryos but because they don't circulate in the mutants, they are more clearly distinguished.) In the head, at 28 hours (which is after the
initiation of the heart beat but before circulation is established in the head; Stainier et al., 1993), blood vessels are clearly seen in wild-type (C)
but not in clo (D). Straight arrows point to endothelial cells; curved arrow points to the midbrain-hindbrain boundary. We also examined plastic
sections throughout the head region and confirmed the Nomarski optics observations. At earlier times (and also here at 28 hours), the head
mesoderm in clo appears more condensed than in wild-type, suggesting that the migrating angioblasts that normally form part of the loose head

mesenchyme may in fact be missing. e, eye. Scale bars, 50 um.









