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Sonobe T, Schwenke DO, Pearson JT, Yoshimoto M, Fujii Y,
Umetani K, Shirai M. Imaging of the closed-chest mouse pulmo-
nary circulation using synchrotron radiation microangiography. J
Appl Physiol 111: 75– 80, 2011. First published April 28, 2011;
doi:10.1152/japplphysiol.00205.2011.—Structural and functional
changes of pulmonary circulation related to pathophysiology of pul-
monary arterial hypertension (PAH) remain to be fully elucidated.
Angiographic visualization in in vivo animals provided a powerful
tool for assessing the major indexes associated with the pathogenesis
of PAH. In this study, we have exploited the full potential of
synchrotron radiation (SR) microangiography to show the ability to
visualize pulmonary hemodynamics in a closed-chest mouse. Male
adult mice were anesthetized and cannulated with a customized
24-gauge catheter into the right ventricle via the jugular vein for
administering iodine contrast agent. The microangiography was per-
formed on the left lung. We measured dynamic changes in vessel
diameter in response to acetylcholine (ACh) and acute exposure to
hypoxic gas (10% O2). Moreover, the pulmonary transit time was
estimated by the time of contrast agent circulating. We were able to
visualize the pulmonary arteries from the left pulmonary artery (LPA)
to the third generation of branching (inner diameter �100 �m). ACh
and acute hypoxia induced vascular responses chiefly in the second
and third branching vessels rather than the LPA and the first branching
vessels. The transit time was only 0.83 s. These results demonstrate
the effectiveness of SR for visualizing the pulmonary circulation in a
closed-chest mouse. Future studies using SR microangiography on
specific gene-targeted knockout and transgenic mice will provide new
insights into the pathophysiology of pulmonary dysfunction and
functional adaptation to survive in hypoxic condition.
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MANY OF THE UNDERLYING MECHANISMS responsible for the patho-
genesis of pulmonary arterial hypertension (PAH) still remain
to be fully elucidated. Functional changes in pulmonary mi-
crovessels are critical for modulating pulmonary blood flow,
which is essential for optimizing ventilation-perfusion match-
ing. Ultimately, dysfunction of the pulmonary microvascula-
ture plays a pivotal role in the pathogenesis of several serious
lung diseases. Visualization of the microvascular bed provides
invaluable insight for evaluating vasoactive reactivity and,
furthermore, understanding the underlying mechanisms that
trigger early vessel disorders.

In the last decade, the ability to produce targeted gene
mutations in the mouse has provided a powerful tool for
studying various pathophysiological pathways associated with
PAH. One of the limiting factors for investigating pulmonary
dynamics in a mouse model is its small size. Hence, the loss of
spatial resolution restricts the use of more conventional an-
giography X-ray sources for assessing pulmonary blood flow
distribution in small animals. Indeed, conventional X-ray an-
giography has resolution limitations for evaluating vessels with
a diameter �200 �m (11, 13). Shirai et al. (20) designed a
unique X-ray TV system for visualizing pulmonary vessels
with diameters 100–500 �m, although the measurements were
performed using open-chest animal models (21–23). However,
in the last decade the technological advances of angiography
using synchrotron radiation (SR) microangiography have pro-
vided the temporal and spatial resolution required to visualize
microvessels of various organs both ex vivo and in vivo (12).
Our previous report (17) demonstrated the visualization of lung
vessels in the closed-chest rat and investigated functional
changes of vessels in the setting of pulmonary hypertension
(18, 19). Recently, a mouse model has been developed for
imaging cerebrovascular vessels with diameters �150 �m (7).

The mouse model has become the preferred animal model
for investigating the pathomechanisms that govern PAH, pri-
marily because genetically engineered techniques more readily
provide important new insights. Therefore, in this study, we
have exploited the full potential of monochromatic SR mi-
croangiography to show, for the first time, the ability to
visualize pulmonary hemodynamics in a mouse model in vivo.

MATERIALS AND METHODS

Animals. Experiments were conducted on eight male adult mice
(C57BL/6, body weight: 25.9 � 0.4 g). All mice were on a 12:12-h
light-dark cycle at 24 � 1°C and were provided with food and water
ad libitum. All experiments were approved by the local Animal Ethic
Committee of the National Cerebral and Cardiovascular Center Re-
search Institute (Osaka, Japan) and conducted in accordance with the
guidelines of the Physiological Society of Japan.

Surgical preparation. Mice were anesthetized by sodium pentobar-
bital (60 mg/kg ip). Supplementary doses of anesthetic were period-
ically administered (�15 mg·kg�1·h�1 ip). Throughout the experi-
mental protocol, body temperature was maintained at 38°C using
rectal thermistor coupled with a thermostatically controlled heating
pad.

The trachea was cannulated, and the lungs were ventilated with a
mouse ventilator (6 �l/g tidal volume and �170–190 breath/min;
Minivent Type 845; Harvard Apparatus). The inspirate gas was
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enriched with oxygen, and the ventilator settings were previously
shown to maintain arterial PCO2 normocapnic condition.

A femoral vein was cannulated for acetylcholine (ACh) adminis-
tration. A customized 24-gauge BD Angiocath catheter (Becton-
Dickinson), with the tip bent at a 30° angle, was inserted into the
jugular vein and advanced into the right ventricle for administering
contrast agent as well as intermittently measuring right ventricular
systolic pressure (RVSP) and heart rate (HR). RVSP signals were
detected by BP transducer (MLT0670; ADInstruments), and signals
were relayed to BP Amp (ML117; ADInstruments) and then contin-
uously sampled at 1 kHz with a PowerLab system (ADInstruments)
and recorded on a computer using Chart software (ADInstruments).
HR was derived from the arterial systolic peaks. The mouse was
securely restrained on the acrylic board in a supine position during
surgical procedure. The plate was then fixed in a vertical position in
front of the beamline so that the lung was positioned in front of
SATICON X-ray detector.

Microangiographic system. The pulmonary imaging was per-
formed with SR microangiography at the BL28B2 beam line of the
SPring-8 facility (Hyogo, Japan). We have previously described in
detail the accuracy and validity of SR for visualizing the pulmonary
microcirculation in the closed-chest rat (17).

Briefly, monochromatic X-ray beam has a very narrow energy bandwidth
for imaging (20–30 eV) at a flux �1,010 photons·mm�2 ·s�1. This SR
system comprised a monochromatic 33.2 keV X-ray source, just above
the iodine K-edge energy for maximal contrast.

X-rays were detected by an X-ray detector (Hitachi Denshi Techno-
Systems) incorporating a SATICON X-ray pickup tube (Hamamatsu
Photonics) that was employed at the bending magnet beamline. The
biomedical imaging SATICON X-ray camera has a resolution of
1,050 scanning lines and can record images at a maximum speed of 30
frames/s with shutter open times of 1.0�1.5 ms. High-resolution
images were stored in a digital frame memory system with 1,024 �
1,024 pixel format and 10-bit resolution. Between recordings, the
X-ray beam was blocked with Pb and Al filters.

Experimental protocol. The mouse was positioned in front of the
beam line so that the left thorax was positioned in front of SATICON
X-ray detector in alignment with the 9.5 � 9.5 mm imaging field.
After verification of whether the imaging field comprised both the left
lung vessels and heart, iodinated contrast agent (Iomeron 350; Bracco-
Eisai) was injected via the jugular vein cannula. Angiography was
performed with a microinjection pump (PHD-2000; Harvard Appara-
tus) that was programmed to deliver a bolus administration of 0.1 ml
of iodine contrast agent at a speed of 10 ml/min. Image acquisition
was initiated 1 s before iodine injection, and 100 frames were
recorded for each scanning. The lung vessels were imaged when the
ventilator was very briefly interrupted (�2 s) at end expiration to
eliminate any movement artifact associated with the respiratory cycle.
Mice were given at least 10 min to recover from each injection of
contrast agent. The three-way stopcock on the right ventricle catheter
was opened to collect RVSP after each imaging.

After baseline imaging was completed, mice were administered
ACh (30 �g·kg�1·min�1 iv) via the femoral vein cannula with
continuous infusion pump (Pump 11; Harvard Apparatus). After 10
min, which was sufficient time for all cardiovascular variables to
stabilize, lung microangiography was performed. During drug infu-
sion, RVSP were continuously recorded, and then recording of RVSP
was stopped and the stopcock was switched from the pressure trans-
ducer to the microinjection pump for imaging. After recovery from the
ACh test, mice were exposed to acute hypoxia (10% O2 balanced in
N2) for 5 min. The hypoxic gas mixture was prepared from N2 and O2

gas cylinders using gas mixer (GASCON; Kofloc). Lung microan-
giography was performed again after 5 min of acute hypoxic chal-
lenge.

Image analysis. Image analysis was performed as previously de-
scribed (17), although slightly modified for mouse angiography.
Vessels that belong to left lung were categorized according to branch-

ing level: left pulmonary artery (LPA; n � 8) and lobe artery branches
(1st, n � 15; 2nd, n � 26; 3rd, n � 12�15 vessels). The computer-
imaging program ImageJ (National Institutes of Health) was used to
evaluate the vessel internal diameter (ID). To enhance images, a
temporal subtraction operation was performed for flat-field correction
using summation results of five consecutive frames acquired before
contrast agent injection. The summation image taken before injection
was subtracted from a single raw image taken after injection to
eliminate the superimposed background structure. The ID of individ-
ual vessels was directly measured using Straight-Line-Selections tool
of ImageJ. A 50-�m-thick tungsten wire, which had been placed
directly across the corner of the detector’s window, appeared in all of
the recorded images and was subsequently used as a reference for
calculating vessel diameter.

The pulmonary transit time of blood flow was estimated as contrast
moved from the right ventricle to left ventricle using cine images of
single scan at a speed of 30 frames/s. The number of frames was
counted between the time contrast agent first appeared in the right
ventricle to the time contrast appeared in the left ventricle. Subse-
quently, transit time was calculated.

Statistical analysis. All statistical analyses were conducted with
GraphPad Prism 5 (GraphPad Software). All results are presented as
means � SE. One-way ANOVA was used to test for differences in
baseline, ACh, and hypoxia in each parameter with the Bonferroni
correction incorporated for multiple comparisons. A P value 0.05 was
predetermined as the level of significance for all statistical analysis.

RESULTS

Baseline. The pulmonary circulation of the entire left lung
could be clearly visualized in the anesthetized closed-chest
mouse with iodinated agent. We observed, frame-by-frame,
that contrast agent circulated from the right ventricle to left
pulmonary vessels in real-time. Figure 1 shows a typical
imaging pattern of left middle lung arteries from LPA to the
second or third generation of branching with an ID �100 �m
(Fig. 1, top). Vessel ID tended to decrease according to each
generation of branching, as well as the distance away from the
main axial artery toward the periphery. Generally in left lung
images, LPA was 632.7 � 24.4 �m. Thereafter, the first,
second, and third branches were 274.3 � 12.0, 154.0 � 6.0,
and 90.0 � 2.2 �m, respectively (Fig. 1, bottom). The network
of vessels from the LPA to the distal branches of the left lobe
was observed in individual regions of interest (within the 9.5 �
9.5 mm imaging window).

Vasoactive response to ACh and acute hypoxia. Figure 2
presents the imaging of lung vascular responses to ACh (Fig.
2B) and acute hypoxia (Fig. 2C). Mice were administered ACh
intravenously (30 �g·kg�1·min�1). ACh caused a small de-
cline of RVSP but did not change in HR (Table 1). ACh
induced significant dilation of the second and third branching
vessels, evident by an increase in ID from 152.8 � 7.0 to 173.4 �
6.0 �m (2nd; Fig. 3) and from 90.0 � 2.2 to 114.1 � 4.4 �m
(3rd; Fig. 3). The ID of the main LPA and first branch also
tended to dilate, but there was no significance between baseline
and ACh administration. One likely reason maybe due to the
small number of vessels that were measured, and in particular,
LPA was only in an image. Acute 10%-O2 hypoxia induced
significant vasoconstriction of the second and third order of
branches (down to 108.6 � 4.1 and 77.6 � 2.6 �m, respec-
tively; Fig. 3). Moreover, a considerable number of small
vessels, �100 �m in diameter, were no longer visibly opaque
following exposure to hypoxia, and the number of second or
third branching vessels declined (Fig. 2). Despite the observa-
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tion that the first branching ID also tended to decrease, the
diameter of LPA in the hypoxic lung appeared elevated (no
significance), possibly because of the higher distending pres-
sure for the hypoxic lung. During hypoxia, HR was decreased
and RVSP was slightly increased due to the hypoxic vasocon-
striction (Table 1).

Calculated pulmonary transit time. The cine images high-
light the rapid clearance of contrast agent, enabling us to

approximate the transit time of �1 s for blood circulating from
right ventricle to left ventricle through the lung (Table. 1).
Each single frame had a readout time of �33 ms. Under
baseline conditions, the small arterial branches were saturated
with contrast agent within only �7–10 frames from the time of
injection The transit time from right ventricle to left ventricle
was only 0.83 � 0.03 s. ACh administration did not change the
pulmonary transit time compared with baseline, but the time to
saturation was positively extended in acute hypoxia. The de-
layed pulmonary transit time was 1.29 � 0.15 s (Table. 1).

DISCUSSION

The present investigation demonstrates the ability to clearly
visualize pulmonary circulation in the lung of closed-chest
anesthetized mouse using SR microangiography. We advanced
the unique technique from our previous rat lung study and
succeeded injecting the iodine contrast agent into the mouse
right ventricle. Furthermore, we were also able to measure the
changes in diameter of pulmonary vessels in response to ACh
and the well-known pulmonary vasoconstrictor hypoxia, effec-
tively demonstrating the reliability of using SR angiography
for evaluating the pulmonary vascular responses.

SR microangiography. In the last decade, SR angiography
has enabled visualization of small vessels that could not be
seen using traditional conventional X-ray sources in closed-
chest animals (17–19, 25). An earlier criticism of the temporal
subtraction approach to using a single energy SR for angiog-
raphy was that it was not suitable for in vivo imaging of
dynamic organ systems, such as the heart and lungs, because
organ motion causes vessel detection artifacts (5). However, as
we and others (14, 17–19) have demonstrated recently, avail-
able detector systems permit rapid imaging and spatial resolu-
tion for accurate analysis of vessel caliber in the lungs and
heart based on individual image frames.

Fig. 1. Top: typical microangiogram image after temporal subtraction showing
the branching pattern of small pulmonary arteries. Pulmonary branches to the
second or third generation from the left pulmonary artery (LPA) were visible.
Scale bar � 1,000 �m. Bottom: range of vessel size at each of the branching
generations of pulmonary circulation in normal mice. RV, right ventricle.

Fig. 2. Baseline microangiogram image (A) and typical images of response to acetylcholine (ACh) administration (B) and in response to acute 10% hypoxia (C).
Smaller arteries partly disappeared in response to hypoxia (C). Scale bar � 1,000 �m.

Table 1. Hemodynamics data and estimated pulmonary
transit time during experimental protocol

Baseline ACh Hypoxia 10% O2

HR, beats/min 436 � 31 431 � 18 337 � 23†
RVSP, mmHg 18.9 � 0.8 16.7 � 1.1 19.6 � 1.9
Pulmonary transit time, s 0.83 � 0.03 0.98 � 0.03 1.29 � 0.15*

Values are means � SE (n � 6). HR, heart rate; RVSP, right ventricular
systolic pressure; ACh, acetylcholine. *P � 0.05, †P � 0.01, significant
differences from baseline.
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In the SR imaging system, the smallest vessel detectable for
measuring ID is primarily determined by the concentration of
iodine contrast agent. The iodine concentration depends on the
dose of the contrast agent, the injection technique, and the
dilution curve and the vessel site of interest. In the present
study, contrast agent was injected into the right ventricle so
that the iodine concentration within the pulmonary circulation
would have been diluted by venous return. However, the rate at
which contrast agent was injected (10 ml/min) is approxi-
mately equivalent to cardiac output of anesthetized mouse
(�10 ml/min; Refs. 2, 6). Therefore, even if the bolus dose
were diluted, a preliminary phantom study (18) has previously
shown that vessel edge detection should be accurate and
reproducible for vessels with an ID as small as 100 �m. One
limitation, however, is that a large bolus of contrast agent is
required for each injection due to the high speed of clearance
depending on HR. Although we could not measure the hemo-
dynamics during each bolus injection, blood pressure and HR
were intermittently monitored after injecting and image cap-
turing were completed. Then, we confirmed the hemodynamics
were stable and had recovered to preinjection values.

Change of pulmonary vasculature. In our previous study, the
diameters of the pulmonary arteries were reported in rats, as
measured by SR microangiography (17). That study clearly
highlighted the diverse vessel branching pattern from the first
to fourth generation of branching (ID �100 �m). The advan-
tage of using a closed-chest mouse model in the present study
was that we could visualize, not only LPA and first to third
branching generations, but also numerous precapillary arteri-
oles (ID �80 �m) in a single frame of imaging (Fig. 1). The
vascular responses to ACh and hypoxia were measurable even
in the arteriole level, which showed significant responses (Fig.
3). A single frame covered an area one third of the left lung

(Sonobe T, et al., unpublished observations), suggesting the
size of the mouse lung is better suited for evaluating global
changes of the pulmonary vascular tree including resistance
vessels and nonresistance vessels simultaneously. Although
smaller vessels exist within the pulmonary vascular bed of both
the mouse and rat, we were unable to clearly detect the border
of these vessels. This suggests that the resolution limit of the
pulmonary microvessels in this imaging system was close to 80
�m. Spatial resolution was limited in pulmonary vessels in
vivo, because of the possibility of nonuniform constrictions or
uneven iodine contrast distribution within the smaller vessels,
which would increase the signal-to-noise variability between
neighboring pixels of any single image. Considering the mor-
phology, casting models often provide powerful evidence for
understanding the pulmonary vascular system (24). Although
semiquantification may be possible by casting, detecting rapid
physiological change of vessel diameter (e.g., response to ACh
or hypoxia) can be performed accurately only by angiography.

Measurement of pulmonary transit time. A further signifi-
cant advantage of using mice for SR pulmonary angiography is
that the field of view (nearly 1 cm2) covers both left lung and
heart in a single image. Moreover, since the image recording
system permits recording of 30 frames/s, it is possible to
trace the flow of contrast agent in vessels. Therefore, this
system has the potential to measure, not only ID, but also
transit time in the pulmonary vascular bed. The cine images
highlight the rapid clearance of contrast agent, enabling us to
approximate the transit time within a second for blood to
circulate through the left lung (Table 1). Actually, we counted
the frame number during contrast agent circulating through left
lung from right ventricle to left ventricle.

Pulmonary transit time is determined by many cardiopulmo-
nary factors (e.g., cardiac output, systemic and pulmonary

Fig. 3. Magnitude of response to ACh and acute hypoxic
challenge in each measurable branching generation (LPA, n �
8; 1st, n � 15; 2nd, n � 26; 3rd, n � 12�15 vessels). Data
show means � SE. *P � 0.05, **P � 0.01, significant differ-
ence from baseline.

78 IN VIVO IMAGING OF MOUSE PULMONARY CIRCULATION

J Appl Physiol • VOL 111 • JULY 2011 • www.jap.org

 by 10.220.33.1 on S
eptem

ber 21, 2017
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/


vascular resistance, and HR); therefore, transit time provides
invaluable information concerning cardiopulmonary status in
cardiac or lung disease. Some previous reports have evaluated
pulmonary capillary transit time using isolated or excised lung
of various animals (1, 3, 10, 15). Sada et al. (16) performed the
measurement of pulmonary transit time using anesthetized cat
lung; however, the pulmonary transit times have been not
measured at real-time resolution in living mouse. Lindstedt (9)
has shown the predicted capillary transit time of mammalian
lung. Specifically, the capillary transit time of the white mouse
(body wt: 42 g) was estimated to be 0.59 s at rest. In our study,
we observed that the pulmonary transit time for mice, with a
body weight of �30 g, was 0.83 s at rest. We did not measure
“capillary” transit time because of overlapping of contrast
agent in the arteries and veins. The injected contrast agent
quickly passed through gas-exchanging vessels depending on
the high HR (�400), and then, arteries, capillaries, and veins
were all depicted in a single frame. Nonetheless, the mouse
pulmonary transit time that we measured is comparable to that
of previous studies. Kreissl et al. (8) demonstrated the transit of
radiotracer from right ventricle to left ventricle in mouse using
high-temporal-resolution small animal PET, and the data indi-
cated that the transit time is within one second. Furthermore in
this study, when mice were exposed to acute hypoxic chal-
lenge, the transit time was significantly prolonged to 1.29 s
(Table 1) vs. resting transit time. The architecture of the
vascular network is a major determinant of the distribution of
transit time in the organs. Pulmonary hypoxic vasoconstriction
was evident in the present study, which was reflected by a
small increase in RVSP, although there are distinct decreases
of HR (Table 1). Clough et al. (4) reported the dog pulmonary
transit time in hypoxic conditions using an isolated lung model.
They demonstrated a stable pulmonary flow under normoxic
conditions, and, moreover, transit time was significantly short-
ened during hypoxia (4). Since a potential decrease in cardiac
output and HR would reduce blood flow, it could be expected
that transit time increased in our intact lung study. We also
noted that ACh administration tended to prolong the transit
time, which may presumably be linked to a decrease in cardiac
output.

PAH study using mouse model. Many respiratory disorders,
such as pulmonary hypertension, are characterized by abnor-
mal structural and functional changes in the pulmonary micro-
circulation. Our prior work (18, 19) demonstrated the distribu-
tion of pulmonary blood vessels using SR microangiography in
a closed-chest rat model with PAH. The SR microangiography
was effective for visualizing dynamic and regional changes in
vessel caliber; however, the rat model focused on a narrow
region of the pulmonary circulation. In the present study, we
established the mouse model that enabled visualizing both lung
and heart in the closed chest. Therefore, the mouse model has
a potential to provide important insight into the lung vascular
physiology, for example, differences in regional control of
pulmonary blood flow throughout the whole lung or the com-
plex interaction between pulmonary and cardiac regulation of
blood flow. One of the most important advantages of pulmo-
nary imaging in mice is the potential to use genetic “knockout”
models in future studies. They will provide new insights into
the pathophysiology of pulmonary dysfunctions and functional
adaptation. Using these techniques, we are planning to inves-

tigate the functional changes of pulmonary vessels under hy-
poxic conditions with various knockout mice.

Summary. The use of SR microangiography provides a
powerful tool for assessing pulmonary hemodynamics in
unprecedented detail in a mouse model. Importantly, this
now provides us with the ability to assess the various
neurohumoral pathways that modulate the pulmonary vas-
culature in specific gene-targeted knockout and transgenic
mice. Ultimately, future studies using SR microangiography on
transgenic mice will provide important new insights into the
pathophysiology of pulmonary dysfunctions and functional
adaptation.
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