N. Kato et al. | Atherosclerosis 163 (2002) 279-286 281

Table 1
Characteristics of the study populations and association analysis of the G664A polymorphism in relation to cerebral infarction

First panel Second panel

Silent brain  Controls

infarction

Cases Controls Symptomatic sub-

cortical infarction

No. of subjects (M/F) 270 (127/143) 359 (170/189) 74 (51/23) 104 (62/42) 163 (97/66)
Age (years) 69.5+7.8 68.6+6.4 65.8410.7% 69.4+98% 57.0+7.9
Hypertension (%o) 60 57 g2* 69* 18
Diabetes (%) 22% 13 28* 12 11
Hypercholesterolemia (%) 57 59 34 52% 37
Smoking (%) 38 34 41 39 34
Genotype distribution for the G664A  Total cases (Subjects with

polymorphism subcortical infarction)

GIG 230 (85%) (104 (85%)) 298 (83%) 64 (86%) 88 (85%) 127 (78%)
GIA 37 (14%) (16 (13%)) 58 (16%) 10 (14%) 14 (13%) 35 (21%)
AJA 3 (1%) (3 (2%)) 3 (1%) 0 (0%) 2 (2%) 1(1%)
Frequency of 664A allele 8.0% (8.9%) 8.9% 6.8% 8.7% 11.3%

In the original report by Rubattu et al. [8], the 664A allele was assumed to confer an increased risk for stroke. First and second panels were collected
independently, according to classification criteria previously described in detail [10,11]. Cases in the first panel comprised patients with focal
neurological symptoms due to cerebral infarction and excluded those with intracerebral or subarachnoid hemorrhage or those with cardiovascular
complications, such as atrial fibrillation, vasculitis and a history of cardiac surgery. Controls in the first panel were ascertained from the same area
with the frequencies of age and sex being matched. In the second panel, all subjects were evaluated by MRI; 104 subjects with silent brain infarction
and 163 with cerebral infarctions (control group) were selected from people undergoing a health screening examination, while 74 patients with
symptomatic subcortical infarction were also included in the study. Classification criteria for confounding factors were as follows: Hypertension was
defined by either (1) BP measurements exceeded systolic BP = 160 mmHg and/or diastolic BP =95 mmHg on two consecutive visits for untreated
subjects or (2) chronic antihypertensive treatment of patients. Diabetes mellitus was defined by either (1) fasting plasma glucose concentration = 7.7
mmol/l and/or a diabetic pattern was observed after an oral glucose challenge or (2) those under chronic treatment with oral hypoglycemic agents or
insulin. Hypercholesterolemia was defined by either (1) serum cholesterol levels = 5.70mmol/]l for those untreated or (2) patients receiving

cholesterol-lowering drugs.
* P <0.05 versus controls by 7-test of x *-test.

664A

664G

Fig. 1. A G664A polymorphism used for genotyping in the case-
control analysis. After MS-PCR, the products were electrophoresed in
6% polyacrylamide/7 M urea gels and transferred to nylon membranes.
The membranes were then hybridized with a **P-labeled primer and
subjected to autoradiography.

and SHRSP as a whole hereafter. Ten SHR substrains
derived from three colonies were used for DNA analysis
in the present study. These included: three SHRSP (A,.
sb. A3 and Ay4) and four SHRSR (B,, B,, CH and CL)
substrains from a colony kept at Kyoto University,
Kyoto, Japan (SHRSP/Izm and SHRSR/Izm), SHRSP
and SHRSR from the Max Delbruck Center for
Molecular Medicine in  Berlin-Buch, Germany
(SHRSP/Heidelberg and SHRSR/Heidelberg) and
SHRSR from the Genetic Resource Section, the Na-
tional Institute of Health, Bethesda (SHRSR/NIH). The

WKY rat from a colony kept at our institution (WKY/
Izm) was used as a normotensive control strain. The
genealogy of SHR substrains was described elsewhere
[2,3,15,16]. Briefly, selective breeding was originally
made for stroke-proneness to separate SHRSP from
the A4 subline of SHR during F,4,s generations (in
1971), by which time three distinct sublines of SHR (the
A-C sublines) had been maintained in Kyoto. Stroke-
resistant SHR, SHRSR, was thereafter derived from the
B and C sublines and seven substrains of SHR (three
SHRSP and four SHRSR substrains) have been kept at
our institution, all direct descendants of the original
colony. SHRSR/NIH was separated from a Japanese
colony as early as F;3 generation and established as an
inbred strain at the NIH. SHRSP/Heidelberg was
separated from the As substrain of SHRSP/Izm at Faq
generation (in 1975), but we do not know the details of
the origin of SHRSR/Heidelberg. Two SHR substrains
of a Japanese colony, descendants of SHRSP (A3) and
SHRSR (B;), were further investigated in the gene
expression study. For this purpose, animals were fed
on a regular rat chow diet and sacrificed under
pentobarbital anesthesia at 13 weeks of age. All
procedures were in accordance with institutional guide-
lines,
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2.4. Sequence comparison of rat ANP among substrains
of SHRSP and SHRSR and WKY/Izm

Genomic ANP fragments, 2170-bp in size, were
sequenced and compared among seven SHR substrains
of a Japanese colony and WKY/Izm. Additionally, a
408-bp fragment spanning from intron 1 to intron 2 was
sequenced for SHRSP/Heidelberg, SHRSR/Heidelberg,
and SHRSR/NIH. Five overlapping sets of PCR
primers were designed to cover a 625-bp 5'-untranslated
region (UTR), three exons and two introns and a 591-bp
3'UTR in the rat ANP gene (Fig. 2). After PCR
amplification, the products were gel-purified and sub-
jected to cycle-sequencing according to the manufac-
turer’s protocol (Dye-Terminator Cycle sequencing kit)
on an ABI 377 DNA sequencer (Applied Biosystems).
Information of the PCR primers can be obtained from
the authors upon request.

2.5. Substrain comparison of marker alleles on rat
chromosome 5

In the region which was assumed to encompass QTLs
for ‘stroke-associated” phenotypes on rat chromosome 5
[5,6], we examined allele distribution patterns of micro-
satellite markers among ten substrains of SHR and
WKY/Tzm. Substrain comparison was made by scoring
42 markers, where the allele size of PCR products was
determined in base pair on an ABI 377 DNA Sequencer
(Applied Biosystems).

A genetic linkage map of the relevant chromosomal
region was constructed by genotyping all informative
markers on 110 male F, rats involving the Az substrain
of SHRSP/Izm and WKY/Izm to complete our con-
sensus map. Genotyping and linkage mapping were
performed as previously described [17].

As for the ANP locus, to differentiate base substitu-
tions identified in intron 2 of the gene, a set of MS-PCR
primers were newly designed as follows:

FP, 5'-AGGATCTGAGCCACGAGCAC-3¥
RP-WKY, 5-TCCCACCAGCCACAGTCTIG-3"

Genomic structure of rat ANP
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RP-SP, 5-CCAGTGACCAAGTCTTAGCCACCAGC
CACAGTCCA-3

where deliberate differences and base substitutions are
underlined [18].

2.6. Gene expression studies

Total RNA was extracted from the whole brain of
SHRSP/Izm and SHRSR/Izm for Northern blotting. A
semi-quantitative PCR assay was also performed using
the full-length cDNAs synthesized from reverse-tran-
scribed mRNA of the brain. The PCR primers were:
S5TCTGATGGATTTCAAGAACCTG3 (forward)
and 5TCAATCCTACCCC-CGAAGCAG3?’ (reverse),
where a forward primer was designed to be located on
separate exons (exons 1 and 2) in order to eliminate
PCR amplification from contaminating genomic DNA.
PCR was terminated during the exponential phase and
the products were electrophoresed on a 2% agarose gel.
Quantitative analysis was performed by densitometric
scanning on an Alphalmager 2000 (Alpha Innotech) and
normalized by GAPDH levels.

3. Results
3.1. Association of G664A4 with human stroke

Table 1 shows baseline characteristics in our study
panels. Apart from the status of diabetes mellitus, five
variables—sex, age, and the status of hypertension,
hypercholesterolemia and smoking—were comparable
between case and control groups in the first panel. On
the other hand, some variables were not comparable
among three groups in the second panel, which was
inevitable due to the consecutive enrollment scheme.
Genotype characterization of the G664A polymorphism
was performed by MS-PCR (Fig. 1) and no significant
association was seen between case and control groups in
either of panels. The results were almost unchanged
when each study group was stratified by the presence or
absence of hypertension and when confounding factors
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were adjusted by a multivariate analysis (data not
shown). Restricting to patients with subcortical infarc-
tion did not influence the results for association. While
no significant association was observed between C-664G
and T1766C and stroke status, rarer allele frequencies
did not exceed 3% in the Japanese population for either
of two polymorphisms. This precluded haplotype ana-
lysis (data not shown). The prevalence of tested poly-
morphisms in each study group was consistent with
Hardy—-Weinberg equilibrium.

3.2. Sequence analysis of rat ANP

A total of 21 base-substitution polymorphisms were
identified by direct sequencing of the rat ANP gene (Fig.
2). While six polymorphisms were located in exons, only
a G-to-A substitution at position 485 from the CAP site
(which was previously numbered as 1125 according to
the deposited sequences, K02062 and K02063) [7]
resulted in an amino acid change, Gly-to-Ser, at residue
100 of prepro-ANP. In a region of 625-bp upstream of
the CAP site, we found three polymorphisms: G-to-T at
position —463, C-to-T at position —8&8, and C-to-T at
position 86. Here, a G-to-T substitution at position —
463 was localized on the putative PEA-2 polyoma
enhancer binding site [19] and a C-to-T substitution at
position 86 was 1-bp upstream of the ATG starting
codon [20]; these are considered functionally important.
Two of the polymorphisms (a G-to-A substitution at
position 485 and a G-to-T substitution at position —
463) had been shown in a Heidelberg colony [7].

Two distinct types of ANP alleles were inferred from
21 polymorphic sites in the sequenced region. In a
Japanese colony, all three SHRSP substrains possessed
an identical allele (SP/lzm-type), while four SHRSR
substrains and WKY/Izm shared the other allele (WKY/
Izm-type). In addition, sequencing of a 408-bp genomic
fragment, where six polymorphisms had been detected,
revealed that SHRSP/Heidelberg possessed a SP/Izm-
type allele, while SHRSR/Heidelberg and SHRSR/NIH
possessed a WK Y/Izm-type allele (Fig. 3). Judging from
four exon 2 polymorphisms reported by Brosnan et al.
[9], SHRSP/Glasgow and WKY of a Glasgow colony
(WKY/Glasgow) were thought to possess a SP/Izm-type
allele.

3.3. Allele distribution patterns on rat chromosome 5

To explore the relevance of substrain differences to
‘stroke-associated” QTLs on rat chromosome 5, we
determined allele distribution patterns of 42 microsatel-
lite markers among ten substrains of SHR and WKY/
Izm (Fig. 3). A small interval ( <10 ¢M in size) flanked
by DS5Mitll and DS5Rat24 differed between three
SHRSP and four SHRSR substrains of a Japanese
colony, whereas allele distribution patterns in the

corresponding region were identical among two sub-
strains of a Heidelberg colony and SHRSR/NIH. By
contrast, the type of alleles at two adjacent loci,
D5Mghl5 and ANP, differed between SHRSP and
SHRSR substrains regardless of the origin of colonies.

3.4. Rat ANP gene expression

We found no detectable ANP mRNA expression of
the rat brain by Northern blot analysis (data not
shown), which appeared in agreement with previous
observations in Heidelberg and Glasgow colonies [5,6].
A semi-quantitative assay by reverse-transcription PCR
resulted in no significant differences in brain ANP
expression between SHRSP/Izm and SHRSR/Izm. In
two independent experiments, densitometric units for
SHRSP were 91 and 112% of those for SHRSR,
respectively, after normalization by GAPDH levels. -
An example of the reverse-transcription PCR assay is
shown in Fig. 4.

4. Discussion

In the present study, we evaluated the ANP gene in
relation to stroke susceptibility through a combination
of genetic approaches, Our data failed to support the
candidacy at large, but brought up several important
issues that require careful interpretation. The issues
include: (1) how much statistical value can be set on our
association analysis in the Japanese subjects; (2) whether
the type of rat ANP alleles accounts for part of
phenotypic differences between SHRSP and SHRSR
(or WKY) at all; and (3) what are the plausible
explanations for the observed discrepancies between
two previous studies concerning the rat ANP gene [5,6].

Extending findings in rats to humans is certainly
tempting, but results should be critically evaluated as far
as the rat data remain undefined. While there was no
standard method to etiologically stratify stroke patients
according to clinical manifestations, we chose to enroll
patients with radiographical evidence of cerebral infarc-
tion (i.e. abnormal areas on brain CT or MRI) in order
to decrease a genetic diversity in overall stroke. Diag-
nostic criteria for case subjects were no less stringent
than those in the original report [8], where cases were
sampled in a population-based setting according to
individual’s medical records or autopsy results. Since
our study was performed in a hospital-based setting, one
may argue that the results of association could be
affected by insufficient matching of controls or other
uncontrolled factors. Several findings can refute this
criticism. First, despite the use of different enrollment
scheme, comparable results were provided for lack of
disease association with the ANP locus in two indepen-
dent populations. Second, the 664A allele frequencies
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Fig. 3. Substrain comparison in the selected region on rat chromosome 5 (top) and results for an ANP polymorphism defined by MS-PCR (bottom).
Marker alleles were categorized into three groups: SP/Izm-type allele (P), WKY/Izm-type allele (W) and alleles different from both types (O). Results
for 28 selected markers are depicted in the figure: they were 25 markers informative between As and WKY/Izm and three other markers shown in
parentheses. For reference, positions of QTLs for ‘stroke-associated’ phenotypes are arbitrarily placed to the left of the linkage map, where a likely
interval of the QTL for infarct volume after MCA occlusion cannot be precisely defined because Jeffs et al. [6] assigned the ANP locus to the middle
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Fig. 4. A quantitative assay by reverse transcription-PCR of brain
ANP expression. PCR products were shown with incremental cycles
(three additional cycles) from left to right by two consecutive lanes,
where products of SHRSP/Izm and SHRSR/Izm were placed in the left
and right lanes, respectively, P, SHRSP/Izm; R, SHRSR/Izm.

observed in the present study proved to be concordant
with the population frequency (8.9-9.2%) that we
previously reported in the Japanese [12]. Furthermore,
according to our calculation, a relative risk of > 1.9
could have been detected in the available sample of 270
cases and 359 controls in the first panel alone with 80%
power at a 5% type I error probability. This allowed us
to test the odds ratio of 2.0, which was shown to be
indicative of t#:v risk increase in a white population i8]

Also, it has to be noted that the three tested SNPs could
represent principal ANP polymorphisms in the Japa-
nese, as demonstrated by our extensive screening {12].
Then we looked into the candidacy of ANP for rat
stroke by comparing substrains of SHR. This strategy is
based upon the hypothesis that a gene predisposing rats
to stroke should have some functional differences
between stroke-prone and stroke-resistant strains. Our
results showed that two types of ANP alleles differ-
entiated SHRSP from SHRSR substrains at a structural
level. To our surprise, however, WKY/Glasgow ap-
peared to possess a SP/Izm-type allele and, more
importantly, apart from four substrains tested in the
present study, there was a substrain of SHRSR with a
SP/Izm-type allele, which had been extinct and only
DNA was available from the {frozen liver tissue kept at
our institution (data not shown). The presence of 21
polymorphisms between two ANP alleles and the
presence of a marker (D15Mghl5) showing the same
allele distribution pattern as ANP implied that a certain
chromosomal fragment rather than a single de novo
mutation of the gene had been inherited during the
inbreeding process. Taken together, the following situa-
tion is probable. There had been at least two distinct
types of ANP alleles among ancestral laboratory rats in
Kyoto, Japan, from which SHR and WKY were
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developed. A few substrains of SHRSR and WKY
should have inherited a SP/lzm-type allele, whereas
four SHRSR substrains currently kept in our institution
happen to have inherited a WKY/Izm-type allele of
ANP.

Before we discuss a functional significance of a SP/
Izm-type allele, it seems helpful to review ‘stroke-
associated’ phenotypes in the literature. As for latency
until the manifestation of stroke, SHRSP/Heidelberg is
assumed to have a ‘protective’ allele of a QTL postu-
lated on rat chromosome 5 compared with SHRSR/
Heidelberg [5,21]. In theory, relating a ‘protective’ allele
to SHRSP ironically counterbalances the propensity for
stroke. Because such a QTL is unlikely to constitute a
principal determinant for selective breeding of stroke-
proneness, a ‘protective’ allele might as well be found in
sonmie substrains of SHRSR and WKY. As for infarct
volume after the MCA occlusion (or ischemic vulner-
ability), on the other hand, significant linkage was
identified in F2 progeny between SHRSP/Glasgow and
WKY/Glasgow [6]. Even so, it remains unclear whether
this trait by itself represents a phenotypic difference
between stroke-prone and stroke-resistant SHR strains.
Some studies have already shown that ischemic vulner-
ability is observable in SHRSR and may not account for
substantial part of strain differences [22,23]. Thus,
considerable care should be exercised when we extend
the results for ‘stroke-associated’ phenotypes to stroke-
proneness in SHRSP. Nevertheless, it must be stressed
that these arguments do not undermine the original
findings of linkage to the individual phenotypes because
the existence of QTLs is not questionable under given
circumstances, i.e. study design and statistical signifi-
cance levels presented.

Results of the gene expression study fueled further
confusion. We found no significant differences in the
brain expression of ANP between SHRSP/lzm and
SHRSR/Izm, whereas Rubattu et al. reported 3-fold
lower expression in the brain of SHRSP/Heidelberg
compared with SHRSR/Heidelberg [7]. This discrepancy
may be partly attributed to technical problems, as
different quantification methods were used to measure
relatively low levels of ANP expression. We should also
pay attention to differences in blood pressure (BP)
profile between Japanese and Heidelberg colonies:
SHRSP promotes a severer degree of hypertension
from earlier age of life than SHRSR in an original
colony (4], whereas both SHRSP and SHRSR are
reported to develop a similar degree of hypertension in
a Heidelberg colony [5]. It is therefore possible that BP
differences in a Japanese colony (a maximal BP differ-
ence exceeds 30-40 mmHg) modify the brain ANP
expression towards the reduction of strain differences
shown in a Heidelberg colony [7]. In fact, elevated BP
was supposed to induce higher mRNA expression of
brain ANP in SHR when compared to WKY [24].

Alternatively, despite compelling evidence in experi-
ments in vitro [7], functional alterations of a SP/lzm-
type allele may not manifest themselves in vivo depen-
dent on the genetic background, ie. in SHRSP of a
Japanese colony. Further investigations are currently in
progress to resolve the uncertainties using a more
sensitive quantification technique.

Although human and rat parts of our study do not
appear complementary to each other, our data collec-
tively lead to the argument that the ANP gene is unlikely
to play a major role in the propensity for stroke. In view
of a presumably complex interplay between causative
genes and confounding phenotypes, such as hyperten-
sion, integration of various genetic strategies is required
to clarify the pathophysiological role of the ANP gene in
stroke. Findings in the current study are indispensable in
this regard.
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Role of Endogenous Adrenomedullin in the Regulation of
Vascular Tone and Ischemic Renal Injury
Studies on Transgenic/Knockout Mice of Adrenomedullin Gene

Hiroaki Nishimatsu, Yasunobu Hirata, Takayuki Shindo, Hiroki Kurihara, Masao Kakoki,
Daisuke Nagata, Hiroshi Hayakawa, Hiroshi Satonaka, Masataka Sata, Akihiro Tojo, Etsu Suzuki,
Kenji Kangawa, Hisayuki Matsuo, Tadaichi Kitamura, Ryozo Nagai

Abstract—Adrenomedullin (AM) is a potent depressor peptide whose vascular action is suggested to involve nitric oxide
(NO) release. To explore the role of endogenous AM in vascular and renal function, we examined the effects of
acetylcholine (ACh), AM, and AM receptor antagonists AM(22-52) and CGRP{8-37) on the renal perfusion pressure
(RPP) of kidneys isolated from AM transgenic (TG)/heterozygote knockout (KO) mice and wild-type littermates (WT).
Furthermore, we evaluated the renal function and histology 24 hours after bilateral renal artery clamp for 45 minutes
in TG, KO, and WT mice. Baseline RPP was significantly lower in TG than in KO and WT mice (KO 93.4+4.6, WT
85.8x4.2, TG 72.4+2.4 mm Hg [mean*SE], P<<0.01). ACh and AM caused a dose-related reduction in RPP, but the
degree of vasodilatation was smaller in TG than that in KO and WT (%ARPP 1077 mol/L ACh: KO —48.1+3.9%, WT
—57.5+5.6%, TG —22.8+4.8%, P<0.01), whereas NC-nitro-L-arginine methyl ester (L-NAME) caused greater
vasoconstriction in TG (%ARPP 107* mol/L: KO 33.1+3.3%, WT 55.5+7.2%, TG 152.6-21.2%, P<0.01). Both AM
antagonists increased RPP in TG to a greater extent compared with KO and WT mice (%ARPP 10~¢ mol/L. CGRP(8-37):
KO 12.8+2.6%, WT 19.4x3.6%, TG 41.828,7%, P<0.01). In mice with ischemic kidneys, serum levels of urea
nitrogen and renal damage scores showed smaller values in TG and greater values in KO mice (urea nitrogen: KO
10425>WT 98*=15>TG 38*7 mg/dL, P<<0.05 each). Renal NO synthase activity was also greater in TG mice.
However, the differences in serum urea nitrogen and renal damage scores among the 3 groups of mice were not observed
in mice pretreated with L-NAME. In conclusion, AM antagonists increased renal vascular tone in WT as well as in TG,
suggesting that endogenous AM plays a role in the physiological regulation of the vascular tone. AM is likely to protect
renal tissues from ischemia/reperfusion injury through its NO releasing activity. (Circ Res. 2002;90:657-663.)

Key Words: adrenomedullin @& nitric oxide @8 cGMP & endothelium @& ischemia

drenomedullin (AM) is a potent vasodilating peptide
that was originally isolated from human pheochromo-
cytoma cells.! AM has been considered a member of the
calcitonin gene-related peptide (CGRP) superfamily based on
their structural similarities. In fact, both peptides are reported
to share common receptors. At present, it is known that
AM-producing cells widely distribute in the whole body
including the adrenal glands, heart, lungs, and kidneys.
However, there is no step-up in AM levels of the venous
plasma drained from various organs.> It has also been
reported that cultured vascular smooth muscle cells and
endothelial cells synthesize and secrete AM.?4 These findings
suggest that circulating AM derives mainly from vascular
walls and plays a role in the vascular system.
Because AM is isolated on the basis of the cAMP-
increasing activity,’ at first cAMP was considered to be the

sole second messenger for AM-induced vasodilation.5¢ How-
ever, it was reported that AM dilates vessels in an endothe-
lium-dependent manner and that cGMP is another second
messenger for AM.7-1' We have already reported that denu-
dation of rat aortic endothelial cells and inhibition of guanyl-
ate cyclase substantially inhibited AM-induced vasodila-
tion.!! Furthermore, AM increased nitric oxide (NO) release
from rat perfused kidneys and inhibition of NO synthase
decreased both NO release and vasodilation caused by AM.?
These findings snggest that AM-induced vasodilation is
partly dependent of activation of the NO-cGMP pathway.
Plasma levels of AM are elevated in patients with hyper-
tension, heart failure, or renal failure.21213 Because AM
exerts vasodilatory and natriuretic effects, the increased
levels of AM have been considered to play a compensatory
role wnder such pathological conditions. However, plasma
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levels of AM in the healthy populations are low and they
show only several-fold increases even in patients with heart
failure.21213 Thus, it is unclear as to whether endogenous AM
plays a significant role under physiological conditions. Re-
cent progress of genetic technologies has enabled us to
determine the in vivo activities of endogenous bioactive
substances. We have recently established some mice strains
in which AM genes are overexpressed or disrupted. Mice
showing overexpression of AM genes, that is AM transgenic
(TG) mice, had hypotension,'4 whereas disruption of the AM
gene was lethal. Heterozygote mice with a disrupted AM
gene (AM* mice; KO) showed slight increases in blood
pressure, compared with wild-type (WT) mice.!s

Although NO has various cardiovascular effects, its role in
ischemia/reperfusion renal injury is still controversial.!6-19
We have reported that in ischemic acute renal failure (IARF)
increases in endothelinm-derived NO mitigated renal injury
and vice versa.!® If AM releases substantial amounts of NO
from the renal vasculature, increases in endogenous AM may
be beneficial for ischemic renal injury. Thus, we analyzed the
role of endogenous AM in the regulation of aortic and renal
vascular tone and in renal injury caused by ischemia/reper-
fusion using AM TG mice and KO mice.

Materials and Methods

Animals

All mouse studies were performed in concordance with the univer-
sity guidelines for animal experiments. AM TG mice and KO mice
were established as previously reported. TG mice were established
using fusion cDNA of the AM gene with the preproendothelin-1
gene, resulting in overexpression of AM in the vascular wall,
particularly in the endothelium, and 2- to 5-fold increases in AM
expression in the aorta and kidneys.'* AM KO mice were established
by replacing exon 1 to 4 with the neomycin-resistant gene. Because
AM homozygote KO mice were lethal, we used heterozygote mice as
AM KO mice in which the AM content in the heart and lung
decreased to 50% of that in WT mice.!5

Radioimmunoassay for Adrenomedullin
Adrenomedullin concentration in the kidney of 12-week old AM TG
mice, AM KO mice, and WT mice was measured by radioimmuno-
assay (RIA) as previously described.2 Under anesthesia induced
with 40 mg/kg pentobarbital IP, the right kidney was isolated and
homogenized (n=>5). The homogenate was concentrated using Sep-
Pak C18 cartridges and then dissolved in 100 uL of RIA buffer.

Isolated Perfused Kidney

Male AM TG (n=7), KO (n=6), and WT (n=6) mice were
anesthetized with 40 mg/kg pentobarbital IP, then the right kidney
was isolated and perfused as previously described.?!2? In brief, after
an abdominal incision, we punctured the superior mesenteric artery
with a needle and positioned the tip in the right renal artery.
Perfusion was then started at 1.5 mL/min with Krebs-Henseleit
buffer, and the kidney was isolated without ischemia. The buffer was
saturated with 95% 0,/5% CO, at 37°C and contained 107 mol/L
angiotensin II and 107° moV/L. indomethacin to maintain perfusion
pressure at about 100 mm Hg. Renal perfusion pressure (RPP) was
monitored at the renal artery through the needle connected to a
pressure transducer (Datex-Ohmeda K.K., Tokyo).

Measurement of NO Release

NO concentration in the perfusate was measured using a chemilu-
minescence assay.?? The venous effluent was iniroduced into a
rotatory miver with s chemilumingscence probe of Hamaovi. HyO,,

18 umol/L recrystallized luminol, 2 mmol/L. potassium carbonate,
and 150 mmol/L. desferrioxamine. The mixture of the perfusate and
probe then entered a chemiluminescence detector. The chemilumi-
nescent signal was measured continuously and recorded on a
standard pen recorder. The NO signal was calibrated using an NO
solution.

Following a 60-minute equilibrium period, graded doses of ACh
or AM were added to the buffer at 10-minute intervals through a
3-way cock. The responses to NC-nitro-L-arginine methyl ester
(L-NAME), an NO synthase (NOS) inhibitor, AM(22-52) and
CGRP(8-37), AM receptor antagonists, or E-4021 (Eisai Co, Ltd), a
phosphodiesterase (PDE) inhibitor, were studied in the same manner.
E-4021 is a type-V PDE inhibitor that has been reported to
selectively inhibit cGMP-specific PDE.?3 To evaluate the effects of
NOS or PDE inhibition, the effects of N°-monomethyl-L-arginine
(L-NMMA)) or E-4021 infusion on RPP were examined. NO release
was normalized by kidney weight and expressed as fmol per minute
per gram kidney weight.

Ischemic Acute Renal Failure

Twelve-week-old AM TG (n=10), KO (0=10), and WT (n=10)
male mice were used in the present study. The in vivo model of iARF
was prepared as described elsewhere.!® In brief, after anesthesia with
pentobarbital sodium (40 mg/kg IP), a midline abdominal incision
was made and bilateral renal arteries were clamped with plastic clips
for 45 minutes after the injection of heparin (10 U/kg, IM);
thereafter, the clamps were removed and the incision was closed.
Twenty-four hours after the start of reperfusion, 0.3 mL arterial
blood was drawn to determine the serum levels of urea nitrogen and
creatinine. Thereafter, the kidneys were perfused with saline for
histological studies. The NOS inhibitor, L-NAME (30 mg/kg), was
administered by gavage to 5 of each mice group before induction of
renal ischemia.

Histological Studies

Samples of renal tissue from the sham-operated and ischemic
animals were fixed in 10% formaldehyde, stained with periodic
acid-Schiff’s (PAS) reagent, and examined under an optical micro-
scope in a blinded manner. The kidneys were histologically exam-
ined for the presence of dilatation of Bowman’s space, tubular
dilatation and necrosis, loss of tubular epithelivim, and tubular casts.
The degree of renal injury was evaluated using the criteria reported
by Solez et al.2*

Measurement of NOS Activity

The activity of NOS in vitro was determined by the conversion of
L-[**C] arginine to L-["*C] citrulline, according to the method
described previously.!? The renal medulla was dissected and homog-
enized in lysis buffer. Forty ul. of the sample was incubated in 100
pL. of assay buffer containing 0.5 mCi/mL L-['*C] arginine and
incubated for 20 minutes at 37°C. To separate L-[**C] arginine from
L-[*C] citrulline, the samples were loaded onto 1-mL columns of
Dowex resin (AG50WX-8 Na* form) and eluted with 500 pL
distilled water. Aliquots were used for liquid scintillation counting.
Calcium-dependent activity was determined as the difference be-
tween the L-['*C] citrulline produced from control samples and
samples containing 3 mmol/L. EGTA to bind calcium.

Drugs and Chemicals

Laboratory reagents and chemicals used to prepare Krebs-Henseleit
solution and H,0O, were purchased from Wako Pure Chemicals
(Osaka). AM, AM(22-52), and CGRP(8-37) were from the Peptide
Institute (Osaka). All other chemicals were from Sigma-Aldrich
Japan (Tokyo).

Statistical Analysis
Data are expressed as the mean*SEM. Statistical comparisons were
made by analysis of variance followed by the Student-Neumann-
Keuls itest. To-compare venali injury scores,
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Figure 1. Adrenomedullin (AM) concentrations of the kidneys (A)
and baseline renal perfusion pressure (B) isolated from AM
transgenic (TG) mice, AM knockout (KO) mice, and wild-type
(WT) mice, *P<0.01, 1P<0.001 vs WT,; ££<0.001 vs TG.

Kruskal-Wallis test was used. Differences with a value of P<<0.05
were considered statistically significant.

Results

Renal Contents of AM

We measured the renal contents of AM in the 3 groups of
mice by RIA. As shown in Figure 1A, AM contents in the
kidney of AM TG mice were significantly greater than WT
mice, whereas those of AM KO mice were significantly less.
These results were compatible with the findings of our
previous reports, 413

Isolated Perfused Kidney

Kidneys from KO, TG, and WT mice were macroscopically
normal and their weight did not greatly differ among the 3
groups. Baseline RPP in KO mice was significantly higher,
whereas that in TG mice was lower, compared with RPP in
WT mice kidneys (Figure 1B).

Figure 2 shows the effects of ACh on RPP and NO release
in the 3 groups of mice kidneys. ACh lowered RPP of kidneys
in either group in a dose-related manner. The degree of renal
vasodilation caused by ACh was smaller in TG mice than in
WT and KO mice. The ACh-induced vasodilation was
associated with an increase in NO release from the kidney.
NO release caused by ACh was greater in TG mice and
smaller in KO mice, compared with WT mice. Thus, TG mice
kidneys showed hyporesponsiveness to NO. The responses to
AM in the 3 groups of mice were similar to those to ACh
(data not showi). Figures 3A and 3B shows the effects of AM

Role of Endogenous Adrenomedullin 659

receptor antagonists AM(22-52) and CGRP(8-37) on RPP,
respectively. Both antagonists alone significantly elevated
RPP in a dose-related fashion. The increase in RPP was
significant even in KO and WT mice. The response decreased
in the following order: TG>WT>KO.

In order to explore the involvement of the NO-cGMP
pathway in AM-induced vasodilation, we examined the
effects of L-NMMA and E-4021 on RPP. As shown in Figure
3C, L-NMMA alone increased RPP in all 3 groups of
kidneys. In contrast, E-4021 alone reduced RPP (Figure 3D).
These changes in RPP caused by L-NMMA and E-4021 were
dose-related and the responses decreased in the following
order: TG>WT>KO.

Ischemic Acute Renal Failure
No mice died after renal ischemia/reperfusion. Serum con-
centrations of urea nitrogen markedly increased 24 hours
after reperfusion in WT mice (Figure 4A). Decreases in renal
excretory function were significantly greater in KO mice than
in WT mice. However, the increases in urea nitrogen levels
were significantly smaller in TG mice. Serum creatinine
levels changed almost in parallel with urea nitrogen levels in
the 3 groups of mice (Figure 4B). Pretreatment with
L-NAME did not change the increases in serum urea nitrogen
levels in WT and KO mice, whereas it significantly increased
them in TG mice, resulting in no differences in serum urea
nitrogen or creatinine levels among the 3 groups of mice.
Changes in renal excretory function induced by ischemia
were confirmed by histological analysis. Figure 5 shows the
renal histology of the 3 groups of mice. In WT mice, marked
damage of renal tissues, particularly in the tubuli, were
observed; these included detachment of epitheliat cells of the
proximal tubuli, interstitial edema, and tubular casts. Expan-
sion of Bowman’s space was also observed. AM KO mice
also had marked tubular damage. However, in AM TG mice
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Figure 3. Effects of adrenomedullin (AM) receptor antagonists,
AM(22-52) (A} and CGRP(8-37) (B), on renal perfusion pressure
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Né-monomethyl-L-arginine (L-NMMA) (D) on renal perfusion pres-
sure (RPP) in TG, WT, and KO mice. *P<0.05, 1P<0.01 vs WT.

renal injury was apparently mild. In fact, all 4 types of
damage scores were significantly less marked in TG mice
compared with the other 2 groups of mice. Figure 6 shows the
means of 4 types of injury scores in each group of mice. AM
KO mice kidneys subjected to ischemia showed significantly
greater scores than WT mice and AM TG mice. Pretreatments
with L-NAME also diminished differences in renal injury
scores among the 3 groups of mice.

Renal NOS Activity

As shown in Figure 7, calcium-dependent NOS activity in the
renal medulla was greater in TG mice, whereas it tended to be
less in KO mice. Ischemia/reperfusion decreased the NOS
activity in all 3 groups of mice. However, the NOS activity
was still greater in TG mice kidneys. On the other hand,
calcium-independent NOS activity was not detected in the
kidney of any group of animals.

Discussion
Endothelial cells secrete many circulating and local vasoac-
tive hormones. Among them, endothelin-1 and NO are potent
vasoconstrictive and vasodilative substances, respectively,
and they play important roles because their gene disruption
resnlts in death or in a hypertensive reaction, respectively,25:26
Howsve, 1 hes noi been clarified whether endothelinm-

derived AM is a significant factor in the regulation of
circulation.

The plasma concentration of AM in healthy subjects is at a
picomolar level.l.” However, the vasodilatory effects of AM
appear at concentrations higher than 107'° moV/L, according
to previous reports.!'4 In the present study, significant vaso-
dilation in the renal vessels and aorta was observed also at
about 107° mol/L. That is, the physiological circulating level
of AM is about a hundredth of the effective concentration on
arteries, although it is possible that the vascular wall may be
exposed to locally high concentrations of AM. Receptor
antagonists are useful tools to explore the role of endogenous
ligands. We examined 2 kinds of AM receptor antagonists,
CGRP(8-37)?7 and AM(22-52).5 Both antagonists increased
the vascular tone in renal vessels precontracted by angioten-
sin Il in a dose-related manner. This suggests that endogenous
AM in the vasculature shows tonic inhibition on vasocon-
strictive stimuli. This phenomenon may be explained by some
agonistic action of the antagonists, particularly at higher
concentrations. In fact, AM(1-25), a truncated peptide of AM,
exerts vasoconstrictive activity.”® However, CGRP deriva-
tives have not been reported to cause vasoconstriction.
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Figure 5. Photographs of renal histology showing tubular casts,
interstitial edema, epithelial detachment, and expansion of Bow-
man’s capsule from AM transgenic (TG) mice, AM knockout
(KO) mice, and wild-type (WT) mice.

Furthermore, because endothelial denudation of the aorta
diminished the vasoconstriction caused by receptor antago-
nists (unpublished observation, 2001), it is unlikely that the
two antagonists per se increased vascular tone. Thus, it
appears that the antagonists-induced vasoconstriction is at-
tributed to a direct blockade of the action of endogenous AM.

It is striking that the receptor antagonists significantly
increased RPP even in WT mice, although vasoconstriction
was greater in TG mice and less in KO mice. Baseline
perfusion pressure in the kidney isolated from KO mice was
significantly higher than that from WT mice. These findings
suggest that endogenous AM actually regulates renal vascular
tone under physiological conditions, at least in mice. Further-
more, the decrease in endogenous AM production by 50%
may contribute to increases in renal vascular resistance. It is
not exceptional that a 50% reduction of gene expression
influences its function. For example, heterozygote eNOS KO
mice showed slightly higher blood pressure?® and greater
susceptibility to pulmonary hypertension due to hypoxia than
WT mice.?® Although it is unknown whether there is a
pathological state associated with a reduced production of
AM, various cardiovascular diseases are associated with
several-fold increases in circulating AM.21213 In TG mice,
expression of AM in the aorta and kidney increased by 2- to
S-fold. 14 Therefors, increased AM in patients with hyperten-
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Figure 6. Effects of ischemia and preischemic treatment with
L-NAME on renal injury scores in TG, WT, and KO mice. Values
are means of 4 types of injury scores. (I/R) indicates ischemia/
reperfusion; L-NAME, L-NAME+I/R.

sion and chronic renal failure may play a compensatory role
with regard to blood pressure regulation. On the other hand,
in septic shock in which the highest level of plasma AM was
reported,*32 AM may be one of the factors contributing to
hypotension. In the present study, compared with WT mice,
TG mice showed 2-fold increase and KO mice about 50%
decrease in AM. Thus, the AM levels in TG and KO mice
were pathological rather than physiological. In iARF, AM
KO mice subjected to ischemia/reperfusion had significantly
higher serum urea nitrogen and creatinine levels than WT
mice. Furthermore, histological analysis revealed that renal
damage was significantly more severe in KO mice than in
WT mice. These results suggest that high levels of AM may
mitigate renal damage and decreases of AM below the
physiological level may abrogate it.

Not only AM-induced vasodilation but also ACh-induced
vasodilation was attenuated in AM TG mice. This mechanism
is unclear from the present study; however, eNOS TG mice

NOS Activity
[*“Cl-citruliing {fmol/min/g kidney)

WT K TG WT(/R)  KO(I/R) TG(/R)

! D Ca dependent . Ca independent J

Figure 7. NO synthase activity in the kidneys of TG, WT, and
KO mice. NO synthase activity was measured based on the
conversion of L-arginine to t-citrulline. (I/R) indicates ischemia/
raperfusion. *P<0.05 vs WT; 1P<0.05 vs WT{I//R).
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also showed hyporesponsiveness to endothelium-dependent
vasodilators, but not to endothelium-independent vasodila-
tors.3? In these mice, the activity of soluble guanylate cyclase
and the expression of cGMP-dependent protein kinase de-
creased, probably due to continuous activation of the NO-
c¢GMP pathway.>* A similar kind of downregulation of the
signal transduction of the NO system may occur in AM TG
mice. However, this mechanism may not totally explain the
differences in vasodilatory responses of the 3 groups of mice
because NO synthase inhibition increased RPP in AM TG
mice to a greater extent. The responses to L-NMMA or
E-4021 reflected the baseline NO releasing rates. The re-
sponse of TG mice to NO may be attenvated. However, blood
pressure and RPP in TG mice were still significantly lower,
suggesting that the total vascular effects of endogenous NO in
TG mice may overwhelm the attenuated response and be
greater than those in WT mice at the baseline level. Thus, the
differences in the responses to L-NMMA and E-4021 suggest
the great differences in baseline NO release among the mice
groups. On the other hand, when NO release was stimulated,
nearly maximal renovasorelaxation in AM TG mice may at
least in part explain the mechanism for attenuated vasodila-
tory responses to ACh. This is compatible with the findings of
previous reports that L-NMMA caused greater vasoconstric-
tion under increased NO release, including eNOS transgenic
InjCe.33’34

In the present study, 24-hour reperfusion following 45-
minute ischemia caused iARF in mice. Although many
factors may involve renal injury caused by ischemia/reperfu-
sion, the role of NO has been considered to be important;
however, it is still controversial as to whether NO increases or
decreases and as to which NO synthase is responsible for the
change in NO in iARF. We have recently reported that
tetrahydrobiopterin (BH4), a cofactor of NO synthase, of
renal tissue is deficient in iARF and that replacement of BH4
restored renal endothelium-derived NO and improved renal
injury in rats.'® On the other hand, inhibition of NO synthesis
by L-NAME aggravated renal injury. These findings suggest
that endothelinm-derived NO exerts cytoprotective effects in
ischemia/reperfusion and its decrease enhances tissue injury.
From this point of view, in TG mice the degree of renal injury
and renal excretory dysfunction was less than in WT mice,
suggesting that AM-induced NO release may contribute to
mitigation of ischemic renal injury. In fact, renal NOS
activity increased in AM TG mice. Pretreatment with
L-NAME abolished the differences in renal function between
TG mice and WT mice, supporting this possibility. It remains
undetermined as to how NO mitigates ischemia/reperfusion
injury. However, it is possible that NO is a potent antioxidant
and traps superoxide during the reperfusion period. Further-
more, it has been reported that NO suppresses excessive
increases in intracellular calcium by increasing c¢cGMP.%
NO-induced vasodilation also contributes to it. AM is re-
ported to protect cultured endothelial cells from apoptosis and
this effect is mediated by the stimulation of NO production by
endothelial cells.36

From the results of I.-NMMA administration and citrulline
assay, we supnaosza that AM-induced renal protection might
- he exerterd v ! elease. The 2itndline assay showed thar

the NOS activity was much lower in the renal cortex of all
groups of mice than in the medulla. This finding was
consistent with that of most previous studies, which found
that NOS activity in the renal cortex was less than 10% of that
in the medulia.3-3° Because it is difficult to differentiate a
calcium-dependent activity of NOS from a calcium-
independent one, we did not analyze the small activity
detected in the renal cortex. Although it is possible that NO
released in the cortex may also work, it is suggested that NO
derived from medullary vessels and tubuli would play a major
role in protecting renal function.*0

In conclusion, using genetically manipulated animnals, we
found that endogenous AM actually regulates renal vascular
tone even by relatively small changes in its production.
Furthermore, AM may exert a cytoprotective role in ischemic
injury through its NO-releasing activity.
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Abstract The recent development of endothelin-1 (ET-1)
antagonists and their potential use in the treatment of hu-
man disease raises questions as to the role of ET-1 in the
pathophysiology of such cardiovascular ailments as hy-
pertension, heart failure, renal failure and atherosclero-
sis. It is still unclear, for example, whether activation of
an endogenous ET-1 system is itself the primary cause of
any of these ailments. In that context, the phenotypic
manifestations of chronic ET-1 overproduction may pro-
vide clues about the tissues and systems affected by ET-1.
We therefore established two lines of transgenic mice
overexpressing the ET-1 gene under the direction of its
own promoter. These mice exhibited low body weight,
diminished fur density and two- to fourfold increases in
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Fig. 1 A Structure and restric-
tion maps of the mouse PPET-1
gene and the transgenic con-
struct. Filled boxes represent
exons 1-5 of the PPET-1 gene.
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RT-PCR demonstrating expres-
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ucts derived from the integrat-
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(N). D Plasma and tissue endo-
thelin-1 (ET-7) concentrations
in ET-1 transgenic and wild-
type mice. *P<0.05, *P<0.01
versus wild-type mice. E, F
Representative sections show-
ing immunohistochemical stain-
ing for ET-1 in the kidneys of
wild-type (E) and Tg 53 trans-
genic (F) mice. Specific stain-
ing for ET-1 was detected in
the glomeruli (g) and vascular
endothelium (a) of transgenic
mice, whereas wild-type kid-
neys showed only faint staining
in glomeruli. Scale bars in E
and F, 100 um
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the ET-1 levels measured in plasma, heart, kidney and
aorta. There were no apparent histological abnormalities
in the visceral organs of young (8 weeks old) transgenic
mice, nor was their blood pressure elevated. In aged
(12 months old) transgenic mice, however, renal mani-
festations, including prominent interstitial fibrosis, renal
cysts, glomerulosclerosis and narrowing of arterioles,
were detected. These pathological changes were accom-
panied by decreased creatinine clearance, elevated uri-
nary protein excretion and salt-dependent hypertension.
It thus appears that mild, chronic overproduction of ET-1
does not primarily cause hypertension but triggers dam-
aging changes in the kidney which lead to the suscepti-
bility to salt-induced hypertension.

Heart

Kidney Aorta

Keywords Aging - Blood pressure - Endothelin -
Hypertension - Renal function

Since its initial characterization as an endothelial celi-de-
rived vasoconstrictor a decade ago [1], the peptide endo-
thelin-1 (ET-1) has been found to possess a diverse set of
biological activities, including effects on cell prolifera-
tion and hypertrophy, regulation of hormone release and
modulation of central nervous system activity [2, 3, 4].
In addition, elevated plasma ET-1 has been associated
with such cardiovascular diseases as hypertension [5],
heart failure [6], renal failure [7] and atherosclerosis [8],
thus implicating it in the regulation of cardiovascular ho-
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meostasis. The recent development of selective ET an-
tagonists and their potential use in the treatment of car-
diovascular disease raises questions as to the role of ET-1
in the disease process [9]. It is still unclear whether acti-
vation of an endogenous ET-1system could be the prima-
ry cause of any of the aforementioned ailments. For ex-
ample, patients with essential hypertension had elevated
plasma ET-1 levels, but there was no significant correla-
tion between the plasma ET-1 level and systolic or dia-
stolic blood pressure (BP) in these patients [10].

Animal models in which ET-1 production is chroni-
cally increased should serve as a useful tool with which
to obtain a better understanding of the function of ET-1
in cardiovascular pathophysiology. In particular, the use
of transgenic mice overexpressing ET-1 enables us to fo-
cus on the effects of chronically elevated ET-1 on select-
ed organs, so as to better understand the specific benefits
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of anti-ET therapy. Based on our previous work showing
the utility of the murine (prepro)endothelin-1 (PPET-1)
gene 5'-flanking region for this purpose [11], we gener-
ated transgenic mice using a DNA construct in which the
promoter region was inserted upstream of murine ET-1
c¢DNA and analyzed their phenotype with special refer-
ence to BP regulation and organ damage.

Materials and methods
Transgenic construct

A mouse ET-1 cDNA fragment encompassing the open reading
frame was obtained from mouse lung ¢cDNA by reverse transcrip-
tion (RT) polymerase chain reaction (PCR) using primers deduced
from the previously reported sequence [12]. The amplified 1.0-kb
fragment was cloned into pCRII vector using a TA cloning kit (In-
vitrogen), and Notl sites were placed at either end of the fragment
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Fig. 2 A Representative speci-
mens of 10-week-old transgen-
ic (right) and wild-type (left)
mice. Note the smaller size of
the transgenic mouse and the
courser, sparser fur. B Time-de-
pendent increases in body
weight in transgenic {(closed
circles) and wild-type (open
circles) mice (n=10 for each).
*P<0.01 versus wild-type mice.
C, D Representative skin sec-
tions from wild-type (C) and
transgenic (D) mice. Scale bars
in C and D, 200 pm

A)

using synthetic linkers. The resultant No¢I cassette was then insert-
ed into a plasmid containing a 9.2-kb fragment of the murine
PPET-1 gene 5'-flanking region, including a 131-bp sequence
from exon 1 and a 0.7-kb SV40-derived sequence with an intron
and an additional poly-A signal [11]. The final construct is illus-
trated in Fig. 1A.

Generation and identification of transgenic mice

The investigation conforms with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

The PPET-1 5'-flanking promoter region-ET-1 cDNA construct
was liberated from the vector by Xhol digestion and then purified
using agarose gel electrophoresis and a Geneclean kit (BIO101).
The purified DNA was dissolved in 5 mM Tris (pH 7.4) plus
0.1 mM EDTA before pronuclear injection into donor eggs pre-
pared from FvB mice. The final injection concentration was calcu-
lated to be 500 copies/pl. Microinjected eggs were transferred to
the oviducts of pseudopregnant ICR foster mothers and allowed to
develop to term. Founder mice were identified by standard South-
ern blot analysis of tail DNA using a 2-kb fragment of the PPET-1
promoter gene sequence as a probe. When the genomic DNA was

body weight (g)
*

*

sk
o
Nt

b))
&

7 8 9
time after birth (week)

o

digested with Hindlll, a 6.5-kb transgene band, distinguishable
from the 8.0-kb authentic gene band, was observed.

For RT-PCR, the sense primer (5-TAGGGAGTGTTCGTGT-
CTGACTCA-3') was chosen within the mouse ET-1 cDNA se-
quence. The antisense primer (5-AGATGGCATTTCTTCTGAG-
C-3") was chosen within an SV40 intron/poly-A additional signal
sequence. These primers were chosen to be situated upstream and
downstream of the SV40 intron sequence, respectively. In trans-
genic mice that showed the transcription of the transgene, the RT-
PCR product from the mRNA was 65 bp shorter because of the
splicing at the SV40 intron site (Fig. 1C).

Endothelin-1 measurement

ET-1 was extracted from tissue and plasma as described previous-
ly [13, 14]. Immunoreactive ET-1 was measured using a commer-
cial endothelin enzyme immunoassay kit according to the manu-
facturer’s (Wako) instructions.

Immunohistochemistry

Samples embedded in OCT compound were cut into 8-um frozen
sections on a cryostat, Slide-mounted tissue sections were washed
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with PBS, treated with 0.3% H,0, in methanol, preincubated with
goat nonimmune serum, and then incubated for 16 h at 4°C with
rabbit anti-rat polyclonal ET-1 antibody. Thereafter, the sections
were incubated for 60 min at 37°C with biotinylated goat anti-rab-
bit IgG, washed, treated with avidin-biotinylated horseradish per-
oxidase complex (Vectastain ABC kit, Vector), and developed in
0.004% H,0, and 0.02% diaminobenzidine tetrahydrochloride.
Samples labeled with preimmune serum instead of the primary an-
tibody served as a negative control.

Electron microscopy

Small samples of the specimens were fixed with glutaraldehyde
and osmium tetroxide, embedded in Epon (Epok) 812 (Oken Shoji,
Tokyo, Japan), cut into 0.1-pm sections, double-stained with ura-
nyl acetate or phosphotungstic acid and lead citrate, and examined
with an electron microscope.

Vascular casting and scanning electron microscopy

Mice were anesthetized with sodium pentobarbital, and the aorta
was cannulated via the left ventricle and perfused with 100 ml PBS
containing 0.1% heparin. The lIower portion of the descending aorta
was then cross-clamped, and perfusion fixation was carried out for
5 min using 100 ml of 2.5% glutaraldehyde at 37°C. Thereafter,
10 ml of casting resin (Mercox CL2B, Dainippon-ink and Chemi-
cal, Tokyo, Japan), mixed with a polymerizer in a 1.7% volume ra-
tio, was infused under hand pressure and allowed to polymerize for
30 min at room temperature. The kidneys were then removed and
immersed in a 20% KOH solution at room temperature for
1-2 days to corrode the tissue, After washing in water, the vascular
casts were dried in an incubator at 40°C. Areas of the cast corre-
sponding to the cortex were then cut with a razor blade into small
pieces suitable for observation, gold-coated with an ion sputter and
observed under a scanning electron microscope (JSM-5600LV,
JEOL, Tokyo, Japan) using an accelerating voltage of 15 kV.

Measurement of blood pressure

Male transgenic mice heterozygous for the ET-1 transgene and
their wild-type littermates were maintained on normal mouse
chow containing 1% NaCl. Using a ventilator (Harvard rodent
ventilator model 683), the mice were then halothane anesthetized,
and their femoral arteries were cannulated with polyethylene tub-
ing (I.D., 0.28 mm; O.D., 0.61 mm). To measure BP, the cannula
was connected a pressure transducer (TP-400T, Nihon-Kohden),
and arterial pressure was determined every 2.5 s using a peak de-
tector (AP-611G, Nihon-Kohden). Pulsatile BP was monitored in
this way for more than 5 h while the mice were conscious and un-
restrained within a quiet environment. BP data were stored on tape
along with the corresponding heart rates, which were computed
using a tachometer (AT-601G, Nihon-Kohden). The data were
then input to a computer, and the mean values for each variable
were calculated for 2-h segments composed of 2880 sample points
each.

To investigate the salt sensitivity of the mice, diet containing a
high (8%) amount of sodium was provided for up to 3 weeks. This
dose could cause BP elevation in Dahl salt-sensitive rats within
3 weeks [15]. The systolic BP was measured by a programmable
sphygmomanometer connected to a cuff probe for mice (98A,
Softron). Unanesthetized mice were introduced into a small holder
and placed within a thermostatically controlled warming drum and
maintained at 37°C during the measurements.

Evaluation of renal function

All mice were housed in individual metabolic cages, and a series
of 24-h urine sample collections were made for 5 days. In each
mouse, we used the urine samples from days 3-5 and calculated
the mean urine volume and concentrations of urinary protein and
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Fig. 3 Comparison of basal arterial blood pressure (BP) (A) and
heart rates (B) in conscious, unrestrained ET-1 transgenic mice
(n=38, filled columns) and their wild-type littermates (n=10, open
column). (DBP Diastolic blood pressure, HR heart rate, MBP
mean blood pressure, SBP systolic blood pressure)

creatinine. After 5 days, blood was drawn to measure serum creat-
inine. Creatinine clearance was used as an index of glomerular fil-
tration rate and was calculated using the formula: creatinine cleat-
ance=urinary creatinine X urine volume/serum creatinine.

Statistical analysis
Data are expressed as means xSEM. Student’s r-test was used to

evaluate differences between groups. Values of P<0.05 were con-
sidered significant.

Results

Establishment and characterization of ET-1 transgenic
mice

Microinjection of the transgenic construct into fertilized
mouse eggs gave rise to 50 live-born offspring. Among
them, eight were founders carrying the transgene, which
was identified by Southern blot analysis of the genomic
DNA (Fig. 1B). Amplification of the products by RT-
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Fig. 4 Representative sections
showing histological character-
istics of the heart (A, B), kid-
ney (C, D) and aorta (E, F)
from 8- to 10-week-old wild-
type (A, C, E) and ET-1 trans-
genic (B, D, F) mice. Scale
bars in C and D, 100 pum; E
and I, 200 pm

PCR confirmed that two lines transcribed the transgene
(Fig. 1C). The two lines, designated Tg 53 and Tg 37,
carried ten and nine copies of the transgene, respective-
ly. As compared to their wild-type littermates, ET-1
concentrations in the plasma, aorta, heart, kidney and
intestine were elevated about twofold in both lines
(Fig. 1D). The effect of ET-1 overexpression was as-
sessed mainly using the Tg 53 line in the latter studies,

because the expression levels in each organ were almost
equal and histological changes were identical between
these lines.

Localization of ET-1 expression in the kidney was an-
alyzed immunohistochemically. The glomeruli in kidney
samples from transgenic mice were intensively labeled
by ant-E'T-1 antibody (Fig. 1F), whereas the signal from
kidneys of wild-type mice was small (Fig. 1E). This pat-
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Fig. 5 Kidney sections from
12-month-old wild-type (A)
and transgenic (B—F) mice. In-
terstitial fibrosis in transgenic
mice was made apparent by
staining blue with Masson Tri-
chrome stain (B). C-F Cystic
lesions detected in the kidney
of transgenic mice. C Enlarged
renal cyst located at the surface
of the kidney. D, E Focal as-
sembly of small cysts. F Glom-
erular cysts; note the abnormal
dilatation of Bowman’s capsule
(arrows) and the shrinkage of
the glomerular tuft. G—J Glo-
meruli from transgenic (H, J)
and wild-type (G, I) mice, G,
H PAS stain, I, J immunohisto-
chemistry of fibronectin. Glo-
meruli of transgenic mice ex-
hibited increased numbers of
mesangial cells, the accumula-
tion of mesangial matrix and
thickening of the basement
membrane (H). Immunohisto-
chemistry of fibronectin re-
vealed strong positive staining
in the mesangial area in trans-
genic mice (J). Scale bars in A
and B, 100 ym; C, E and F

50 pm; D 20 pm; and G-J

200 um. K Comparison of
glomerular planar area in wild-
type (open column) and trans-
genic mice (filled column).
"P<0.01 versus wild-type mice
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tern of ET-1 expression in the kidney was almost identi-
ca} to that in PPET-1-luciferase transgenic mice exhibit-
ing vasculature-selective transgene expression driven by
the same promoter [11].

Appearance of ET-1 transgenic mice

Transgenic mice weighed about 90% as much as their
wild-type littermates at every stage examined (Fig. 2A,
B). In fact, the reduced body weight was already appar-
ent at birth, when the weight of the fat between the
scapulae was also only about 90% that of the wild-type
mice. In addition, the fur of the transgenic mice was
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coarse, and the number of follicles present in skin sec-
tions was diminished (Fig. 2C, D). In all other respects,
the appearance, behavior and fertility of the transgenic
lines were unaffected.

Measurement of blood pressure, heart rate and creatinine
clearance in young mice

When the arterial BP was assessed in 8- to 10-week-old,
conscious, unrestrained mice, no significant differences
between wild-type (n=10) and transgenic (n=8) mice
were found (mean BP, 121x1 mmHg versus
1202 mmHg; heart rate, 674426 bpm versus
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