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plasma in response to the gravitational in-
fluence of dark matter. They can be mined
for a wealth of cosmological parameters,
including the baryon density.

The CMB thus provides another inde-
pendent measurement of the cosmic baryon
density, that is, the amount of normal mat-
ter in the universe. A comparison between
the CMB and the BBN measurements
marks a fundamental test of cosmology.
Current CMB data are preliminary, but the
overlap between the BBN and CMB inven-
tory of baryons (see the figure) indicates
agreement between the two values.

The present agreement is remarkable
and tantalizing but it is preliminary. New
data will soon provide a much stronger
test. Space-based missions will make pre-
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cise measurements of CMB fluctuations
and yield baryon density measurements
accurate to a few percent. One mission, the
Microwave Anisotropy Probe (MAP),
launched in July of this year, should be re-
porting its first results in 2002.

The MAP results will provide profound
insights into the baryon density in the uni-
verse. If the CMB and BBN results dis-
agree, this could point to unexpected new
physics at work in the early universe—or
unexpected errors in the BBN and CMB
analyses. It is more likely, in my view, that
the two will agree, in a beautiful conver-
gence of two lines of cosmological study.
If so, then the new CMB results can be
combined with BBN to probe the physics
of the early universe and the astrophysical

evolution of the light elements (§). In any
case, we are entering a new era in cosmol-
ogy, which promises to teach us much
about the nature of the universe and the
matter within it.
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Endothelium—Chicken Soup
for the Endoderm

Nathan Bahary and Leonard I. Zon

chicken soup is widely acclaimed for
its ability to provide nourishment to
the sick as well as nutrients for normal
growth. In this week’s issue, Matsumoto et
al. on page 559 (1)
and Lammert e? al.

That metaphorical sustenance we call

www.sciencemag.org/cgi/ ON page 564 (2) es-
content/full/294/5542/530 tablish that endothe-

530

lial cells, which line
the blood vessels (3, 4), and their precur-
sors form the “chicken soup” that sustains
the early development of organs (such as
the liver and pancreas) that are derived
from the embryonic endoderm.
Matsumoto and colleagues (/) studied
mice deficient in Flk-1, the receptor for
vascular endothelial growth factor
(VEGF), which stimulates the formation
of new blood vessels (angiogenesis). Mice
deficient in Flk-1 lack both mature blood
vessels and blood, and die at embryonic
day E9.5 to E10.5 (5). In Flk-1-deficient
embryos, the endoderm destined to be-
come the liver thickens at E9.0 as usual,
but surprisingly does not develop into em-
bryonic liver buds. Expression of the
genes albumin, transthyretin, and Hex, in-
dicators of liver induction in the develop-
ing embryo, seem normal. Unfortunately,
because Flk-1-deficient embryos die be-
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fore the liver is fully formed, the fate of
the liver at later stages of development
could not be deduced. To address the
shortcoming of their mouse model, the
authors developed a unique liver explant
system in which the liver bud regions of
E9.5 embryos were removed and cultured
in vitro. Liver buds cultured from either
wild-type embryos or heterozygous em-
bryos with only one functional copy of the
flk-1 gene increased in size 15-fold during
a 72-hour period, with hepatic cells con-
stituting 20% of the cellular mass. Sur-
prisingly, homozygous embryos with no
functional copies of the flk-1 gene also
grew 15-fold (from a smaller starting
amount of tissue), but only 5% of their to-
tal cellular mass was made up of hepatic
cells. Wild-type endodermal explants
treated with the angiogenesis inhibitor
NK4 (6) had growth characteristics mim-
icking those of the Flk-1-deficient ex-
plants, suggesting that early endothelial
cells are involved in liver development.
Lammert and colleagues (2) took a dif-
ferent tack, examining how endothelium
influences the development of the pan-
creas in both the mouse and the frog
Xenopus. These investigators blocked for-
mation of the principal blood vessel, the
aorta, in Xenopus embryos by excising
aortic precursor cells. They discovered re-
duced production of the pancreatic hor-
mone insulin and of two transcription fac-
tors, NeuroD and Pax6, which are known
to be expressed in the pancreas. The lack
of expression of these pancreatic markers

indicated that the pancreatic precursor
cells had failed to develop. Adjacent
structures, such as the gut tube and noto-
chord, were unaffected. These results
demonstrate that endothelial cell signals
are required for pancreatic cell growth in
Xenopus embryos (see the figure).

The transcription factor Pdx1 (pancre-
atic duodenal homeobox 1) is a marker of
early pancreatic development in the
mouse. Pdx1 is expressed early in devel-
opment in the region where the pancreas
and parts of the duodenum and stomach
form, but by birth its expression is re-
stricted to the pancreatic islet cells (7).
When Lammert and co-workers recom-
bined embryonic mouse aorta with isolat-
ed endodermal tissue in vitro, genes en-
coding both Pdx1 and insulin were ex-
pressed, and budlike pancreatic primordia
occasionally appeared (2). In their most
intriguing experiment, Lammert et al. cre-
ated transgenic mice harboring a Vegf
gene whose expression was driven by the
promoter of the Pdx] gene. In these trans-
genic mice, Vegf is expressed early in de-
velopment in those areas where the pan-
creas, duodenum, and parts of the stom-
ach will form. These animals developed
hyperplasia of pancreatic islet tissue and a
hypervascularized pancreas. Expression of
the Vegf transgene in the stomach and
duodenum was accompanied by mis-
placed (ectopic) production of endothelial
cells in these areas. Clusters of insulin-
producing cells were seen adjacent to the
endothelial cells in the stomach and duo-
denum, tissues that do not normally pro-
duce insulin. The Lammert et al. work es-
tablishes that early endothelial cells par-
ticipate in development of the pancreas.

Endothelial cells are already known to
participate in organ formation later in de-
velopment. A good example is the interac-
tion of the endocardium (specialized en-
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dothelial cells of the heart) with the myo-
cardium (cardiac muscle cells), in a devel-
opmental process termed epithelial-mes-
enchymal transformation (8, 9). Myocardial
cells in the outflow tract and atrioventricu-
lar canal of the developing embryonic heart
stimulate the primitive endocardium to take
on the characteristics of mesenchymal
cells. Endothelial-derived mesenchymal
cells then interact with mesenchyme de-
rived from neural crest to form endocar-
dial cushions, which are the precursors of
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pathways—triggered by the ligands VEGE,
basic fibroblast growth factor, and
platelet-derived growth factor—appear to
coordinate the cellular migration, differen-
tiation, and proliferation required for renal
development. Work on the zebrafish mu-
tant cloche, which has almost no endothe-
lial cells, shows that the endothelium sup-
ports the interaction of podocytes with the
glomerular basement membrane (/7). De-
spite the lack of any pronephric endotheli-
um, cloche mutants do form podocytes
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The inducers. Endothelial cells are crucial players in organ development. The primitive endoderm
of the embryo is induced by a variety of factors, including those secreted by adjacent endothelial
cells, to become endodermal buds that will eventually form the liver and pancreas. The close physi-
cal relationship between endothelial cells and endodermal buds enables factors produced by en-
dothelial cells to induce the differentiation of the adjacent endoderm into liver and pancreas. The
intimate association between endothelial cells and both the liver and pancreas is sustained as the

mature organ forms.

adult heart valves and septa. Studies in
both the developing chick and mouse sug-
gest that myocardial signals such as bone
morphogenic protein—2 (Bmp2) activate
endothelial cells, which then initiate ep-
ithelial-mesenchymal transformation. Sub-
sequently, endothelial and myocardial sig-
naling, including the transforming growth
factor—f signaling pathway, are involved
in complex autocrine and paracrine inter-
actions that lead to the formation of the
heart valves and septa. Defects in endothe-
lial-myocardial communication are be-
lieved to underlie a variety of human con-
genital cardiac disorders such as transposi-
tion of the great arteries, atrioventricular
septal defects, and tetralogy of Fallot.
Another example of endothelial cell in-
fluence during embryonic development is
provided by the kidney. The intricate vas-
cular network of this organ must be close-
ly apposed to its filtering system compris-
ing specialized epithelial cells called
podocytes and the glomerular basement
membrane (/0). A number of signaling

with well-formed foot processes and a
glomerular basement membrane. However,
the podocytes have effacement of their
foot processes and the glomerular base-
ment membrane contains irregular aggre-
gates, implying that endothelium is re-
quired for maintenance of the glomerular
filtration barrier.

Together these studies strongly suggest
that endothelial cells secrete factors that
help to nourish the developing endoderm.
One candidate factor is hepatocyte growth
factor (HGF). Mouse embryos deficient in
HGF have small livers despite normal liver
budding, and die by about E15 (12). Mice
deficient in HGF cannot be compared di-
rectly with Matsumoto et al.’s Flk-1-defi-
cient animals because Flk-1 mutant em-
bryos die at a much earlier stage of devel-
opment. Repeating their explant studies
with an antibody that neutralized HGF,
Matsumoto and co-workers found that nei-
ther hepatic cell growth nor vasculariza-
tion of the developing liver was affected
(1). Thus, it seems that HGF is not the

critical factor secreted by the endothelium
that promotes the development of endo-
derm into liver.

A new angiogenic factor called en-
docrine gland—derived vascular endothe-
lial growth factor (EG-VEGF), which in-
duces proliferation of endocrine gland en-
dothelial cells, has recently been isolated
(13). Unlike VEGF, EG-VEGF mRNA is
found only in steroid-producing tissues
such as the ovaries, testis, placenta, and
adrenal glands. Just as there are distinct
factors secreted by particular tissues that
regulate endothelial cell growth and matu-
ration, endothelial cells themselves may
be responsible for stimulating cell-specif-
ic differentiation in other organs. We
speculate that very early in development
endothelial cells are destined to “pattern”
the formation of certain organs, such as
the liver and pancreas.

Learning how endothelial cells partici-
pate in organ formation could be of
widespread therapeutic importance.
Metabolic disorders of the liver (lipid-stor-
age diseases) and pancreas (diabetes mel-
litus) are caused by dysfunction of adult
hepatocytes and pancreatic islet cells, re-
spectively. The Matsumoto and Lammert
studies imply that differentiation of stem
cells into hepatocytes or pancreatic islet
cells might require the contribution of in-
ducing factors secreted by endothelium.
Defective organs could be replaced by
stem cells that have been induced to differ-
entiate into healthy tissue ex vivo. Doubt-
less there will be a flurry of activity to
identify and characterize the endothelial
factors that promote organogenesis. Who
knows, perhaps 15 years from now it will
be an endothelial growth factor stew rather
than chicken soup that Grandma serves up
when you are sick.
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