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Genetic Decreases in Atrial Natriuretic Peptide
and Salt-Sensitive Hypertension
Simon W. M. John, John H. Krege, Paula M. Oliver,

John R. Hagaman, Jeffrey B. Hodgin, Stephen C. Pang,
T. Geoffrey Flynn, Oliver Smithies*

To determine if defects in the atrial natriuretic peptide (ANP) system can cause hy-
pertension, mice were generated with a disruption of the proANP gene. Homozygous
mutants had no circulating or atrial ANP, and their blood pressures were elevated by
8 to 23 millimeters of mercury when they were fed standard (0.5 percent sodium
chloride) and intermediate (2 percent sodium chloride) salt diets. On standard salt diets,
heterozygotes had normal amounts of circulating ANP and normal blood pressures.
However, on high (8 percent sodium chloride) salt diets they were hypertensive, with
blood pressures elevated by 27 millimeters of mercury. These results demonstrate that
genetically reduced production of ANP can lead to salt-sensitive hypertension.

Essential hypertension is a heterogeneous
disease in which blood pressures are harm-
fully high without overt cause; it-affects a
large number of individuals in many pop-
ulations (I). Both genetic and environ-
mental factors have been implicated in its
etiology. Several complex physiological
systems affect blood pressure, including
one that is mediated by the 28 —amino acid
atrial natriuretic peptide (ANP) (I, 2).
ANP is produced mainly in the cardiac
atria, where it is stored in dense granules
as a large precursor (proANP), which is
the major component of the granules (2).
ANP is the COOH-terminal portion of
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the precursor. In response to an increase in
atrial distension, ANP is released into the
circulation and interacts with receptors in
the wvasculature, kidney, and adrenal
glands. Although in pharmacological dos-
es ANP is known to lower blood pressure
and promote salt excretion, its physielogic
functions have not been clearly defined
and have not been proven (3).

Because of the actions of ANP, efforts
have been made to determine whether
genetic variants of the ANP system are
involved in the etiology of essential hy-
pertension. For example, plasma ANP
concentrations in the children of two nor-
motensive parents are higher than in chil-
dren with a hypertensive parent, especially
when the children are on high salt intakes
(4). Several polymorphisms have been
identified in the human proANP gene (5).
Nevertheless, no association between two
proANP markers and hypertension has
been found in patients although they were
not evaluated for their responses to dietary
salt (6). These results indicate that the
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Fig. 1. Gene targeting. (A) The A s
proANP locus. The black boxes foe

represent exons. Only relevant re-
striction sites are shown: Sma | (S),
Bam HI (B), Sac | (Sc), Eco Rl (E),
and Hinc Il (H). (B) Targeting con- B
struct. The construct deletes 11 bp
of exon 2 and replaces it with the
neomycin resistance gene (neo). TK
represents the thymidine kinase
gene. The construct was linearized
with Not | (N), and targeted cells
were produced as described (76). c s
Plasmid sequences are represent-

ed by wavy lines (not drawn to
scale). (C) Targeted locus: the dis-
rupted proANP locus after homolo-
gous recombination between the
targeting construct and the endog- D
enous gene. (D) Confirmation of tar-
geting. Southern (DNA) blots of
DNA samples from the starting ES
cells (sample 1) or two indepen-
dently targeted cell lines (samples 2
and 3). Digests were with Bam HI
(B), Eco Rl (E), and Sac | (Sc). The
probe is shown as a bar as in (A).
Fragments sizes are indicated in ki-

B Sc BE Sc
e 2 P e o
B Sc
N
e TK N
i
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o e
N
Tkb
_148
10.5- 8 T 130
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lobases and agree with expecta-
tion. Expected fragments were also
seen with Sma | (17).

markers under investigation do not coseg-
regate with high blood pressure in the
studied samples; however, they do not in-
dicate whether the ANP locus can con-
tribute to the genetic etiology of hyper-
tension in other patients or can modulate
biological responses to dietary salt. We
therefore examined the effects of geneti-
cally reduced expression of the proANP
gene on the blood pressures of mice and on
the responses of mice to dietary salt.

We used gene targeting by positive-
negative selection (7) in mouse embryonic
stem (ES) cells to mutate exon 2 of the
mouse proANP gene, which codes for the
precursor of ANP (Fig. 1). Four chimeras
generated from one of the targeted ES cell
lines transmitted the disrupted proANP
gene to their offspring. The chimeras were
mated to mice of strain C57BL/6] (B6).
Because the ES cells used for targeting (8)
were from mice of strain 129, the offspring
were 129 X B6 F, animals that were ge-
netically identical except for their
proANP genotypes and sexes. Matings be-
tween heterozygotes yielded homozygous
mutant (—/—), heterozygous (+/—), and
wild-type (+/+) F, offspring in Mende-
lian proportions.

Plasma ANP in animals of the three F,
genotypes was measured by a radioimmuno-
assay as described (9). No circulating ANP
was detected in the homozygous mutants (n
= 5). When the mice were fed a standard
salt (0.5% NaCl) diet, the amount of cir-
culating ANP of heterozygotes (135 + 32
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pg/ml, n = 5) did not differ significantly
from that in wild-type animals (148 = 23
pg/ml, n = 7).

We then measured atrial ANP by ra-
dioimmunoassay (9). This analysis is a
stringent test for the absence of ANP in
the homozygous mutants because the atria
contain more ANP than any other organ.
We obtained the following values: for ho-
mozygous mutants (n = 9), undetectable
amounts (<1% of the wild type); for het-
erozygotes (n = 5), the right atrium con-
tained 54.3 = 7.1 ng/mg (wet weight), the
left atrium, 53.7 *+ 6.2 ng/mg; and for the
wild type (n = 5), the right atrium con-
tained 114.7 = 5.9 ng/mg, the left atrium,
112.2 = 7.5 ng/mg.

Atrial sections from mice of all three
genotypes were analyzed by transmission
electron microscopy to evaluate the occur-
rence of atrial granules. The homozygous
mutants had no detectable granules at
X14,000 magnification (Fig. 2) or at
X 20,000 magnification, whereas the gran-
ule content in the heterozygotes was re-
duced. The absence of any recognizable
granular structures in homozygous mutants
suggests that ANP may be important for
the assembly process of these atria-specific
granules. Study of the homozygous mutant
may therefore provide new information
regarding the assembly and storage of se-
cretory granules in endocrine cells.

Homozygous mutants were fertile and
appeared normal. When maintained on
intermediate salt diets (2% NaCl), they
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Fig. 2. Electron microscopy on atrial sections (718)
from proANP (A) +/+, (B) +/—, and (C) —/—
mice. The analysis was performed as described
(75). Original magnification, x14,000.

had a greater ratio of heart weight (mg) to
body weight (g) (6.8 = 0.4, n = 12) than
both heterozygous (5.2 = 0.2, n =8, P <
0.01) and wild-type (4.8 = 0.2,n=9,P <
0.01) animals (10). Cardiac enlargement
is a common feature in hypertensive ani-
mals. The increased size may be a conse-
quence of elevated arterial pressure, al-
though changes in growth control within
the cardiovascular system are also possible
(11). Whether the enlargement in the
homozygous mutants is a direct effect of
lack of ANP or is secondary to hyperten-
sion remains to be determined.

ANP lowers intravascular volume by fa-
cilitating fluid movement from blood ves-
sels to the extracellular space and by natri-
uresis (2). Therefore, the absence of ANP
may result in increased plasma volume. In
support of this, the hematocrits of mutant
homozygotes (45.8 * 0.8%, n = 11) dif-
fered significantly from those of either het-
erozygous (48.6 = 0.9%,n = 11, P < 0.05)
or wild-type animals (49.9 + 0.7%,n = 11,
P < 0.01).

Blood pressures were measured in a
“blinded” randomized fashion with either a
tail-cuff or a carotid catheter (12, 13). Tail-
cuff blood pressures were first obtained for
F, mice of the three proANP genotypes that



Fig. 3. Blood pressures g
as a function of proANP
genotypes and dietary
salt. The vertical bars
show mean blood pres-
sures (13); error bars in-
dicate standard errors of
the means. (A) Tail-cuff
blood pressures of
proANP +/+, +/—, and
—/— F, mice fed a diet

ey
H
o

Tail-cuff BP (mmHg)
=)
o

H+ +- -/-
F, genotype

° CcC5

T o, >

= 180T 20% z 1801 08  8.0%
E E

% 140 % 140

8 g

@ 100 & 100

5 £

s &

E 60 +/+ 4/~ -/- E 60 ++ 4/- ++ 4/

F, genotype F, genotype

containing 0.5% NaCl. Each group consisted of eight males from 11 to 14 weeks in age. (B) Intra-arterial
blood pressures of 11 +/+, 9 +/—, and 11 —/— F, males fed a diet containing 2% NaCl, from 14 to 17
weeks in age. (C) Intra-arterial blood pressures of +/+ and +/— F, mice fed diets containing 0.8% and
8% NaCl. Each group included males and females from 15 to 26 weeks in age: +/4 on 0.8% NaCl, four
males plus five females; +/— on 0.8% NaCl, five males plus seven females; +/+ on 8.0% NaCl, nine
males plus five females; and +/— on 8% NaCl, six males plus five females. In all experiments, there were
no significant weight differences between mice of each genotype.

for 2 to 3 weeks had been fed chow con-
taining standard salt (0.5% NaCl). Our
data showed that the blood pressures of the
wild-type and heterozygous animals did not
differ on this diet (116 * 2.5 mmHg and
115 *= 1.8 mmHpg, respectively). However,
the homozygous mutants had blood pres-
sures that were significantly higher (124 =
3.7 mmHg) than those of the other geno-
types (difference = 8 mmHg; P < 0.05 for
both comparisons) (Fig. 3A). There were
no differences in the heart rates of the three
genotypes [+/+, 745 = 15 beats per minute
(bpm); +/—, 744 = 8 bpm; —/—, 732 = 18
bpm].

We then determined the mean arterial
blood pressures of the same group of mice
(plus a few additional F, animals) after feed-
ing them a diet containing intermediate salt
(2% NaCl) for at least 14 days (Fig. 3B).
The mutant homozygotes again showed in-
creased mean arterial blood pressures (156
* 9 mmHg) relative to the other animals
(+/=, 132 £ 6.7 mmHg; +/+, 134 = 6.1
mmHg; P < 0.05 for both comparisons). Of
the 11 homozygous mutants on the inter-
mediate salt diet, two had mean arterial
pressures of more than 200 mmHg. The
blood pressures of heterozygous and wild-
type animals still did not differ significantly.
The heart rates of the three groups were not
significantly different (+/+, 569 * 20
bpm; +/—, 589 * 22 bpm; —/—, 581 = 17
bpm).

F, animals of the three genotypes may
differ systematically at loci in addition to
proANP if strain 129 or strain B6 differ in
any closely linked genes. Thus, our F, data
do not exclude the possibility that the ele-
vated blood pressures of the —/— mice re-
sulted in part from the inheritance of strain
129 alleles of a gene or genes closely linked
to the proANP locus.

Higher dietary salt intake in humans is
associated with higher blood pressure
(14). Because a partial deficiency rather
than a complete absence of ANP is
more likely to occur in human patients, we

determined the effects of the intake of
increased amounts of salt on the blood
pressures of heterozygous animals. To do
this, we measured the mean arterial pres-
sures of F, wild-type and heterozygous
animals fed either standard chow (0.8%
NaCl) or high salt chow (8% NaCl) for 2
weeks (Fig. 3C). The blood pressures of
the heterozygous F; animals and of the
wild-type -F; animals did not differ sig-
nificantly when they were fed standard
chow (127 *+ 6.3 mmHg for +\— as com-
pared to 118 = 10 mmHg for +/+; P >
0.05). But when the animals were fed the
high salt diet, the heterozygotes became
hypertensive (145 = 7.8 mmHg, P <
0.01), whereas the wild-type animals did
not (118 £ 6.2 mmHg). The heart rates of
the four groups were not significantly dif-
ferent (+/+ with 0.8% NaCl, 564 * 45
bpm; +/— with 0.8% NaCl, 553 * 35
bpm; +/+ with: 8.0% NaCl, 549 = 25
bpm; and +/— with 8.0% NaCl, 553 * 35
bpm).

The +/+ and +/— F, animals were
identical except for their genotypes at the
proANP locus. Accordingly, our F; data
establish that genetically reduced ANP, un-
accompanied by any other genetic differ-
ences linked or unlinked to the proANP
locus, can cause salt-sensitive hypertension.
Our finding that ANP modulates the blood
pressure response to dietary salt will encour-
age the search for human genetic variants
that affect the function of the ANP system.
Detecting such variants may identify hyper-
tensive patients likely to benefit from a
reduced salt intake.
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