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Increasing evidence suggests that the renin-an-
giotensin system (RAS) is not only a potent regu-
lator of blood pressure and fluid and electrolyte
bomeostasis, but that it also plays an important
role in growtb and differentiation in development
as well as in pathological states. We, therefore,
investigated the expression of all components of
the RAS in the buman embryo and fetus by in situ
bybridization or immunobistochemistry. This
study is the first to demonstrate the presence of
all components of the RAS in very early buman
development (30-35 days of gestation). Angio-
tensinogen mRNA is expressed in very bigh
amounts in the yolk sac, liver, and kidney,
whereas renin mRNA and angiotensin-converting
enzyme are expressed in the chorion, kidney,
and beart, thus allowing fetal production of an-
giotensin II. This effector molecule of the RAS
mediates its effects through binding to specific
receptor types, AT, and AT ,. Both of these recep-
tors are also expressed very early in develop-
ment (24 days of gestation), suggesting a role for
angiotensin II in organogenesis. Based on the
expression pattern of these receptors, angioten-
sin II likely plays a role in the growtb and differ-
entiation of the kidney, adrenal gland, beart, and
liver, all organs that are of major importance for
the regulation of blood pressure later in life.
(Am J Pathol 1996, 149:2067-2079)

The renin-angiotensin-system (RAS) is best known
for its role in the control of blood pressure, salt, and
water homeostasis. There is also a growing body of
evidence showing the involvement of RAS in cell
growth. In multiple studies, growth-promoting effects

of angiotensin Il (Angll), including hypertrophy and
hyperplasia in different cell types, have been re-
ported in vivo or in cultured cells.’3 In addition, Angll
stimulates extracellular matrix production, potenti-
ates actions of several growth factors, and increases
transcription of proto-oncogenes (for a review see
ref. 4). These proliferative effects of the octapeptide
Angll are mediated by the Angll receptor type |, or
AT,.2® Inhibitory effects on growth have been ob-
served and seem to be signaled by the second Angll
receptor type, or AT,,®7 which suggests that the
growth effect of Angll depends on the receptor sub-
type present on a given cell.

Embryonic and fetal development is an integrated
program of growth and differentiation processes re-
sulting in organogenesis. It has been proposed that
Angll may play a regulatory role in these processes,
based on Angll properties, as a growth factor in
adult and fetal cells* and the expression of RAS
components in the rodent fetus.® The recent inacti-
vations of the genes for angiotensinogen (Ago), an-
giotensin-converting enzyme (ACE), and the AT,
and AT, receptors have yielded interesting and un-
expected results. Most animals with a homozygous
disruption of the Ago locus die around the time of
weaning.®'° Surviving animals exhibit severe kidney
abnormalities. ACE —/— mice have similar histolog-
ical changes of their kidney architecture.'” Surpris-
ingly, neither disruption of the AT,, (leaving intact
the AT,g) nor the AT, receptor gene show serious
effects on survival or morphology even though Angl|
receptors are widely distributed and expressed early
in the developing rodent fetus.
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The hypothesis for a role of Angll in organogene-
sis is supported by reports of severe malformations
in the fetus consequent to the use of ACE inhibitors in
hypertensive women during pregnancy. These mal-
formations include kidney anomalies, patent ductus
arteriosus, bony malformations, pulmonary insuffi-
ciency, and even neonatal death (for a review see
ref. 12). Fetal renal failure, another consequence of
ACE inhibition, resulted in oligohydramnios, which
was reported to be a marker of adverse perinatal
outcome related to intrauterine growth retardation.™
These observations gave indirect evidence for a
function of the RAS in the human fetus and made the
use of ACE inhibitors and AT ,-receptor antagonists a
contraindication in pregnant women. It is worth not-
ing that the gene inactivations of several compo-
nents of another hormonal system, the endothelin
system, directly demonstrate the essential roles of
these peptides and their receptors in normal gut and
cardiovascular organogenesis.'*

Establishing the expression and the tissue distri-
bution of the different components of the RAS during
development is a prerequisite to assessing their
functional roles. Several studies have demonstrated
expression of some of the components of RAS dur-
ing development in rodents, though the concomittant
presence of all components early in development
has not been described. In the mouse and rat fetus
the expression of Ago in the yolk sac, liver, and
brain'® and of renin in the developing kidney (for a
review see ref. 16) have been shown. Moreover, AT,
and AT, receptors are also present in the rodent
fetus with a distribution suggesting a role in growth
or differentiation in addition to the regulation of fluid
and electrolyte homeostasis (for a review ref. 8, 17).
The AT, receptor is expressed in the rat in classical
target organs of Angll, such as liver, kidney, adrenal
gland, heart, large blood vessels, pituitary, and in
several specific undifferentiated mesenchymes.'®
AT, is much more abundant and displays a more
widespread distribution than AT, ,; it is expressed in
the mesenchyme of the kidney, adrenal medulla and
zona glomerulosa, large arterial ducts, bronchi,
tongue, diaphragm, and connective tissues sur-
rounding cartilage and bone.'®=2" A feature com-
mon to AT, expression in most developing organs is
its early appearance in the mesenchymal compo-
nent during organogenesis followed by its disap-
pearance as functional differentiation occurs. In con-
trast, the AT, receptors expressed in mesenchymal
or epithelial components at the undifferentiated
stage continue to be expressed throughout differen-
tiation and their presence persists through to adult-
hood in Angll target tissues.

In humans, very few data are available concerning
expression of the RAS components in early fetal life.
Only the expression of renin?>2% and ACE?* have
been studied by immunohistochemistry in the devel-
oping kidney. The presence of Angll binding sites in
the late primate and one human fetus has been
reported.2®

The aim of the present study was to investigate the
expression of all the components of the RAS in early
human fetal development. To that end a systematic
study of the expression of Ago, renin, ACE, and AT,
and AT, receptors was carried out in human embryo
and fetal samples, starting at 3 weeks of gestation, a
period during which most organs undergo organo-
genesis. The expression of the RAS components
was detected either by in situ hybridization or by
immunohistochemistry. The observations demon-
strate the presence of the RAS early in development
supporting a role in organogenesis.

Materials and Methods

All techniques used in this study were previously
described.?® Only the outline of each of them and
specific details are given below.

Human Tissue

Human embryos were obtained from two different
sources. Twenty-two morphologically normal intact
embryos (3-6 weeks of gestational age) were ob-
tained after legal abortions by Mifepristone (RU486)
performed at the Hopital Broussais (Paris, France).
Written maternal consent was obtained after informa-
tion about the research project was given and the
abortion had been performed. INSERM and the eth-
ics committee were informed about the entire proce-
dure. Embryos were fixed in 4% paraformaldehyde
in phosphate buffered saline solution (PBS), micro-
dissected from the whole trophoblast, staged follow-
ing the Carnegie classification,?” dehydrated, and
embedded in paraplast before sectioning. A sum-
mary of the correspondence between gestational
ages and the stages of development is shown in
Table 1. For comparison, the equivalent ages in the
rat are also given. In addition, kidneys, adrenal
glands, hearts, and genital organs from 37 fetus from
spontaneous or induced abortions (8 to 39 weeks of
gestational age) were obtained from Hbépital Necker
(Paris, France). They were fixed in 10% formalin and
embedded in paraffin following a routine automated
process at the fetal pathology laboratory of Hopital
Necker. Sections were cut at 5-7 um and mounted
on silanated slides.



Table 1. Comparative Table of Human and Rat

Development
Rat age, days Human age, days Stages
10 20 9
10.5 21-22 10
10.5 23-24 11
10.5-11.5 25-27 12
11.5-12.5 28-30 13
12.5-13.0 30-35 14
13.0-14.0 35-37 15
14.0-14.5 37-42 16
14.5-15.0 42-44 17
15.0-16.0 44-48 18

Comparison of gestational ages of rat and human embryos.
The gestational age is defined as days after conception.

Stages of human development are according to the Carnegie
classification.?”

Cloning of Human AT, Receptor

The AT, receptor was recloned by RT-PCR from an
adult human adrenal gland using antisense and
sense primers corresponding to the previously pub-
lished sequence of the human AT,-receptor cDNA:
ATG.AAG.GGC.AAC.TCC.ACC.CTT.GCC (nucleo-
tides 1-24) and TTA.AGA.CAC.AAA.GGT.CTC-
.CAT.TTC (nucleotides 1069-1092).2® After reverse
transcription, the 1092-bp fragment containing the
entire coding sequence of the AT, receptor, was
amplified with 38 cycles of denaturation at 95°C, 1
minute; annealing at 62°C, 1 minute; and extension
at 72°C, 1 minute, followed by a 10-minute incuba-
tion at 72°C. This PCR product was subcloned into
the Xhol and Hindlll sites of the pcDNA3 plasmid (In
Vitrogen, San Diego, CA). The sequence of the insert
was checked using a Sequenase kit (US Biochemi-
cal, Cleveland, OH).

The other clones used were gifts from Dr. E.
Clauser (angiotensinogen cDNA,; ref. 29), Dr. F. Sou-
brier (renin cDNA, clone pGRh143°), and Dr. E. Da-
vies (AT,-receptor cDNA, clone BSh2A).

Riboprobe Transcription

Recombinant plasmids were linearized by the follow-
ing restriction enzymes to generate the antisense
and sense in situ hybridization probes, respectively,
that contain the AT, receptor with Hindlll and Xhol,
AT, receptor with Sall and Hindlll, renin with HinDII
and Sacl, and angiotensinogen with Hindlll and Xbal.
In vitro transcription was carried out in the presence
of 33S-UTP (Amersham, Les Ulis, France) with the
following RNA polymerases (Boehringer, Mannheim,
Germany) to generate the antisense and sense
probes, respectively: SP6 and T7 for angiotensino-
gen, T7 and SP6 for renin, T7 and T3 for AT, recep-
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tor, and T7 and SP6 for AT, receptor. Probes were
purified by ammonium acetate-ethanol precipitation
and dissolved in 100 ul TE-DTT (10 mM Tris, 1 mM
EDTA, 20 mM dithiothreitol). Starting from 100
pCi®®S-UTP and approximately 1 ug of cDNA, 80—
90% of all radiolabeled UTP was recovered in the
precipitate. The average transcription reaction
yielded 1-2 X 10° cpm/ul probe. Their length was
verified by electropheresis on a 1% agarose gel
followed by autoradiography on X-omat AR films
(Kodak). Before use the labeled probes were diluted
to 10-13 x 103 cpm/ul in a hybridization mixture
containing 50% formamide, 2X SSC (0.3 M NaCl,
0.03 M Na citrate), 1 mg/ml salmon sperm DNA, 10%
dextran sulfate, and 70 mM DTT.

In Situ Hybridization

The detailed protocol for in situ hybriduzation has
been recently published.?® Deparaffinized sections
were pretreated by boiling for 12 minutes in a citric
acid buffer in a microwave oven followed by diges-
tion for 20 minutes with proteinase K to enhance the
hybridization signal. /n situ hybridization was per-
formed by covering the sections with 30-50 pl di-
luted riboprobe in hybridization mixture (3-4 x 10°
cpm/section) and incubating overnight in a humid
chamber at 50°C. Slides were washed in solutions of
varying degrees of stringency (from 5X SSC with
50% formamide at 55°C to 0.01X SSC at room tem-
perature) and digested with RNase A (20 pg/ml;
Sigma, Saint-Quentin, France) to remove the unhy-
bridized single-stranded RNA. Macroscopic autora-
diographic pictures were obtained by apposition of
slides to a Biomax film (Kodak) for 1-3 days and
microscopic autoradiographic pictures were ob-
tained by dipping the same slides in NTB2 liquid
emulsion (Kodak). Exposure times varied from 1 to 8
weeks. Exposed slides were developed and fixed,
then stained with toluidin-blue. Examination was un-
der bright and dark field with a Leitz microscope.

Immunostaining

Slides were deparaffinized in toluol and rehydrated
in decreasing concentrations of ethanol. Sections
were prepared by incubation in 3% normal horse
serum for 15 minutes followed by the primary anti-
body specific for somatic ACE (Ciba |, ref. 31) di-
luted 1:300 (90-120 minutes). Antigen-antibody
complexes formed on the section were detected with
the ABC-peroxidase complex (Vector, Burlingame,
CA) and revealed with DAB-H,0,. Control sections
were incubated with a preimmune rabbit IgG and
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Figure 1. Localization by in situ hybridization of RAS components on whole body sections of buman embryos at stage 16 of gestation. Ago mRNA (A)
is expressed at high levels in the liver and mesonepbros. Renin-mRNA expression (B) is confined to the mesonepbros. AT -receptor mRNA (C) can be
detected in liver and mesonephros, whereas AT ,-receptor mRNA (D) is more widely distributed and can be detected in the mesonephbros, adrenal
gland, beart, sympathoganglionar chain, tongue, and several mesenchymal tissues. The labeling of the bead (A and C) is artifactual. Magnification:

X 4.

showed no specific staining. Slides were examined
under bright field with a Leitz microscope.

Results

As early as stage 16, RAS components could be
observed at a macroscopic level (Figure 1). Ago
mRNA was present in the liver in high amounts (Fig-
ure 1A). Renin was expressed in the mesonephros
(the vestigial embryonic kidney) (Figure 1B). ACE
mRNA could not be shown in the mesonephros at
this level of observation, but could be detected by
immunohistochemistry (see below). AT,-receptor
mRNA was expressed in the liver (Figure 1C) and
AT ,-receptor mRNA in the mesonephros, heart, ad-
renal gland, sympathetic ganglion chain, tongue,
and intervertebral mesenchyme (Figure 1D).

Mesonephros

The mesonephros is present in the fetus from stage
11 on. It is organized segmentally and formed of the
Wolffian duct, primitive glomeruli, and tubules. By
microscopical examination RAS components are ob-
served in the mesonephros and have a specific dis-
tribution. Ago was detected by stage 12-13 in the
proximal portion of the primitive tubules (Figure 2A).
Renin was expressed very strongly from stage 13 on
in capillaries within glomeruli (Figure 2B) as well as in
the wall of arteries in the interstitium and in arterioles
up to the aorta (not shown). ACE was detected by
immunohistochemistry at stage 14 in the apical
membrane of the mesonephric tubule cells (Figure
2C). The AT,-receptor mRNA was detected in glo-
meruli, probably in mesangial cells, beginning at

Figure 2. In situ hybridization and immunobistochemistry of RAS components on sections of human mesonephros at stage 15-16 of gestation. A: Ago
mRNA is confined to the epithelium of proximal tubules (arrow). B: Renin-expressing cells are located throughout the glomerular tuft in the
mesonepbros (arrows). C: ACE protein is localized by immunobistochemistry to the apical membrane of the epithelium of the Wolffian duct. D:
AT ,-receptor mRNA is expressed in distinct cells (@rrow) of mesonepbric glomeruli and also in cells of mature glomeruli in the metanephbros throughout
gestation. E: AT ,-receptor mRNA is confined to the undifferentiated mesenchyme (M) of the mesonephbros. G: glomerulus: M: mesenchyme; T: Tubule;

Wd: Wolffian duct; Scale bars: 20 wm. Stained with toluidine blue.



stage 12 (Figure 2D). The AT,-receptor mRNA was
the component to be expressed first (stage 11) and
was confined to the undifferentiated mesenchyme of
the mesonephros surrounding the preliminary tu-
bules and glomeruli (Figure 2E). The simultaneous
expression of the five RAS components could be
demonstrated at stage 14 in the mesonephros.

Metanephros

The metanephros arises as the ureter branches out
from the lowest segment of the Wolffian duct. The
ureter induces the mesenchyme to condense and
transform into the epithelial structures of the defini-
tive kidney, the comma and S-shaped bodies, the
precursors of glomeruli, and the proximal and distal
tubules. The collecting ducts are formed from the
final ureter branchings and their elongation.

The RAS components were distributed in the met-
anephros in a fashion similar to that in the mesone-
phros. Ago mRNA showed only a faint labeling mac-
roscopically and was expressed in proximal tubules
from 8 weeks of and throughout gestation (Figure 3,
A and a). The distribution of renin mRNA appeared
slightly different from that in the mesonephros as it
had become confined to the juxtaglomerular appa-
ratus at the vascular pole of the glomerulus and to
dispersed cells of arteries located next to glomeruli
(Figure 3, B and b). Immunoreactive ACE was de-
tected in proximal convoluted tubules and collecting
ducts in increasing amounts until birth (Figure 3e). A
hybridization signal for AT,-receptor mRNA was ob-
served in glomeruli, probably in mesangial cells, and
in proximal tubular epithelium (Figure 3, C and c¢),
which might explain the diffuse macroscopic image
noted at the microscopic level. Juxtaglomerular cells
expressed AT, mRNA as soon as they differentiated,
whereas vasa recta bundles did not express this
receptor at any stage of prenatal development. AT,-
receptor mMRNA expression was highest in the met-
anephros at 8 to 9 weeks of gestational age. It could
be detected in undifferentiated mesenchyme, sur-
rounding tubules and immature glomeruli (Figure 3,
D and d), and in a few cells at the vascular pole of
the glomerulus that resembled mesangial cells (not
shown). The AT,-receptor mMRNA signal in the meta-
nephros declined after 20 weeks of gestation but
remained detectable until birth.

Adrenal Gland

The adrenal gland plays an important role in the RAS
because Angll regulates the secretion of aldoste-
rone by the zona glomerulosa. The AT, receptor
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could be detected in the neocortex, which differen-
tiates into the zonae glomerulosa, fasciculata, and
reticularis around the time of birth, at 8 weeks (Figure
4A) and throughout gestation. The expression of the
AT, receptor starts earlier than the AT, receptor and
is detected in a mass of condensed cells above the
developing kidney in embryos at stage 16 (5-6
weeks). This condensation represents the fetal zone
(Figure 4B). At 7 weeks of gestation, sympathoblasts
of neural crest origin migrate into the fetal cortex as
condensed clusters that assemble and form the ad-
renal medulla. They are characterized as sympatho-
blasts by their immunoreactivity to an antityrosine
hydroxylase antibody (data not shown). These clus-
ters of medullary cells show no hybridization signal
for AT,-receptor mRNA (Figure 4C).

Heart

Renin mRNA could be detected in a few cells of the
embryonic heart (Figure 5, A and B). Expression
started at stage 12 and became more abundant
during the course of gestation, although the positive
cells always remained isolated and preferentially lo-
cated in the inner parts of the myocardium. ACE
protein was first detected at stage 14 in the inner
layer of the heart wall, corresponding to the myocar-
dium in adults, but not in cells destined to form the
endo- and pericardium (not shown). At the early
stages studied a weak hybridization signal for AT -
receptor mRNA was diffusely distributed over the
heart muscle (Figure 5, C and D, stage 15). AT,-
receptor mMRNA was detected earlier (stage 11-12)
and expressed at a higher level than the AT,-recep-
tor mRNA. The AT,-receptor mRNA was located in
the innermost layers of the myocardium (Figure 5, E
and F).

Liver

The liver is the site of production for Ago in the adult.
In the human embryo, hepatocytes show an ex-
tremely high level of Ago mRNA (Figure 6A) the
moment the hepatic buds form from the foregut ep-
ithelium (Figure 6B). At the same stage, but with a
lower level of expression, AT,-receptor mRNA can
be detected in the hepatocytes (Figure 6C). Neither
renin nor ACE, nor AT,-receptor expression could be
detected in the liver at any stage of development.

Extraembryonic Fetal Tissues

At stage 10, when neither the liver or kidney are
differentiated organs, expression of components of
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Figure 4. Distribution of AT, and AT, receptor mRNA in buman fetal adrenal gland. AT -receptor mRNA (A) is expressed in the neocortex (Nc) of
the fetal adrenal gland, whereas AT ,-receptor mRNA (B) is expressed in both the fetal zone (Fz) and neocortex. AT, mRNA could not be detected in
the medullary cells (C) which migrate in clusters (arrow) into the fetal zone of the adrenal gland. Scale bar: 40 um. Stained with toluidine blue.

the RAS can be detected in other locations in the
human fetus. The yolk sac, which is composed of two
layers, one of endodermal origin and the other me-
sodermal, expressed Ago mRNA in the inner
endodermal layer (Figure 7A) and the AT, receptor
in the outer mesodermal layer (Figure 7B). Both renin
and ACE were detected in the chorion. Although
renin MRNA was confined to isolated cells of the
chorionic mesenchyme (Figure 7C), ACE protein
was detected by immunohistochemistry in the epi-
thelium of the chorion (not shown). AT,-receptor
mRNA could not be detected in any of these struc-
tures.

Other Organs and Tissues

Ago and renin were located exclusively in the usual
sites of the RAS. Surprisingly, ACE, AT,, and AT,
receptors showed additional expression in a variety
of tissues not directly involved in blood pressure
control and water and salt metabolism. Immunostain-
ing for ACE protein was observed in the developing
nervous system and dermomyotome (stages 14-16,
not shown). AT, receptor could be visualized in gut
epithelium and parts of the developing brain. The
hybridization signal observed for AT, receptor was
the most widespread. Distinct cells, probably neural
crest cells based on their location, around the neural
groove and somites were labeled at stage 15-16 of
development. Later during development, the sympa-
thoganglionar chain showed a strong hybridization
signal for the AT, receptor. The thyroid, the subder-
mal layer of the buccal cavity, the anlage for the
palatine bones, and the tongue—all organs that con-
tain components of neural crest origin—were labeled
at stages 14-16. AT,-receptor expression was ob-

served in genital organs in mesenchymal cells sur-
rounding ductuli efferentes in testis and in mesen-
chyme at the hilus of the ovary at the earliest stages
studies (14 and 19 weeks, respectively). The AT,
receptor was expressed in a few cells surrounding
the developing lungs at stage 16, whereas AT, re-
ceptor could be clearly detected in mesenchymal
cells surrounding bronchi by 12 weeks gestational
age (not shown).

Discussion

Our study on the presence of all components of the
RAS in the human embryo from 3 weeks to 40 weeks
of gestational age extends the previous observations
in rodent fetuses to the humans. Expression of the
five major RAS components Ago, renin, ACE, and the
two Angll receptor subtypes, AT, and AT,, was as-
sessed in the human embryo by in situ hybridization
or immunohistochemistry, both macroscopically and
microscopically. These techniques detect mRNA or
protein with high sensitivity but can only demonstrate
the presence, not the function, of the gene products
at the different stages studied.

All components of the RAS were detected conco-
mittantly at stage 14 of human embryonic develop-
ment, i.e., when most tissues undergo organogene-
sis. Some components of the RAS were expressed
even earlier in embryonic or extraembryonic tissues
of the uteroplacental unit. Though Angll might be
provided by the mother, the presence of Angll re-
ceptors is a prerequisite condition for target cells to
respond to an Angll stimulus to allow a functional
role for Angll in fetal development. In this study we
demonstrate the early expression of the two Angll-

Figure 3. Localization of RAS components by in situ bybridization (A 10D and a tod) or immunobistochemistry (€) in the human fetal kidney. The
Ago bybridization signal is weak in the kidney cortex (A) and, at high magnification of a kidney section (a), the Ago mRNA appears to be restricted
to the proximal tubules (arrow). Renin expression is observed in the juxtaglomerular apparatuses (B andb, arrows). AT -receptor-mRNA expression
is detected in the kidney cortex (C), in cells of the glomerular tuft (¢, arrow), and in the proximal tubule. AT ,-receptor mRNA expression is also detected
in the neocortex of the adrenal gland (C). AT ,-receptor mRNA is most abundantly expressed at the corticomedullary junction (D) and can be assigned
to cortical (d) and medullary mesenchymes. ACE protein is detected by immunobistochemistry in the brush border of the proximal tubule (e, arrow).
G: glomerulus; M: mesenchyme; T: distal tubule. A, B, C, and D: X 5; scale bars, a, b, ¢, d, 10 um. a, b, ¢, and d: stained with toluidine blue.
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Figure 5. Localization of RAS components by in situ bybridization in the buman fetal beart (stage 16). Renin mRNA expression is restricted to a few
cells of the left ventricle (A). At bigher magnification (B) the labeling appears located in the innermost layers of cells lining the ventricular cavity.
Labeling with the AT, probe (C) is diffuse and dispersed over the whole thickness of the myocardial wall of left and right ventricles. A bigher
magnification (D) shows a weak and diffuse signal in all cells. AT,-receptor mRNA (E) in situ hybridization shows a strong labeling in the
subendocardial and innermost layers of the myocardial wall and trabecules. A bigher magnification (F) confirms the localization of the AT,-receptor
mRNA in the endothelial and subendotbelial layers of the beart wall. A, C, and E: dark field illumination; B, D, and F: bright field illumination;

Scale bars: A, C, and E, 100 um; B, D, and F, 20 um.

receptor subtypes, AT, and AT,, in different tissues
and organs of the human fetus, starting at stage 11
(3 weeks of gestation) and throughout fetal life. The
AT, receptor is predominantly expressed in the ma-
jor adult target organs for the RAS, including the
kidney, adrenal gland, heart, and liver. In contrast,
expression of the AT, receptor is restricted to the
mesenchymal component of developing organs

such as the kidney, adrenal gland, and heart, as well
as derivatives of neural crest tissues, and progres-
sively becomes undetectable as functional differen-
tiation proceeds. The AT, receptor was the first com-
ponent to be expressed in the embryo itself and was
located in the mesenchyme of the mesonephros. AT,
was expressed in a variety of tissues not classically
implicated in RAS functions that are, in part, deriva-
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Figure 6. Expression of Ago (A) and AT ,-receptor mRNA (C) by in situ bybridization in the first bepatocytes which differentiate in the liver of a stage
11 human embryo. A and C: dark field illumination; B: bright field illumination; Scale bar: 100 um; stained with toluidine blue.

tives of the neural crest. Another interesting obser-
vation was the presence of renin, ACE, AT,, and AT,
in the human fetal heart. Their different distribution
and developmental regulation is evocative of a role
for Angll in fetal cardiac growth as suggested by
studies on cultured cells."®

Organs expressing one, several, or all RAS com-
ponents were:

Mesonephros

A local RAS is present in the mesonephros as early
as stage 14. The expression of the RAS in this pre-
liminary excretory organ is of interest as similar
mechanisms are involved in meso- and metanephric
development. Furthermore remnants of the mesone-
phros form parts of the genital organs such as the-
ductus deferens, rete testis, and para- and
epioophoron of the ovary, and continue to express
Angll receptors later in life.

Metanephros

Renin could be detected in the fetal kidney in affer-
ent and efferent arterioles much further away from
the glomerulus than in the adult, where it is restricted
to the close vicinity of glomeruli. This may suggest a
lack of feedback control by Angll, because AT,-
receptor mRNA is not detected in renin producing

cells of the young fetus, contrary to what is observed
in the adult human (J.M. Gasc, unpublished obser-
vation) and rat.32 In the course of gestation, renin
expression becomes more and more restricted until
it is localized uniquely to the juxtaglomerular appa-
ratus. Interestingly, during renovascular hyperten-
sion fetal expression patterns of RAS are observed.
In the ischemic kidney, renin is found in the juxtaglo-
merular apparatus of the deep cortex, i.e., in a local-
ization observed before birth, whereas in the mature
kidney its expression is confined to the juxtaglomer-
ular apparatus of superficial glomeruli only. This
change might be explained by the similarity of the
fetal and the pathological ischemic state of the dis-
eased kidneys, as there is low oxygen tension in both
cases. ACE inhibition also leads to a recruitment of
renin-expressing cells along afferent arterioles in the
direction of interlobular arteries, a distribution that
bears striking resemblance to a more immature
state.'® A second important observation is the impli-
cation of the RAS in renal tubular dysgenesis.®® The
study of developmental phenomena may therefore
help to understand complex physiological and
pathophysiological mechanisms in the adult.

A role for the RAS in kidney development is
strongly supported by reports of homozygous dis-
ruption of the genes for Ago and ACE. Surviving Ago
—/— animals showed structural abnormalities of the
kidney: the renal cortex was thinned and there were

Figure 7. Detection of RAS components in the yolk sac (A and B), extra-embryonic mesoderm (B), and chorionic mesenchyme (C). In situ
hybridization shows bigh levels of expression of AgQo mRNA in the inner endodermic layer of the yolk sac (A, arrow) in contrast to the AT,-receptor
mRNA detected in the outer mesodermal layer (B, arrow). Isolated cells of the chorionic mesenchyme expressed renin mRNA (C, arrow). Bv: blood
vessel; E: endodermal layer of yolk sac; M: mesodermal layer of yolk sac. Scale bar: 30 um.
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focal areas of atrophy with crowding of glomeruli,
shrinkage of tubules, and chronic interstitial inflam-
mation and fibrosis. All these changes suggest a
lack of a growth stimulus. Renovascular changes
were also observed with mural hypercellularity and
narrowing of the lumen, especially of interlobular
arteries.”” These changes were more marked for the
Ago —/— than for the ACE —/— mice. In this regard
the few histological investigations of human fetal kid-
neys from pregnancies with ACE inhibitor use are of
great interest because they bear striking resemb-
lence to the above described changes.'?

Mice —/— for the AT,A-receptor gene are not af-
fected anatomically and only exhibit a substantial
reduction in blood pressure.3* It may be argued that
at least some of the effects of Angll in development
are mediated through the AT,g-receptor isoform,
which is expressed in some tissues that also express
AT, 5, including the zona glomerulosa of the adrenal
gland and the mesangial cells of glomeruli in the
kidney."®35 |t is possible that most effects of the
AT, s-receptor deficiency are prevented by compen-
sation through AT,g. Mice —/— for AT,g have not yet
been described, so mice lacking both receptor types
at the genetic level have not yet been studied. How-
ever, AT,-receptor antagonism of pregnant rat leads
to renal abnormalities, hypotension, reversible renal
failure and a differential expression of the RAS in the
neonates.3¢37 A high mortality rate among these rats
and in primate fetuses®® underlines the importance
of Angll for normal development. The reduction in
blood pressure observed in Ago, ACE, and AT,-
receptor —/— mice is again congruent with the pro-
longed hypotension reported in infants born to ACE-
inhibitor-treated mothers. Interestingly, mice —/— for
the AT, receptor gene show an increase in blood
pressure and increased sensitivity to the pressor
action of Angll, suggesting that effects of Angll
through its different receptor types could be indeed
opposite for the regulation of blood pressure and cell
proliferation.

Adrenal Gland

Angll might contribute to the expansion of the defin-
itive cortex, which continues to form and differentiate
after birth in humans, given that Angll has been
reported to have growth-promoting effects of Angllin
cultured adrenal zona glomerulosa cells.®>3° Angll
could also be important for the primary stimulation of
aldosterone production and release, a function that it
maintains later in life.“° In contrast to observations in
the rat fetus,?®2" the adrenal medulla of the human
fetus does not express AT -receptor mRNA. Further-

more, because cells around the neural tube that
might represent migrating neural crest cells are pos-
itive for AT,-receptor mRNA in the human but not in
the rat fetus. It therefore seems that expression of
AT, receptor occurs earlier in the differentiation of
neural crest cells in the human than in the rat fetus. In
addition, rat AT, receptor is known to be expressed
in PC12 cells, a rat pheochromocytoma cell line.
Human pheochromocytomas investigated were neg-
ative for AT,-receptor mRNA (unpublished observa-
tions of the authors), consistent with its absence in
the adrenal medulla of the human fetus. The function
of the AT, receptor in the neural crest and organs
derived from it remains unknown.

Heart

Ventricular hypertrophy develops in response to a
mechanical stretch of the heart wall, as occurs after
myocardial infarction. Angll has been shown to link
the mechanical stimulus to the resulting hypertro-
phy.' In addition, Angll produces hypertrophy of
fetal cardiomyocytes and hyperplasia of fibroblasts
in culture via the AT, receptor.2 A critical role for the
RAS during ventricular hypertrophy is further sup-
ported by reports describing the beneficial effects of
ACE inhibitors or Angll receptor antagonists in me-
diating the regression of ventricular hypertrophy.*
This appears to be a direct effect on growth because
it occurs even at concentrations that are ineffective
for lowering blood pressure.” The role(s) of Angll in
the pathogenesis of common and often fatal cardiac
diseases such as ventricular hypertrophy, myocar-
dial scarring,*? and dilative cardiomyopathy?®'+43.44
may result, at least in part, from reactivation of fetal
programs. A process similar to pathological hyper-
trophy is the rapid growth of pig hearts during the
first three days of life. The increase in heart weight
can be prevented by ACE inhibitors and AT, antag-
onists, demonstrating the importance of the RAS for
physiological and pathological growth of the heart.*®

Liver

Hepatocytes show a high expression level of Ago
and AT, mRNA as soon as they differentiate and
migrate out from the hepatic bud to form the liver
(stage 11-12). The human fetus is thus very early
capable of producing Ago at a very early stage and,
as the other components of the RAS are also
present, of generating Angll independently of the
mother. The Ago production might underlie a feed-
back control through Angll itself, because AT, is
expressed in the same cells that produce Ago.



Whether Angll plays a role in the differentiation of the
hepatocytes has not been investigated so far. The
expression of Ago or AT, mRNA could serve as an
early specific marker for differentiating hepatocytes.

Brain

The AT, receptor is known to be expressed in the
adult*® and fetal (J.M. Gasc, personal communica-
tion) rat brain. This expression is consistent with
observations in AT,-receptor-deficient mice that
have an impaired drinking response to water depri-
vation possibly related to the lack of AT, receptors in
brain regions implicated in thirst regulation such as
the paraventricular and supraoptic nuclei. Reduced
spontaneous movements and an attenuated explor-
atory behavior were also observed in the AT, —/—
mice and support a role for Angll in central nervous
system function.*”**® In addition, ACE protein could
be detected in the developing nervous system and
AT, receptor in parts of the developing brain. The
function of RAS components at these distinct sites
remains unknown.

Conclusions

In conclusion, the components of the RAS are
present at a very early stage of development in the
human fetus. Their distribution varies from that in the
adult with regard to the structures/organs that ex-
press the RAS components as well as the cellular
components within the same organ. An independent
fetal production of Angll might create a local func-
tional tissue RAS in addition to the systemic, circu-
lating RAS provided by the fetus and/or mother. It is
therefore of note that the other components of the
RAS are expressed at approximately the same ges-
tational age as the Angll receptors. If Angll, and its
receptors are present in the human fetus at a time
when organogenesis is taking place, it is conceiv-
able that Angll plays an important role in this pro-
cess.
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