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Enhanced expression of endothelin-1 and endothelinconverting enzyme-1 in acute hypoxic rat aorta
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Summary. Deeply anesthetized male Wistar rats were
perfused by Hanks’ balanced salt solution bubbled with
either 95%air and 5%CO2 (normoxic group) or 95%N2
and 5%CO 2 (hypoxic group) from the thoracic aorta for
30 min, and the isolated abdominal aortae from both
groups were used for electron microscopy,
immunocytochemistry of endothelin (ET)-1 and ETconverting enzyme (ECE)-1, and in situ hybridization of
p r e p r o E T-1 mRNA. A remarkable increase in the
number of Weibel-Palade (WP) bodies, storage sites of
ET-1 and ECE-1, occurred in the hypoxic group when
compared to the normoxic group. Immunoreactivities for
ET-1 and ECE-1, and signals for preproET-1 mRNA
were seen along the endothelia of both groups, but the
intensities were significantly elevated in the hypoxic
group. The increase in the number of ECE-1
immunoreactive gold particles was noticed especially in
WP bodies in the hypoxic group. These findings indicate
the enhancement of preproET-1 synthesis in the aortic
endothelial cells as well as the acceleration of ET- 1
processing in increased WP bodies in such cells in an
experimentally hypoxic condition of the rat aortae.
key words: Endothelin-1, Endothelin-converting

enzyme-1, Hypoxia, Weibel-Palade body, Rat aorta
Introduction

Since Rubanyi and Vanhoutte (1985) first proposed
the involvement of endothelium-derived contracting
factors (EDCFs) in vasocontraction of the coronary
artery under hypoxic condition, the nature of EDCFs has
been much of debate. Yanagisawa et al. (1988) first
isolated endothelin (ET)-1 from supernatants of the
cultured porcine endothelial cells and suggested that this
potent vasocontractive peptide is responsible for
mediating hypoxic vasocontraction. Successive
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biochemical and pharmacological studies confirmed that
hypoxia induces the enhancement of ET-1 release from
endothelial cells in vitro (Hieda et al., 1990) and in vivo
(Rakugi et al., 1990) in vessels. Subsequently,
Kourembanas et al. (1991) described that gene
expressions of preproET-1 were elevated in the cultured
human umbilical vein endothelial cells under an acute
hypoxic condition. Furthermore, Pape et al. (1997)
suggested the involvement of this peptide in
vasocontraction of the rat aortic rings under acute
hypoxia. However, this event has not been confirmed by
ultrastructural and immunocytochemical approaches
using this vessel in vivo.
Based upon sequence analysis of cDNA for ET-1,
Yanagisawa et al. (1988) and Opgenorth et al. (1992)
described that the convergence of big ET-1, an
intermediate form between preproET-1 and mature ET-1,
is performed by ET-converting enzymes (ECEs), which
are membrane-bound proteins consisting of ECE-1 and
ECE-2. By immunoelectron microscopy using cultured
endothelial cells from the human umbilical vein and
coronary artery, Russell et al. (1998b) reported that
ECE-1 is localized in Weibel-Palade (WP) bodies.
Furthermore, these inclusions are a storage site of ET-1
in endothelial cells of a variety of vessels (Sakamoto et
al., 1993; Doi et al., 1996; Russell et al., 1998a;
Kayashima et al., 1999; Kiyonaga et al., 2001). On this
basis, it is reasonable to assume that WP bodies are sites
for ET-1 processing and ET-1 release in a manner of
regulated pathway.
WP bodies are segregated from the trans-Golgi
network and include variety of vasoactive substances
such as histamine (Kagawa and Fujimoto, 1987; Ueda et
al., 1992; Doi et al., 1995), and calcitonin gene-related
peptide (CGRP) (Ozaka et al., 1997; Doi et al., 2001) in
addition to ET-1. Dynamic changes in frequency of WP
bodies under a variety of physiological and pathological
vascular conditions were already observed. Meyrick and
Reid (1978) and Sakamoto et al. (1993) demonstrated
that chronic hypoxia induces an increase in the number
of WP bodies in the rat pulmonary artery and in the
rabbit umbilical vein, respectively. However, these
events have not been confirmed in acute hypoxic
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conditions.
On these grounds, the present experiments were
focused on numerical changes of WP bodies, on
expressions of preproET-1 mRNA, and on
immunoreactivities for ET-1 and ECE-1 in acute hypoxic
rat aortae. The purpose of this study is to throw lights on
the roles of WP bodies as storage and processing sites of
E T-1 in the aortic vasocontraction under an
experimentally-induced acute hypoxic condition.
Materials and Methods
Animals

Male adult Wistar rats weighing 280±20g were used
for the present study. As for the care and use of the
animals utilized for this study, the authors followed the
Guiding Principles for the Care and Use of Animals
approved by the University of Occupational and
Environmental Health in accordance with the principles
of the declaration of Helsinki (1983). Animals were
deeply anesthetized with an intraperitoneal injection of 5
mg pentobarbital per 100 g body weight and perfused
from the left ventricle with heparinized Hanks’ balanced
salt solution (HBSS) for 5 min at 37 °C. A Te f l o n
catheter (QUIK-CATH 18G; Travenol, Deerfield, IL,
USA) was then inserted into the thoracic aorta and
ligated into place. Animals were perfused with normoxic
(95%air, 5%CO2) or hypoxic (95%N2, 5%CO2) HBSS
from the catheter for 30 min at a constant flow rate of
4.0 ml/min using a peristaltic pump (Masterflex; ColeP a r m e r, Chicago, IL, USA), and provided for the
following experiments.
Tissue preparation for electron microscopy

For conventional transmission electron microscopy,
both normoxic perfused rats (normoxic group: 10 rats)
and hypoxic perfused ones (hypoxic group: 10 rats) were
successively perfused from the catheter with a mixture
of 2.0% paraformaldehyde (PFA) and 2.5%
glutaraldehyde (GA) in 0.1% phosphate buffer for 5 min
at 4 °C. The abdominal aortae above the left renal artery
branch were isolated from both groups and then
immersed in the same fixative for 2 h at 4 °C, postfixed
in 1% osmium tetroxide in the same buffer for 2 h at
4 °C, dehydrated in a graded concentration of acetone
series, and embedded in epoxy resin. Ultrathin sections
were made on an MT-X ultramicrotome (Ve n t a n a
Medical Systems, Tucson, AZ, USA), stained with 5%
uranyl acetate and lead citrate, and examined in a JEM
1210 transmission electron microscope.
Tissue preparation for light microscopy

For detection of immunoreactivities for ET-1 and
ECE-1 and signals for preproET-1 mRNA, animals of
both groups (10 rats each) were perfused from the
catheter with 4.0% PFA in 0.1% phosphate buffer for 5

min at 4 °C. The abdominal aortae were isolated from
both groups and then immersed in the same fixative for
72 h at 4 °C, dehydrated in a graded concentration of
ethanol series, and embedded in paraffin (Merck,
Darmstadt, Germany).
Polyclonal antiserum against rat ECE-1

Rat ECE-1 antiserum was raised in rabbits against a
synthetic peptide corresponding to amino acid sequence
461-474 (Shimada et al., 1994) of rat ECE-1 coupled to
keyhole limpet hemocyanin (Sigma, St. Louis, MO). The
antiserum was screened by ELISA and purified using an
a ffinity column. To determine specificity of the
antiserum, Western blotting was performed using the rat
lung membrane fractions.
Light microscopic immunocytochemistry

Paraffin-embedded sections of approximately 5 µm
thickness were deparaffinized, rinsed briefly in 0.1M
phosphate-buffered saline (PBS), digested with 0.4%
pepsin in distilled water containing 0.01N HCL for 40
min, treated with 0.3% H 2O2 in absolute methanol to
block the endogenous peroxidase activity, and
thoroughly washed in 0.1M PBS. Sections were
incubated with normal goat serum for 15 min followed
by incubation in a humid chamber with the mouse antiET-1 monoclonal antibody against the c-terminal of ET-1
(clone number, 8H10; Yamasa, Chiba, Japan), which is
detectable for ET-1 only, at a concentration of 10 µg/ml
in PBS, or the rabbit anti-rat ECE-1 antiserum at a
concentration of 2 µg/ml in PBS for 16 h at 4 °C,
respectively. Specificity of the anti-ECE-1 antiserum
was confirmed by the preabsorption test with the
synthetic peptide corresponding to amino acid sequence
461-474 of rat ECE-1. After rinsing in 0.1M PBS,
sections were immunostained using the indirect
immunoperoxidase method (Histfine Simple Stain PO
Kit, Nichirei, Tokyo, Japan), and the peroxidase
complex was visualized by treatment with a freshly
prepared tetrahydrochloride diaminobenzidine (DAB;
0.1 mg/ml) solution with 0.01% H2O2 for 5 min.
Immunoelectron microscopy

For immunoelectron microscopy, animals were
perfused from the catheter with periodate-lysine-PFA
(PLP; Mclean and Nakane, 1974) for 5 min at 4 °C. The
aortae were isolated from both groups (5 rats each) and
then immersed in the same fixative for 6 h at 4 °C,
dehydrated in a graded concentration of ethanol series,
and embedded in epoxy resin. After non-specific
bindings were blocked with 1% bovine serum albumin
(BSA) in 0.1M PBS, ultrathin sections of gold
interference colors made on the ultramicrotome were
immunolabeled with the anti-rat ECE-1 antiserum at a
concentration of 1 µg/ml in PBS for 4 h at room
temperature. Sections were washed in 0.1M PBS,
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blocked in 1% BSA in 0.1M PBS for 20 min, incubated
with the goat anti-rabbit IgG-coated 15 nm colloidal
gold (Ultra Biosols, Liverpool, UK) with a dilution of
1:100 in 0.1% BSA in 0.1M PBS for 1 h at room
temperature, and rinsed in 0.1M PBS. Specificity of the
above immunostainings was confirmed by substituting
the primary antibodies for the normal rabbit sera or PBS.
In situ hybridization for preproET-1 mRNA

The template cDNA for PCR was synthesized from
poly (A) + RNA of normal rat liver according to the
procedure described by Kudo et al. (1999).
Oligonucleotides for rat preproET-1 cDNA synthesis and
PCR amplification were performed according to the
method described by Fukushige et al. (2000).
Digoxigenin (DIG)-labeled antisense and sense RNA
probes were prepared with SP6 RNA polymerase using a
DIG RNA labeling kit (Boehringer Mannheim,
Mannheim, Germany) according to instructions provided
by the manufacturer.
To detect preproET-1 mRNA, tissue sections
adjacent to those used for the above immunocytochemical stainings for both ET-1 and ECE-1 were
stained with DIG-labeled cRNA probe in situ
hybridization technique as described by Kudo et al.
(1999). To visualize the signals for preproET-1 mRNA,
sections were immunoreacted with the peroxidaseconjugated sheep IgG-F(ab')2fragment to DIG
(Boehringer Mannheim, Mannheim, Germany). After
rinsed with TNT buffer containing 0.1M T r i s - H C l
(pH7.5), 0.15M NaCl, and 0.05% Tween 20, the
peroxidase immunoreactivities were amplified with a
TSA-Indirected ISH kit (New England Nuclear, Boston,
MA, USA). Sections were followed by treatment with
freshly prepared DAB (0.5 mg/ml) solution with 0.01%
H2O2 for 10 min.
To assess specificity of in situ hybridization signals,
two negative control procedures were performed. First,
RNA was digested in randomly selected sections by
preincubation with the above RNase A buffer. Second,
the digoxigenin-labeled sense RNA probes were
hybridized in parallel to the antisense RNA probes in all
cases.
Semiquantification of ET-1 and ECE-1 immunoreactivity
and preproET-1 signal

To quantify immunoreactivities for ET-1 and ECE-1
and signals of preproET-1 mRNA along the abdominal
aortic endothelia, the following procedures were carried
out using four randomly-chosen rats from the normoxic
and the hypoxic groups: The total length of each
endothelium was divided into several areas of the same
extension, and the immunoreactive intensities and
signals obtained from five randomly-chosen areas were
measured using a microscope (BX50, Olympus, Tokyo,
Japan) equipped with a Polaroid Digital camera (Nippon
Polaroid, Tokyo, Japan) and NIH image analysis

software (version 1.61).
Quantitative evaluation of Weibel-Palade body

Quantitative analyses on the number and total area
of WP bodies per 100 µm 2 endothelial cells area were
carried out with an image-analysing device (Nikon
Cosmosone 1S, Tokyo, Japan), using twenty electron
micrographs of the abdominal aortae from normoxic and
hypoxic groups at a final magnification of x40,000 each.
The number of WP bodies per each endothelial cell was
counted directly in the electron micrographs, and the
areas of each endothelial cell and the total areas
occupied by WP bodies per each endothelial cell were
measured. For stastical comparisons between data from
the normoxic and hypoxic groups, Student’s t-test for
unpaired comparisons were used.
Quantitative analysis of immunoreactive gold particles for
ECE-1

Quantitative analyses on the number of ECE-1
immunoreactive gold particles on WP bodies as well as
on cytosol near the endothelial cell membrane per 1.0
µm 2 endothelial area were carried out with the imageanalysing device using randomly selected
immunoelectron micrographs from the normoxic and
hypoxic groups (6 micrographs each).
Results
Electron microscopy

Endothelial cells of the abdominal aortae in the
normoxic group contained a considerable number of WP
bodies, and the perfusion with normoxic HBSS from the
catheter did not result in any significant ultrastructural
changes, such as swelling and degranulation of these
inclusions (Fig. 1).
On the other hands, the remarkable increase in the
number of WP bodies occurred in endothelial cells of the
hypoxic group (Fig. 2). Immature forms of WP bodies
often existed near the Golgi apparatus (Fig. 3). A
considerable number of WP bodies under g o i n g
degranulation (Fig. 4A) or aggregating near the apical
endothelial cell membrane (Fig. 4B) were seen in the
endothelial cells of the hypoxic group.
Concentration of WP bodies

The quantitative data are shown in Figure 5: The
number (Fig. 5A) and the total area (Fig. 5B) of WP
bodies per 100 µm 2 endothelial cell area significantly
increased in the hypoxic group when compared to those
in the normoxic group.
Light microscopic immunocytochemistry

Immunoreactivities for ET-1 in the normoxic (Fig.
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6A) and the hypoxic (Fig. 6B) groups were localized
along the endothelia, but the staining intensity appeared
to be more pronounced in the hypoxic group.
Immunoreactivities for ECE-1 in both groups were also
localized along the endothelia showing the enhanced
intensities in the hypoxic group (Figs. 7A,B).
Immunoelectron microscopy

By immunoelectron microscopy using the postembedding method, ECE-1 immunoreactive gold
particles in the normoxic group were preferentially
localized in WP bodies and along the endothelial cell
membrane (Fig. 8A). The gold particles in WP bodies
much increased in the number in the hypoxic group
when compared to those in the normoxic group (Fig.
8B).
Few or no immunoreactivities were seen in the
endothelial cells when the primary antibody was
replaced for PBS (Fig. 8C).
Quantitative analysis of immunoreactive gold particles

The number of ECE-1 immunoreactive gold
particles on WP bodies per 1.0 µm 2 endothelial area
significantly increased in the hypoxic group when
compared to that in the normoxic group (Fig. 9A), while

there existed no significant differences between both
groups in number of the gold particles on the cytosol
near the endothelial cell membrane (Fig. 9B).
In situ hybridization

PreproET-1 mRNA signals were detectable from the
endothelium of both normoxic and hypoxic groups (Figs.
10A,C). However, the signal intensities appeared to be
more pronounced in the hypoxic group (Fig. 10C).
Hybridization using sense probe in adjacent sections
showed no detectable signals from the aortae of both
groups (Fig. 10B,D).
Figure 11 demonstrates semiquantitative data of
immunoreactivities for ET-1 and ECE-1 and signals for
preproET-1 mRNA in five randomly selected areas of
each endothelium from both the normoxic and hypoxic
groups (4 rats each). As shown in this figure,
immunoreactivities for ET-1 (Fig. 11A) and ECE-1 (Fig.
11B), and signals for preproET-1 mRNA (Fig. 11C) were
significantly elevated in the hypoxic group when
compared to those in the control group, respectively.
Discussion

In the short-termed hypoxic rat aorta, the remarkable
increase in the number of WP bodies occurred in

Fig. 1. An endothe lial cell (EC) of
abdominal aorta in the normoxic group
contains a considerable number of WP
bodies (arrows). Bar: 1 µm.

Fig. 2. A remarkable increase in the
number of WP bodies (arrows) occurs in an
endothelial cell (EC) of the hypoxic group.
Bar: 1 µm.
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Fig. 3 Segregation of immature forms of WP bodies (arrows) is seen in
proximity of the Golgi apparatus (GA) in an endothelial cell (EC) of the
hypoxic group. Bar: 500 nm.

Fig. 5. Quantification of concentrations of WP bodies in endothelial
cells. Number (A) and total area (B) of WP bodies (WP) per 100 µm2
endothelial cell (EC) area significantly increase in the hypoxic group
(hypo) when compared to those in the normoxic group (normo). Bars:
mean±SD. *: p<0.01.

Fig. 4. Some WP bodies undergo degranulation (WP in A) and
aggregate near the apical cell membrane (WP in B) in endothelial cells
(ECs) of the hypoxic group. Bars: 500 nm.

Fig. 6. Immunoreactivity for ET-1 in abdominal aorta of the normoxic (A)
and hypoxic (B) groups. The immunoreactivity is preferentially localized
along the endothelia (e) in both groups, but immunoreactive intensity is
much elevated in the hypoxic group (B) when compared to that of the
normoxic group (A). Bars: 10 µm.
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endothelial cells by active segregation in the Golgi
apparatus. In addition, the degranulation and aggregation
of these inclusions to the endothelial cell membrane was
frequently encountered. It has been already reported that
certain physiological conditions such as chronic hypoxia
(Meyrick and Reid, 1978; Kagawa and Fujimoto, 1987),
heavy metal intoxication (Yoshizuka et al., 1990; Doi et
al., 1996) and administration of LH-RH agonist
(Hamasaki et al., 1995) induce a transient increase in the
number of WP bodies. Since the first description of WP
bodies (Weibel and Palade, 1964), successive studies
revealed that WP bodies are a storage site for a variety
of bioactive substances such as von Willebrand factor
(Ewenstein et al., 1987; Kagawa and Fujimoto, 1987), pselectin (McEver et al., 1987; Bonfanti et al., 1989), ET1 (Sakamoto et al., 1993; Doi et al., 1996; Kayashima et
al., 1999), nitric oxide synthase (Fukuda et al., 1995),
and CGRP (Ozaka et al., 1997; Doi et al., 2001).
According to Sakamoto et al. (1993), Doi et al. (1996)
and Kayashima et al. (1999), WP bodies are involved in
the extracellular release of ET-1 from endothelial cells in
a manner of regulated pathway. Recently, Russell et al.
(1998b) revealed the localization of ECE-1, which
converts big ET-1 to ET-1, in WP bodies of the cultured
human umbilical vein by immunoelectron microscopy,
implying that WP bodies are a processing site of ET-1 in
endothelial cells.
In the present immunocytochemistry, it was revealed
that acute hypoxia induces enhanced immunoreactivities
for ET-1 and ECE-1 in the abdominal aortic
endothelium. Our immunoelectron micrographs
indicated that the localization of ECE-1 immunoreactive

Fig. 7. Immunoreactivity for ECE-1 in abdominal aorta of the normoxic
( A ) and hypoxic ( B ) groups. The immunoreactivity is preferentially
localized along the endothelia (e) in both groups, but immunoreactive
intensity is much elevated in the hypoxic group (B) when compared to
that of the normoxic group (A). Bars: 10 µm.

gold particles in WP bodies much more increased in the
number in the hypoxic group when compared to the
normoxic group. Since the ET-1 antibody used in the
present immunocytochemistry does not detect big ET-1,
it is apparent that enhanced immunoreactivity for ET-1
does not reflect that for big ET-1. Taking the aboves into
consideration, it is reasonable to assume that ET- 1
processing and release are enhanced in WP bodies,
which increased in the number in an acute hypoxic
condition.

Fig. 8. Immunoreactive gold particles for ECE-1 localize in WP bodies
as well as in cytosol near the cell membrane (arrows) of an endothelial
cell (EC) in the normoxic group (A). Increase in the number of the
immunoreactive gold particles is noticed in WP bodies but is not in
cytosol near the cell membrane (arrows) of an endothelial cell (EC) in
the hypoxic group (B). Few or no immunoreactive gold particles are
seen when the primary antibody is replaced by PBS in an endothelial
cell (EC) of the hypoxic group (C). Bars: 200 nm.
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We also demonstrated that immunoreactivities for
ET-1 and signals for preproET-1 mRNA were enhanced
in the acute hypoxic endothelium. This may imply the

enhancement of ET-1 synthesis as well as processing of
this peptide in WP bodies. This assumption argues for
the previous biochemical data indicating the elevation of
ET-1 concentrations in the perfusate obtained from the
hypoxic rat mesenteric arteries (Rakugi et al., 1990), as
well as in the medium obtained from cultured human
umbilical vein endothelial cells (HUVEC) exposed to
hypoxia (Hieda et al., 1990). Furthermore, elevated
expressions of preproET-1 mRNA from the cultured
HUVEC exposed to hypoxia were assayed using
Northern Blotting (Kourembanas et al., 1991). Our
immunocytochemistry and in situ hybridization also
argue for the above data. Since a recent paper suggested
that gene expressions of preproET-1 and ECE-1 are
independently regulated (Corder and Barker, 1999),
further studies are necessary to elucidate whether
expressions of ECE-1 mRNA are elevated in a hypoxic
condition.
In conclusion, WP bodies, which increased in the
number in endothelial cells of the acute hypoxic aorta,
are involved in the enhancement of ET-1 processing and
release, and this phenomenon leads to the ET-1-mediated
vasocontration.

Fig. 9. Quantification of number of immunoreactive gold particles for ECE-1.
Number of the gold particles on WP bodies per 1.0 µm2 endothelial area (A)
significantly increase in the hypoxic (hypo) group when compared to that in
the normoxic (normo) group (A). On the other hands, number of the gold
particles on the cytosol near the endothelial cell membrane (B) shows no
significant differences between the normoxic (normo) and the hypoxic
(hypo) groups (B). Bars: mean±SD. *: p<0.01.

Fig. 10. PreproET-1 mRNA signals are detectable from the endothelia (e) of normoxic (A) and hypoxic (C) groups, respectively. However, the signal
intensity much increases in the hypoxic group (C). Hybridization using sense probes in adjacent sections shows no detectable signals from the
normoxic (B) and the hypoxic (D) groups. Bars: 10 µm.
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Fig. 11. Semi-quantification of immunoreactive intensity for ET-1 (A)
and ECE-1 (B), and signal intensity for preproET-1 mRNA (C). Both
immunoreactive and signal intensities are significantly elevated in the
hypoxic (hypo) group when compared to those in the normoxic (normo)
group. Bars: mean±SD. *: p<0.01.
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