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To investigate the local effects of angiotensin Il on the
heart, we created a mouse model with 100-fold nor-
mal cardiac angiotensin-converting enzyme (ACE),
butno ACE expression in kidney or vascular endothe-
lium. This was achieved by placing the endogenous
ACE gene under the control of the a-myosin heavy
chain promoter using targeted homologous recombi-
nation. These mice, called ACE 8/8, have cardiac an-
giotensin Il levels that are 4.3-fold those of wild-type
mice. Despite near normal blood pressure and a nor-
mal renal function, ACE 8/8 mice have a high inci-
dence of sudden death. Both histological analysis and
in vivo catheterization of the heart showed normal
ventricular size and function. In contrast, both the
left and right atria were three times normal size. ECG
analysis showed atrial fibrillation and cardiac block.
In conclusion, increased local production of angio-
tensin Il in the heartis not sufficient to induce ven-
tricular hypertrophy or fibrosis. Instead, it leads to
atrial morphological changes, cardiac arrhythmia,
and sudden death. (Am J Pathol 2004,
165:1019-1032)

The renin-angiotensin system (RAS) is a key regulator of
blood pressure and electrolyte homeostasis. A critical
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component of this system is angiotensin-converting en-
zyme (ACE), which produces the eight amino acid pep-
tide angiotensin |II, the effector molecule of the RAS.1
ACE is a zinc metallopeptidase located on the cell sur-
face of endothelium. In this location, ACE produces an-
giotensin Il adjacent to vascular smooth muscle, a critical
target organ for this vasoconstrictor. ACE is also pro-
duced by a variety of other tissues including renal tubular
epithelium, activated macrophages, proximal gut epithe-
lium, and areas of the brain. Endothelium and these other
tissues make the isozyme of ACE, termed somatic ACE,
which consists of two catalytic domains that are indepen-
dently capable of producing angiotensin Il. Studies of
knockout mice established that somatic ACE influences
blood pressure and other cardiovascular functions 23 In
contrast, within the testis, developing male germ cells pro-
duce a different ACE isozyme called testis ACE, which
plays an important role in normal male reproduction 4

In addition to regulating normal physiology, substantial
evidence suggests that the RAS plays an important role
in disease, including heart disease.5 Genetic studies re-
ported a link between somatic ACE polymorphisms and
the incidence of cardiac hypertrophy, sudden cardiac
death, and acute coronary events 6 This is consistent with
the clinical effectiveness of ACE inhibitors in treating
heart failure.7 The beneficial effects of ACE inhibitors may
not be solely the result of blood pressure reduction since
other antihypertensive drugs do not produce the same
effect. Rather, ACE may directly influence heart function
through the local production of angiotensin Il. Studies
have found that angiotensinogen, renin, and ACE exist in
the heart, implying that local generation of angiotensin |l
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may affect cardiac functions including pathological for-
mation of cardiac hypertrophy and fibrosis 8 10

To investigate the local, cardiac effects of angiotensin
Il, several investigators created transgenic models with
overexpression of angiotensinogen,1l ACE,12'13 angio-
tensin Il receptors,14 16 or even angiotensin Il peptidel7
in the heart. These studies generated controversy in that
some models presented with cardiac hypertrophy and
fibrosis, while other animal models lacked a cardiac phe-
notype in the absence of external stimuli.

Here we report a new mouse model, called ACE 8/8,
created using targeted homologous recombination in
mouse ES cells. These mice overexpress ACE in the
heart, but differ from transgenic models in that they lack
ACE expression in such traditional ACE expressing tis-
sues as vascular endothelium, kidney, gut, and brain.
Thus, rather than adding cardiac ACE expression to en-
dogenous ACE, our model substitutes cardiac ACE ex-
pression for the disseminated presence of ACE in a wild-
type mouse. As a result, angiotensin Il levels in cardiac
tissue are greater than four times that of control mice.
Surprisingly, ACE 8/8 mice have normal ventricular size
and function. The blood pressure of the mice is near
normal. However, these mice have very marked enlarge-
ment of the left and right atria. This is associated with
cardiac arrhythmia and a marked incidence of sudden
death. We conclude that increased angiotensin Il within
the heart is not associated, a priori, with ventricular fibro-
sis, enlargement, or dysfunction. In contrast, atrial en-
largement develops as a result of abnormal amounts of
cardiac ACE and angiotensin I, and this appears inde-
pendent of blood pressure elevation.

Materials and Methods

Creation ofACE.8 Homozygous Mutant Mice

A 10.7-kb fragment of mouse genomic DNA was cloned
from a mouse CC1.2 ES cell library. This contained 2.4 kb
of the somatic ACE promoter, the somatic ACE transcrip-
tion start site, and 8.3 kb of genomic sequence encom-
passing somatic ACE exons 1 through 12. A neomycin
cassette (called KT3NP4) was inserted into a unique
BssH Il restriction site located within the 5' untranslated
region of somatic ACE.18 A 4.4-kb a-myosin heavy chain
(«-MHC) promoter was cloned by PCR amplification from
an «-MHC plasmid construct sent to us by Dr. Jim Gulick,
Cincinnati Children's Hospital Medical Center. The
«-MHC promoter was placed immediately 3' to the neo-
mycin cassette.

The ACE.8 targeting construct was linearized and
electroporated into R1 ES cells derived from a 129/
SVx129/Sv) F1 embryo. Individual ES cell clones were
screened for targeted homologous recombination using
a combination of PCR and genomic Southern blot analy-
sis. The generation of chimeric mutant mice was per-
formed as previously described.3 Chimeric mice were
mated to C57BL/6 mice to generate F1 mice. Heterozy-
gous F1 mice were bred to create F2 offspring of wild-
type (WT), heterozygous (HZ), and homozygous ACE.8

(8/8) mice. All studies were performed on F2 or F3 gen-
eration litters generated from the breeding of heterozy-
gous animals. Age and gender matched littermate con-
trols were used in all studies. Animal procedures were
approved by Institutional Animal Care and Use Commit-
tee and were supervised by the Emory University Division
of Animal Research.

Genotyping of Mice

Genomic DNA was obtained through tail clipping. Three
primers were used for PCR genotyping: a reverse primer
located inthe first exon of the ACE gene (5'-CCACCTCG-
GCACTCGAGTTATAGCTTCAG-3"); a forward wild-type
primer located in the 5' untranslated region of the ACE
gene, (5'-TCTAGCTTCCTCTGAGAGAGCCCGATCTAG-
3'); and a forward mutant primer located on the 3' end of
the «-MHC promoter (5'-CCACCTCGGCACTCGAGT-
TATAGCTTCAG-3')- A450-bp fragment was amplified for
the wild-type allele and a 742-bp fragment was amplified
for the mutant allele.

ACE Activity Assay

Cardiac puncture was performed on anesthetized mice
to collect blood in heparinized tubes. Plasma was ob-
tained by centrifugation of blood samples at 4°C for 10
minutes at 2000 x g. Animals were then sacrificed and
tissue samples were collected. Individual tissues were
briefly homogenized at low speed in ACE homogeniza-
tion buffer (50 mmol/L HEPES, pH 7.4, 150 mmol/L NacCl,
25 mol/L ZnCI2, and 1 mmol/L PMSF). These homoge-
nates were centrifuged at 10,000 x g and the superna-
tant discarded. The pellets were then resuspended in
ACE homogenization buffer containing 0.5% Triton X-100
and vigorously re-homogenized. The tissue homoge-
nates were again spun at 10,000 x g and supernatants
were used for ACE activity measurement. Due to the
small size of atrial tissues, a small hand-held motorized
glass-pestle homogenizer was used following the same
procedure. ACE activity was measured using the ACE-
REA kit from American Laboratory Products Company,
Ltd. (Alpco, Windham, NH). ACE activity assay was per-
formed following the kit instructions and activity was de-
fined as that inhibited by captopril. Protein concentration
was measured using BCA Protein Assay Reagent Kkit
(Pierce, Rockford, IL). Tissue ACE activity was calculated
as ACE units per g protein.

Western Blotting, Collagen Staining, and
Immunohistochemistry

For Western blot, tissue homogenates were prepared as
described for the ACE activity assay. Protein samples (20
jug per lane) were separated on an 8% SDS gel and
transferred to a nitrocellulose membrane. The membrane
was blotted using a rabbit polyclonal anti-mouse ACE
antibodyl19and exposed to X-ray film using the enhanced
chemiluminescence method.



For histological analysis, tissue samples were taken at
euthanasia and preserved in 10% neutral-buffered forma-
lin. Lung tissues were infused with formalin through the
trachea. Tissues were then embedded in paraffin using
standard procedures. Sections were stained for hema-
toxylin and eosin, or picro-sirius red using standard tech-
niques. For immunohistochemistry, both ACE 8/8 and
wild-type tissues were placed on a single slide. Immuno-
histochemical detection of ACE was performed as previ-
ously described.19

Blood and Tissue Angiotensin and Bradykinin
Levels

ACE 8/8 and wild-type mice were anesthetized with a
mixture of ketamine (125 mg/kg) and xylazine (12.5 mg/
kg) administered by IP injection. Blood was collected
from the inferior vena cava directly into a syringe contain-
ing 5 ml 4 mol/L guanidine thiocyanate (GTC) using a
25-gauge needle. Tissues were then rapidly removed
and immediately rinsed briefly in cold isotonic saline,
weighed, and homogenized in5 ml GTC. The GTC blood
and tissue homogenates were then frozen at -80°C and
shipped on dry ice to St. Vincent's Institute of Medical
Research where peptide measurements were performed.
Angiotensin |, angiotensin I, and bradykinin peptides
were measured using HPLC-based radioimmunoasays
as previously described 20 The method allows analysis of
both angiotensin | and angiotensin Il peptides in the
same sample during a single HPLC run thus reducing the
variance of the peptide ratio. Data from one outlier ACE
8/8 mouse was eliminated from both the angiotensin and
bradykinin calculations because the data were greater
than 3 standard deviations removed from the means.

Blood Pressure and Urine Osmolality

Systolic blood pressure was measured inconscious mice
using a Visitech Systems BP2000 automated tail cuff
system (Apex, NC) as previously described 3 Mice were
trained in the apparatus for 5 days before data were
collected. The blood pressure of an animal was the av-
erage of 80 measurements over an additional 4 days.

Spot urine samples were collected before and after 24
hours of water deprivation. Urine samples were spun at
5500 x g to precipitate particulates. Urine osmolality was
determined using a Wescat 5500 Vapor Pressure Os-
mometer (Wescor Inc., Logan, UT).

Heart Weight

Mice were euthanized and the hearts were isolated. The
whole hearts were briefly rinsed in 0.9% saline to remove
blood. Both atria were carefully removed from the ventri-
cles at the atrial-ventricular septum. The atria and ventri-
cles were then blotted dry and weighed separately.
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Echocardiography

Mice ages 7 to 11 weeks were anesthetized with tribro-
moethanol (0.25 mg/g body weight). M-mode echocar-
diogram studies were performed as described2l
M-mode measurements of end-diastolic dimension
(EDD), end-systolic dimension (ESD), intraventricular wall
septum thickness (IVS) and end-diastolic posterior wall
thickness (PW) were made from original tracings. Calcu-
lated variables included the following: left ventricular
fractional shortening (FS = (EDD - ESD)/EDD), relative
wall thickness (RWT = (IVS+PW)/EDD), LV mass =
1.06 x ((EDD + PW + 1IVS)3 - (EDD)3, and LV mass
normalized by body weight (LV/BW). Echocardiography
was analyzed by B.D.H. who was blinded to genotype of
the mice.

In Vivo Hemodynamic Measurements

Mice ages 8 to 12 weeks were anesthetized with a mix-
ture of ketamine (125 mg/kg) and xylazine (12.5 mg/kg)
administered by IP injection. The mice were placed on a
heated pad during the surgery. A 1.4 French Millar high
fidelity pressure catheter (SPR-671, AD Instruments, CO)
was inserted into the right carotid artery and then ad-
vanced into the left ventricle. The catheter was calibrated
using an external analog manometer. Data were re-
corded using a Powerlab system and Chart 5 software
(AD Instruments, CO) with a sample speed of 1 k/s. Heart
rate, left ventricular (LV) systolic pressure, and LV end-
diastolic pressure were calculated directly from LV pres-
sure wave forms. LV dP/dt max and LV dP/dt mM were
obtained as the first-degree differential of the LV pres-
sure. The time constant of isovolumic LV relaxation, t, was
estimated by an unweighted non-linear least squares
method from 42 individual wave forms.

ECG Monitoring

ECG recordings of awake, free-moving mice were ob-
tained using a telemetry method. After mice were se-
dated with an IP injection of ketamine and xylazine mix
(125 mg/kg and 12.5 mg/kg), an EA-F20 ECG transmitter
(Data Sciences, MN) was implanted inthe intraperitoneal
cavity. The positive lead of the transmitter was tunneled
subcutaneously to the left anterior chest wall above the
apex of the heart and the negative lead to the right
shoulder. This configuration approximates lead Il on the
surface ECG. After 24 hours for recovery from the sur-
gery, the ECG was recorded digitally for 2 minutes at the
beginning of each hour using a 500 Hz A/D converter.
ECG data were analyzed using Dataquest ART Software,
version 2.3 (Data Sciences, MN). For data presentation,
recordings were filtered with 100 Hz low-pass filter to
reduce noise levels.

Signal averaging was used before interval and wave-
form analysis (ECG Analysis Software 4.0, Data Sci-
ences, MN). For this analysis, a 2-minute stretch of ECG
recording was used and complexes were identified by
the T-end fit method with a filter cut-off of 100 Hz and a
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T-end threshold of 30%. Interval correction for heart rate
was calculated using Bazett's formula.22

Statistical Analysis

All data were expressed as means = SE. The signifi-
cance of the difference between two groups was ob-
tained by an unpaired Student's f-test. The significance of
the difference among multiple groups was obtained us-
ing analysis of variance and the Tukey HSD test.

Results

Creation ofACE.8 Homozygous Mutant (ACE
8/8) Mice

Homologous recombination was used to modify the ACE
gene so that ACE was produced specifically by cardiac
tissue. For this purpose, a targeting vector was made in
which a neomycin resistance cassette and a 4.4-kb por-
tion of the a-MHC promoter were inserted into a BssH |l
restriction site, positioned between the start of somatic
ACE transcription and translation (Figure 1). This strategy
positions the neomycin resistance cassette to block any
influence of the endogenous somatic ACE promoter on
ACE gene transcription. It also positions the mouse
a-MHC promoter, a well-known cardiac-specific pro-
moter, to control the transcription of somatic ACE. This
strategy does not alter the testis ACE promoter and the
resulting mice were predicted to be fully fertile. We refer
to this new line of mice as ACE.8 since it was the eighth
modification of the ACE gene prepared in our laboratory.

Targeted homologous recombination in embryonic
stem cells was performed as previously described.18
Proper homologous targeting was verified by both
genomic Southern blot analysis and by PCR. Chimeric
mice were bred to produce agouti F1 offspring; male and
female heterozygous F1 mice were used to produce F2
mice. Of 368 F2 mice genotyped, 96 (26%) were wild-
type, 177 (48%) were heterozygous, and 95 (26%) were
ACE 8/8 mice. This Mendelian ratio indicates that the
ACE 8/8 mutation does not significantly increase mortality
before weaning at 3 weeks of age. ACE 8/8 mice ap-
peared grossly normal. Body weight, as determined
weekly between 3 and 8 weeks of age, showed no dif-
ference between ACE 8/8 mice and wild-type littermates
(data not shown).

Tissue Distribution of ACE in ACE 8/8 Mice

To evaluate the tissue distribution of ACE, wild-type and
ACE 8/8 mice were sacrificed and tissue extracts of
individual organs were tested for ACE activity (Figure
2A). ACE 8/8 mice had a marked increase in cardiac ACE
activity. Specifically, wild-type mice had ACE activity lev-
els in atria and ventricles of 1.2 £+ 0.2 U//ng protein and
0.8 £ 0.1 UlIng protein, while ACE activity in ACE 8/8
mice increased about 100-fold to 106.4 + 7.3 U//ng pro-
tein inthe atria and 104.5 + 4.5 U//ng protein in ventricles.

Flgure 1. ACE 8/8 targeting construct. The tOp of the figure shows the
wild-type organization, ofthe ACE locus. Both the somatic ACE promoter and
the testis ACE promoter are indicated with alrfOWS. A unique BssH Il
restriction, site is located between, the transcription start site and the transla-
tion start site of somatic ACE. The start site for testis ACE transcription is
indicated by a gray boX between, the 12th and 13th exons of somatic ACE.
The targeting construct used for homologous recombination (mlddle) con-
tained 10.7 kb of homologous genomic DNA organized into left and right
arms of 2.4 and 8.3 kb. Between these arms, we incorporated the 3.1-kb
KT3NP4 neomycin, resistance cassette (NeoK) and the 4.4-kb a-MHC pro-
moter such that the structural, portion, of the ACE gene would now be under
the control, ofthe a-MHC promoter. The effects ofthe somatic ACE promoter
were minimized by positioning the neomycin, cassette such that any tran-
scripts generated by this ACE promoter would terminate within the neomycin
cassette. A thymidine kinase (TK) cassette was positioned 5' to the 2.4-kb
homology arm. With proper homologous recombination, this will not be
incorporated within, the modified ACE allele (bottom).

Significant ACE activity was also detected in lung and
plasma where ACE 8/8 mice had 43% and 56%, respec-
tively, of the activity found in wild-type mice. ACE levels in
the testis were similar to those of wild-type. In contrast,
kidney (Figure 2A), intestine, spleen, brain, muscle, fat,
and liver had virtually undetectable ACE activity in ACE
8/8 mice. In particular, the kidney represents a major
change from wild-type mice as this organ normally ex-
presses a substantial amount of ACE activity in both
vascular endothelium and proximal tubular epithelium.
ACE activity in the heart, plasma, and kidney of heterozy-
gous mice was intermediate that of wild-type and ACE
8/8 mice (data not shown).

To confirm the results obtained with ACE activity as-
says, we also performed Western blot analysis of tissue
extracts from wild-type and ACE 8/8 mice (Figure 2B).
This analysis confirmed the ACE activity data in that a
large amount of ACE protein was detected in the whole
heart of ACE 8/8 mice. Also, significant ACE protein was
observed in lung and plasma. In contrast, no ACE protein
was detected in tissue extracts of the kidney in ACE 8/8
mice. Testis ACE protein expression was not altered. In
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Figure 2. ACE distribution and activity. / Littermate wild-type (gray bars)
and ACE 8/8 mice (black bars) were sacrificed and ACE activity was
measured in organ homogenates. ACE activity is expressed as units per
microgram total solubilized protein. ACE 8/8 mice have about 100-fold
increased ACE activity in cardiac tissues. Significant activity is also seen in
lung, testis, and plasma. In contrast, no ACE activity was detected in kidney
homogenates of ACE 8/8 mice. The data are the average of 6 to 10 individual
mice. All data presented are the group means + SEM. <DL indicates less than
detection limit. B: Tissue homogenates from wild-type (WT) and ACE 8/8
mice were studied by Western blot analysis after separation by SDS-PAGE.
Somatic ACE is a band of about 170 kd while testis ACE is a band at about 95
kd. ACE 8/8 mice have substantially more somatic ACE in the whole heart as
compared to wild-type mice. In contrast, these mice have somewhat less ACE
in the lung and plasma than wild-type mice. ACE 8/8 mice have no ACE in
the kidney. They also lack somatic ACE expression in the testis but do
express typical levels of testis ACE.

agreement with the ACE activity assay results, ACE pro-
tein was also undetectable in the intestine, brain, muscle,
liver, and fat of the ACE 8/8 mice by Western blot (data
not shown).

To understand ACE expression patterns in more detail,
we performed immunohistochemistry using an anti-ACE
antibody (Figure 3). These data were consistent with both
the enzyme activity assay and the Western blot analysis.
In wild-type mice, cardiac myocytes produced little
amount of ACE. Inthe ACE 8/8 heart, high levels of ACE
were found in both ventricles and atria. The ACE was
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identified on the cell surface of cardiac myocytes. This
tissue pattern of distribution is expected as ACE is a
membrane-anchored protein normally localized on the
surface of cells. Interestingly, there was one tissue within
the heart that underexpressed ACE. This tissue was vas-
cular endothelium, which produced ACE in wild-type an-
imals but not in ACE 8/8 mice (Figure 3D).

A similar situation was observed in the kidney where
wild-type mice expressed ACE in proximal tubular epi-
thelium and vascular endothelium (Figure 4). The kidneys
from ACE 8/8 mice had no such expression. In mice that
are null for all ACE expression (ACE knockout mice), the
kidney shows a phenotype characterized by under-de-
velopment of the renal medulla and papilla, expansion of
the renal calyx and vascular smooth muscle hyperplasia
resulting in vascular wall thickening 3 Such a phenotype
was not observed inthe ACE 8/8 mice where renal med-
ullary development was normal, and vascular wall thick-
ness was equivalent to that of wild-type mice.

In contrast to the heart and the kidney, the pattern of
ACE expression in the lung was complex (Figure 4). In
wild-type animals, lung endothelium produced abundant
ACE, which was distributed homogeneously throughout
the lung parenchyma. Inthe ACE 8/8 mice, however, lung
parenchymal expression of ACE was patchy, with micro-
scopic areas of tissue producing the enzyme immedi-
ately juxtaposed to similar-sized areas lacking discern-
able immunoreactive ACE (Figure 4D). It was difficult to
determine which cell types inthe lung parenchyma were
responsible for the ACE expression (smooth muscle, type
1 epithelial cells, or endothelium). A more consistent
pattern of ACE expression was observed in the pulmo-
nary artery branches accompanying the bronchial tree.
Here, high level ACE expression was observed invascu-
lar smooth muscle (Figure 4H). In contrast, blood vessel
endothelium appeared to produce little, if any, ACE. The
expression of ACE in pulmonary tissues of ACE 8/8 mice
was not a complete surprise. The original characteriza-
tion of the a-MHC promoter in transgenic mice docu-
mented promoter activity in pulmonary vascular smooth
muscle 23 As to why lung parenchyma expressed ACE in
a patchy pattern, this must reflect heterogeneity of the
lung tissue and differential recognition of the a-MHC
promoter.

Angiotensin and Bradykinin Peptide Levels in
the ACE 8/8 Mice

Our hypothesis was that mice with ACE expression
shifted to cardiac tissue would generate high levels of
cardiac angiotensin Il. To measure this, wild-type and
ACE 8/8 mice were sacrificed, and ventricles, kidney,
and plasma were prepared for HPLC determination of
angiotensin peptide levels (Figure 5, a to c). In the ven-
tricles, there was a marked difference in the tissue con-
tent of angiotensin I, with ACE 8/8 mice having 4.3-fold
the angiotensin Il concentration of ventricles from wild-
type mice (8/8: 179.7 + 24.6; WT: 41.5 £12.1 fmol/g,P<
0.001). In contrast, the angiotensin I levels were not sig-
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Flgure 3. ACE immunchistochemistry of heart. Tissues from wild-tvpe (WT) and ACE 8/8 mice were prepared and stained with an anti-ACE antibody. Aand B
Sections of cardiac ventricles. The high-power INSet in B shows abundant ACE within, the cell membranes of myocytes. Despite this, the overall histological
appearance of the ACE 8/8 ventricular myocardium was unchanged from that of wild-tvpe tissue. C and D. High-power sections of the heart showing ventricular
blood vessels. Wild-tvpe mice have both endothelial and adventitial expression of ACE. In contrast, blood vessels in the hearts o f ACE 8/8 mice have no endothelial
expression, of ACE. Eand F Sections of atria. As in. the ventricles, the atria of ACE 8/8 mice make abundant ACE.

nificantly different between ACE 8/8 and wild-type mice.
A useful measure is the angiotensin Il/angiotensin | ratio,
which was significantly elevated in the ACE 8/8 mice,
reflecting the increased ACE activity inthe heart. In blood
of ACE 8/8 mice, the angiotensin Il levels were not sig-
nificantly different from wild-type. Angiotensin 1 levels
were elevated compared to wild-type values (P < 0.06)
resulting in an angiotensin Il/angiotensin | ratio that was
less than wild-type mice (P < 0.05). Inthe kidneys of the
ACE 8/8 mice, the angiotensin Il level was decreased

while the angiotensin | level was elevated compared to
those of wild-type mice (P < 0.05), resulting ina reduced
angiotensin Il/angiotensin | ratio (P < 0.01). This is con-
sistent with decreased renal ACE activity in ACE 8/8
mice. Insummary, the concentration of angiotensin Il was
markedly increased in the heart, in agreement with what
we predicted from the increased cardiac ACE expres-
sion. A decreased ratio of angiotensin ll/angiotensin I in
the kidney and plasma was consistent with the de-
creased ACE activity in these tissues.
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Figure 4. ACE immunohistochemistry of kidney and lung. Tissues from wild-tvpe (WT) and ACE 8/8 mice were prepared and stained with an anti-ACE antibody.
A and B: Sections of kidney. Wild-tvpe mice express ACE in. proximal tubular epithelium. No ACE was produced by the kidney of ACE 8/8 mice. C: Lung from
awild-tvpe mouse and shows homogeneous and extensive ACE expression. In. contrast, D-F: Lung from an. ACE 8/8 mouse. Here ACE expression is patchy with
portions ofthe lung expressing ACE (E), found immediately adjacent to areas with no ACE expression. (F). In. the arterioles ofwild-type lung (G), ACE is expressed
by vascular endothelium (arrow) and not by vascular smooth muscle. In. contrast, arterioles from the lung of ACE 8/8 mice (H) have no endothelial ACE
expression, but do express abundant ACE in. vascular smooth muscle.
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Figure 5. Angiotensin. (Ang) and bradykinin. (BK) peptide levels. Ang Il, and Ang | peptide levels were measured in.the heart (a), blood (b), and kidney (c) of
wild-type (WT) and ACE 8/8 mice. Peptide levels were determined by an HPLC-based method. The ratios of Ang Il to Ang | were also calculated. Ang Il levels
in the hearts of ACE 8/8 mice were 4.3-fold those found in the wild-type mice. All data are means + SEM*, P < 0.05; *, P< 0.01; ** P < 0.001. Peptide levels
were studied in. 9 ACE 8/8 mice and 10 wild-type controls. BK-(1-#), BK-(I-9) and the BK-(1~7)/BK-(1~9) ratios were similarly analyzed in. heart (d), blood (e),
and kidney (f). No significant differences were noted. Peptide levels were studied in. 9 ACE 8/8 mice and 10 wild-type controls.

In addition to converting angiotensin Ito angiotensin Il
ACE also inactivates bradykinin peptide by converting
bradykinin-(1-9) into bradykinin-(1-7) (Figure 5, d to f).
We measured the tissue and blood bradykinin peptide
levels using an HPLC-based method. In the ventricles of
ACE 8/8 mice, bradykinin-(1-9) levels were slightly in-
creased and bradykinin-(1-7) was slightly decreased,
but neither measure reached significance. These data
were surprising in that we predicted a significant de-
crease of bradykinin-(1-9) due to increased degradation
by ACE. Both blood and kidney levels of bradykinin pep-
tides were also no different from those of wild-type mice.
In total, these data suggest that, in vivo, ACE may play a
less central role in the degradation of bradykinin-(1-9)
than other enzymes such as carboxypeptidase N and
aminopeptidase P. A second possibility is that the rela-
tionship of ACE and bradykinin is more complicated than
presently understood.

Physiological Measurements

Previous work showed that mice lacking all ACE have a
reduction of systolic blood pressure, renal concentrating
ability, and hematocrit.2'3 Each of these parameters was
studied in the ACE 8/8 mice. Systolic blood pressure was
evaluated in conscious wild-type, heterozygous, and
ACE 8/8 mice (Figure 6a). The ACE 8/8 mice have a
systolic blood pressure thataveraged 101.8 + 1.8 mmHg
wild-type and averaged

while heterozygous mice

111.3 + 1.8 and 110.4 + 1.8 mmHg. While these differ-
ences inaverage blood pressure are small, the ACE 8/8
mice have a statistically lower blood pressure compared
to the other two groups (P < 0.001). These differences
were also seen when male and female mice for each
genotype were compared. Thus, while the ACE 8/8 mice
do not show the marked reduction of systolic blood pres-
sure present in ACE null mice, they do have a mild but
statistically significant decrease from wild-type or het-
erozygous mice.

While the blood pressure of ACE 8/8 mice was reduced,
renal function was not different from that of wild-type ani-
mals (Figure 6b). In response to water deprivation, all
groups markedly increased urine osmolality to greater than
3000 mosm/L. Similarly, the hematocrit of the ACE 8/8 mice
was also equivalent to those of wild-type and heterozygous
littermate controls. Thus, our data shows that overexpres-
sion of ACE inthe heart, coupled with some pulmonary ACE
expression, was able to correct most of the phenotypic
abnormalities present in ACE null mice.

Diminished Survival of the ACE 8/8 Mice

Although the ACE 8/8 mice did not show increased mor-
tality before weaning, a significant incidence of sudden
death was observed after 3 weeks of age (Figure 7). For
example, at 66 days after birth, only 64% of ACE 8/8 mice
were alive as compared to 100% of wild-type and het-
erozygous mice (P < 0.0001). ACE 8/8 mice continued to



Flgure 6 a Systolic blood pressure was determined using an automated
tail-cuff manometer for 4 consecutive days. The animals are 22 wild-type
(WT), 25 heterozygous (HZ), and 28 ACE 8/8 mice. Each dot represents the
systolic blood pressure of a single mouse. A solidbar represents the mean,
for each group of mice. The systolic blood pressure of ACE 8/8 mice was
significantly lower than, wild-type and heterozygous mice. **, P < 0.001. b:
Urine osmolality was determined from spot samples collected from wild-tvpe
(WT), heterozygous (HZ), and ACE 8/8 mice before and after 24-hour water
deprivation. All three groups of mice showed a similar increase in urine
osmolality following water deprivation. The number of mice in. each group
was 12 WT, 12 HZ, and 15 8/8. All data are means + SEM.

die after 60 days of age, though at a rate somewhat less
than that measured before 60 days of age. The oldest
ACE 8/8 animals survived for over 300 days. However,
the survival rate at 300 days was only 23% for ACE 8/8
mice as compared to 100% for wild-type. There was no
significant difference in survival between male and fe-
male mice using Kaplan-Meier analysis. No weight loss,
sudden weight increase, or abnormal behaviors were
noticed inthe ACE 8/8 animals before death. At necropsy
(12 mice) following sudden death, the only abnormal
feature was the consistently dilated heart with a remark-
able bilateral enlargement of the atria.

Cardiac Morphology and Function ofACE
8/8 Mice

To characterize cardiac development in ACE 8/8 mice,
we sacrificed animals ages 3 days to 16 weeks. All ACE
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Figure 7. Kaplan-Meier plot of survival. The survival of mice as afunction of
age was plotted using the Kaplan-Meier method. ACE 8/8 mice have a
markedly increased incidence of death as compared to wild-tvpe (WT) or
heterozygous mice (HZ). The number of mice studied was 102, 200, and 103
for WT, HZ, and 8/8 mice. Due to the utilization, of adult animals for other
experiments and the death of 8/8 mice, the number of animals was reduced
to 36, 67, and 27 at 100 days, and 13,17, and 7 at 200 days, respectively, for
WT, HZ, and 8/8 mice. The survival rate was significantly decreased in. the
8/8 mice compared to WT or HZ mice (P< 0.0001). One of 200 HZ mice died
during the course of study, but did not significantly reduce survival rate
compared to WT mice (100% survival).

8/8 mice older than 3 weeks had markedly enlarged atria
compared to wild-type and heterozygous mice (Figure 8).
In a series of mice ages 10 to 16 weeks, we carefully
dissected the atria free from the ventricles to determine
average atrial and ventricular weight. ACE 8/8 mice had
a ventricular weight that was not significantly different
from wild-type mice (8/8: 4.4 + 0.2; WT: 4.4 + 0.1 mg/g
body weight), but atrial weight was threefold greater than
that of either wild-type or heterozygous mice (8/8: 0.71 +
0.06; HZ: 0.24 + 0.01; WT: 0.23 = 0.01 mg/g body
weight, P < 0.0001).

To investigate the onset of atrial enlargement, young
mice were sacrificed to evaluate heart morphology. Three
ACE 8/8 mice examined at 3 days of age did not show
visible cardiac morphology different from wild-type mice.
Of 11 ACE 8/8 mice observed at 2 weeks of age, mild
atria enlargement was occasionally noticed, but was
never as prominent as in adult mice. By 3 weeks of age,
six ACE 8/8 mice consistently showed the phenotype of
atrial enlargement typical of adult ACE 8/8 mice. Thus, we
believe that most ACE 8/8 mice develop clear atrial en-
largement between 2 and 3 weeks of age. This time
course of abnormal heart morphology was consistent
with the onset of sudden death in that no spontaneous
deaths were noted before 3 weeks of age.

Histological examination of several adult 8/8 hearts
showed atrial enlargement but normal ventricular myo-
cyte organization. No structural abnormality of cardiac
valves was observed. Some investigators have sug-
gested that angiotensin Il can promote ventricular hyper-
trophy and fibrosis.10 To evaluate cardiac fibrosis, heart
sections of ACE 8/8 mice were stained with picro-sirius
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Flgure 8. Heart morphology and collagen, staining. A The hearts from awild-type (WT), heterozygous (HZ), and ACE 8/8 mouse are shown. The atria of the
ACE 8/8 heart (ar I‘OW) are markedly enlarged as compared to the other two genotypes. B: Mice ages 10to 16 weeks were sacrificed and atria from wild-type
(n —15), heterozygous (n —75), and ACE 8/8 mice (n —10) were isolated, blotted dry, and weighed. This is plotted relative to total body weight. The atria weight
from ACE 8/8 mice is threefold greater than that of the other genotypes (P < 0.0001). G+ Heart sections from the ventricles (Cand D) and atria (E and F) of
wild-type (WO and ACE 8/8 mice were stained with, picro-sirius red. There was no increased fibrosis in the ventricular myocardium of ACE 8/8 mice, but their
atria did show focal, areas of increased fibrosis (F) All micrographs were photographed with, a X20 lens.

red, which specifically identifies collagen. Picro-sirius red
staining in the ventricles of ACE 8/8 mice was not notice-
ably increased compared to wild-type controls (Figure
8D). Focally, the atria of the ACE 8/8 mice did show more
staining than wild-type atria (Figure 8F). However, fibrosis
was not present in large amounts. Thus, ACE overexpres-
sion in the heart, associated with elevated levels of an-
giotensin 1l, had little effect on either ventricular size or
the degree of ventricular fibrosis. In contrast, there was

bilateral atrial enlargement with a mild, focal increase of
fibrosis.

To evaluate the cardiac function of ACE 8/8 mice, we
measured left ventricular function both by M-mode echo-
cardiography and by in vivo hemodynamic studies. By
echocardiography, all cardiac parameters for left ventric-
ular function were comparable between ACE 8/8 mice
and wild-type mice, except the posterior wall thickness,
which was slightly thinner in the ACE 8/8 mice than in



Table 1. Echocardiography Parameters of l.eft Ventricular

Function
W (n = 8) 8/8 (n = 6)

EDD (mm) 347 +0.13 345 + 0.33
ESD (mm) 2.19 + 0.29 231 + 0.40
NS Errmg 0.62 + 0.09 0.62 + 0.12
PW (mm 061 + 0.05 054 + 0.04*
FS 0.37 + 0.07 0.33 + 0.06
LV mass (g) 52.43 + 12.89 44.09 + 1448
BN(9) 28.48 + 4.27 27.55 + 3.73
RWT 0.36 + 0.04 0.34 + 0.04
LVIBW (mg/g) 184 + 035 159 + 041

End-systolic dimension (EDD), end-diastolic dimension (ESD),
interventricular septum thickness (IVS), posterior wall thickness (PW),
fractional shortening (FS), left ventricular mass (LV mass), and relative
wall thickness (RWT) were measured by M-mode echocardiography,
'P < 0,05, all data are means + SEM,

wild-type controls (Table 1). For in vivo hemodynamic
studies, we measured left ventricular pressures using an
ultra miniature, high fidelity Millar catheter inserted into
the heart through the right carotid artery (Figure 9). LV
systolic pressure, LV end-diastolic pressure, LV dP/dt
max, LV dP/dt min, and t (time constant for ventricular
isovolumic relaxation) were computed from ventricular
pressure wave forms. None of these parameters were
significantly different between the two groups. These
data suggest that, despite elevated levels of ACE and
angiotensin |Il, the ventricular function of the ACE 8/8
mice was essentially normal and not the cause of the
atrial enlargement.

ACE 8/8 Mice Have AF, Low ECG Voltage, and
Heart Block

To further investigate a cause for sudden death, we used
ambulatory ECG monitoring to study four wild-type mice
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LV dP/dtmax (mmHg/s) 7116.6 + 206.3 8196.1+ 1314.4
LV dP/dtmin (mmHg/s) 6179.2 £ 509.3 7591.4 +1851.3
Tau {ms) 10.2+£05 88+1.0

Figure 9* In vivo hemodynamic measurements of the left ventricle. Left
ventricular pressure was measured using a Millar microtip catheter inserted
through, the right carotid, artery, & Left ventricular pressure recordings from
awild-type (left) and an. ACE 8/8 mouse (light), b: First-degree differential
derived from the ventricular pressure wave forms, which, is dP/dt. C. Hemo-
dynamic parameters calculated, from ventricular pressure recordings. Data
are mean. = SEM N, number of animals studied.
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Figure 10. Ambulatory ECG. ECG was recorded in. wild-tvpe and ACE 8/8
mice using telemetry. A A representative ECG of awild-tvpe mouse showing
normal sinus rhythm. B: A representative ECG from six analyzed ACE 8/8
mice showing low QRS voltage, no P wave, and irregular RR intervals. C:
ECG of an. ACE 8/8 mouse showing the presence of an. atrial rhythm with,
prolonged AV block. Atrial P waves are labeled, with, alTOWS.

and seven ACE 8/8 mice. After recovery from surgery, the
four wild-type mice demonstrated a normal sinus rhythm
with clearly identifiable P waves (Figure 10A). In contrast,
all ACE 8/8 mice showed consistently low QRS voltages
(Figure 10B). Six of the seven ACE 8/8 mice demon-
strated no organized atrial activity and irregular RR inter-
vals consistent with atrial fibrillation (AF). The sole ACE
8/8 mouse not in AF demonstrated a prolonged atrioven-
tricular (AV) interval, suggesting of AV nodal dysfunction
in this mouse (Figure 10C). The abnormal rhythm was not
due to abnormal blood electrolyte levels as the blood
sodium, potassium, and chloride were similar in ACE 8/8
and wild-type mice (data not shown). Two ACE 8/8 mice
died during monitoring and the ECG showed a slow
ventricular escape rhythm preceding death.

To further study ECG morphology and quantify the
ECG signals, telemetry ECG data were analyzed using a
signal averaging method. The reference tracing of all four
wild-type mice showed clearly identifiable P, Q, R, S, and
T waves. In contrast, the reference tracing of ACE 8/8
mice showed no P waves and low QRS and T wave
voltages. The ACE 8/8 mice had a 2.3-fold reduction in
QRS amplitude (P < 0.01, Table 2). QRS intervals were
not changed in ACE 8/8 mice compared to wild-type
mice. Similarly, R-R interval, QT interval, RT interval, and
heart rate were not significantly different between the two
groups.
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Table 2. Signal Averaging of Telemetry ECG Data

WT (n = 4) 8/8 (n=7
R-ATp (V) 0.452 + 0.145 0.197 + 0.021'
QRS (ms) 16.3+ 05 161+ 11
RR (ms) 103351 154.7 £ 634
Qr én‘s 855+ 44 783+ 17.6
RT (ms 543+ 35 53.0 + 14.2
HR (bpm) 582.9 + 29.3 4419 + 1682

Telemetry recordings of ECG data from 4 wild-type (WT) and 7 ACE
8/8 mice were averaged. R-Amp represents R wave amplitude. QRS,
RR, QT, and RT represent the intervals of respective waves. HR
represents heart rate. *p < 0.01. All data are means + SEM.

Discussion

In recent years, the conceptualization of the renin-angio-
tensin system has expanded from just a circulating sys-
tem generating plasma angiotensin Il to a more complex
picture where both systemic and local production of an-
giotensin Il are thought to influence physiology. In the
heart, published studies have suggested that locally pro-
duced angiotensin Il may influence cardiac hypertrophy
and fibrosis.10 In particular, the effect of ACE inhibitors in
reducing cardiac hypertrophy in some rat models of hy-
pertension correlates better with the reduction of local
angiotensin Il levels than the reduction of systemic pres-
sure or plasma angiotensin 11.24 Also, in vitro studies have
suggested that angiotensin Il stimulates cardiomyocyte
growth and proliferation of cardiac fibroblasts.25'26 To
investigate the functional role of angiotensin Il produced
within the heart, transgenic mice models were made that
overexpressed components of the RAS within this organ.
Such studies include the overexpression of angiotensino-
gen,11 ACE,12 angiotensin Il peptide,17 or the angiotensin
Il AT-, receptor.14"16 These studies were not consistent in
that some animal models developed ventricular hypertro-
phy or fibrosis, while other models showed no apparent
pathology. Inall these models, overexpression of the RAS
in the heart accompanied a normal systemic distribution
of ACE.

Our approach is quite different from that of previous
models. By altering the endogenous ACE locus by tar-
geted homologous recombination, we created a novel
mouse model with elevated cardiac somatic ACE expres-
sion but reduced expression of somatic ACE in other
organs. Apart perhaps from some foci of parenchymal
ACE in the lung, ACE 8/8 mice have no endothelial ex-
pression of somatic ACE. The kidney, normally rich in
ACE due to both endothelial and epithelial expression, is
now totally devoid of this protein. Our hypothesis was that
our approach would elevate angiotensin I and concen-
trate angiotensin Il production in cardiac tissues. To a
large degree, precisely this occurred. Renal angiotensin
I was elevated and cardiac ACE produced cardiac levels
of angiotensin Il that were fourfold greater than normal.
The phenotype of ACE 8/8 mice included a blood pres-
sure that was only slightly less than normal and renal
function identical to that of wild-type mice. So what do the
ACE 8/8 mice tell us? First, echocardiography and in vivo
hemodynamic studies (cardiac catheterization), did not
reveal any major differences in ventricular function in the

ACE 8/8 mice. Thus, the lack of ventricular hypertrophy or
fibrosis indicates that a 100-fold increase of ventricular
ACE and a fourfold elevation of angiotensin Il are not, a
priori, deleterious to ventricular function. Our data reflect
animals maintained under basal conditions. However,
there is still a possibility that cardiac angiotensin Il may
act synergistically with other factors under pathological
conditions, such as hypertension, to cause deleterious
effect in ventricles. Second, the systemic lack of endo-
thelial ACE expression was not associated with a gross
abnormality of blood pressure, indicating that the local
production of ACE by endothelium is not obligatory for
blood pressure control. A similar conclusion was reached
in a previous mouse model we studied, termed ACE 1/3,
in which ACE expression was predominantly restricted to
the liver.27 Thus, it seems that the plasticity of the RAS
(and the plasticity of overall blood pressure control) is
such that an animal can adaptto pleomorphic expression
patterns of ACE. Finally, we observed normal renal func-
tion in the ACE 8/8 mice, despite a complete absence of
renal ACE. The ACE 8/8 mouse is the first animal model
having no renal ACE expression, yet maintaining normal
renal structure and function. In this model, the kidney
does contain significant amounts of angiotensin I, and it
follows that this peptide must originate from the circula-
tion. These observations contrast with mice lacking all
ACE who have both renal developmental defects and are
unable to effectively concentrate urine.2'3 Thus, the gener-
ation of angiotensin Il intissue locations independent of the
renal parenchyma appears capable of maintaining cardio-
vascular homeostasis, including normal renal function.

The two major pathologies in the ACE 8/8 mice were
atrial enlargement and cardiac arrhythmia. In fact, the
atrial enlargement with some atrial fibrosis may be the
structural foundation of AF inthese animals. While abnor-
mal atrial morphology developed by 2 to 3 weeks in the
ACE 8/8 mice, ventricular size was normal even after 4
months. The different response of the atria and ventricles
is not a total surprise; as reflected by different gene
expression profiles, atria and ventricle are not identical in
their makeup, and presumably their response to injury.28
It will be of great interest to define the biochemical basis
for the atrial response to increased angiotensin Il

The second very significant finding in the ACE 8/8 mice
was the abnormal cardiac electrical activity. There was a
high prevalence of AF inthe ACE 8/8 mice. AF isthe most
common human cardiac arrhythmia affecting more than
5% of the population greater than 65 years of age. The
prevalence of AF increases with age and is associated
with a twofold increase in mortality in humans. A role of
the RAS in AF has been suggested by various human
studies demonstrating a beneficial effect of ACE inhibi-
tion on atrial remodeling and fibrillation.29 31 However,
the biochemical explanation for these results is less de-
veloped. Our study of ACE 8/8 mice suggests that the
RAS may directly participate in the pathogenesis of atrial
dysfunction. The ECG abnormalities of these mice, in-
cluding AF, a low QRS voltage, and some evidence of AV
nodal dysfunction cannot be explained by reduced ven-
tricular mass or cell count, alteration in serum electro-
lytes, the presence of pericardial effusion, or changes in



the chest wall size or composition. While the physiologi-
cal basis of the electrical abnormalities will be investi-
gated in future studies, itappears that the ACE 8/8 mice
will be a very interesting model to study the effects of
angiotensin Il and atrial enlargement on cardiac electrical
activity.

We carefully screened for causes of sudden death in
the ACE 8/8 mice. These mice showed no changes of
appearance or behavior before death. No signs of car-
diac failure, embolism, or bleeding were observed in
sacrificed animals. It has been shown clinically that ACE
inhibitors reduce the incidence of death from cardiac
origins, perhaps in part by lowering blood pressure3233
However, many believe that the blood pressure lowering
effect of ACE inhibitors does not account for all of the
beneficial effects, as this class of pharmaceuticals ap-
pears to be more effective than other blood pressure
lowering drugs in clinical trials. In recent years, a local
RAS has been proposed to function in the heart. Our
study adds some evidence to this idea inthat the ACE 8/8
mice developed a cardiac phenotype independent of
gross changes in blood pressure.

The phenotype of ACE 8/8 mice is different from some
transgenic mouse models that overexpress RAS compo-
nents. For example, we did not observe the ventricular
hypertrophy or fibrosis, as reported by Paradis et all5 in
cardiac overexpression ofthe ATl1receptor (by more than
200-fold). Here, cardiac dilatation and heart failure may
reflect abnormal intracellular signaling as a function of
the massive increase of these receptors. Other groups
who overexpressed the AT1 receptor in the heart re-
ported either no basal cardiac enlargement or atrial en-
largement very similar to what we observed in the ACE
8/8 mice.14-16 Mazzolai et alll overexpressed rat angio-
tensinogen in the hearts of transgenic mice. They found
either normal or mildly enlarged hearts depending of the
mouse strain (one or two renin genes), blood pressure,
and age of the mice. However, even in those mice with
enlarged hearts, Mazzolai et alll reported no increase of
cardiac fibrosis. Van Kats et all7 studied the effect of
local cardiac angiotensin Il production by directly ex-
pressing the peptide in cardiac tissue. This group found
no effect on cardiac size until angiotensin Il overexpres-
sion resulted in a systemic increase of blood pressure.

When compared to models that overexpress the AT1
receptor, ACE 8/8 mice are different in that cardiac an-
giotensin Il may also activate the AT2 receptor, whose
role inthe myocardium is still unclear. Also, the increased
ACE expression in ACE 8/8 mice may regulate the con-
centration of peptides other than angiotensin I, such as
bradykinin and AcSDKP. Despite these concerns, our
hypothesis is that angiotensin Il is likely the main player
for the ACE 8/8 phenotype. One approach to investigate
this is to treat ACE 8/8 mice with pharmacological inhib-
itors of the renin-angiotensin system. However, due to the
onset of the phenotype in ACE 8/8 mice before weaning,
ithas been difficult to achieve this through pharmacolog-
ical means. Instead, we plan to take a genetic approach
by breeding ACE 8/8 mice with angiotensinogen knock-
out mice, creating ACE 8/8 mice with only one functional
angiotensinogen gene. This experiment, which is cur-
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rently underway, should give rise to ACE 8/8 mice with
low levels of circulating angiotensin I

In summary, we created ACE 8/8 mice with cardiac-
specific overexpression of ACE and as a consequence,
overexpression of angiotensin Il in the heart. These mice
have a normal ventricular morphology and normal func-
tion as observed by ventricular catheterization. In con-
trast, they developed atrial enlargement by 2 to 3 weeks
of age, cardiac arrhythmia, and an increased incidence
of sudden death.
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