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VENTRICULAR FUNCTION
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Angiotensin II type 2 receptor (AT2-R) overexpression in the mouse heart preserves left ventricular (LV) size and global LV function during
post-MI remodeling. We hypothesized that CMR tagging would localize regional improvements in myocardial function during post-MI
remodeling in AT2-R cardiac overexpressed transgenic mice (TG), which could explain the preservation of global LV function post-MI. Six
male wild-type (WT) C57BL/6 mice and 10 TG mice were studied by CMR at baseline (day 0) and days 1, 7, and 28 post-MI. MI was
induced by 1 hour occlusion of the LAD followed by reperfusion. On day 1 post-MI, gadolinium-DTPA was injected to assess infarct size.
LV size and function was assessed by cine CMR. Mean % circumferential shortening (%CS) was calculated within infarcted, adjacent, and
remote regions at each time point in WT and TG mice. Quantitative interstitial collagen and mean myocyte cross-sectional area was
measured postmortem at day 28 post-MI. LV end-systolic volume was lower and ejection fraction higher at baseline in the TG group and
these differences were maintained post-MI. Within infarcted and remote zones, although %CS was higher in TG mice at day 0, there was no
difference by day 28 between groups. Within adjacent regions, while there was no difference at day 0 or 1 in TG vs. WT, %CS was
significantly higher in TG mice by day 7, and these changes persisted out to day 28 post-MI. Regional interstitial collagen and myocyte
size were similar between groups. Thus, myocardial tagging can detect regional differences in contractile function post-MI in TG mice, and
AT2-R overexpression is associated with improved contractile function in adjacent noninfarcted myocardium.
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Introduction

Most of the physiological effects of angiotensin II (AngII)
are attributed to the angiotensin II type 1 receptor (AT1-R)
(1). The role of the angiotensin II type 2 receptor (AT2-R) in
left ventricular (LV) remodeling in disease states is an area
of active investigation (2–6). In fact, many of the beneficial
effects of AT1-R blockade and angiotensin converting
enzyme inhibition post-MI may be mediated by AngII
stimulation of the AT2-R (7, 8). We have previously shown
that AT2-R overexpression in the mouse heart preserves
global LV size and function during post-MI remodeling (9).
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In that study, the transgenic mice (TG) demonstrated
preserved LV cavity size, wall thickness within the infarct
zone, and global function during post-MI remodeling
compared to wild-type controls (WT).
Myocardial tagged CMR studies have demonstrated
regional heterogeneity of function in noninfarcted regions
following acute MI (10). Regions remote from the infarct
exhibit mildly reduced function early post-MI (11), while
regions adjacent to the infarct demonstrate greater and persistent dysfunction (10, 12), in part related to myocyte
hypertrophy and contractile dysfunction (13). Tagged CMR
studies have been shown to be feasible in mouse models (14).
Recently, our group has shown that these regional differences
in contractile function exist in mice post-MI (15).
CMR tagging can therefore be used to measure regional
improvements in myocardial function during post-MI
remodeling in AT2-R overexpressed mice. We hypothesized
that improved adjacent zone function would help preserve
global LV function post-MI previously shown in these
transgenic mice and that some of the benefit would be
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due to regional differences in interstitial collagen and/or
myocyte hypertrophy.

2.
2.1.

Materials and methods
Animal model

Animal protocols were in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH publication
No. 85-23, revised 1996) and were approved by the University of Virginia Animal Care and Use Committee. The
transgenic mouse strain with cardiac overexpression of the
AT2-R on a C57BL/6 background was developed in the laboratory of H. Matsubara (16) as previously described (9, 17).
Six male wild-type (WT) C57BL/6 mice and 10 transgenic
(TG) mice that overexpress the AT2-R in the heart, aged 10–
14 weeks, were studied by CMR at baseline (day 0) and days
1, 7, and 28 post-MI and were a subgroup of mice whose
volumetric data was previously reported (18). MI was induced
by a 1-hour occlusion of the LAD followed by reperfusion as
previously described (9, 19). Noninvasive measurements of
heart rate (HR) and systolic blood pressure (SBP) were
performed at baseline and then weekly for the study duration
using a Visitec-2000 tailcuff apparatus.
2.2.

Mouse imaging

Anesthesia was induced with 3.0% inhaled isoflurane and
maintained with 1.0% isoflurane administered with a nosecone during imaging. Imaging was performed on a Varian
200/400 Inova 4.7 T MRI system with Magnex gradients (80
G/cm maximum strength) and a custom-built Litz radiofrequency coil (Doty Scientific, Columbia, SC). On day 1
post-MI, 0.3 mM/kg gadolinium-DTPA (Gd) was infused
intraperitoneally 20 minutes prior to imaging to assess infarct
size. The ECG and core body temperature were monitored
during imaging using an MR-compatible system for small
animals (SA Instruments, Inc., Stony Brook, NY). Mouse
body temperature was regulated to 37.0 ± 0.1°C during the
imaging session with an external heating bath.
An ECG-triggered 2D cine FLASH sequence was used to
obtain seven to eight 1-mm thick short-axis slices from apex
to base. The echo time was (TE) = 3.9 ms, and TR was
adjusted (8–10 ms) to obtain 16 phases per cardiac cycle. A
20° flip angle was used except on day 1 when a 60° flip angle
was used to increase the amount of T1 weighting in postcontrast imaging. A 2.56  2.56 cm FOV was used with a
matrix size of 128  128. The tagging sequence used a
double inversion recovery black blood SPAMM sequence as
previously described (15) with a multiphase FLASH acquisition (Fig. 1). Specific parameters included: TR = 8–12
ms, TE = 5.5 ms, FOV = 2.56 cm  2.56 cm, matrix
size = 192 (readout)  96 (phase encode), slice thickness
= 1 mm. The composite SPAMM flip angle was 180° and tag
separation was 0.7 mm. Two sets of orthogonal tags were
applied to each slice in separate acquisitions.

Figure 1. End-systolic tagged images (top panel A, B) and
corresponding % circumferential shortening (CS) color maps (below
C, D) on day 28 post-MI of a WT (left) and TG mouse (right). Blue
color represents normal CS while red represents reduced CS. Notice
the cavity dilation and wall thinning in the infarct zone in the WT
mouse as compared to the TG mouse and more extensive
dysfunction throughout the short axis.

2.3.

Data analysis

Short-axis cine images were analyzed using ARGUS image
analysis software (Siemens Medical Solutions, Princeton, NJ).
Epi- and endocardial borders were planimetered to determine
end-diastolic volume (EDV), end-systolic volume (ESV), left
ventricular mass (LVM), and ejection fraction (EF). Volumes
and mass were indexed to body weight (EDVI, ESVI, LVMI).
The infarct region was defined as the area of delayed hyperenhancement in day 1 post-Gd images with a signal intensity
greater than two standard deviations above the mean of remote
regions (Fig. 2) (20). Infarct size was measured from the
contrast-enhanced cine images using ARGUS and calculated
as percentage of total LV mass.
Percent circumferential shortening (%CS) was measured
from tagged images using the Findtags program (21) (courtesy of M. Guttman, E. McVeigh, NIH) and 12 sectors per
slice (Fig. 2). Epicardial and endocardial borders for tag
analysis were traced. On day 1 images, two to three slices
containing approximately 40–60% of the myocardial area
with transmural contrast enhancement were subject to strain
analysis. A 12-sector model was aligned such that the sector 1
border matched the Gd-enhanced border (Fig. 3). Sectors
within the Gd-enhanced region were termed infarct, those
bordering either side of the infarct in the short axis were
termed adjacent, and all remaining sectors were termed
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Table 1. Weekly noninvasive tail cuff systolic blood pressures in
WT and TG mice (p = NS for all)

BP (mmHg)

Figure 2. End-diastolic short axis gadolinium-enhanced MR images of a WT mouse (left) and TG mouse (right) on day 1 post-MI.
The infarct region appears as the hyperenhanced area on each image,
and is similar in size in both animals. In the image from the TG mice
(right), the zone classification for tag analysis is superimposed. The
analysis on day 1 post-MI is based on end-diastolic Gd-enhanced
cine images. Infarcted segments are defined as the enhanced sectors
11 through 5 with one sector on either side of the infarct defined as
adjacent (sectors 10 and 6). All remaining sectors (7 – 9) are defined
as remote.

remote. For other time points (days 0, 7, and 28), corresponding slices were chosen for strain analysis with care
taken to align the sectors in the same anatomical locations for
each corresponding slice using papillary muscles and RV
insertion sites as landmarks (Fig. 3). Mean %CS was calculated within each zone at each time point in WT and TG
mice (Figs. 2 and 3).

2.4.

Collagen analysis

After euthanasia, the heart was removed and fixed in
formaldehyde. Fixed sections of myocardium were then
embedded in paraffin, sectioned at 6 mm, and stained with

WT
TG

Week 0

Week 1

Week 2

Week 3

104 ± 5
109 ± 12

102 ± 5
101 ± 7

109 ± 5
112 ± 5

101 ± 11
112 ± 5

picric acid sirius red. Quantitative morphometry was carried
out on myocardium within 1.5 mm of the infarct border
(adjacent) and more than 1.5 mm beyond the border (remote)
in seven TG and six WT mice using an Olympus microscope
with a green 540-nm filter and a CCD72 video camera interfaced to a computer with a Universal Imaging Image 1/AT
morphometry system (West Chester, PA). A minimum of 35
fields approximately 575  750 mm each was measured from
three or four sections from each region, and the volume %
collagen calculated as the mean from all fields in each region
for each animal.

2.5.

Cell morphometry

Three to five tissues from adjacent and remote regions of each
heart were sectioned at 5 microns thickness, stained with
picric acid sirius red, and examined with an Olympus AH2
research microscope using rhodamine epifluorescence. Using
a 40X objective (660X on monitor), cross-sectional area by
region was determined on a minimum of 60 myocytes from
the same seven TG and six WT animals, selected from areas
judged to be within 20 degrees of true cross-section, using a
Universal Imaging AT1 image analysis system (Universal
Imaging, WestChester, PA), and mean area calculated for each
animal and region.

Figure 3. End-systolic short-axis tagged images in WT mice (top panel) and TG mice (bottom panel) at days 0, 1, 7, and 28 days post-MI
from left to right. Greater cavity dilatation and more wall thinning in the infarct zone is seen in the WT mice, especially at days 7 and
28 post-MI.
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Table 2. LV end-diastolic volume index, end-systolic volume index, mass index, and ejection fraction in WT and TG mice at each time point

Strain
EDVI, mL/g
ESVI, mL/g
LVMI, mg/g
EF, %
a

WT
TG
WT
TG
WT
TG
WT
TG

Baseline
1.75
1.50
0.60
0.38
2.55
3.14
66.4
75.8

±
±
±
±
±
±
±
±

0.06
0.16
0.06
0.23a
0.11
0.26
2.8
3.2a

Day 1
2.27
1.74
1.35
0.73
3.59
3.44
40.5
58.6

±
±
±
±
±
±
±
±

0.09
0.10a
0. 04
0.25a
0.12
0.28
1.5
3.7a

Day 7
3.16
2.36
2.14
1.35
3.72
3.72
32.3
44.1

±
±
±
±
±
±
±
±

0.06
0.17a
0.09
0.53a
0.20
0.21
2.7
4.5

Day 28
3.52
2.56
2.33
1.41
3.76
3.66
34.0
46.3

±
±
±
±
±
±
±
±

0.13
0.23a
0.12
0.52a
0.11
0.25
2.4
3.4a

p < 0.03 vs. WT.

2.6.

Statistical analysis

Statistical analysis included two-way ANOVA to confirm
intragroup differences by region and time point or group and
time point. Infarct size for WT and TG mice was compared
using paired Student’s t-test. Regional (between-zone) and
between-group differences in %CS were analyzed using
pairwise multiple comparisons subtesting (Tukey test).
Regional % collagen and cell size was compared between
WT and TG mice by unpaired t-test and by region within a
group by paired t-test. Data are presented as mean ± SE.

3.

Results

Weekly noninvasive tail cuff blood pressures were similar
between groups (Table 1). Volumetric data are shown in
Table 2 and are similar to those previously published,
demonstrating smaller ESVI at each time point in TG
including at baseline. EF was greater at baseline in TG, and
parallel declines were seen in both groups. Mean % infarct
size as % of LV mass was similar in both groups (41.1 ±
1.4% in WT and 42.2 ± 2.5% in TG, p = NS) (Fig. 2).
In infarct segments, while there was higher %CS in TG
mice compared to WT at day 0 (14.8 ± 0.3% vs.

Figure 4. %CS in infarct regions from days 0 – 28 post-MI in WT
and TG mice. *p < 0.005 vs. WT, yp < 0.001 vs. day 0.

12.0 ± 0.4% respectively, p < 0.001), %CS declined in both
groups, and was similar by day 28 (1.6 ± 0.4% for TG vs.
0.4 ± 0.7% for WT, p = 0.10) (Fig. 4). Similarly, for remote
regions, although %CS was higher in TG at day 0
(14.2 ± 0.4% vs. 12.0 ± 0.6%, p = 0.004), by day 28 there
was no difference (12.6 ± 0.5% vs. 12.6 ± 0.6%; TG vs.
WT, p = NS) (Fig. 5). Within adjacent regions, %CS in TG
and WT mice was similar at day 0, and fell in both groups
beginning at day 1 post-MI and persisted to day 28 post-MI
(Fig. 6). However, by day 7 post-MI, %CS was significantly
higher in TG compared to WT (10.3 ± 0.7% vs. 6.9 ± 1.0%,
respectively, p < 0.005), and these changes continued out
to day 28 post-MI (9.3 ± 0.7% vs. 5.9 ± 1.0%, p < 0.004)
(Fig. 6).
Mean interstitial collagen content in remote regions was
similar between groups (Table 3). Collagen content was
significantly higher in adjacent noninfarcted regions than
remote regions in both groups, but not different between
groups (10.8 ± 2.1% in WT vs. 14.2 ± 1.1% in TG, p = NS)
(Table 3). As a reference, mean % interstitial collagen in
noninfarcted controls is 1.2 ± 0.2%.
Mean cell cross-sectional area (CSA) in adjacent regions
was similar between groups (518 ± 36 m2 in WT vs. 536 ±
45 m2 in TG) (Table 3). Like collagen content, cell CSA was
higher in adjacent than remote regions in both groups, but not

Figure 5. %CS in remote regions from days 0 – 28 post-MI in WT
and TG mice. *p < 0.01 vs. WT, yp < 0.001 vs. day 0.
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Figure 6. %CS in adjacent regions from days 0 – 28 post-MI in WT
and TG mice. *p < 0.005 vs. WT, yp < 0.03 vs. day 0.

different between groups (Table 3). As a reference, mean
myocyte CSA in noninfarcted controls is 164 ± 31 m2.

4.

Discussion

We have previously shown that myocardial tagging can be
used to measure regional differences in contractile function
post-MI in large animals (11) and humans (10). These
findings have recently been extended to mice and allow the
study of regional function in transgenic and knockout mice
(15). The present study demonstrates the utility of MR
tagging in the measurement of regional myocardial function
in murine genetic models of disease.
AT2-R overexpression in the murine heart is associated
with improved global function at baseline compared to WT
mice and preserved global systolic function during postinfarct LV remodeling (9). The volumetric data in the current
study confirm our previously published findings. In the present study, we have shown that at baseline prior to MI, regional
function is slightly better in TG than WT throughout the LV.
In post-infarct TG mice, contractile function in adjacent
noninfarcted myocardium at day 7 post-MI is superior to that
of WT, and this difference persists to day 28 post-MI. No
between-group differences in function within the infarct or
remote noninfarcted regions were found. Thus, preserved
adjacent region function accounts for the improved global LV
function during post-MI remodeling seen with AT2-R overexpression when compared to WT mice.
The mechanisms by which AT2-R overexpression preserves
systolic function post-MI are incompletely understood. Blood
pressure was similar between groups during the study,
suggesting that differences in afterload cannot explain these
findings. Both regional interstitial collagen and myocyte size
was similar between groups, which implies that neither
differences in fibrosis or myocyte hypertrophy account for
regional differences in function. This suggests that improved
function in TG mice may be due to differences in myocyte
function, although this was not directly measured in the
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present study. Reduced preload may account for some of the
benefit as in volumetric studies in these mice; LV enddiastolic volume index was smaller at days 7 and 28 post-MI
time points in TG mice (9). However, if preload alone was the
mechanism involved, improved function in both adjacent and
remote regions might be expected.
Improved myocyte function in TG mice may be a
mechanism for regional functional improvement. Controversy exists regarding the status of myocyte function in
noninfarcted myocardium during LV remodeling. Previous
studies have shown in a rat model of chronic MI that myocyte function in noninfarcted regions is normal (22, 23). We
have shown in an ovine model that isolated adjacent noninfarcted myocytes are dysfunctional relative to remote
noninfarcted myocytes that function normally (13). At
8 weeks post-MI in this model, myocyte % contraction
was decreased in adjacent regions (6.4 ± 0.4%), as compared with remote (8.8 ± 0.5%, p < 0.01), and was associated with decreased amplitude of Ca++ transients and Ltype Ca++ current density (13). This regional heterogeneity
of function in noninfarcted regions may be difficult to
demonstrate ex vivo in isolated myocytes in small animal
models, but can be demonstrated in vivo using MR tagging
as in the present study.
Bradykinin and nitric oxide (NO) pathways have been
shown to be important in downstream signaling of the AT2-R
in vascular smooth muscle (24). The same pathways may
apply to myocardial AT2-R signaling. A specific AT2-R
agonist, CPG 42112, increased eNOS expression in myocytes
by 2.4-fold (25). eNOS expression was increased by direct
AngII stimulation and antagonized by an AT2-R antagonist
PD 123319. In vivo, in AT2-R knockout mice, eNOS protein
expression was significantly reduced (25). These studies
suggest that AngII stimulation of the AT2-R is responsible for
increases in eNOS and resultant beneficial cardiac effects.
Studies by our group in the same model have shown that
treatment with the nitric oxide synthase inhibitor L-NAME
from day 1 through 28 post-MI allows remodeling to progress
unchecked in TG mice with AT2-R overexpression (18).
Table 3. Regional interstitial collagen and myocyte cross-sectional
area in WT and TG mice

WT
Adjacent % interstitial
collagen
Remote % interstitial
collagen
p
Adjacent myocyte
cross-sectional area
Remote myocyte
cross-sectional area
p

TG

p

10.8 ± 2.1

14.2 ± 1.1

NS

1.2 ± 0.4

1.5 ± 0.3

NS

< 0.01
518 ± 36 m2

< 0.01
536 ± 45 m2

NS

287 ± 23 m2

332 ± 36 m2

NS

< 0.02

< 0.02
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Limitations

Isolated myocyte function was not examined in the present
study and may have enabled insight into mechanisms of
improved regional function in TG mice. The heart was not
fixed at a particular point in the cardiac cycle postmortem,
which may affect assessment of myocyte size. Delayed
contrast enhanced imaging for infarct localization was done
only at day 1 post-MI. Newer pulse sequence designs are
presently in development to enable this imaging to take place
at later time points post-MI for matching with tagged images.
Due to time considerations with post-infarct mice in the
scanner, the entire heart was not covered with short-axis
myocardial tagging. However, the density of data acquired
with tagging allows precise measurement and localization of
regional myocardial function. Matching of slices from the day
1 study to later time points is a potential problem, but care
was taken to landmark the slices based on RV insertion sites,
papillary muscles, and apex-to-base location.
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