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Abstract

To determine the organ distribution of production of the three
endothelin (ET) isopeptides, we have developed three ribonu-
clease protection assays specific for the messenger RNAs
(mRNAs) of rat ETs 1, 2, and 3.12 organs from adult Sprague-
Dawley rats were examined: heart, lung, liver, spleen, kidney,
stomach, small intestine, large intestine, testis, muscle, sali-
vary gland, and brain. The mRNAfor ET1 was five times more
abundant in the lung than in any other organ studied, moderate
expression was seen in the large intestine, and lower levels of
mRNAwere detected in each of the other organs examined.
ET2 was expressed at high level in both large and small intes-
tine and at low level in stomach, muscle, and heart, but ET2
mRNAcould not be detected elsewhere. ET3 mRNAwas found
in all organs, particularly in small intestine, lung, kidney, and
large intestine.

Because of reports suggesting that ETs might be involved in
the hypoperfusion and hypofiltration observed in postischemic
kidneys, we have also studied levels of mRNAin kidneys that
had previously been subjected to 25 or 45 min of clamping of
the renal pedicle. At 6 h after 45 min of ischemia, ET1 mRNA
increased to a peak of 421±69% (mean±SEM, n = 3) of that in
a standard renal RNApreparation. By contrast, ET3 mRNA
decreased in the postischemic organ, falling to a value of
19±2% of standard at the same time point. The effects of isch-
emia on ET1 and ET3 mRNAswere long-lasting, with eleva-
tion of ET1 and depression of ET3 persisting for days. ET2
mRNAremained undetectable throughout. These findings (a)
support a role for ET1 in postischemic renal vascular phenom-
ena and (b) demonstrate a situation in which the expression of
ET isoforms is clearly subject to differential regulation. (J.
Clin. Invest. 1992.90:1023-1031.) Key words: acute renal fail-
ure * gene expression * RNAase protection assay

Introduction

The endothelins (ETs)' are a family of three 21-amino acid
peptides that are both potent vasoconstrictors and have mito-
genic properties ( 1-3). The power of these effects suggests im-
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1. Abbreviation used in this paper: ET, endothelin.

portant physiological or pathophysiological action, but their
functions remain elusive. The concentrations of mature pep-
tides within the circulation are usually lower than those re-
ported to have biological activity (4). This, coupled with the
demonstration of similar localizations of ET mRNAand ET
binding sites in various organs (5), has led to the suggestion
that the ET system functions largely in an autocrine or para-
crine manner (5). Estimates of tissue concentrations of ET
have been reported (6-8). However, such studies suffer from
the problem that currently available radioimmunoassays are
not capable of distinguishing between ETs 1 and 2, which differ
by only two or three amino acids (depending on species).

Production of ETs appears to be regulated predominantly
through modulation of mRNAlevels ( 1 ). Thus it is likely that
measurement of such levels would reflect endothelin activity.
RNAase protection techniques have therefore been developed
which are capable of discerning between the mRNAsof each of
the three rat ETs. This method is considerably more sensitive
than Northern blotting and, because more than a single base-
pair mismatch between probe and template leads to failure of
hybridization (9), has the specificity to distinguish between
ETs 1, 2, and 3. The tissue distributions of the three endothelin
mRNAsare reported, as are the effects of unilateral renal isch-
emia on renal levels of mRNAsencoding for the three isopep-
tides.

Methods

Cloning offragments of the three rat ETgenes. A combination of PCR
and library screening techniques were used to clone genomic fragments
of the genes for rat ETs 1, 2, and 3. Further subcloning procedures
served to generate smaller fragments optimal for the production of
labeled antisense RNAtranscripts appropriate for use in RNAase pro-
tection assays. In each case these included the coding sequence for a
substantial fragment of the mature ET peptide, with adjacent 5' intron.

ET]. A two-stage polymerase chain reaction (PCR) technique was
used: this involved partially nested primers designed from human se-
quence information ( 10) and 1 ,g of rat genomic DNAas initial tem-
plate. The first stage (primers: sense GGCTTGCCAAGGAGCTCC,
oligo 1; antisense ACTCGGGAGTGTTGACCC,oligo 2) was con-
ducted in buffer containing 7-deaza-2-deoxy GTP 150 ,mol/liter and
dGTP50 Amol /liter, all other nucleotides being present at a concentra-
tion of 200 Mmol/ liter. After initial denaturation at 94'C for 4 min, 33
cycles were performed according to the schedule: 94°C 1 min, 60°C 1
min, 72°C 2 min. 10 ,l of product served as the template for the second
stage PCR reaction (primers: sense, oligo 1; antisense CAAAT-
GATGTCCAGGTGGCA,oligo 3) conducted in standard buffer (all
nucleotides 200 Mmol / liter) using the same temperature cycling param-
eters as for the first stage of the amplification. This yielded a 1.8-kb
product spanning the region between exons 1 and 2. By means of stan-
dard techniques a 600-bp fragment produced by digestion of this prod-
uct with Asp 718 was subcloned into the Asp7 18/Hind II sites of the
riboprobe vector pAM19 (Amersham International, Amersham, UK),
and an intronic Bgl II site 242 bp from the 3' end of the insert was used
to linearize the template. The partial DNAsequence given for rat ET I
(Fig. 1), determined by the dideoxy chain termination method (Se-
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Figure 1. Partial nucleotide sequences of the three rat
ET genes. Shown in outline script are the sequences

coding for the mature peptides ETs 1, 2, and 3.
*Those nucleotides in the mature peptide coding se-

quence of rat ETI that differ from human ET1: these
differences do not affect the predicted amino acid
sequence. The presence of a dot indicates that the
nucleotide present in ET2 or ET3 is the same as that
found in ET1. 'The 3' end of the riboprobe constructs.
Consensus splice site sequences are underlined: these
represent the probable 5' ends of the protected frag-
ments in the RNAase protection assays.

quenase, United States Biochemical Corp., Cleveland, OH), was ob-
tained from this fragment and was extended to include the entire cod-
ing region for the mature peptide by sequencing DNAsubsequently
isolated from - 106 plaques of a rat genomic library (X DASH, Strata-
gene, La Jolla, CA) by screening with the 600-bp Asp718 fragment
labeled with 32P by the random hexamer priming method according to
the manufacturer's instructions (Amersham International). The se-

quences were identical, excepting a single base change in the oligo 3
region, which does not alter the predicted amino acid sequence, and
confirmed the identity of rat ET1.

ET2. By using cDNA sequence information published for the rat
ET2 gene ( 11 ) a 140-bp product was produced from 1 Mug of rat geno-
mic DNAby PCR (primers: sense AAGGGCCAGGCAGCTGCT,
oligo 4; antisense, oligo 3) in standard buffer using 35 cycles of the
schedule: 94°C I min, 64°C 1 min, 72°C lO s. This product was used to
screen the rat genomic library. Two positive 10.5-kb clones were identi-
fied. The insert from one of these was excised using Sal I and subcloned
into Bluescript (Stratagene). Further subcloning procedures were used
to isolate a 22 1-bp Apa I/Pst I fragment in vector pSP72 (Promega
Corp., Madison, WI). Sequencing confirmed this fragment to be rat
ET2 (Fig. 1). A unique Bgl II site within the polylinker adjacent to the
5' end of the insert was used to linearize the riboprobe.

ET3. A two-stage PCRtechnique, similar to that used to clone the
rat ET 1 gene fragment, served to generate a short fragment of the hu-
man ET3 gene, which was then used to screen the rat genomic library.
The upstream primer (sense AGCCCTGGAAGCCCTGG,oligo 5)
was designed from sequence in exon 2 that was wholly conserved be-
tween humans and rabbits ( 12, 13). The first-stage reaction (primers:

sense, oligo 5; antisense, oligo 2) was conducted in 7-deaza-2-deoxy
GTP containing buffer and used 1 Mg of human genomic DNAas

template. After initial denaturation at 94°C for 4 min, 33 cycles were

performed according to the schedule: 94°C 1 min, 64°C 1 min, 72°C
10 s. 10 Ml of product was used as template for the second stage
(primers: sense, oligo 5; antisense, oligo 3) conducted in standard
buffer with the same cycling protocol. The expected 1 12-bp product
was obtained (it was not when rat genomic DNAwas used as template
for the first-stage reaction and subsequent analysis showed that the
oligo 5 sequence is not conserved in the rat). Screening of the library
using this product revealed three positive clones. A 10-kb Sal I/Bgl II
fragment of one of these was subcloned into pSP72 (Promega Corp.).
Sequencing confirmed this to be rat ET3 (Fig. 1), which was reduced
by further subcloning procedures to an 800-bp Pst I/Acc I fragment. A
unique BamHI site within the polylinker adjacent to the 5' end of the
intron was used to linearize the riboprobe.

Study of organ distribution. Experiments were performed on male
Sprague-Dawley rats weighing 250-320 g (n = 4). Immediately upon
induction of anesthesia (pentobarbital 60 mg/kg) the following organs
were swiftly removed: heart, lung, liver (- 1 g of right lateral lobe),
spleen, kidney, stomach, small intestine (- 5 cm of jejenum), large
intestine (from cecum to transverse colon), testis, muscle (- 1 g of
thigh muscle), salivary gland, and brain (supratentorial and infraten-
torial). To avoid the possibility of contamination of tissues containing
low levels of endothelin mRNAswith material from tissues containing
high levels, the surgical instruments were washed after removal of each
organ. The excised organs were weighed and each then immediately
was homogenized by homogenizer (Polytron, Brinkmann Instru-
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ments, Inc., Westbury, NY) operated at full power for 90 s in 20 ml of
guandinium thiocyanate to which had been added 10-50 ,g (depend-
ing on anticipated abundance of RNAin the organ homogenate) of
RNAderived from K562 cells (a human erythroleukemia cell line pro-
ducing abundant a-globin mRNA)to provide an estimate of efficiency
of mRNArecovery.

After homogenization, 0.5 g N-lauroylsarcosine and 3 ml of cesium
chloride (0.96 g/ml) were added to each 6.5-ml aliquot of homoge-
nate, the sarcosine was dissolved by vigorous vortexing, and the solu-
tion was layered on top of a 4-ml cesium chloride cushion. The samples
were centrifuged at 32,000 rpm at 20°C for 22 h in an ultracentrifuge
(Beckman Instruments Inc, Palo Alto, CA). After centrifugation, the
supernatant was removed, the RNApellet was dissolved in 350 ,l of 10
mMTris, pH 7.5, 1 mMEDTAbuffer with 0.2% SDS, and the RNA
was precipitated with the addition of 35 gl of 3 Msodium acetate, pH
5.5, and 2.5 vol of absolute alcohol. RNAsamples were stored at
-70°C before analysis.

Study of effects of renal ischemia. Experiments were performed on
male Sprague-Dawley rats weighing 250-320 g. Under anesthesia (pen-
tobarbital 60 mg/kg) the left kidney was exposed through a flank inci-
sion and the renal pedicle totally occluded for 25 or 45 min by the
application of an atraumatic vascular clamp. The clamp was then re-
moved and surgical repair effected. Both right and left kidneys were
removed 2, 6, and 24 h and 2 and 7 d later and RNAwas extracted as
described above (n = 3 each group).

RNAase protection assay. Continuously labeled antisense RNA
transcripts to ETs 1, 2, and 3 were generated by in vitro transcription
using SP6 polymerase (Amersham International) and [a-32P]GTP
(410 Ci/mmol, Amersham International). The same technique was
also used to produce a probe that protected a 97-bp fragment of human
a-globin mRNAusing a template construct extending from position
-102 in the a promoter to the BssH I site in exon 1 of the human
a-globin gene. Preliminary experiments revealed that the rat ET probes
did not protect any fragment of K562 RNAand the a globin probe did
not cross-react with rat RNA. To ensure equivalent specific activity all
hybridizations of samples run on a single gel were performed by using
probes made from the same batch of [a- 32P]GTP.

For analysis of mRNA,the precipitated total RNAwas dissolved in
an aliquot of hybridization buffer (80% formamide, 40 mMPipes, 400
mMsodium chloride, 1 mMEDTA, pH 8) and the RNAconcentra-
tion determined by absorbance measurements at 260 nmusing a DU-
62 spectrophotometer (Beckman Instruments, Inc.). The concentra-
tions were adjusted to yield 50-Ml samples containing 100 ,g of RNA,
except in the case of assay of ET I abundance in lung, where the quan-
tity of RNAwas reduced to 25 jig. Hybridization was performed over-
night at 600C with 5 x 105 cpm of the appropriate ET probe and 5
x I0 5 cpm of a-globin probe. RNAase digestion was then carried out at
37°C for 30 min, and terminated by the addition of 60 Ml of proteinase
K (1 mg/ml) with 3%SDSand further incubation at 37°C for 30 min.
Phenol-chloroform and then chloroform extractions were performed
and the RNAfragments precipitated with 2.5 vol of absolute alcohol.
The precipitated RNAwas subsequently dissolved in 5 ,d of 80% form-
amide running buffer, and the reaction mix electrophoresed on a dena-
turing 10% polyacrylamide gel.

After electrophoresis the gels were dried and subjected to autoradi-
ography at -70°C, after which the autoradiographs were aligned with
their corresponding gels and the protected ET and a-globin mRNA
bands excised. These were then counted using a flat-bed liquid scintilla-
tion counter (model 1205 Beta Plate, Pharmacia-Wallac OY, Turkey,
Finland) with a method which has been demonstrated to produce a
linear response across the range of activities assayed in these experi-
ments ( 14).

In the study of organ distribution the abundance of ET mRNAin
each organ was described as a percentage of the quantity determined in
a standard RNApreparation run simultaneously on the same gel. For
ET 1 and ET3 the standard preparation consisted of a mixture of RNA
from pooled rat lungs (containing large amounts of ET1 and ET3
mRNA) and K562 RNA (containing a large amount of a-globin

mRNA). For ETl four quantities of standard were loaded onto each
gel: (a) no RNA; (b) 5 ,g of lung, 0.5 Mg of K562 RNA; (c) 10 Mg of
lung, 1 ,ug of K562 RNA; (d) 20 Mg of lung, 2 Mg of K562 RNA. For
ET3 the standards were: (a) no RNA; (b) 25 Mg of lung, 0.5,Mg of K562
RNA; (c) 50Mgg of lung, 1,ug of K562 RNA; (d) 100,ug of lung, 2,ug of
K562 RNA. For ET2 the standard was a mixture of RNAfrom pooled
rat large intestine (containing a large amount of ET2 mRNA) and
K562 RNA. The standards loaded comprised: (a) no RNA; (b) 25 Mg
of large intestine, 0.5 Mgof K562 RNA; (c) 50g of large intestine, 1 Mg
of K562 RNA; (d) 100 Mg large intestine, 2 Mg K562 RNA. Linear
regression analyses were used to describe the relationships between
counts per minute of protected a-globin and ET bands and the
amounts of each standard loaded. The regression formulas obtained
were then used to derive estimates of the quantity of a-globin and ET
mRNApresent in each experimental sample. The efficiency of recov-
ery of mRNAin each sample was estimated from the percent recovery
of a-globin. The quantity of ET mRNAwas expressed as a percentage
of that found in the standard RNApreparations.

In the study of renal ischemia the abundance of ET mRNAwas
expressed in relation to that present in a preparation of RNA from
pooled rat kidneys. The standard RNApreparations comprised: (a) no
RNA; (b) 50,Mg of renal, 0.5 ug of K562 RNA; (c) 100 Mgof renal, 1 g
of K562 RNA; (d) 200 Mg of renal, 2 Mg of K562 RNA. The analysis
took the same form as that described for the study of organ distribu-
tion. Statistical comparison between each group of experimental kid-
neys and standard was made using an unpaired t test. A two-sided P
value of < 0.05 was taken as indicating significance.

Results

Partial nucleotide sequences of the genomic rat ET probes are
shown in Fig. 1. The 63 nucleotide segment encoding the 21
amino acids of the mature rat ET 1 peptide differs at five posi-
tions from its human counterpart, but these differences do not
affect the predicted amino acid sequence. The location of a
consensus splice site sequence (15) 154 bp from the 3' end of
the riboprobe predicts a protected fragment of the size ob-
served. The position of this consensus sequence is also the
point at which homology with human ET1 genomic sequence
(10) is lost. The rat ET2 probe contains 155 bp of exonic se-
quence identical to that reported by Bloch et al. ( 11). In this
region there is considerable homology with human ET2 cDNA
sequence ( 11). Adjacent is a consensus splice site sequence, 5'
to which homology with the human cDNA is lost. A protected
ET2 fragment of 155 bp was observed. The rat ET3 probe
contains sequence identical to that reported by Yanagisawa et
al. ( 16) and reveals a potential splice site 140 bp from the 3'
Acc I site. A protected fragment of this length was obtained.

To test the specificity of the ET probes (ET 1 vs. ET2 vs.
ET3), the three riboprobe vectors were each linearized by cleav-
age at a unique polylinker site at the 3' end of the ET insert.
Sense RNAtranscripts of genomic DNAencoding for each ET
isoform were then generated by in vitro transcription using T7
RNApolymerase (Boehringer Mannheim GmbH,Mannheim,
FRG). The reaction, performed under conditions recom-
mended by the manufacturer, was allowed to proceed for 30
min, after which DNAtemplate was removed by digestion with
DNAase I. RNAwas recovered by precipitation with sodium
acetate/alcohol and dissolved in hybridization buffer.
I / 1 0,000th of the total yield of each product was then hybrid-
ized and processed (in separate reactions) with each ET probe,
as described in Methods. Fig. 2 shows that there was no discer-
nable cross-reaction between the three ET probes and the three
ET sense RNAtranscripts. The ET 1 sense RNAtranscript con-
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Figure 2. Autoradiograph, after 12 h of exposure, of an RNAase pro-
tection assay to demonstrate the specificity of the ET probes. Sense
RNAtranscripts of genomic DNAencoding each isoform of ET were
hybridized with each probe (see Results). Full-length protection was
conferred after hybridization of probe with homologous sense RNA.
No protection was conferred, other than of very short fragments, by
heterologous RNA. Markers: Hpa II digest of pBR322-26, 160, and
622 base-pair fragments are indicated.

ferred full-length protection on the ETl probe (as expected),
but no protected bands (other than at < 26 bp in length) could
be seen using the ET2 or ET3 probes. In a similar manner, the
ET2 sense RNAtranscript protected the ET2 probe, but failed
to protect either the ETl or ET3 probes, and the ET3 sense
RNAtranscript protected the ET3 probe, but neither the ET I
nor ET2 probes. These findings strongly support the conten-
tion that the ET probes are highly specific for their own isoform
of ET.

Organ distribution ofthe three ETmRNAs. Fig. 3 shows the
organ distribution of mRNAfor ETl. Protected bands of the
expected length ( 154 bp) can be seen. These are most intense in
samples from lung and large intestine. Also seen are two other
protected fragments. The smaller, running at 97 bp, represents
hybridization of a-globin probe with a-globin mRNA. The

larger, running at 242 bp, is due to full-length hybridization
with probe ET I sequence. The probe itself is 272 bp, the addi-
tional 30 bp owing to the inclusion of polylinker. The band
representing full-length protection could be due to hybridiza-
tion of probe either with contaminating rat DNAor with un-
spliced RNAtranscript. However, a number of considerations
make it almost certain that the latter is correct. Firstly, the
intensity of the larger band is always proportional to the inten-
sity of the spliced mRNAprotected fragment. Secondly, prob-
ing of the same RNAsamples with the ET3 probe fails to show
any evidence of full-length protection (see Fig. 5 below). Table
I shows estimation of the efficiency of RNArecovery and
quantitation of ETl mRNAin each organ. It can be seen that
ET 1 mRNAwas much more abundant in the lung than else-
where. Variation in efficiency of RNArecovery from different
organs was small and unlikely to contribute significantly to the
large variations in ET 1 mRNAabundance observed.

Fig. 4 shows the organ distribution of mRNAfor ET2. The
picture is clearly distinct from that of ET1. High levels of ex-
pression were obtained in both large and small intestine. Lower
levels of expression (apparent on an autoradiograph exposed
for 5 d) were seen in heart, muscle, and stomach. Protected
bands representing a-globin mRNAand full-length protection
of the ET2 probe by unspliced RNAare also seen. Table I
shows quantitation of ET2 mRNAin those organs where ex-
pression was detected. No attempt was made to quantify ET2
mRNAin organs in which an autoradiograph exposed for 5 d
failed to show a visible protected band.

Fig. 5 shows the organ distribution of mRNAfor ET3. The
pattern is different from that of either ET I or ET2, the highest
level of expression being seen in small intestine. Between the
protected band running at 140 bp, compatible with the length
of protected ET3 fragment predicted from the sequence data,
and the a-globin protected band, there are a number of other
bands. The nature of these bands is uncertain. They were a
constant feature of the ET3 protection assay and always pres-
ent in proportion to the intensity of the 140-bp band. They
may represent the formation of secondary structure in the
RNAor reflect alternative splicing of the mRNA;indeed two
consensus splice site sequences can be seen close together in the
sequence data (Fig. 1). For the purposes of quantitation only
the 140-bp band was excised from the gel. Table I shows that
the level of expression of ET3 mRNAin different tissues was
more evenly distributed than that of ETl, where the relative
abundance of mRNAin lung was approximately five times
greater than that in any other organ studied, or ET2, where
levels of expression in the large and small intestines greatly
exceeded those demonstrated elsewhere.

Effect of renal ischemia on ETgene expression. The total
amount of RNArecovered from the postischemic and the con-
tralateral control kidneys was not significantly different-total
organ RNA: control 1.54±0.06 mg, postischemic 1.54±0.07
mg, postischemic minus control 0.00±0.06 mg(n = 30). Effi-
ciency of a-globin mRNArecovery was also similar in the two
groups: control 54±4%, postischemic 51±4%, control minus
postischemic 3±3%. Figs. 6 and 7 illustrate the effects of a
45-min period of renal ischemia on the abundance of ET I and
ET3 mRNAover the following 7 d. ET2 was not expressed in
the control kidney and did not become evident at any time
after ischemia. Table II shows quantitation, relative to the
pooled kidney standard, of ET1 and ET3 mRNAin control
and postischemic organs after both 25- and 45-min periods of
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Figure 3. Autoradiograph, after 16 h of exposure, of an RNAase protection assay of ET 1 mRNAin various rat organs. A total of 100 zg of RNA
was used in each hybridization reaction, except in the case of lung where 25 qg was used. Lane 1: marker, Hpa II digest of pBR322. Lane 2:
ET I probe. Lane 3: a globin probe. Lane 4: hybridization without RNA. Lanes SI -S3: standards containing 5, 10, and 20 'qg of pooled rat lung
RNAand 0.5, 1, and 2 ,g of K562 (human erythroleukemia cell line) RNA. The ETl and a-globin-protected fragments are indicated. Com-
parison of ET I mRNAin each sample with that in the standards was used for quantitation (see Methods). Comparison of a globin mRNAwith
that in the standards was used to estimate the efficiency of RNArecovery in each sample (see Methods).

renal ischemia. The level of ET1 mRNArose in the postisch-
emic kidney. 2 h after relief of both 25- and 45-min periods of
ischemia, the abundance had increased to over twice that in the
pooled rat kidney standard, and 6 h after the longer insult the
level had risen to 421±69% of standard. The effect was long-

Table I. Organ Distribution of mRNAsfor ETs 1, 2, and 3

Percentage
Percentage of pooled rat lung of ET2 in

RNA pooled rat
recovery ETI ET3 large intestine

Heart 54±5 2.8±1.2 3.2±2.4 4.3±0.8
Lung 58±5 102.8±29.4 105.3±8.8 NQ
Liver 52±4 0.7±0.3 2.9± 1.3 NQ
Spleen 51±5 1.1±0.4 4.9±1.9 NQ
Kidney 52±5 2.4±0.4 61.6±6.3 NQ
Stomach 51±5 7.0±0.8 46.8±10.4 2.6±0.9
Small intestine 60±4 2.8±0.6 159.8±27.9 65.4±14.8
Large intestine 63±5 21.7±3.6 63.8±6.6 140.3±33.6
Testis 51±5 2.0±0.5 7.7±1.6 NQ
Muscle 46±5 1.3±0.6 12.6±2.3 5.9±0.5
Salivary gland 50±6 0.9±0.4 35.8±6.8 NQ
Brain 57±5 3.6±0.5 53.5±3.5 NQ

Efficiency of RNArecovery calculated from recovery of a-globin
mRNAas described in Methods. Abundance of ET mRNAin each
organ expressed as a percentage of that found in pooled rat lung (ETs
1 and 3) or pooled rat large intestine (ET2) as described in Methods.
Values expressed as means±SEM(efficiency of recovery, n = 12 esti-
mations in each group; ET mRNAabundance, n = 4 in each group).
NQ, not quantifiable.

lasting, with elevated values seen throughout the 7-d postisch-
emic period. At no time point was ET 1 mRNAin the contralat-
eral control organ significantly different from that in the stan-
dard preparation. By contrast, the level of ET3 mRNAfell in
the postischemic kidney. At 2 h the abundance had halved in
both the 25- and 45-min groups, and at 6 h the level in the
45-min ischemic group had dropped to 19±2% of standard. As
with ET the effect of ischemia was persistent: reduced values
of ET3 mRNAwere seen in the postischemic organ throughout
the period of observation. At no time after 25 min of ischemia
was ET3 mRNAin the contralateral control organ significantly
different from that in the standard preparation. However, at 2
and 6 h after 45 min of ischemia, it was significantly reduced,
but this effect did not persist at 24 h and was not evident there-
after.

Discussion

This study demonstrates the expression of ETs 1, 2, and 3 in a

variety of adult rat tissues. The organ distribution of mRNAs
encoding each of the three isopeptides was distinct. ET1

mRNAwas particularly abundant in the lung and moderately
expressed in large intestine, and lower levels were detectable in
all organs examined. ET2 was expressed at a high level in both
large and small intestine; low levels were observed in stomach,
muscle, and heart; but ET2 mRNAcould not be detected in the
other organs studied. Expression of ET3 could be demon-
strated in all organs, the abundance of mRNAbeing more

evenly distributed than that of ET l.
A number of techniques have previously been used to de-

termine the production of ETs in various organs. These com-

prise estimates of tissue ET-like immunoreactivity (6-8),
Northern blotting ( 1, 2, 5, 11, 12, 16), in situ hybridization (5,
17), and polymerase chain reaction ( 18).
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The studies of ET-like immunoreactivity report the pres-
ence of immunoreactive material in all organs examined, with
the exception of adrenal glands and colon (8), and with particu-
larly high levels in renal medulla and lung (6). However, all of
these studies suffer from the disadvantage that the antibodies
used were incapable of distinguishing between the three ET
isoforms.

The Northern blotting studies have produced a variety of
conflicting results. Yanagisawa et al. ( 1 ) could not detect ET I
mRNAin brain, atrium, lung, or kidney. Inoue et al. (2) used
probes for human ETs 1, 2, and 3 and examined a range of
surgically obtained human tissues. No expression could be de-
tected in any organ examined (frontal cortex, atrium, kidney,
liver, spleen, stomach, placenta, testis, ovary, and uterus). By
contrast, Bloch et al. ( 1 1, 12) detected low level expression of
ET 1 in fetal human lung, spleen, pancreas, atrium, and ventri-
cle (but not in kidney or liver); ET2 in fetal human kidney;
and ET3 in fetal human lung, spleen, pancreas, and kidney
(but not in atrium, ventricles, or liver). MacCumber et al. (5)
were able to detect ET1 and ET3 mRNAin some adult rat
tissues: ET1 was expressed in lung and intestine (but not in eye,
liver, kidney, right atrium, or cerebellum); ET3 was expressed
in eye, kidney, lung, and cerebellum (but not in intestine, liver,
or right atrium). Saida et al. ( 17) reported expression of ET2 in
mouse intestine, but not in other murine tissues (brain, kidney,
lung, liver, spleen, and stomach).

The reasons for the variable results obtained with Northern

blotting have not been adequately explained. It has been sug-
gested that differences may be attributable to developmental
modulation of ET gene expression ( 12). Variation between
species may also be important. A further possibility is that the
differences may reflect the relative insensitivity of the Northern
blotting technique, with levels of tissue expression of ET
mRNAsbeing either below or close to the limit of detection. In
comparison, the RNAase protection assay, which detected
widespread expression of the ETs, is more robust to the minor
degrees of RNAdegradation that are inevitable in the prepara-
tion of RNAfrom whole organs and is a great deal more sensi-
tive. For example, mRNAfor erythropoietin is at the limit of
detection by Northern blotting of samples from normal unstim-
ulated kidney, yet it is readily apparent by RNAase protection
(19). The suggestion that failure to detect tissue expression of
ET mRNAsby Northern blotting might be due to the combina-
tion of relative insensitivity of technique and relatively low
levels of transcript is supported by the findings of Nunez et al.
( 18 ). By using a polymerase chain reaction-based method re-

quiring 60 cycles of amplification, they were able to detect the
presence of ETI sequence in cDNAfrom all pig tissues (aortic
endothelial cell scrapings, each heart chamber, adrenal, and
kidney) and all human tissues (each cardiac ventricle and
lung) examined.

Three considerations mean that the ETs are plausible con-

tenders for a role in the pathogenesis of acute renal failure: in
particular regarding the persistent microcirculatory vasocon-
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striction that follows renal ischemia. The first is their ability to
induce relatively long-lasting renal vasoconstriction and de-
pression of filtration rate when infused intravenously (20),
into the renal artery (21 ), or into the isolated kidney (22). The

Table IL Effect of Ischemia on Renal Expression of ETs I and 3

Percentage of pooled rat kidney standard

ETI ETI ET3 ET3
control ischemic control ischemic

Time after 25 min
of ischemia

2 h 109±17 220±16* 74±7 53±6*
6 h 82±5 199±62 100±13 52±6*

24 h 86±9 125±18 76±10 53±6*
2 d 94±11 180±48 88±7 36±5*
7 d 102±5 135±22 100±9 84±10

Time after 45 min
of ischemia

2 h 79±17 263±39* 48±4* 43+4*
6 h 115±5 421±69* 63±5* 19±2*

24 h 96±13 129±28 92±17 40±6*
2 d 117±7 171±17* 85±9 56±9*
7 d 84±12 212±35 101±15 47±9*

Quantitation of ETs 1 and 3 in postischemic and contralateral control
kidneys at various time points after the release of a unilateral renal
artery clamp that had been applied for 25 or 45 min. Abundance of
ET is expressed as a percentage of that found in a pooled rat kidney
standard preparation as described in Methods. Values expressed as
means±SEM(n = 3 each group). * Significantly different from stan-
dard (100%) at P <0.05.

Figure 7. Autoradiograph,
after 48 h of exposure, of an

RNAase protection assay of
ET3 mRNAin kidneys (both
postischemic and contralat-
eral control) at varying time
points after a 45-min period
of temporary renal ischemia.

w A total of 100 gg of RNA
was used in each hybridiza-
tion reaction. Lanes 1, 3, and

w 4: as Fig. 3. Lane 2: ET3
probe. Lanes SJ-S3: as in
Fig. 6. The ET3 and a-glo-
bin-protected fragments are

indicated. For details of
quantitation, see Fig. 3 and
Methods.

second is evidence that infusion of anti-ET antibodies amelio-
rates the functional and histological changes resulting from a

period of bilateral renal ischemia (23). The third is the dra-
matic observations of Kon et al. (24), who studied animals 48
h after a 25-min period of renal ischemia and found that anti-
ET antibody infused into one of the branches of the main renal
artery attenuated the vasoconstriction characteristic of post-
ischemic nephrons within the area infused. This led the authors
to suggest that ET released locally from damaged endothelium
might play an important role in the pathogenesis of the hypo-
perfusion and hypofiltration that is observed in this situation.

To pursue this possibility, and in particular to determine
which isoform of ET might be responsible, we examined the
changes in renal expression of the three ET genes at varying
times after a 25- or 45-min period of unilateral renal ischemia.
The observations in the postischemic kidney were clearcut: of
the three mRNAs, that for ETl increased substantially after
ischemia, that for ET3 decreased, and that for ET2-not detect-
able in normal renal tissue by the RNAase protection tech-
nique used-remained undetectable. The findings support the
possibility of a role for ET in postischemic renal vasoconstric-
tion and make it unlikely that ET2 is involved. The reduction
in ET3 mRNAis hard to interpret; it being difficult to imagine
how a fall in ET3 expression could lead to vasoconstriction.
However, two possibilities, (a) that ET3 has novel renal vaso-

dilator actions or (b) that ET3 acts as a partial agonist for renal
ET receptors, could be argued to support a role for the reduc-
tion of ET3 mRNAin the generation of renal vasoconstriction,
but there is no evidence to support either of these contentions.
The observation of transient depression of ET3 mRNAin the
control organ after 45 min of ischemia was unexpected. It
would seem, however, to have been a genuine phenomenon-
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restricted among the ETs to ET3-in that parallel depression
of ETI mRNAwas not observed.

The response to renal ischemia demonstrates, for the first
time, a situation in which the expression of ET isoforms is
clearly regulated in a differential manner: ET1 mRNAin-
creased in the postischemic organ, while ET3 mRNAsimulta-
neously decreased; ET3 mRNAfell transiently in the control
kidney, whereas ETI mRNAwas unaffected. These findings
indicate that ET isoforms are subject to control by distinct
regulatory mechanisms they mean that the ETs cannot be con-
sidered in a manner that assumes that each isoform behaves in
a similar way, and that an inducer or repressor of one will
necessarily act likewise upon another. They also imply for im-
munoassays that cross-react between ETs that an observation
of unchanged ET immunoreactivity does not exclude the possi-
bility of important changes in ET gene expression, with induc-
tion of one isoform offset by repression of another.

A final point worthy of note is the longevity of the postisch-
emic changes in expression of the ET genes. The mRNAfor
human ETI is extremely labile, with an apparent intracellular
half-life of - 15 min (25). If the same is true of rat ET 1, which
would be consistent with the large proportion of primary tran-
scripts observed, then this must imply that the increased levels
of ETI mRNApersistently observed after a short-lived period
of renal ischemia are due to continuing induction of gene ex-
pression. The cause of such induction is not addressed by the
present study, but postischemic entry of calcium maybe a possi-
bility, inasmuch as calcium entry has been reported to induce
the expression of ETI (1).

In summary, by using RNAase protection assays specific
for each of the ET isoforms, we have demonstrated three dis-
tinct patterns of organ distribution of gene expression. Wehave
also demonstrated a potential for differential regulation of the
ET genes, with renal ETI mRNAincreasing and ET3 mRNA
decreasing after a temporary period of renal ischemia.
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