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Abstract
Endothelin-1 (ET-1) is a potent vasoconstrictor peptide iso-
lated from porcine endothelial cells. Wehave previously dem-
onstrated widespread binding sites for ET-1 in blood vessels,
heart, kidney, adrenal, lung, and brain in a distribution that
paralleled that of endothelial cells. To determine whether
these cells are capable of synthesizing ET-1 in close proximity
to its binding sites, amplification of cDNAusing the polymer-
ase chain reaction and in situ hybridization were used to study
the distribution of ET-1 mRNA. Wehave found widespread
transcription of ET-1 mRNAin human and porcine tissues.
The identity of the transcripts was confirmed by prediction of
restriction fragment lengths or sequencing. In situ hybridiza-
tion in the kidney showed that the regional expression of these
transcripts is localized, probably to small blood vessels, but the
failure to visualize ET-1 mRNAin the capillaries may reflect
absence of expression or insufficient sensitivity of the tech-
nique. These results should permit investigation of the role of
ET-1 as a local factor in vascular pathophysiology. (J. Clin.
Invest. 1990. 85:1537-1541.) endothelin - expression * mRNA
* PCR* in situ hybridization

Introduction
Endothelin- 1 (ET- 1)' is a potent 21-amino acid vasoconstric-
tor peptide with mitogenic properties isolated from superna-
tants of cultured pig aortic endothelial cells ( 1-3). In the origi-
nal report by Yanagisawa and colleagues (1), ET- 1 mRNAwas
detectable by Northern analysis only in aortic endothelial cells,
but not in kidney, adrenal, right atrium, lung, or brain. This
appeared surprising as ET- 1 might be expected to have its
principal role as a locally released factor in small blood vessels
which are of much greater importance for the regulation of
vascular resistance than the aorta. Wehave recently reported
binding sites for ET- 1 in each of the above tissues in a distri-
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1. Abbreviations used in this paper: ET- 1, endothelin-1; HEC, human
umbilical vein endothelial cells; LV, left ventricle; PAo, pig aortic
endothelial scrapings; PCR, polymerase chain reaction; RV, right ven-
tricle.

bution paralleling that of endothelial cells stained with an
anti-Von Willebrand Factor antibody (4, 5). Therefore, we
examined whether ET- 1 mRNAis synthesized by endothelial
cells in these tissues from pig and manand whether endothelial
cells differ in their capacity to synthesize ET- 1 mRNA. Two
techniques more sensitive than Northern analysis were em-
ployed. The principal method used has been the combination
of reverse transcription of extracted RNAand subsequent en-
zymatic amplification by the powerful polymerase chain reac-
tion (PCR) technique of the cDNA thus formed (6). In the
kidney, we have sought to localize ET- 1 mRNAby in situ
hybridization (7) in order to exclude 'illegal transcription' (8,
9) as a source of positive cDNAamplification results.

Methods

Total RNAwas isolated by a modified guanidinium isothiocyanate
method (10) from: (a) pig aortic endothelial cell scrapings, (b) pig heart
(left atrium; right atrium; left ventricle [LV]; and right ventricle [RV]),
adrenals, and kidney (cortex, medulla), (c) human umbilical vein en-
dothelial cells (HEC) cultured as described previously (1 1), and (d)
human cardiac chambers (LV, RV) and lung from a 16-yr-old male
who received a heart-lung transplant for cystic fibrosis. cDNA was
generated using 10 Mg (HEC and aortic endothelial scrapings) or 60 Mig
(other tissues) of total RNAas template by incubating for 2 h at 37°C
20 ,ul reactions containing reverse transcription buffer (50 mMTris-
HCI pH 8.3, 10 mMMgCl2, 75 mMKCl, 10 mMdithiothreitol),
deoxynucleotides (2.5 mMeach), 10 pmol of a specific ET-l antisense
primer (pig primer: 5'-GTT ATGGGTCACTTT CTT ATC TCT
GTAGAGCTCGGC; human primer: 5'-GGT CACATAACGCTC
TCTGGAGGGCTT), or oligo-dT15 (BCL), 120 U human placental
ribonuclease inhibitor (Pharmacia Fine Chemicals, Piscataway, NJ), 4
gg nuclease-free BSA (BCL) and 30 U cloned murine Maloney leu-
kaemia virus reverse transcriptase (Pharmacia Fine Chemicals). The
products were diluted to 100 M1 with 10 mMTris-HCl pH 8.0, 1 mM
EDTAand heated to 93°C for 3 min. Then 5 MI of the diluted cDNA
were amplified using two specific ET- 1 primers (common forward
primer: 5'-TGC TCCTGCTCT TCCCTGATGGATAAA GAG
TGT GTC; backward primers as for reverse transcription) at a con-
centration of 1 MMand 3 U of cloned Taq polymerase (Amplitaq;
Perkin-Elmer Cetus, Emeryville, CA) as recommended by the enzyme
supplier. PCRwas performed for 60 cycles (93°C for 1 min, 60°C for
3.5 min; final extension 60'C for 30 min). The PCRproducts were
separated by agarose gel electrophoresis, blotted onto Hybond N
membrane (Amersham Corp., Arlington Heights, IL), and probed with
a 35S 5' end-labeled 2 1-mer oligonucleotide (5'-CCA GATGATGTC
CAGGTGGCA) specific for an ET- 1 cDNA sequence occurring
between the two primers used in the PCR. After stringent washing
(down to 20 mMNa+ at 37°C), the blots were dried and exposed to

autoradiography film. Control RNAswere pretreated with RNase-free
DNase (Pharmacia Fine Chemicals, 3 U, 30 min at 37°C) before
cDNA synthesis and PCR. The amplified products were subjected to

restriction fragment length analysis using the enzymes Pvu II and Hind
III (BCL and Amersham International, Amersham, UK, respectively)
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Figure 1. Amplification of ET- I cDNA from pig and human tissues. The products of PCRamplification of cDNAwere separated by agarose
gel electrophoresis and visualized with ethidium bromide. The specific 441- (pig) and 462-bp (human) bands derived from ET-I cDNAare
shown in a and b, respectively. In the samples from pig LA and adrenal and human RV, the bands are not clearly seen, but are detected by
Southern hybridization with the 2 1-mer 35S-labeled probe (arrows). Samples from pig tissues: PAo: aortic endothelial cell scrapings; PLA: left
atrium; PLV: left ventricle; PRA: right atrium; PRV: right ventricle; PAd: adrenal; PKC: kidney cortex; PKM: kidney medulla. HumancDNA
samples: HLV: left ventricle; HRV: right ventricle; HL: lung. The lanes marked I are a portion of a 1-kb DNAladder (Bethesda Research Lab-
oratories, Gaithersburg, MD) (size markers: 506, 396, 344, and 298 bp).

under the conditions recommended by the supplier. Confirmation that formed by a modification of the dideoxy chain termination procedure,
these controls ensured specificity was sought by sequencing of the in which Taq polymerase was substituted for Sequenase (12).
human PCR-amplified bands of cDNA. Direct sequencing was per- In order to determine whether ET- 1 transcription is localized

PKM PAo PKM PAo HLV

-4

DNase - +- + - +

RT - -+ + + + +

Figure 2. Effect of reverse transcription and pretreatment with DNase on ET- I cDNAamplification. PCRproducts from pig aortic endothelial
cell and renal medulla cDNAand human left ventricular cDNAwere separated by electrophoresis. Control RNAsamples were pretreated with
RNase-free DNase before reverse transcription and PCR. The presence of the specific ET- I amplification band (arrow) depends on the use of
reverse transcriptase, but is independent of pretreatment with DNase. PKM: Pig kidney medulla; HLV: human left ventricle. The 1-kb ladder
(Bethesda Research Laboratories) is included for size comparison.
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Figure 3. Restriction enzyme digestion of the ET- 1 amplification
band. The PCRproducts were digested with the restriction en-
zymes Hind III (a) and Pvu 11 (b). Agarose gel electrophoresis and
Southern hybridization with the 2 1-mer 35S-labeled probe reveal
that the 441-bp band derived from the pig samples is cleaved by
both enzymes at the positions predicted from the cDNAsequence

between the PCRprimers (Hind III, 298 and 143 bp; Pvu II, 327
and 1 14 bp). The human cDNAdoes not contain a restriction site
for Pvu II, but Hind III produces the expected cleavage products
(292 and 170 bp). Open arrows, parent bands; arrowheads, cleav-
age products of the sizes indicated; c, control undigested sample.

within a tissue, in situ hybridization was performed as previously de-
scribed (7). Briefly, 10 ,um frozen sections of pig and rat kidney were

thaw-mounted and dried onto gelatin-coated slides. The sections were

fixed in 4% formaldehyde solution in 50 mMphosphate buffered sa-

line (pH 7.5) and hybridized with a 36-mer 35S 5' end-labeled antisense
oligodeoxynucleotide probe complementary to the mRNAcoding for
ET- 11-12 (5'-GAC ACACTCTIT ATCCATCAGGGAAGAGCA
GGAGCA). As a negative control, adjacent sections were hybridized
with a 36-mer I'S 5'-labeled sense probe identical to the mRNAcoding
sequence for ET-A I-12-

Results

Amplification of cDNA with the PCRdemonstrated ET- 1

mRNAin all tissues examined (Fig. 1). After electrophoretic
separation, an amplification band of the predicted size (441 bp
for pig; 462 bp for human) was seen in all the samples studied
by autoradiography after Southern blotting and hybridization
with a 2 1-mer 35S-labeled oligonucleotide complementary to a

sequence within the cDNAbetween the primers, although in
some cases (e.g., pig adrenal and human RV) it was not visible
by ethidium fluorescence. Fig. 2 shows that the presence of this
predicted amplification band in pig kidney medulla and aortic
cell RNAand in human LV RNAsamples is dependent on the
use of reverse transcriptase, but is not affected by pretreatment
with DNase. The specificity of the amplification band was also
confirmed by: (a) analysis of restriction fragment sizes ob-
tained from the PCRproducts after cleavage with Hind III and
Pvu II (Fig. 3), and (b) direct sequencing of the human ampli-
fication band which showed that this was identical with the
published cDNAsequence (13).

Having established with reverse transcription PCRthat the
kidney contains ET- 1 mRNA,we used in situ hybridization to

study its localization in this organ since the kidney contains an
anatomically well-defined branching network of blood vessels,
and the glomeruli are also an obvious concentrate of endothe-
lial cells (5). In sections of pig kidney, in situ hybridization
using a 36-mer 35S-labeled ET- antisense oligonucleotide and
macroautoradiography demonstrates that probe hybridization
is discretely localized (Fig. 4 a). Adjacent control sections hy-
bridized with a labeled sense probe did not show any discrete
areas of binding (results not shown). As we had previously
shown that ET- 1 binding sites were absent in pig and human
glomeruli, but were distributed differently in the rat (5), we
also localized ET- 1 mRNAin the latter species. In the rat, the
pattern of hybridization was similar to that in the pig (Fig. 4 b).
Inasmuch as the whole organ can in this case be visualized on

the slide, the distribution of hybridization appears consistent
with probe-binding to arcuate and interlobular-sized vessels.

Discussion

These results demonstrate the expression of ET- 1 mRNAin
porcine aortic endothelial cells, all heart chambers, adrenals,
and kidney (cortex and medulla), as well as in human cardiac
ventricular tissue, lung, and cultured umbilical endothelial
cells.

Wehave validated the source of the PCRbands to exclude
spurious genomic DNAamplification. The minimum crite-
rion, applied in each case, was the demonstration of a require-
ment for initial reverse transcription before PCR. The full
confirmation, applied to the amplified ET- 1 cDNA from the
human samples, was to sequence these and demonstrate lack
of an intronic inclusion that would be present in genomic
DNA. When the above studies were first devised, only very
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Figure 4. In situ hybridization of ET-l mRNA
in pig and rat kidney. Macroscopic localiza-
tion of these ET-l transcription products was
obtained by in situ hybridization as previously
described (7). Sections of kidney were hybrid-
ized with a 36-mer 31S 5' end-labeled anti-
sense oligodeoxynucleotide probe complemen-
tary to the mRNAcoding for ET- 1-12 (5'-
GACACACTCTTT ATCCATCAGGGA
AGAGCAGGAGCA). The autoradiograms
obtained from pig (a) and rat (b) after in situ
hybridization show that probe hybridization is
concentrated in only some renal vessels (ar-
rowed).

limited data on the sequence of the endothelin gene were avail-
able (14); our PCRprimers were designed to span an intron,
but its full size was unknown. Bloch and colleagues (15) have
now published the sequence of the human ET- 1 gene which
shows that in the human genome the length of the intronic
DNAbetween the primers is at least several thousand base
pairs.

The previous negative report using Northern analysis and
the degree of amplification required in the present study to
detect the cDNA from ET- 1 mRNAsuggest that transcript
prevalence is low. In applications of PCRto the study of geno-
mic DNA, extreme care is necessary to avoid contamination.
As explained above, the application of the technique to cDNA
avoids much of the problem, because a positive requires
mRNAto be present in the original sample, and the chance of
contamination with 'stray' RNA, which is not itself amplified,
should be negligible (considerably less than the chance of los-
ing RNAthrough ubiquitous RNase activity). Having found
widespread mRNAexpression of ET- 1, we were therefore
concerned to exclude the possibility of 'illegitimate transcrip-
tion' in a small proportion of cells (8, 9). The in situ hybridiza-
tion studies in the kidney were intended to determine whether
the mRNAtranscripts of the ET- 1 gene are localized, inas-
much as several copies of mRNAper cell are required for a

positive result (7). The predicted site of localization was the
blood vessels. The distribution of probe binding reported here
is similar to that recently published (16). Confirmation in both
cases of the cellular site of expression will require microauto-
radiographic study, which is hindered by the small size of the
radioactive signal.

Endothelin has also now been found in the circulation
(17-20). Indeed, the rapid removal of ET- 1 from the plasma
(21) also argues for the presence of a tonically active synthetic
machinery if steady-state plasma levels are to be maintained.
The mRNAfor ET- 1 has itself been shown to have a short
half-life of - 15 min (22), so that the detection of occasional
'illegitimate transcription' would be even less likely than for
other mRNAmolecules.

cDNA for human ET-l has been prepared from placenta
(11), but here we have presented the first demonstration of
widespread ET-l mRNAexpression. Demonstration of
mRNAexpression does not prove that translation into mature
ET- 1 peptide necessarily occurs. Yet the technique of reverse
transcription PCRwith transcript sequencing may be consid-
ered a necessary step in proving local synthesis of ET- 1 be-
cause detection of low levels of immunoreactive ET-1 (23) is
less specific and there is no technique for amplifying extracted
peptide to the amounts required for confirmation of peptide
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sequence. Furthermore, the pseudoirreversible binding of
ET- 1 to its binding sites (24-26) will make it difficult to deter-
mine whether immunoreactive ET- 1 in a tissue was synthe-
sised locally, unless immunoreactivity is restricted to endothe-
lial cells.

The present data and the extensive network of ET- 1 bind-
ing sites and endothelial cells suggest that ET- 1 may exert local
vasoactive and mitogenic effects in vivo. This possibility ap-
pears important to establishing the pathophysiological roles of
ET- 1 because the circulating levels now being reported in
health and disease (17-20) are much lower than threshold
levels required to cause constriction of isolated blood vessels
(1, 4). Although microautoradiography will be required to de-
fine probe hybridization at the cellular level, the macroautora-
diographs suggest that ET- 1 mRNAexpression is limited to
only some presumed vascular sites in a healthy tissue and it
will be important to determine whether the pattern is altered in
disease.
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