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Background: Establishing a shunt-induced pulmonary arterial hypertension (PAH) model in mice would be of great scientif-
ic value, but no such models have been reported to date. Here, we established a shunt-associated PAH in mice
to investigate the characteristics of pulmonary vascular remodeling, which provides a new platform for the in-
depth study of PAH associated with congenital heart disease (CHD).

Material/Methods: Eighty mice were randomly divided into the heavy shunt group (n=32), the small shunt group (n=32), the sham
operation group (n=8), and the control group (n=8). The septum of the abdominal aorta and inferior vena cava
was cut directly to create a heavy abdominal aortocaval shunt. Pulmonary artery pressure, right ventricular
hypertrophy index, and lung tissue morphology were evaluated in the 4", 6! 8™, and 12" weeks in the shunt
groups.

Results: Shunt-associated PAH by abdominal aortocaval shunt in mice was successfully established. The shunt paten-
cy rate was significantly higher in the heavy shunt group. Significant differences were observed between the
heavy shunt group and other groups in terms of pulmonary artery pressure and the right ventricular hypertro-
phy index. Tissue sections revealed a thickened pulmonary intimal layer and muscular layer and stenosis of the
lumen in the shunt groups. Immunofluorescent assay results showed significant proliferations of PAH smooth
muscle cells and endothelial cells, consistent with the clinical pulmonary vascular remodeling seen in human
patients with severe PAH.

Conclusions: Shunt-associated PAH established by directly cutting the septum between the abdominal aorta and inferior
vena cava is a stable and reliable model for research on PAH associated with CHD.
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Background

Pulmonary artery hypertension (PAH) is a common complica-
tion of the left-to-right shunt type found in congenital heart
disease (CHD). About 5-10% of CHD patients have varying
degrees of PAH [1,2]. Reportedly, of every 5500 patients with
CHD, 400-500 have PAH that requires treatment [3]. In CHD-
related pulmonary hypertension, shunt-associated PAH is the
most common subtype.

In the past, surgeries were often performed on pigs and oth-
er large animals to simulate the pathophysiology of shunt-in-
duced PAH [4]. Researchers established a systemic-to-pulmo-
nary shunt through artificial vascular to increase the lateral
lobe artery pressure; however, it was difficult to control the
shunt volume, and the artificial blood vessels tended to dis-
tort, resulting in luminal stenosis or occlusion [4]. Some schol-
ars have successfully established a PAH model by using ab-
dominal aortocaval shunts in rats, and they provided a new
way to study shunt-induced PAH [5]. This important innova-
tion provides an available model with a clearly mapped genet-
ic background to study cellular interactions, signal pathways,
and gene expressions involved in PAH [6-9]. Furthermore,
transgenic and knockout mice have been developed in recent
years, providing greater opportunities for studying the molec-
ular mechanisms in PAH. Establishing a shunt-induced PAH
model in mice would be of great scientific value, but no such
models have been reported to date [10-15].

Our study aimed to establish a PAH model in mice by estab-
lishing an abdominal aortocaval shunt that is consistent with
the physiological and pathological characteristics of human
cases of CHD-associated PAH, which would provide a reliable
platform for studying CHD-associated PAH in humans.

Material and Methods

Experimental animals

All the animal care and experiments were performed in ac-
cordance with the Guide for the Care and Use of Animals of
the Laboratory Animal Center of Shanghai Jiaotong University,
School of Medicine. The local committee on animal experi-
mentation approved this study. Eighty healthy male C57BL/6)
mice (Shanghai Silaike Experiment Animal Co., Ltd.) weigh-
ing 20-30 g were used. The animal rating was a clean grade
specific pathogen-free, and the experimental animal licens-
es were SCXK (Shanghai) 2007-0005 and SYXK (Shanghai)
2003-0026. The animals were housed 5 per cage. Food and
water were freely available at all times, and a temperature-
controlled room (21°C; relative humidity, 50-80%) was main-
tained on a normal light cycle. The animals were randomly
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divided into a small shunt group (n=32, the 4%, 6%, 8%, and
12" week groups), heavy shunt group (n=32, the 4t, 6t", 8t,
and 12" week groups), sham operation group (n=8), and con-
trol group (n=8).

Establishing the animal model

The C57BL/6) mice (4 weeks old) were weighed and intraperi-
toneally anesthetized with 80 mg/kg of 1% sodium pentobar-
bital. The abdomen was incised to expose the abdominal aor-
ta and inferior vena cava (Figure 1A). Both sides of the free
branch vessels were ligated under a microscope, and 6-0 poly-
ester filaments were used to block the abdominal aorta and the
inferior vena cava together between the left renal artery and
the iliac artery. Micro-scissors with a curved tip were used to
make a transverse incision in the anterior wall of the abdom-
inal aorta to expose the contralateral wall, which is adjacent
to the wall of the inferior vena cava (Figure 1B).

A longitudinal incision was made in the interval of the abdom-
inal aorta and the inferior vena cava to establish an aortoca-
val shunt by use of micro-scissors. The incision length was half
of the diameter of the abdominal aorta. To determine wheth-
er the shunt was made, normal saline was injected from the
abdominal aorta, and the inferior vena cava would be filled
with normal saline (Figure 1C). After the shunt was made, 11-0
polypropylene monofilament was used to suture the incision
in the abdominal aorta wall. Then, the blocking filament was
loosened. The inferior vena cava pulsed and was swollen with
arterial blood, confirming the presence of a shunt (Figure 1D).

To establish the small shunt group, a 30-G needle was insert-
ed into the incision, punctured through the abdominal aorta
wall, and entered the adjacent inferior vena cava at a differ-
ent direction to expand the fistula and create multiple fistulas.

The sham operation group did not have an arteriovenous shunt,
so the anterior wall of the abdominal aorta was sutured im-
mediately after the incision.

No treatment was performed in the control group, and these
mice were fed and raised under normal conditions.

Evaluating the pulmonary artery pressure

The mice were anesthetized and intubated by directly cutting
the trachea. The small animal ventilator parameters were set
to a frequency of 120 beats/min and a tidal volume of 0.15
ml (6-8 ml/kg) with a 21% inhaled oxygen concentration. The
chest skin was quickly cut and opened along the center of the
sternum. The pericardium was cut to expose the right ventri-
cle. A polyethylene catheter infused with a heparin solution
was connected to one end of a pressure transducer to record
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Figure 1. Surgical procedure of creation of the shunt. (A) The abdominal aorta (AAo) and inferior vena cava (IVC) were tightly linked
together; (B) Blood in the abdominal aorta and the inferior vena cava were blocked and a transverse incision were made in
the abdominal aorta’s anterior wall to expose the contralateral wall, and then the wall were cut by micro-scissors; (C) Normal
saline was injected from the abdominal aorta and the inferior vena cava was filled with normal saline; (D) After the shunt

was made, the inferior vena cava pulsed with arterial blood.

the pressure curve, while the other end was connected to a
27-G needle, which punctured the right ventricle along the
right ventricular outflow. Data were recorded when the pres-
sure waveform was stable. The right ventricular systolic pres-
sure was used to represent the systolic pulmonary artery pres-
sure (sPAP). The sPAP was measured in the shunt groups at the
end of the 4%, 6', 8", and 12* weeks postoperatively, which
was measured in the sham operation and control groups at
the end of the 12t week.

Evaluating the right ventricular hypertrophy index

Followed by the sPAP measurement, the bilateral superior vena
cava, inferior vena cava, and aorta were ligated, and the heart
and lungs were rapidly removed. When the needle punctured
the right ventricular outflow to infuse the lungs with saline, the
color of the blood flowing from the aorta continuously faded
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until the lungs eventually turned completely white. The atri-
um and major vessel roots were cut along the atrioventricular
groove. The free right ventricular wall along the groove of the
posterior ventricle was separated. A precision electronic scale
was used to weigh the right ventricular free wall (RV) and the
left ventricle free wall plus the septum (LV + S). The weight ra-
tio of the RV to the LV + S was calculated to obtain the right
ventricular hypertrophy index (RVHI). The RVHI was measured
in the shunt groups at the end of 4t, 6™, 8, and 12" weeks
postoperatively, which was measured in the sham operation
and control groups at the end of 12t week.

Pathological changes
At least 5 small muscular arteries with complete internal and

external elastic lamina were randomly selected from the lung
tissue sections in the surviving mice in each group, stained
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with van Gieson’s stain, and the inner and outer elastic lami-
na contours were outlined with a cursor within an Axioplan 2
microscope imaging analysis system (Carl Zeiss). The medial
thickness (MT), vascular external diameter (ED), and vascular
internal diameter (ID) of the internal and external elastic lam-
ina were measured. The average medial thickness percentage
(MT%) of the pulmonary arterioles was further calculated as
MT%=(2xMT+ED)x100.

Immunofluorescence assays on the lung tissue sections

The mice lung tissue sections were placed in the retrieval box
filled with ethylene diamine tetraacetate antigen retrieval buf-
fer (pH, 9.0), and antigen retrieval was performed in the micro-
wave. The samples were boiled under medium heat followed
by a 10-min interval. During this process, excessive evapora-
tion of the buffer was prevented to avoid drying the sample.
After cooling naturally, the samples were loaded onto slides,
placed in a phosphate-buffered saline (PBS) (pH, 7.4) solu-
tion, and washed 3 times for 5 min each on a shaker to rinse
the stain. After drying, the tissue surroundings were outlined
with a marker, and 5% bovine serum albumin diluted rabbit
anti-mouse CD31 antibody and rabbit anti-mouse a-SMA an-
tibody were added to cover the tissues. The slices were placed
flat in a humidified box and were incubated overnight at 4°C.
Then, the slides received PBS (pH, 7.4) and were placed on a
shaker 3 times for 5 min each to wash. After slightly drying,
the secondary antibody, a goat anti-rabbit fluorescein isothio-
cyanate fluorescence, was added to cover the tissue samples.
The samples were incubated in the dark at room temperature
for 50 min. Next, the slides received PBS (pH, 7.4) and were
placed on a shaker for 3 cycles of 5 min each to wash out.
After slightly drying, 4’,6-diamidino-2-phenylindole dye was
added to the slices, and the samples were incubated in the
dark at room temperature for 10 min. Each slide received PBS
(pH, 7.4) and was placed on the shaker for 3 cycles of 5 min
each to wash out the stain. After slightly drying, the antifade
solution was added to the slices, and the samples were mount-
ed and sealed. The samples were analyzed under a Nikon in-
verted fluorescence microscope to acquire images and per-
form image processing.

Statistical analysis

SPSS version 16.0 statistical software (SPSS, Inc.) was used to
perform the statistical analyses. All data are presented as a
mean + standard deviation (x+s). Mixed linear regression for
repeated measures was used to determine the nature of any
time trend in the variables. Data for multiple samples were
compared using multiple analyses of variance between the
groups. The chi-square test was used for quantified data. A
P-value <0.05 was considered significant.
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Results

Survival and growth

A mouse in the heavy shunt group died from excessive bleed-
ing on the operating table, and a mouse in the small shunt
group had lower limb paralysis and died on the second day
after surgery. Two mice in the heavy shunt surgery group died
during the 10 and 11* weeks. All the mice in the sham oper-
ation and control groups survived. Mice in the shunt groups
had higher mortality than those in other groups (P=0.025)
(Figure 2A). Mice in the heavy shunt group had significantly
reduced weight at the end of the 8™ and 12" weeks compared
with the mice in the small shunt group (P=0.002 and 0.017,
respectively). Mice in the sham operation and control groups
had no significant difference in weight during each week. Mice
in both shunt groups had significantly reduced weights at the
end of the 6%, 8™, and 12" weeks compared with the control
group (P=0.015) (Figure 2B).

Comparison of the shunt patency

The anterior wall of the abdominal aorta was cut longitudi-
nally and a bougie was used to test whether the shunt was
still open. None had an aortocaval shunt closed in the heavy
shunt group but 4 mice had aortocaval shunt closed in the
small shunt in the 4 week group. Only 1 mouse had an aor-
tocaval shunt closed in the 6%, 8%, and 12" week group in the
heavy shunt group, but 5 mice had an aortocaval shunt closed
in the 6" week and 6 mice had aortocaval shunt closed in the
8t and 12 week group. In addition, the rate of the shunt pa-
tency was 83.3% in the heavy shunt group in the 12" week,
but it was only 25% in the small shunt group. The patency rate
in the heavy shunt group was significantly higher than that in
the small shunt group (Table 1).

Changes in mouse sPAP and RVHI

With the duration of the shunt was prolonged, the sPAP and
RVHI of mice in both shunt groups gradually increased. Mice
in the heavy shunt group had a significantly higher systolic
pulmonary artery pressure (sPAP) at the end of the 12" week
compared to that in the small shunt group (36.9+2.2 mmHg vs.
25.9+2.6 mmHg, P=0.015). Mice in the sham group had lower
sPAP (11.7+1.3 mmHg) in the 12" week and sPAP (12.1+1.5
mmHg) in the control group. Mice in both shunt groups had
a significantly higher sPAP at the end of the 12" weeks com-
pared to the control and sham groups (P=0.007) (Figure 3A).

Mice in the heavy shunt group had a significantly higher right
ventricular hypertrophy index (RVHI) at the end of the 12t
week compared to that in the small shunt group (47.2+3.5%
vs. 39.1+2.5%, P=0.037). Mice in the sham group had lower
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Figure 2. Survival and growth in each group. Three mice in the heavy shunt group and 1 in the small shunt group died after the shunt
was established. All mice in the sham operation and control groups survived. Mice in the heavy shunt group had higher
mortality than those in other groups (P=0.025) (A). Mice in the heavy shunt group had significantly reduced weight at the
end of the 8™ and 12t weeks compared to mice in the small shunt group (P=0.002 and 0.017, respectively). Mice in both
shunt groups had significantly reduced weights at the end of the 6%, 8™, and 12t weeks compared to the control and sham
groups (P=0.015) (B). (** indicate P<0.05).

Table 1. Comparison of the patency in the shunt groups.

Heavy shunt group (patent/closed) Small shunt group (patent/closed) X2 P
4th week 100% (8/0) 42.85% (3/4) 6.23 0.013
6t week 87.5% (7/1) 37.5% (3/5) 4.27 0.039
8th week 87.5% (7/1) 25% (2/6) 6.35 0.012
12t week 83.3% (5/1) 25% (2/6) 4.60 0.031
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Figure 3. A comparison of the sPAP and RVHI in the shunt groups. Mice in the heavy shunt group had a significantly higher systolic
pulmonary artery pressure (sPAP) at the end of the 12" week compared to that in the small shunt group (36.9+2.2 mmHg
vs. 25.9+2.6 mmHg, P=0.015) (A). Mice in both shunt groups had a significantly higher sPAP at the end of the 12t week
compared to the control and sham groups (P=0.007). Mice in the heavy shunt group had a significantly higher right
ventricular hypertrophy index (RVHI) at the end of the 12t week compared to that in the small shunt group (47.2+3.5% vs.
39.1+2.5%, P=0.037). Mice in both shunt groups had a significantly higher RVHI at the end of the 12t week compared to the
control and sham groups (P=0.02) (B). (** Indicates P<0.05)
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Table 2. Comparison of the medial thickness percentage (MT%) in each group (s, N=76).

4t week 6" week 8th week 12th week
Heavy shunt 16.143.2 21.7+2.9 34.14£3.5 58.1+3.3
"""" Smallshunt 172625 20128 299+33 386134
"""" Sham - = i9sn7
"""" Contol - = gs31

RVHI (9.740.5%) in the 12t week and RVHI (8.6+0.7%) in the
control group. Mice in both shunt groups had a significant-
ly higher RVHI at the end of the 12" weeks compared to the
control and sham groups (P=0.02) (Figure 3B)

Pulmonary pathological changes

In the control and sham groups, the walls of the pulmonary
vessels were thin and the intima and media were difficult to
distinguish. With increased duration of the shunt, the medial
thickness percentage (MT%) of the heavy shunt group gradu-
ally increased, from 16.1+3.2% at the end of the 4* week to
58.1+3.3% at the end of the 12" week. The MT% was signifi-
cantly higher in the heavy shunt than in the small shunt group
(P<0.05) (Table 2). Compared to the mild proliferation of vas-
cular smooth muscle cells (VSMCs) in the small shunt group,
the proliferation in the heavy shunt group was more obvious.
Endothelial cell proliferation only appeared in the heavy shunt
group in the 12" week (Figures 4, 5).

Discussion

Studies have shown that the presence of a left-to-right shunt
in CHD increases right cardiac output, causing high blood flow
and a high shearing force within the pulmonary vessels, which
ultimately results in vascular remodeling through a variety of
mechanisms [16,17]. In this study, mice showed weight loss
in the 6™ week postoperatively. Increased sPAP and RVHI were
observed 4 weeks after the shunt surgery, and the morpho-
logical analysis showed an increased WT%. Pulmonary artery
morphology showed pulmonary vascular remodeling, which
was indicated by the thickening of the artery wall in the early
stage and endothelial proliferation at a more advanced stage.

The aortocaval shunt is relatively widely applied and was
first described by Garcia and later modified by others [18].
Dickinson et al. [14] suggested that the success of fistula for-
mation can be improved through repeated, multidirectional
punctures in rats. In our study, we found that simply changing
the direction of the puncture in the same location still caused
the fistula to close in the small shunt group. We speculated
that this may be a result of the one-way valve formed by the

needle puncture. However, if we directly cut the interval of
the inferior vena cava and the abdominal aorta, the shunt can
be open longer. Similarly, Linardi et al. used an 18-gauge Neo
Delta Ven 2 catheter (DeltaMedMantova, Italy), a common pe-
ripheral venous catheter, puncturing the posterior aortic wall
up to the adjoining inferior vena cava, and then advancing the
catheter into the inferior vena cava to create heavy shunts in
rats [19]. However, murine models offer greater molecular cer-
tainty than rat models. Mouse models have been widely used
and extended to genetic studies of pulmonary vascular remod-
eling caused by hypoxia or monocrotaline, but are rarely used
in shunt-induced pulmonary arterial hypertension due to the
limits of surgical techniques to create the shunt.

In a study of carotid artery-jugular vein shunt PAH model of
rats, sPAP increased significantly (37.69+3.00 mmHg) com-
pared with control group (25.41+2.08 mmHg, P<0.0001) [20].
In contrast to rat models, Chen [21] reported that mice over-
expressing connective tissue growth factor generate modest
PAH (average sPAP 22 mmHg vs. 10 mmHg in controls) but de-
velop significant right ventricular hypertrophy (RV/LV+S 0.42),
but they rarely developed right ventricular failure. Similarly,
humans with Eisenmenger’s syndrome develop severe PAH
and right ventricular hypertrophy but do not develop signs or
symptoms of right ventricular failure [22]. In our study, mice in
the heavy shunt group had significantly higher sPAP (36.9+2.2
mmHg) and RVHI (47.243.5%), which is higher than those re-
ported in transgenic mice [21].

Two major complications from shunting are bleeding and paral-
ysis. Bleeding can lead to paralysis of the legs. In addition, pro-
longed blocking, a heavy shunt, and abdominal aortic stenosis
after suturing can also lead to paralysis of the legs. Therefore,
the ratio of the shunt size to the diameter of the abdomi-
nal aorta was controlled in order to adjust the volume of the
shunt. In our study, the shunt size was half of the diameter of
the abdominal. Keeping the blocking time within 1 h can pre-
vent paralysis, and transversely incising the abdominal aor-
ta rather than making a vertical incision can prevent stenosis.

Our study also showed VSMCs remodeling of the pulmonary
vessels in the heavy and small shunt groups; however, ECs hy-
perplasia was only observed in the heavy shunt group [17].
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Figure 4. Pulmonary vascular remodeling in each group. (A) Pulmonary vascular remodeling in the 8" week (x400) showing mild
proliferation of smooth muscle cells in the small shunt group; (B) Pulmonary vascular remodeling in the 8t week (x400)
showing moderate proliferation of smooth muscle cells in the heavy shunt group; (C) Pulmonary vascular remodeling in
the 12t week (x400) showing moderate proliferation of smooth muscle cells in the small shunt group; and (D) Pulmonary
vascular remodeling in the 12t" week (x400) showing proliferation of endothelial cells in the heavy shunt group.

Studies have shown that ECs impaired by high shear stress
can release a variety of growth factors, such as vascular en-
dothelial growth factor, which induces proliferation and hy-
pertrophy of VSMCs [3,17]. In a clinical lung biopsy study in
patients with CHD-associated PAH, intimal damage was only
observed in the pulmonary vessels of patients with irreversible
PAH [17]. Further investigations revealed that the anti-apop-
totic protein Bcl-2 was expressed in the pulmonary vascular
ECs of irreversible PAH [23]. Impaired ECs secrete vascular en-
dothelial growth factor, which binds to ECs receptors on ad-
jacent vessels, causing proliferation of ECs and the formation
of new small vessels within the irreversible PAH pulmonary
vascular wall [24]. Therefore, the dysfunction of proliferation

This work is licensed under Creative Common Attribution-
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and apoptosis of VSMCs and ECs are important pathophysio-
logical factors for shunt-associated PAH vascular remodeling.
Nevertheless, the key molecules and signaling pathway that
regulate these cellular activities remain unclear [25].

Limitations

Assessing the presence of PAH by echocardiogram should be
part of the protocol when studying mouse models of PAH be-
cause right ventricular catheterization is very challenging in
mice. Although we obtained some hemodynamics parameters
by opening the heart in our study, noninvasive tools such as
echocardiography may be more helpful [26].
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Figure 5. Pulmonary vascular remodeling in the 12 week. (A) Pulmonary vascular remodeling in the 12t week (x400) showing
proliferation of smooth muscle cells (stained in green) in the small shunt group; (B) Pulmonary vascular remodeling in
the 12t week (x400) showing obvious proliferation of smooth muscle cells (stained in green) in the heavy shunt group;
(€) Pulmonary vascular remodeling in the 12% week (x400) showing a monolayer of endothelial cells (stained in red) in the
small shunt group; and (D) Pulmonary vascular remodeling in the 12t week (x400) showing proliferation of endothelial cells

(stained in red) in the heavy shunt group.

Conclusions

Our study findings suggest that abdominal aortocaval shunt in
mice can lead to pathological changes in the pulmonary ves-
sels, which are similar to those observed in human cases of
shunt-associated PAH (e.g., right ventricular hypertrophy and
pulmonary vascular remodeling). A direct incision of the sep-
tum of the abdominal aorta and inferior vena cava increases
the shunt patency rate and leads to more advanced pulmo-
nary vascular remodeling, providing a new platform for the in-
depth study of PAH associated with CHD.
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