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Abstract—Using high-frequency color and pulsed Doppler ultrasound, we evaluated the flow patterns of the left
(LCA), septal (SCA) and right (RCA) coronary arteries in mice with and without transverse aortic constriction
(TAC). Fifty-two male C57BL/6J mice were subjected to TAC or a corresponding sham operation. At 2 and
8 wk post-surgery, Doppler flow spectra from the three coronary arteries, together with morphologic and func-
tional parameters of the left and right ventricles, were measured. Histology was performed to evaluate myocyte
size and neo-angiogenesis in both ventricles. In sham-operated mice, the LCA and SCA both exhibited low-flow
waveforms during systole and dominantly higher-flow waveforms during diastole. The RCA exhibited generally
lower flow velocity, with similar systolic and diastolic waveforms. TAC significantly increased the systolic flow
velocities of all coronary arteries, but enhanced the flowmainly in the LCA and SCA. In the left ventricle, coronary
flow reserve was partially preserved 2 wk post-TAC, but decreased at 8 wk, consistent with changes in neo-
angiogenesis and systolic function. In contrast, no significant change was found in the coronary flow reserve, struc-
ture or function of the right ventricle. This study has established a protocol for evaluating the flow pattern in three
principal coronary arteries in mice using Doppler ultrasound and illustrated the difference among three vessels at
baseline. Inmice with TAC, the difference in the associating pattern of coronary flow dynamics with themyocardial
structure and function between the left and right ventricles provides further insights into ventricular remodeling
under pressure overload. (E-mail: yqzhou@mouseimaging.ca) � 2013 World Federation for Ultrasound in
Medicine & Biology.
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INTRODUCTION

Genetically engineered mice are now the most popular
model systems for identifying genetic causes and
designing effective therapeutics for human cardiovascular
diseases (Yutzey and Robbins 2007). Numerous mouse
strains have become available for studying coronary
arterial diseases such as atherosclerosis and myocardial
ischemia (Braun et al. 2002; Li et al. 2001). As
a consequence, phenotyping of the mouse cardiovascular
system using non-invasive micro-imaging technologies
is in ever-increasing demand, but still faces challenges
(Hartley et al. 2002; Tobita et al. 2010), especially for
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the in vivo observation of small but vital vasculature
such as the coronary arteries.

High-frequency (30–45 MHz) ultrasound systems
dedicated to small animal imaging became available
a decade ago and have been widely used for cardiac struc-
tural, functional and hemodynamic evaluation of mice
(Zhou et al. 2004). A few groups have attempted Doppler
ultrasound to estimate coronary flow dynamics, but
limited to the left coronary artery (LCA) (Hartley et al.
2008; Saraste et al. 2008; Wikstr€om et al. 2005). Only
with the recent advent of Doppler color flow imaging
(Foster et al. 2009) has it become possible to visualize
the right coronary artery (RCA) and the septal coronary
artery (SCA), which are smaller and anatomically more
variable than the LCA (Fernandez et al. 2008; Icardo
and Colvee 2001). To the best of our knowledge, no
data are available related to the flow dynamics of the
RCA and SCA, nor has there been any comparison of
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the coronary flow dynamics between the left and right
sides of the heart in mice.

Physiologic perturbations by surgical interventions
such as transversal aortic constriction (TAC) and coro-
nary arterial ligation can facilitate the in-depth explora-
tion into the underlying mechanisms of specific disease
conditions including pressure overload and myocardial
ischemia (Tarnavski et al. 2004). The mouse with TAC
has been used to induce pressure overload to the left
ventricle for observation and intervention of the ventric-
ular remodeling (Rockman et al. 1991). The flow
dynamics of all coronary arteries at different stages after
TAC would provide valuable insights into this disease
process. TAC results in similarly elevated perfusion pres-
sure (from the aorta) to all coronary arteries, but different
loading conditions to the left and right ventricles. The left
ventricle faces significantly elevated aortic pressure
during systole, whereas the right ventricle experiences
little change in pressure load from the pulmonary artery
(Ito et al. 1994). Therefore, it is of considerable interest
to compare the flow dynamics of the LCA and SCA
with that of RCA for differentiating the effects of the
altered perfusion pressure to all coronary arteries and
the pressure overload to the left ventricle.

This study was conducted to establish a protocol for
imaging all three principal coronary arteries in mice using
high-frequency Doppler ultrasound for the first time and
to evaluate the flow dynamics of these coronary arteries at
baseline. Then, in mice with TAC, the flow dynamics of
the three coronary arteries was evaluated in the early
hypertrophic stage with compensated cardiac function
and in the late transitional stage to heart failure. All coro-
nary Doppler flow parameters were associated with corre-
sponding structural and functional changes of the left and
right ventricles.
METHODS

Animals
The experimental protocol of this study was

approved by the Institutional Animal Care and Use
Committee of the Hospital for Sick Children, Toronto.
A total of 52 male C57BL/6J mice 12–13 wk of age
(The Jackson Laboratory, Bar Harbor, ME, USA) were
divided into four groups. Two groups were subjected
to surgically induced TAC, and the other two groups
had sham surgery and served as controls. At each of
two time points of observation, 2 wk (functionally
compensatory stage) and 8 wk (transitional stage to
heart failure) post-surgery (Ceci et al. 2007; Sano
et al. 2007), one group of mice with TAC and one
sham-operated group underwent ultrasound imaging
and were immediately sacrificed for histology. Mice
were housed in an air-conditioned room with
a 12:12-h light:dark cycle and received standard mouse
chow and water ad libitum.

Surgery
Transverse aortic constriction was created as

described previously (Wu et al. 2012b). Briefly, mice
were anesthetized by intraperitoneal injection of
a mixture of ketamine (150 mg/kg) and xylazine (10
mg/kg), endotracheally intubated and cannulated to
a rodent ventilator. The chest was opened and the aortic
arch was exposed. The aorta was constricted between
the innominate artery and the left common carotid artery
with 6-O silk suture by ligating the aorta against a 26-
gauge blunted needle, which was withdrawn immediately
after ligation. The chest was then closed, and air in the
chest was expelled. Meloxicam (0.13 mg/mouse) was
given to reduce pain. Mice were placed on heating pads
until awake and then returned to their cages.

Ultrasound imaging
AVevo 2100 ultrasound system (VisualSonics, Tor-

onto, ON, Canada) with a 30-MHz linear array trans-
ducer was used. The image resolution was �110 mm
(laterally) by �50 mm (axially). With proper settings
(low pulse repetition frequency ,12.5 kHz, appropriate
gain and wall filter levels), Doppler color flow imaging
clearly visualized mouse coronary arteries and guided
the pulsed wave Doppler flow recording. The pulsed
Doppler sample volume had a lateral dimension of
150 mm, and its axial dimension was adjusted between
100 and 200 mm according to the size of the targeted
vessel. During ultrasound imaging, animals were anes-
thetized using isoflurane at 1.5% by face mask (Zhou
et al. 2004).

Estimation of TAC severity
Transverse aortic constriction of different degrees

results in a variable left ventricular end-systolic pressure
and ventricular hypertrophy (Li et al. 2003). As previ-
ously reported by others (Bjørnstad et al. 2011) and
ourselves (Wu et al. 2012b), the Doppler jet flow velocity
at the constriction site and the peak velocity ratio between
the right and left common carotid arteries were able to
reflect the left ventricular end-systolic pressure, and
mice with a jet flow velocity,3 m/s and ratio ,3 failed
to produce adequate left ventricular hypertrophy. Accord-
ing to these criteria, three mice were dropped in this study
after the measurement 2 wk post-TAC.

Morphologic and functional measurements of left and
right ventricles

The dimensions and the systolic and diastolic func-
tions of both ventricles were measured in vivo as
described previously (Zhou et al. 2004, 2005). Under
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the guidance of 2-D ultrasound imaging, the left ventric-
ular anterior and posterior wall thicknesses and chamber
dimensions were measured using M-mode recording,
and the left ventricular fractional shortening and ejec-
tion fraction were calculated. In an oblique section
from the left para-sternal imaging window showing
the right side of the heart in the far field of the image
(Zhou et al. 2004) (Fig. 1a), the right ventricular free
wall thickness was also measured using M-mode. The
Doppler spectra in the mitral and tricuspid orifices
were recorded from apical four-chamber views to eval-
uate the diastolic function of the left and right
ventricles.

Coronary flow recording in baseline condition
In mice, the LCA is the largest coronary artery with

a relatively consistent origin and branching, irrigating
most of left ventricle except for the septum (Ahn et al.
2004). Differing from humans, where the interventriclar
Fig. 1. Representative Doppler color flow images and pulsed w
2 wk after transverse aortic constriction (TAC) or sham surgery
right (RCA) coronary arteries of sham-operated mice, respecti
mice with TAC, respectively. White solid arrows indicate the
recording. Open arrows indicate the systolic outflow recor

AO 5 aortic orifice, LA 5 left atrium, LV 5
septum is supplied by small branches from the LCA
and the RCA (James and Burch 1958), mice have a dedi-
cated vessel, the SCA, supplying blood to the septum.
The SCA originates from the RCA or right aortic sinus
(34%), LCA or sinus (26%) or both (40%) (Fernandez
et al. 2008), and mostly runs along the right side of the
ventricular septum.

The LCAwas imaged from a left para-sternal long-
axis view, with the imaging section at�45� to the coronal
plane of the mouse body. In this view, the left ventricular
outflow tract, aortic orifice and ascending aorta were visu-
alized in the middle field of the image (Zhou et al. 2004).
In Doppler color flow imaging, the LCA presented as
a red stripe originating from the aortic sinus and running
along the surface of the left ventricular wall. With the
pulsed Doppler sample volume placed �2 mm distal to
its origin, the flow spectrum with a small systolic wave-
form and a dominantly higher diastolic waveform was
recorded (Fig. 1a).
ave Doppler flow velocity recordings of coronary arteries
. (a–c) Recordings from the left (LCA), septal (SCA) and
vely. (d–f) Recordings from the LCA, SCA and RCA of
locations of pulsed Doppler sample volume for velocity
ded from the right ventricular outflow tract (RVOT).
left ventricle, RV 5 right ventricle.
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The SCA was imaged from a right para-sternal
window, with the transducer located at the lower half of
the chest and pointed posteriorly and upward. The
imaging section was initially parallel to the central axis
of the mouse body, but slightly tilted to the left. Further
fine adjustment was made until the left and right ventric-
ular outflow tracts, as well as the inter-ventricular septum
between them, were visualized in their longitudinal axes.
The SCA presented as a red stripe along the right surface
of the ventricular septum in Doppler color flow imaging,
and its pulsed Doppler flow spectrum recorded �1 mm
distal to its origin was characterized by a very small
and positive systolic waveform followed by a large and
positive diastolic waveform. We measured the flow
from the main stem of the SCA along the right side of
the septum, but did not intend to distinguish where the
SCA originated from. There often was a negative wave-
form with higher amplitude during systole, which was
the systolic outflow in the adjacent right ventricular
outflow tract (Fig. 1b).

For the RCA, the transducer was rotated clockwise
by 30–45� from the previous position for the SCA, until
the right ventricular outflow tract and septum totally dis-
appeared from the image. In this view, the aortic root in an
oblique section was visualized, with the RCA presenting
as a red stripe originating from the right aortic sinus. Its
pulsed Doppler spectrum recorded �1 mm distal to its
origin was characterized by the generally low velocity
(relative to those of the LCA and the SCA) and the similar
peak velocities of the systolic and diastolic waveforms,
with their division hard to identify (Fig. 1c). The RCA
had relatively large movement with the right ventricular
wall, and therefore, a larger pulsed Doppler sample
volume was applied to cover the targeted vessel for
flow recording. Consequently, the flow signals from the
adjacent vessels made the RCA Doppler flow spectrum
less clean (with negativewaveforms from coronary veins)
than those from the LCA and SCA.

Coronary flow recording in hyperemia induced by
adenosine

After the baseline flow recording, adenosine (Astel-
las Pharma, Markham, ON, Canada) was infused intrave-
nously via the tail vein with an infusion pump at the rate
of 160 mg/kg/min to induce hyperemia (Wikstr€om et al.
2005), and Doppler flow spectra were again recorded
for each of the three coronary arteries (Fig. 1d–f) after
�3 min of infusion, when the heart rate and respiration
became stable.

In Doppler flow recording, significant effort was
made to reduce the intercept angle between Doppler
beam and flow direction. In no recording did the angle
exceed 60�. The electrocardiogram (ECG) was simulta-
neously recorded to identify the systolic and diastolic
flow waveforms. For the LCA and SCA, the systolic
and diastolic waveforms had clear division, and the
peak velocity and mean velocity of individual waveforms
were measured by tracing the maximal contour of the
Doppler spectrum. For the RCA, separation of the
systolic and diastolic waveforms was often difficult,
and therefore the peak velocities of the two waveforms
and the mean velocity of the whole flow spectrum
throughout cardiac cycle were measured. For the LCA
and SCA, coronary flow reserve (CFR) was calculated
in two ways: (i) the ratio of the mean velocity of the dia-
stolic waveform (MVD) during hyperemia to the corre-
sponding value at baseline; (ii) the ratio of the mean
velocity of both systolic and diastolic waveforms
(MVS1D) during hyperemia to the corresponding value
at baseline. In the TAC model, the elevated aortic pres-
sure significantly increases coronary flow during systole
and may consequently reduce the room for further dila-
tion of the coronary arteries during diastole when a vaso-
dilator is used. Therefore, the systolic waveform was also
included in measuring CFR. For the RCA, only the ratio
of the mean velocity of both systolic and diastolic wave-
forms (MVS1D) during hyperemia to the corresponding
value at baseline was calculated as CFR.
Histology
After ultrasound imaging at each time point of

observation, mice with TAC and sham-operated mice
were euthanized, and the hearts were excised. The atria
were removed, and the ventricles weighed and fixed in
4% paraformaldehyde, washed in phosphate-buffered
saline and then dehydrated in 70% ethanol. The ventri-
cles were embedded in paraffin and sectioned at 5 mm
in the short axis at the mid-ventricular level. To
observe myocytes, slides were stained with Nova Red
through the specific combination of biotin-conjugated
wheat germ agglutinin (L5142, Sigma, St Louis, MO,
USA) with myocyte membrane. To count capillaries,
additional slides were stained with Nova Red through
the targeted binding of rabbit polyclonal anti-CD31
antibody (ab28364, AbCam, Cambridge, UK) to endo-
thelium. The slides were scanned with a digital scanner
(DSM 3.1, Trestle, Newport Beach, CA, USA) and
measurements were made off-line in the left ventric-
ular lateral wall, septum and right ventricular free
wall at 10 3 40 magnification. The myocyte size in
each ventricular wall was measured in 20 randomly
selected myocytes with round shape and nucleus, and
calculated as the average of two perpendicular diam-
eter measurements. For capillary density, CD31-
positive vessels (brown) and myocytes (light blue)
were counted within the same region, and the number
of capillaries per myocyte was calculated.
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Statistics
All measured parameters are expressed as the

mean 6 standard error of the mean. All statistical evalu-
ations were performed with SPSS Version 15.0 software
(SPSS Inc., Chicago, IL, USA). Differences between
the TAC and corresponding sham-operated groups or
between the different time points of observation were
evaluated with an unpaired Student’s t-test. The data
from three coronary arteries in the TAC and correspond-
ing sham-operated groups were analyzed using two-way
analysis of variance with post hoc analysis by a Student-
Newman-Keuls correction. Values of p , 0.05 were
considered statistically significant.
Table 1. General information, left and right ventricular dimensio
mice and mice with TAC 2

Parameter

2 wk

Sham T

Number of mice 8
Body weight (BW) (g) 30.7 6 0.9 30.3
Heart weight (HW) (mg) 122.6 6 4.1 155.1
HW/BW (mg/g) 4.00 6 0.10 5.07
Vmax at banding site (m/s) 1.05 6 0.05 3.74
RCCA-PV/LCCA-PV 1.17 6 0.13 6.93
Left ventricular dimensions and systolic function by M-mode
Number of mice 8
AWs (mm) 1.22 6 0.04 1.46
ESD (mm) 2.87 6 0.11 2.84
PWs (mm) 1.10 6 0.03 1.32
AWd (mm) 0.84 6 0.04 1.07
EDD (mm) 3.98 6 0.12 4.01
PWd (mm) 0.84 6 0.04 0.99
EF (%) 54.4 6 1.8 56.7
FS (%) 27.8 6 1.2 29.5

Mitral inflow by Doppler
Number of mice 8
Heart rate (bpm) 429 6 20 458
Peak E (cm/s) 67.5 6 2.0 70.8
Peak A (cm/s) 48.6 6 2.8 59.5
E/A 1.42 6 0.07 1.22

Right ventricular wall thickness by M-mode
Number of mice 8
FWs (mm) 0.51 6 0.05 0.55
FWd (mm) 0.38 6 0.06 0.35

Tricuspid inflow by Doppler
Number of mice 7
Heart rate (bpm) 425 6 13 447
Peak E (cm/s) 28.9 6 2.4 28.3
Peak A (cm/s) 54.6 6 3.4 52.2
E/A 0.53 6 0.02 0.54

TAC 5 transverse aortic constriction; RCCA-PV/LCCA-PV5 ratio of peak
artery; Vmax 5maximal velocity at site of TAC; AWd (AWs)5 anterior wall en
diastolic (end-systolic) chamber dimensions of left ventricle; PWd (PWs) 5
EF5 ejection fraction of left ventricle; FS5 fractional shortening of left ventric
active relaxation in either mitral or tricuspid inflowDoppler velocity recordings
tion in either mitral or tricuspid inflow Doppler velocity recordings; E/A 5 ra
diastolic (end-systolic) thickness of right ventricle.
Results are expressed as the mean 6 standard error of the mean.
* p , 0.05 versus corresponding value of sham control group at the same t
y p , 0.05 versus value of corresponding group 2 wk post-surgery.
RESULTS

Of 52 mice, 4 died during surgery and 6 died after
surgery before the final ultrasound imaging. Three mice
with insufficient TAC did not meet the criteria for further
study. Thirty-nine mice were included in the data anal-
ysis. Tail vein cannulation failed in 2 mice, with loss of
hyperemia measurements. At baseline, the LCA was
mostly accessible, with the success rate of pulsed Doppler
flow recording at 97%. The SCA and RCAwere measured
at success rates of 87% and 92%, respectively. In mice
with TAC, all coronary arteries were easier to visualize
probably because of the dilation of the lumen and
increase in flow velocity.
ns and systolic and diastolic functions in all sham-operated
and 8 wk post-surgery

8 wk

AC Sham TAC

10 9 12
6 0.7 34.1 6 0.7y 30.9 6 1.0*
6 6.9* 130.1 6 1.8 191.0 6 14.8*y

6 0.23* 3.82 6 0.06 6.29 6 0.59*
6 0.12* 0.90 6 0.06 3.72 6 0.14*
6 1.27* 1.10 6 0.06* 5.39 6 0.55

9 9 11
6 0.05* 1.24 6 0.04 1.49 6 0.04*
6 0.13 2.87 6 0.10 3.32 6 0.20
6 0.08* 1.10 6 0.04 1.32 6 0.05*
6 0.04* 0.88 6 0.03 1.12 6 0.05*
6 0.13 3.97 6 0.08 4.23 6 0.17
6 0.05* 0.81 6 0.03 1.06 6 0.04*
6 2.5 54.4 6 2.1 44.5 6 3.4*y

6 1.6 27.9 6 1.4 22.1 6 1.9*y

10 9 9
6 17 399 6 20 443 6 18
6 2.2 62.6 6 2.4 67.2 6 4.1
6 3.5* 46.6 6 2.0 62.2 6 5.6*
6 0.06* 1.36 6 0.06 1.12 6 0.07*

10 9 11
6 0.05 0.52 6 0.02 0.58 6 0.03
6 0.03 0.35 6 0.01 0.38 6 0.02

9 7 6
6 15 395 6 12 415 6 18
6 1.3 25.5 6 1.8 26.6 6 5.5
6 1.5 46.9 6 2.5 52.9 6 6.3
6 0.02 0.54 6 0.02 0.49 6 0.06

velocity of right common carotid artery to that of left common carotid
d-diastolic (end-systolic) thickness of left ventricle; EDD (ESD)5 end-
posterior wall end-diastolic (end-systolic) thickness of left ventricle;
le; peak E5 peak of early diastolic inflow velocity caused by ventricular
; peak A5 peak of late diastolic inflow velocity caused by atrial contrac-
tio of peak E velocity to peak A velocity; FWd (FWs) 5 free wall end-

ime point of observation.
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Changes in the dimensions and functions of left and
right ventricles caused by TAC

Compared with sham-operated mice, micewith TAC
had a significant increase in left ventricular wall thickness
and a deterioration in left ventricular diastolic function
(represented by the peak E/A ratio of mitral inflow) at
both time points of observation, but a decrease in left
ventricular systolic function only at 8 wk post-TAC (6
of 11 mice had fractional shortening ,25% and an ejec-
tion fraction ,50%). In contrast, right ventricular wall
thickness was normal post-surgery. Right ventricular dia-
stolic function (determined by the peak E/A ratio of the
tricuspid inflow) remained unchanged at both time points
(Table 1).
Difference in flow patterns among three coronary
arteries at baseline

As seen in Table 2, flow patterns significantly
differed between the three coronary arteries at baseline.
The flow spectra of both the LCA and SCA had smaller
systolic waveforms and much larger diastolic waveforms,
with clear division between the twowaveforms. The RCA
spectrum had similar peak velocities between systolic
and diastolic waveforms, which did not exhibit a clear
division. Generally, the LCA flow velocity was the high-
est, the SCA intermediate, and the RCA the lowest
(Table 2 and Figs. 2–4).
Table 2. Comparison of Doppler flow parameters of three corona
post-surg

Parameter Left coronary artery

Sham-operated group (n 5 8)
Heart rate (bpm) 465 6 13
PSV (cm/s) 10.3 6 1.4
PDV (cm/s) 41.8 6 2.3
PSV/PDV 0.26 6 0.04
MVS (cm/s) 7.2 6 1.1
MVD (cm/s) 27.1 6 0.9
MVS/MVD 0.27 6 0.04
MVS1D (cm/s) 22.0 6 0.8

TAC group (n 5 10)
Heart rate (bpm) 505 6 16
PSV (cm/s) 29.8 6 6.7*
PDV (cm/s) 67.5 6 7.7*
PSV/PDV 0.41 6 0.05*
MVS (cm/s) 26.9 6 7.3*
MVD (cm/s) 48.2 6 5.8*
MVS/MVD 0.50 6 0.08*
MVS1D (cm/s) 39.7 6 5.8*

TAC 5 transverse aortic constriction; MVD 5 mean velocity of diastolic w
velocity of both systolic and diastolic waveforms throughout the cardiac cycle
Differences inMVS,MVD andMVS/MVD between the left and septal corona

ences in other indexes between the three coronary arteries were analyzed us
Newman-Keuls correction.
* p , 0.05 versus corresponding value of sham-operated mice.
y p , 0.05 versus corresponding value of left coronary artery.
z p , 0.05 versus corresponding value of septal coronary artery.
Change in coronary flow pattern caused by TAC
For the LCA, overall mean flow velocity increased

in mice with TAC mice, compared with that in sham-
operated mice, because of the significant increase in
both systolic and diastolic flow components at both
time points of observation, both at baseline and during
hyperemia. Two weeks post-TAC, the CFR calculated
using the mean velocity of the diastolic waveform
(MVD) significantly differed between the two groups,
but the CFR calculated using the overall mean velocity
of both systolic and diastolic waveforms (MVS1D) did
not. At 8 wk, the CFRs calculated in both ways signifi-
cantly decreased in mice with TAC compared with those
in controls (Figs. 1a, d and 2).

For the SCA, flow velocity also increased in mice
with TAC compared with sham-operated mice, in
a similar way as for the LCA, but significantly only at 8
wk post surgery. The CFRs in mice with TAC were
completely normal at 2 wk, but significantly decreased
at 8 wk post-surgery (Figs. 1b, e and 3).

For the RCA, peak systolic velocity increased signif-
icantly, but overall mean velocity did not significantly
change in mice with TAC at any time point of observa-
tion. Unlike the LCA and SCA, the CFR of the RCA
did not exhibit any significant change during the entire
course of observation (Figs. 1c, f and 4).

After the infusion of adenosine, heart rate tended to
increase slightly compared with that at baseline, but did
ry arteries in sham-operated mice and mice with TAC 2 wk
ery

Septal coronary artery Right coronary artery

469 6 15 460 6 15
6.5 6 0.8y 14.6 6 0.9y,z

29.3 6 2.5y 18.7 6 0.9y,z

0.22 6 0.01 0.78 6 0.04y,z

5.5 6 0.6 —
18.5 6 1.4y —
0.29 6 0.01 —
14.1 6 1.0y 9.8 6 1.2y,z

471 6 17 486 6 19
16.1 6 4.6 27.6 6 4.1*
33.7 6 4.7y 25.6 6 3.9y

0.47 6 0.12 1.10 6 0.06*,y,z

11.8 6 3.1 —
22.9 6 2.9y —
0.52 6 0.12 —
18.4 6 2.4y 13.4 6 2.7y

aveform; MVS 5 mean velocity of systolic waveform; MVS1D 5 mean
; PDV 5 peak diastolic velocity; PSV 5 peak systolic velocity.
ry arteries were evaluated with an unpaired Student t-test, whereas differ-
ing a one-way analysis of variance with post hoc analysis by Student-
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Fig. 2. Baseline Doppler flow parameters (a–g) and coronary flow reserve (CFR) (h, i) measured from the left coronary
artery (LCA), with comparison between sham-operated mice and those with transverse aortic constriction (TAC) 2 and 8
wk post-surgery. (a) Peak velocity of systolic wave (PSV). (b) Peak velocity of diastolic wave (PDV). (c) Ratio of PSV to
PDV. (d) Mean velocity of systolic wave (MVS). (e) Mean velocity of diastolic wave (MVD). (f) Ratio ofMVS toMVD. (g)
Mean velocity of both systolic and diastolic waves throughout the cardiac cycle (MVS1D). (h) Ratio ofMVD in hyperemia
induced by venous administration of adenosine to that at baseline (H/BMVD). (i) Ratio of MVS1D in hyperemia to that at

baseline (H/B MVS1D). *p , 0.05 versus corresponding value of sham-operated mice.
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not differ significantly for any of three coronary arteries
in any group of mice at any time point of observation.
Histologic change in ventricular myocardium caused by
TAC

Compared with sham-operated mice, micewith TAC
had significant increases in wall thickness and myocyte
size in the left ventricular lateral wall and septum at
both time points of observation, but not in the right
ventricular free wall at any time (Figs. 5a–d and 6a–f).
On the other hand, mice with TAC had a significant
increase in capillary density in the left ventricular
lateral wall and septum at 2 wk and a drop back to the
level of sham-operated mice at 8 wk post-TAC. For the
right ventricular free wall, capillary density was found
to be unchanged at either 2 or 8 wk post-surgery
(Figs. 5e–h and 6g–i).
DISCUSSION

With the use of high-frequency ultrasound, this
study has for the first time established a protocol for quan-
titatively evaluating the flow dynamics in the three prin-
cipal coronary arteries in mice, and found significant
differences in flow pattern among these vessels. Changes
in coronary flow pattern at different stages after TAC also
were observed and correlated with ventricular structure
and function, with the comparison between the left and
right sides of the heart.
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Fig. 3. Baseline Doppler flow parameters (a–g) and coronary flow reserve (CFR) (h, i) measured from the septal coronary
artery (SCA), with comparison between sham-operated mice and mice with transverse aortic constriction (TAC) 2 and 8
wk post-surgery. PSV5 peak velocity of systolic wave, PDV5 peak velocity of diastolic wave, MVS5mean velocity of
systolic wave, MVD5mean velocity of diastolic wave, MVS1D5mean velocity of both the systolic and diastolic waves
throughout the cardiac cycle, H/B MVD 5 ratio of MVD in hyperemia induced by venous administration of adenosine to
that at baseline, H/BMVS1D5 ratio of MVS1D in hyperemia to that at baseline. *p, 0.05 versus corresponding value of

sham-operated mice.
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Imaging three coronary arteries in mice using
ultrasound

Both clinical and high-frequency ultrasound
systems have been used to measure coronary flow in
mice, but limited to the LCA (Gan et al. 2004; Hartley
et al. 2008). The advent of high-frequency Doppler color
flow imaging (Foster et al. 2009) makes it possible to
visualize the SCA and RCA with relatively low blood
flow, even when the lumen of the small vessel is not opti-
mally visualized in the 2-D tissue image. At low pulsed
repetition frequency and with a proper wall filter and
Doppler gain levels, it is possible to follow all principal
coronary arteries to their middle segments and even
beyond. Such capability enables quantitative evaluation
of the myocardial blood perfusion and the association
between flow pattern and atherosclerotic formation in
various mouse models.
Normal flow patterns in three coronary arteries
The present study found different phasic flow

patterns in three coronary arteries in mice. The LCA
flow pattern is characterized by a smaller systolic wave-
form and a predominantly higher diastolic waveform.
As the left ventricle is anatomically dominant compared
with the right ventricle (Zhou et al. 2003) and mostly irri-
gated by the LCA (Ahn et al. 2004; Icardo and Colvee
2001), the LCA has the highest flow velocity compared
with the other coronary arteries, but with a large
difference between the systolic and diastolic waveforms.

As found in humans, the interaction of aortic pres-
sure, coronary vasculature and myocardial mechanics
yields complicated waves driving the blood flow in
coronary arteries (Davies et al. 2006; Hadjiloizou et al.
2008). The differences in flow pattern among the
various coronary arteries relate to the perfusion bed of
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the vessel and the different systolic compressive forces
seen by the left and right ventricles. In mice, during
systole, the left ventricular myocardium compresses the
coronary microcirculation to a significant degree,
opposing the forward driving force from the aortic
pressure and resulting in a low antegrade flow
waveform. During diastole, the decompression of
coronary microcirculation resulting from the relaxation
of myocardium reduces the vascular resistance, leading
to a large antegrade flow waveform.

Although the SCA inmicemost frequently originates
from the RCA and the right coronary sinus (Fernandez
et al. 2008; Icardo and Colvee 2001), its phasic flow
pattern is similar to that of the LCA, because the septum
is anatomically and functionally part of the left
ventricle, with a wall thickness similar to that of the left
ventricular lateral wall. On the other hand, the SCA had
relatively lower flow velocity compared with the LCA,
maybe because of the relatively smaller ventricular
region that the SCA irrigates.

Compared with the LCA and SCA, the RCA has
slightly higher systolic velocity, but much lower diastolic
velocity. Right ventricular wall thickness is less than 50%
that of the left ventricle, and thus, the right ventricular
myocardium produces less compression on the coronary
microcirculation during systole and less decompression
during the diastole. The peak E/A ratio of tricuspid
inflow, which is less than 1 in the present study and our
previous studies (Zhou et al. 2003, 2005), also suggests
that the right ventricular myocardial active relaxation
during diastole is weak in mice. On the other hand, the
right ventricle has much lower myocardial mass than
the left ventricle (the ratio of right ventricle to left
ventricle and septum is 0.24) (Tabima et al. 2010),
accounting for the generally lower flow velocity of the
RCA.

Effect of TAC on the flow pattern of three coronary
arteries

Remodeling of the coronary arterial system is
involved in left ventricular hypertrophy because of the
pressure overload caused by aortic stenosis and hyperten-
sion in humans (Neishi et al. 2005; Nemes et al. 2009;
Spaan et al. 2008). With the progress of the diseases,
the hypertrophic left ventricle, with compromised
function at the beginning, will eventually develop
a decompensated condition with congestive heart
failure (Lygate et al. 2007). It is thought that heart failure
ensues only after the CFR is exhausted (Hartley et al.
2008). Therefore, the coronary arterial perfusion has
been intensively studied and the CFR is commonly
measured from the LCA using Doppler echocardiography
(Gan et al. 2004; Graziosi et al. 2007; Hartley et al. 2008;
Meimoun and Tribouilloy 2008; Wikstr€om et al. 2005).



Fig. 5. Representative histologic images of sham-operated mice and mice with transverse aortic constriction (TAC) 2 wk
post-surgery. (a, b) Myocytes in left ventricular (LV) lateral wall of sham-operated mice and their counterparts with TAC,
respectively. White bars indicate the measurement of diameter. (c, d) Myocytes in right ventricular (RV) free wall of
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Fig. 6. Comparison of ventricular wall thickness, myocyte size and capillary density between sham-operated mice and
mice with transverse aortic constriction (TAC) 2 and 8 wk after surgery. (a–c) Wall thicknesses of left ventricular (LV)
lateral wall, septum and right ventricular (RV) free wall, respectively. (d–f) Diameters of myocytes in LV lateral wall,
septum and RV free wall, respectively. (g–i) Ratios of capillaries relative to myocytes in the LV lateral wall, septum
and RV free wall, respectively. *p , 0.05 versus corresponding value of sham-operated mice; yp , 0.05 versus value

of corresponding group 2 wk post-surgery.
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On the other hand, a recent study reported a difference in
microcirculatory wave patterns between the left and right
coronary arteries in relation to the anatomy of left and
right ventricles in humans (Hadjiloizou et al. 2008).

In this study, TAC resulted in significant increases in
flow velocity in the LCA and SCA. The enhanced coro-
nary perfusion for the left ventricle is believed to meet
the increased blood demand of hypertrophic myocar-
dium, and should be most effective and efficient during
diastole with the myocardium relaxed and capillary de-
compressed. The increase in systolic flow velocity is
attributable to the elevated aortic systolic pressure, and
also suggests a re-distribution of the blood perfusion
from the left ventricular endocardium to epicardium
sham-operated mice and their counterparts with TAC, respectiv
mice and their counterparts with TAC, respectively.White arrow

sham-operated mice and their counterparts with T
(Hartley et al. 2008). This re-distribution of blood perfu-
sion may be further exaggerated by the vasodilator in this
study, and may be responsible for the difference in CFRs
calculated with and without inclusion of the systolic flow
component.

The left ventricular lateral wall and the septum ex-
hibited similar structural remodeling under TAC, with
their wall thickness and myocyte size increased at both
time points. However, left ventricular systolic function
was in a transitional stage to heart failure 8 wk post-
TAC, when the overall mean velocity of both the LCA
and SCA remained significantly elevated. Pressure over-
load initially promotes myocardial angiogenesis, which is
crucially involved in adaptive ventricular hypertrophy.
ely. (e, f) Capillaries in LV lateral wall of sham-operated
s indicate capillaries. (g, h) Capillaries in RV free wall of
AC, respectively. Black scale bar 5 50 mm.
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However, the sustained pressure overload impairs angio-
genesis and makes systolic function convert from
compensatory status to heart failure (Sano et al. 2007).
We postulate that the partially preserved CFR for the
left ventricle 2 wk post-TAC might be attributable to
the significant neo-angiogenesis, which increases the
vascular capacity and reserve of the coronary circulation.
The reduced neo-agniogenesis 8 wk post-TAC might be
the major mechanism for the decrease in CFR and the
ensuing left ventricular systolic dysfunction, implicating
the predictive role of CFR measurement.

The left ventricular CFR in this study is similar to
those of previous publications obtained by ultrasound
(Wikstr€om et al. 2005) and magnetic resonance angiog-
raphy (Cochet et al. 2010, 2013) in wild-type mice.
However, compared with another study (Hartley et al.
2008), the present data indicate a slower and less signif-
icant decrease in left ventricular CFR post-TAC. A
possible reason is that in our study, the hyperemia was
induced by adenosine, rather than high-concentration iso-
flurane (2.5%), which might cause cardiac depression
(Ding et al. 2011), especially in mice with heart disease
(You et al. 2012), and reduce the driving forces for coro-
nary perfusion and thus minimize CFRmeasurement. It is
also possible that the mice with TAC in our study had
a relatively moderate pressure overload because a slightly
larger needle (26 gauge) was used to induce constriction.

At both time points, the flow dynamics of the RCA
under TAC did not significantly change in terms of
overall mean velocity and CFR. Correspondingly, the
right ventricle exhibited no significant change, in ventric-
ular wall thickness, myocyte size, myocardial neo-
angiogenesis or diastolic function.

Limitations
Doppler color flow imaging revealed the dilation of

coronary arteries (appearing as wider color stripes) post-
TAC, but their diameters were not measured because of
the resolution limit of the current system. A transducer
of higher frequency (40MHz) would facilitate the dimen-
sional measurement, at least for the proximal segment of
coronary arteries, allowing for precise assessment of flow.

Isoflurane for anesthesia also has a dose-dependent
vasodilating property and has even been used for
measuring CFR (Hartley et al. 2008). Therefore it might
have a synergetic effect and, to some extent, confound the
CFR measurement using adenosine. Nevertheless, the
concentration of isoflurane was strictly limited to 1.5%
for all experiments to minimize possible bias.

The measurement of coronary flow using Doppler
may have variations. As reported in our previous study
(Wu et al. 2012a), the Doppler coronary flow velocity
measurement had very good reproducibility (Intra-
observer and inter-observer variability rates were 1.31%
and 2.48%, respectively). Therefore, such reproducibility
measurements were not repeated in this study.

CONCLUSIONS

This study has, for the first time, established
a protocol for quantitatively evaluating flow dynamics
in three major coronary arteries in mice using high-
frequency ultrasound. The established method and pre-
sented baseline data will facilitate in-depth exploration
into the mechanisms in mouse models related to coronary
arterial diseases. Mouse models, with genetic modifica-
tion and surgical intervention, will allow for the determi-
nation of genetic factors that modulate the remodeling of
the heart and coronary vasculature under pressure
overload.

Transverse aortic constriction alters coronary flow
patterns, but in distinct ways for each of the three coro-
nary arteries. Through comparison of the left and right
sides of the heart, the findings so far have clarified that
the pressure overload to the ventricle and the elevated
perfusion pressure to the coronary artery have clearly
different effects on the remodeling of myocardium and
the adaptation of coronary vasculature. It would also be
of great interest to find out whether pharmacologic
enhancement of neo-angiogenesis delays or partially
rescues the deterioration of left ventricular systolic func-
tion during pressure overload. In that way, the observa-
tions from the mouse model would be informative for
clinical therapeutics.
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