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Hypertension Induced in Pregnant Mice by
Placental Renin and Maternal Angiotensinogen

Eriko Takimoto, Juniji Ishida, Fumihiro Sugiyama,
Hisashi Horiguchi, Kazuo Murakami, Akiyoshi Fukamizu*

Maternal hypertension is a common complication of pregnancy and its pathophysiology
is poorly understood. This phenomenon was studied in an animal model by mating
transgenic mice expressing components of the human renin-angiotensin system. When
transgenic females expressing angiotensinogen were mated with transgenic males ex-
pressing renin, the pregnant females displayed a transient elevation of blood pressure
in late pregnancy, due to secretion of placental human renin into the maternal circulation.
Blood pressure returned to normal levels after delivery of the pups. Histopathologic
examination revealed uniform enlargement of glomeruli associated with an increase in
urinary protein excretion, myocardial hypertrophy, and necrosis and edema in the pla-
centa. These mice may provide molecular insights into pregnancy-associated hyper—
tension in humans.

uteroplacental - vascular resistance and
blood flow (5). However, there is no direct
in vivo evidence that renin is secreted

Pregnancy induces extensive maternal ad-
aptations in cardiovascular and renal phys- .
iology. Circulating levels of renin and an-
giotensin, proteins that serve as primary
regulators of blood pressure and body-fluid

volume, markedly increase during pregnan- E
. - . o )

cy (1). Although alterations of the renin- T A £
angiotensin system have long been suspect- E 1601 5
ed to contribute to pregnancy-associated g B
hypertension (2, 3), the pathogenesis of 7 40 =
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regulation of maternal blood pressure and g %
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Day of gestation

from the placenta into the maternal cir-
culation or that a paternally derived factor
contributes to the regulation of maternal
blood pressure.

We have created lines of transgenic mice
carrying either the human renin gene (6) or
the human angiotensinogen gene (7).
These mice were normotensive despite the
normal tissue-specific expression pattern of
transgenes, but the F; progeny expressing
both human genes exhibited a chronic hy-
pertension (8). During the cross-mating ex-
periments, we observed that transgenic fe-
male mice carrying the human angio-
tensinogen gene, which displayed normal
blood pressure in the nonpregnant state,
developed hypertension at 19 days of gesta-
tion, but only when they had been mated
with transgenic males carrying the human
renin gene (Table 1). Pregnant females de-
rived from other mating combinations did
not show hypertension. On the basis of
these results, we hypothesized that the com-
bined action of placental renin and mater-
nal angiotensinogen might play a role in
the development of pregnancy-associated
hypertension.

To test this hypothesis, we conducted a
time-course measurement of blood pres-
sure elevation during pregnancy. The
blood pressure of the human-angio-
tensinogen transgenic females mated with
the human-renin transgenic males began
to increase at 14 days of gestation, contin-
ued to rise until the day before delivery,
and returned to the level seen in the
nonpregnant state by 3 days after delivery
(Fig. 1A). In contrast, control mice did
not show any change in blood pressure
throughout pregnancy.

To examine whether renin derived
from male mice carrying the human renin
gene is secreted into the maternal circula-
tion, we measured plasma human renin
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Active renin concentration (ng/ml)

13 15 19 20 22
Day of gestation
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Fig. 1. Systolic blood pressure and human renin concentration in the murine maternal circulation before
and during pregnancy, and after delivery. Day O is the day of coitus. (A) Changes in systolic blood
pressure of pregnant mice. Results are expressed as means = SD for each determination (74). Day 20
was the day of delivery and systolic blood pressure was measured afterward. (@) hRN male X hANG
female (n = 18 mice); (O) WT X WT (n = 7 mice). Changes in inactive (B) and active (C) human renin
concentration in the maternal circulation of pregnant mice with hypertension. Values are the means =
SD. Four animals were used for each determination by radioimmunoassay (75).
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Fig. 2. Expression of human renin in murine placenta. Placentas of
pregnant mice with hypertension were obtained at 13, 15, and 19 days of
gestation. (A) Changes in human renin concentration in tissue extracts
during pregnancy. Preparation of tissue extracts and measurement of its
protein concentration were performed as described in (717). Values are
the means += SD. Four animals were used for each determination by
radioimmunoassay (75). Black bars, active renin;
renin. (B) Temporal expression pattern of human renin mRNA. Total RNA

hatched bars, inactive

isolated from placentas (20 pg) was used for Northern blot analysis with
probes for human renin (hRN) (73) and B-actin (78). The number indicates the day of gestation. Placenta at 19 days of gestation of wild-type mice
{(WT) mated with WT male mice were used as a negative control (lane labeled C). (C) Localization of human renin mRNA determined by in situ hybridization
as described in (19). Placentas at 19 days of gestation were hybridized with the sense (panel a) or antisense (panels ¢ and d) human renin
digoxigenin-labeled probe, or stained histochemically with hematoxylin and eosin (panel b) according to standard procedures. Scale bars in panels a, b,

and ¢, 200 pm; in panel d, 50 pm.

concentrations. The levels of both prore-
nin and active renin increased from 13
days of gestation (Fig. 1, B and C). In
humans, plasma levels of prorenin and
active renin have been shown to rise dur-
ing pregnancy (9), and it has been postu-
lated that placentally derived renin may
contribute to this rise (10). We therefore
measured human renin concentrations
and human renin mRNA accumulation in
the murine placenta. The level of human
active renin in the placental tissue ex-
tracts of the pregnant mice gradually in-
creased throughout pregnancy (Fig. 2A,
black bars) as did the accumulation of
human renin mRNA (Fig. 2B). We also

Table 1. Comparison of systolic blood pressure
in pregnant mice. Systolic blood pressure at 19
days of gestation was measured by the tailcuff
method as described in (74). Values are the

means and standard deviations. A statistically -

significant elevation was observed only when
transgenic (hHANG) females had been mated with
transgenic (hRN) males. hRN, transgenic mice
carrying the human renin gene; hANG, trans-
genic mice carrying the human angiotensinogen
gene; WT, wild-type mice; n, numbers of mice.

Mating S )
LS ystolic blood

; omb;?atuonQ pressure (mm Hg) n
hRN hANG 166.4 + 7.73* 8
hANG hRN 95.5 + 5.59 8
hRN WT 96.7 = 4.01 4
hANG WT 98.7 + 3.66 4
WT hRN 90.9 +1.75 4
WT hANG 101.3 £ 6.18 4
WT WT 100.0 + 3.14 6

examined the production site of human
renin in the placenta of pregnant wild-
type female mice mated with human-renin
transgenic males by in situ hybridization at
19 days of gestation (Fig. 2C). Hybridiza-
tion signals were localized to chorionic
trophoblasts, consistent with previous ob-
servations on human placenta (4). In ad-
dition, treatment of the transgenic hyper-
tensive females with ES-8891, an inhibitor

specific for human renin (8, 11), at 17
days of gestation significantly reduced
blood pressure (Table 2). These results
demonstrate that late in pregnancy, the
placental human renin is secreted into the
maternal circulation.

We also observed morphological abnor-
malities in the transgenic hypertensive
mice late in pregnancy. On histologic ex-
amination, the glomeruli were uniformly

Table 2. Comparison of parameters between mice with pregnancy-associated hypertension and
normotensive control mice."Human renin and angiotensin Il levels in plasma at 19 days of gestation
were measured by radioimmunoassay (75). Changes in systolic blood pressure before and after 1
hour of oral administration of ES-8891 (60 mg per kilogram of body weight) (8, 77) at 17 days of
gestation are shown. Urine collection at 19 days of gestation and measurement of total urinary
protein was performed as in (76). The ratio of heart weight to body weight was measured in the same
tissues for histopathological examinations. All values represented are means and standard devia-
tions. Student’s t test was used to compare the two groups. Statistical significance of effect of
ES-8891 was determined by the Wilcoxon signed-rank test. n, Numbers of mice; b.w., body weight;

N.D., not detectable; —, not done.

Mating combination

Parameter
ShRNX 2hANG n 3hRNX @WT n 3WTXQWT n
Human renin
Active (ng/ml) 2.66 = 0.54* 4 161+ 013 5 N.D.
Inactive (ng/ml) 57.43 = 14.29 4 5412+ 357 5 N.D.
Angiotensin Il (pg/ml) 465.36 + 85.04* 5 8564*+1962 5 7541x2874 5
Effect of ES-8891
Before (mm Hg) 136.71 = 3.22 6 - 96.73 = 4.01 6
After (mm Hg) 11693 = 2.73* 6 - 96.76 + 521 6
Water intake 6.93 = 0.07* 3 - 230+ 046 3
(ml/day per 10 g of b.w.)

Urine volume 3.90 = 062 3 - 079+ 036 3
(ml/day per 10 g of b.w.)

Urinary protein excretion 11.99 + 0.45* 3 - 176 + 063 3
(mg/day per 10 g of b.w.)

Ratio of heart weight to 9.97 + 0.73" 5 - 433+ 057 5
body weight (mg/g)

*P = 0.0001, by Student’s t test.
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*P = 0.0001. **P = 0.0022. ***P = 0.0017.
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Fig. 3. Histopathological analysis
(20) of mice with pregnancy-asso-
ciated hypertension. Tissues of hy-
pertensive pregnant mice that had
died or were killed at 16 to 20 days
of gestation were obtained. As a
control, tissues were obtained from
gestational age-matched wild-type
pregnant mice. In contrast to a con-
trol (A), the kidney in a hypertensive
pregnant mouse (B) shows uniform
enlargement of glomeruli. In con-
trast to a control (C), a cross section
of the heart of a hypertensive preg-
nant mouse (D) shows myocardial
concentric hypertrophy. In contrast
to a control (E), a hypertensive
pregnant mouse shows the left ven-
tricle uniformly thickening because
of typical muscular hypertrophy (F).
In contrast to a control (G), the pla-
centa in a hypertensive pregnant
mouse shows necrosis in spongio-
trophoblasts and decidua cells,
edematous enlargement, and con-
gestion in chorion cells (H). Scale
bars in (A), (B), and (E) through (H),
50 pm; in (C) and (D), 1 mm.

enlarged (Fig. 3B), and this was associated
with an increase in urinary protein excre-
tion (Table 2). Autopsy revealed myocardi-
al concentric hypertrophy (Fig. 3, D and F)
in all of the transgenic hypertensive mice
and intrathoracic or intra-abdominal hem-
orrhage in 23% (6/26) of them. The heart
weight-to-body weight ratio in these mice
was two times that in the control mice at
late gestation (Table 2). Consequently,
only 38% (10/26) of the transgenic mice
with hypertension survived throughout
pregnancy. Furthermore, delivery was de-
layed in all of the hypertensive pregnant
mice that survived. Generalized convul-
sions occurred in 15% (4/26) of the hyper-

tensive pregnant mice late in pregnancy,

and one of the four also had intra-abdomi-
nal hemorrhage.

Autopsy also revealed necrosis in spon-
giotrophoblasts and decidua cells, edema-
tous enlargement, and congestion in chori-

on cells in the hypertensive pregnant mice
(Fig. 3H). In women with pregnancy-asso-
ciated hypertension, the concentration of
active renin in the placenta is significantly
higher than that of normal pregnant wom-
en, which may be a response to the decrease
in uteroplacental blood flow (2). The im-
paired blood flow may be due to the loss of
refractoriness of the uteroplacental vascula-
ture or to the effect of high levels of circu-
lating angiotensin II (12). Indeed, in com-
parison to normotensive pregnant mice, hy-
pertensive pregnant mice had elevated plas-
ma levels of angiotensin II and active renin
(Table 2), which probably reflects human
renin production in the placenta. It is thus
possible that the combined action of pla-
cental renin and maternal angiotensinogen
in the peripheral uteroplacental circulation
could also induce hypertension in the trans-
genic pregnant females.

We have presented evidence that a pa-
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ternally derived factor produced in the
placenta is secreted into the maternal cir-
culation. In principle, this type of trans-
genic approach is applicable not only to
pregnancy-associated hypertension, but to
any disease that is induced by the combi-
nation of fetal and maternal factors. The
mice described here may be useful for the
molecular dissection of the pathophysiol-
ogy underlying pregnancy-associated hy-
pertension and may lead to new treat-
ments for this disorder.
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Laser Capture Microdissection

Michael R. Emmert-Buck, Robert F. Bonner, Paul D. Smith,
Rodrigo F. Chuaqui, Zhengping Zhuang, Seth R. Goldstein,
Rhonda A. Weiss, Lance A. Liotta*

Laser capture microdissection (LCM) under direct microscopic visualization permits
rapid one-step procurement of selected human cell populations from a section of com-
plex, heterogeneous tissue. In this technique, a transparent thermoplastic film (ethylene
vinyl acetate polymer) is applied to the surface of the tissue section on a standard glass
histopathology slide; a carbon dioxide laser pulse then specifically activates the film

" above the cells of interest. Strong focal adhesion allows selective procurement of the
targeted cells. Multiple examples of LCM transfer and tissue analysis, including poly-
merase chain reaction amplification of DNA and RNA and enzyme recovery from trans-

ferred tissue are demonstrated.

N
As basic research links more and more
- genes to the cause of, predisposition for, or
clinical behavior of specific diseases, the
medical diagnostic laboratory will be trans-
formed. Clinical molecular diagnostic test-
ing will involve the measurement of simul-
taneous fluctuations of expression of multi-
ple genes or genetic alterations occurring in
developing or diseased tissues; thus, the
next generation of molecular analysis meth-
ods will need to be miniaturized and auto-
mated. Several groups have proposed the
development of image chips or array sys-
tems containing thousands of sequences for
automated hybridization (I, 2). Each chip
can simultaneously assay for several possible
genetic mutations or measure the relative
expression of multiple mRNA species (3).
Alternatively, a serial analysis of gene ex-
pression (SAGE) approach can be used to
simultaneously assess mRNA expression of
multiple transcripts (4). With the usé of
.polymerase chain reaction (PCR) amplifi-
cation and such automated technology, mo-
lecular diagnostic testing in the future will
likely consist of panels of tests rather than a
few single tests for specific genes. In this
way, a specific genetic fingerprint will be
established for each individual lesion,
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which will be useful for diagnosis and prog-
nosis and as a guide to therapy.

However, even the most sophisticated
genetic testing methods will be of limited
value if the input DNA, RNA, or proteins
are not derived from pure populations of
cells exhibiting the characteristic disease
morphology. Several methods have been
reported for tissue microdissection to ad-
dress the problems associated with analysis
of heterogeneous tissue. These include gross
dissection of frozen tissue blocks to enrich
for specific cell populations (5, 6), irradia-
tion of manually ink-stained sections to
destroy unwanted genetic material (7),
touch preparations of frozen tissue speci-
mens (8), and microdissection with manual
tools (9—12). However, none of these meth-
ods offers the ease, precision, and efficiency
necessary for routine research or clinical.
molecular diagnostic applications. For ex-
ample, although manual microdissection
can achieve good precision, it is time-con-
suming, labor-intensive, and requires a high
degree of manual dexterity.

To overcome the drawbacks of current
tissue microdissection techniques, we have
developed a laser capture microdissection
(LCM) system (Fig. 1). The method entails
placing a thin transparent film over a tissue
section, visualizing the tissue microscopical-
ly, and selectively adhering the cells of in-
terest to the film with a fixed-position,
short-duration, focused pulse from an infra-
red laser. The film with the procured tissue
is then removed from the section and
placed directly into DNA, RNA, or enzyme
8 NOVEMBER 1996
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buffer for processing.

LCM has several advantages over cur-
rent tissue microdissection approaches: It is
simple, requires no moving parts, involves
no manual microdissection or manipula-
tions, and enables one-step transfers. The
transferred tissue on thé film retains its
original morphology, thereby allowing mi-
croscopic verification of the specificity of
the captured material. LCM can be per-
formed almost as quickly as photography of
histologic tissue sections. The use of sterile,
disposable transfer films minimizes poten-
tial contamination, which is particularly
important for PCR-based analyses. The
films can be activated with minimal energy;
small, inexpensive low-power lasers (<50
mW) that can be attached to standard mi-
croscopes are sufficient. LCM has the .po-
tential to fulfill the critical needs of basic
researchers and clinicians to perform tissue
microdissection on a routine basis.

The selective transfer and recovery of
human tissue samples by LCM is shown in
Fig. 2 (13, 14). These images represent the -
transfer of kidney glomeruli, Alzheimer’s
plaques in brain, in situ breast carcinoma,
atypical ductal hyperplasia (ADH) of the
breast, prostatic intraepithelial neoplasia
(PIN), and lymphoid follicles. We have
found no limitations on the types of tissue
samples that can be procured by LCM and
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Fig. 1. (A) Transparent EVA thermoplastic film is
applied to the surface of a routine tissue section
mounted on a glass slide. The tissue-EVA film
sandwich is viewed under a microscope, and the
cells of interest are positioned in the center of the
field. (B) A focused laser beam coaxial with the
microscope optics is pulsed to activate the film,
causing it to become focally adhesive and fuse to
the selected underlying cells in the tissue section.
(C) When the EVA film is removed from the tissue
section, the selected cells remain adherent to the
film surface. The film is then placed directly into
the DNA, RNA, or enzyme buffer. The cellular ma-
terial detaches from the film and is ready for stan-
dard processing.



