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Hemodynamic characteristics of the right ventricle
following gradient pulmonary artery banding in rats
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Abstract. Right ventricle/ventricular (RV) failure induced by
sustained pressure overload is a major contributor to morbidity
and mortality in several cardiopulmonary disorders. Reliable
and reproducible animal models of RV failure are crucial for
investigating disease mechanisms and the effects of poten-
tial therapeutic strategies. In the present study, in order to
establish a rat model of acute RV failure, the hemodynamic
characteristics of the RV and the carotid artery in rats with
varying degrees of pulmonary artery banding (PAB) were
analyzed. For this purpose, rats were divided into 6 groups
as follows: The control (0%), PAB (1-30%), PAB (31-60%),
PAB (61-70%), PAB (71-80%), or PAB (100%). RV pres-
sure (RVP) was measured using right heart catheterization
when the pulmonary artery was ligated. The results revealed
that the RVP gradually increased with the increasing degrees
of banding; however, when the occlusion level exceeded 70%,
a high-pressure state was only maintained for a few minutes
or seconds, and the RVP then rapidly declined to below
normal pressure levels, which was particularly evident
in the PAB (100%) group. On the whole, the present study
demonstrates that RVP responds differently to changes in the
occlusion level, and that >70% ligation is a successful model
of acute right heart failure. These results may have important
implications for therapeutic strategies to prevent acute right
heart failure.
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Introduction

Heart failure is a common, costly, disabling and lethal
disease (1). Heart failure substantially reduces the physical and
mental health of patients, resulting in a markedly compromised
quality of life (2,3). In developing and developed countries
~2% of adults suffer from heart failure; however, this rate
increases to 6-10% among individuals aged >65 years (4-7).
Left heart failure has been extensively investigated and a
number of research hypotheses have been developed. However,
right heart failure is characterized by increasing rates of
morbidity and mortality, and the exact underlying pathological
mechanisms remain elusive. Right ventricle/ventricular (RV)
dysfunction has been shown to be the main outcome of
pulmonary hypertension and congenital heart disease.
Pulmonary arterial hypertension (PAH) may affect indi-
viduals of any age, from newborns to adults. PAH leads to
the dysfunction of both the pulmonary vasculature and the
heart. Acute PAH results in severe RV failure. RV adapta-
tion and ventricular remodeling occur following changes in
the pulmonary vasculature. RV hypertrophy (RVH) follows
PAH owing to compensatory mechanisms to the increased
afterload. However, persistent overload results in RV dysfunc-
tion and failure. The ventricular pressure-volume relationship,
and changes in wall thickness and geometry, are involved in
RV remodeling. Recently, a variety of preclinical right heart
failure models have emerged, and these acute (pulmonary
trunk banding) (8-10) and chronic models [monocrotaline
(MCT)-induced right heart failure] (11,12) have been employed
in research on right heart failure. However, the MCT model
involves several key pathological mechanisms of human
PAH other than RV failure, including vascular remodeling,
the proliferation of smooth muscle cells, endothelial cell
dysfunction and the upregulation of inflammatory cyto-
kines (13). Accordingly, it is not possible to conclude whether
an improvement in RV function following an intervention
is secondary to the afterload-reducing pulmonary vascular
effects, or whether it is caused by direct effects on the RV. At
present, a more effective model of acute right heart failure is
considered to be pulmonary artery banding (PAB), in which
a model is created using a prolene suture tied tightly around
a needle alongside the main pulmonary artery. Following the
subsequent rapid removal of the needle, a fixed constricted
opening is created in the lumen, equal to the diameter of the
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needle (10). However, this method is associated with major
issues and concerns: First, the diameter of the banding is not
exactly the same as the outer diameter of the needle, as the
ligature is tied around both the needle and the pulmonary
trunk (10). Second, there may be significant variations as
to how tightly the knot is tied, thus rendering it difficult to
exactly reproduce a certain degree of banding. Third, the
diameters of the main pulmonary trunk of rats of different
body weights differ significantly, as shown by a preliminary
experiment (data not shown). The effect of different degrees
of PAB on RV and arterial hemodynamic characteristics has
not been determined for this reason; furthermore, whether
this model can be used as an acute model of right heart failure
remains unknown.

Therefore, the aim of the present study was to observe the
hemodynamic characteristics of the RV and carotid artery
under varying degrees of PAB in rats, in order to establish a
rat model of progressive acute RV pressure overload.

Materials and methods

Establishment of rat model of RV failure using PAB. A total of
32 male 8-week-old Sprague-Dawley rats (weight, 200-300 g)
were purchased from the Animal Core Facility of Nanjing
Medical University. The rats were housed in a temperature and
humidity-controlled facility (25+1°C with a relative humidity
of 40-70%) and provided with ad libitum access to food and
water. [llumination was regulated with 12-h light/dark cycles.
All experimental procedures conformed to the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health. The study was approved by
the Ethics Committee of Gansu Provincial Hospital.

A rat model of RV was established using varying degrees
of PAB to measure RV and carotid artery pressure. The rats
were anesthetized with an intraperitoneal injection of pento-
barbital (50 mg/kg body weight) and ventilated with air using
a volume-controlled respirator (4 ml, 70 cycles/min). The rats
were divided into 6 groups according to the degree of PAB
(Fig. 1) as follows: The control (n=5); PAB (1-30%), n=4;
PAB (31-60%), n=6; PAB (61-70%), n=5; PAB (71-80%), n=4;
and PAB (100%), n=3.

The pulmonary arterial trunk was carefully exposed and
the RV was isolated through a middle thoracotomy. The RV
pressure and the rate of increase in RV pressure (dp/dt) were
measured using PowerLab 8/35 (ADInstruments). The carotid
artery was isolated through a midline incision in the neck, and
the pressure was then measured using PowerLab 8/35. Of the
32 rats, 5 died from intraoperative bleeding; in other similar
research, the mortality rate was <1 in 6 (9). The euthanasia
(euthanasia was performed by an intraperitoneal injection
of pentobarbital, 300 mg/kg body weight) of experimental
animals was considered due to the following factors: The end
of the experiment, for the provision of blood or other tissue
organs for research needs or when the animal's pain and
distress were more than expected (obvious painful struggle
after the anesthesia). The procedural surgery success rate
was 84.4%. The pulmonary arterial trunk was clipped using
a small arterial clip (Fig. 2) when the main pulmonary artery
was clearly exposed and measured. The inner diameter of the
clip was equal to the diameter of the compressed pulmonary

artery when the clip was compressed, and could be calibrated
by using, for example, a needle with a known outer diameter.
The degree of PAB was represented as the stenosis rate of the
cross-sectional area.

Histopathological analysis. At the end of the study, all rats
were anaesthetized by an intraperitoneal injection of 50 mg/kg
pentobarbital sodium, and then sacrificed by cervical disloca-
tion. Digital recordings of the RV and carotid artery pressures
were obtained using a Mikro-Tip® sensor (Millar Instruments)
prior to euthanasia. The hearts were rapidly removed, and the
fresh ventricular tissues were immediately blotted dry and
weighed to examine the association between heart weight
and pulmonary artery diameter. Tissue specimens for patho-
logical analysis were obtained from whole hearts, the tissues
were fixed in neutral formalin, embedded in paraffin, cut into
5-pum-thick cross sections and stained with hematoxylin (25°C,
3-8 min) (Solarbio) and eosin (25°C, 1-3 min) (Beijing Solarbio
Science & Technology Co., Ltd.) for morphological analysis,
including the measurement of the cross-sectional area (CSA)
of the RV and left ventricle (LV) using ImageJ 1.45 software
(National Institutes of Health).

Statistical analysis. All data are expressed as the mean + SEM.
Statistical analyses were performed using Statistical Program
for Social Sciences 20.0 (IBM SPSS Inc.). The data were
examined using the D'Agostino-Pearson normality test to
confirm normal distribution, after which Levene's test was
used to confirm the homogeneity of variance. The differences
in the parameters between the normal control and PAB groups
were analyzed using one-way ANOVA followed by Tukey's
post hoc test. A P-value <0.05 was considered to indicate a
statistically significant difference.

Results

Baseline characteristics of the rats included in the study. No
marked differences were found between the body weight,
heart weight and pulmonary artery diameter in the different
groups of rats (Table I).

Change in the RV area following gradient PAB. Gross
morphological changes clearly demonstrated that the size
of the RV cavity increased following PAB, as illustrated in
Fig. 1. RVP follows PAH owing to compensatory mechanisms
to the increased afterload. Persistent overload results in RV
dysfunction and failure and, eventually, death from acute right
heart failure ensues within 20 min. Therefore, the RV area was
evaluated following PAB for a period of 20 min. The RV area
increased with the increasing ligation degree (Fig. 1), particu-
larly in the PAB (61-70%), PAB (71-80%) and PAB (100%)
groups, and the RV/LV CSA and RV/(RV + LV) CSA were
significantly higher compared with those of the control group
rats (P<0.01; Fig. 3).

Hemodynamic characteristics of the RV following gradient
PAB. As shown in Fig. 4A, the maximum pressure of the RV
did not markedly differ between the PAB (1-30%) and control
groups; however, that of the PAB (31-60%) and PAB (61-70%)
groups was significantly higher compared with that of the
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Table I. Baseline characteristics of the rats and procedural features.

Groups
Characteristics Control PAB (1-30%)  PAB (31-60%) PAB (61-70%) PAB (71-80%) PAB (100%)
No. of rats 5 4 6 5 4 3
Body weight (g) 242742227  220.48+12.77 234.23+23 4 225.17£7.5 234.7+12.76 240.77x13 .41
Heart weight (g) 0.77+£0.08 0.70+0.06 0.74+0.06 0.71£0.07 0.70+0.07 0.73+0.05
PA diameter (mm) 3.50+0.52 3.26+0.33 3.39+0.20 3.52+0.32 3.49+0.49 3.18+0.29

No significant differences were observed between the groups for any of the features. PA, pulmonary artery; PAB, PA banding.

Control PAB

0%

Figure 1. The specific degree of ligation of a specific rat is illustrated. For example, 65.41% represents the degree of ligation in a rat in the 61-70% group. The
first row of images demonstrates the measurement of right ventricular pressure under pulmonary artery ligation; the second row of images demonstrates heart
specimens from the rats; the third row of images demonstrates the cross section of the heart; the fourth row of images demonstrates the H&E stained sections
the cross section of the heart. The RV area increased following gradient PAB. Scale bar, | mm. RV, right ventricle/ventricular; PAB, pulmonary arterial
banding.
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Figure 2. The degree of PAB was adjusted with the use of an adjustable arterial clamp with needles of various diameters. The degree of PAB was calculated
as follows: Degree of PAB = [1-(mab-nb*+2b%)/(2a%)] x100%, where ‘a’ is the diameter of the needle and ‘b’ is the diameter of the pulmonary trunk. PAB,

pulmonary artery banding.

*kk

*%
1
60 - i
& 404
A ——
p=d =
Z ]
3 p—
[ m——
< T —
Z 204 =
0 T
o o o o o o
- (s} © N~ © o
5 i I I I =
[ . o . i
£ ~ %) © ~ m
o @, e (o .
3 < m m m T
a < < <
a a a

B
*%
1.5
*k
1
*

1.0
<
[]
O
2
=
o

0.51

-
0.0

Control (0%) =
PAB (1-30%)
PAB (31-60%)
PAB (61-70%)
PAB (71-80%)
PAB (100%)

Figure 3. (A) RV/LV cross-sectional area and (B) RV/(RV+LV) cross-sectional area. Data are presented as the mean + SEM. One-way ANOVA followed by
Tukey's post hoc test. “P<0.05, “P<0.01 and ““P<0.001 (all PAB groups vs. control). RV, right ventricle; LV, left ventricle; PAB, pulmonary artery banding.

control group. However, the pressure of the RV increased
rapidly and decreased rapidly in 2 sec when the degree of liga-
tion was 71-100% [PAB (71-80%) and PAB (100%) groups].
As regards the minimum pressure of the RV, no marked differ-
ences were observed between the PAB (1-30%), PAB (31-60%),
PAB (61-70%) and control groups; however, the minimum RV
pressure in the PAB (71-80%) and PAB (100%) groups was
significantly greater compared with that in the control group
(P<0.01) (Fig. 4B).

The carotid arterial blood pressure did not differ signifi-
cantly between the PAB (1-30%), PAB (31-60%), PAB (61-70%)
and the control groups; however, the arterial systolic blood
pressure decreased rapidly in 2 sec when the degree of

ligation was 71-100% [PAB (71-80%) and PAB (100%)
groups] (P<0.01; Fig. 5A). The carotid arterial diastolic blood
pressure exhibited a similar trend (Fig. 5B). The mean heart
rate decreased rapidly in 2 sec when the degree of ligation
was 71-100%; however, no marked differences were observed
between the PAB (1-30%), PAB (31-60%), PAB (61-70%) and
the control groups (Fig. 5C).

The positive rate of RV pressure increase (+dp/dt) did not
markedly differ between the PAB (1-30%), PAB (31-60%),
PAB (61-70%) and the control groups following PAB; however,
the +dp/dt increased rapidly and decreased rapidly in 2 sec
when the degree of ligation was 71-100% (P<0.01; Fig. 6A).
Furthermore, the negative rate of increase in RV pressure (-dp/dt)
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Figure 4. (A) Maximum pressure of the RV following gradient PAB. The results of statistical analysis of the differences between groups are as follows in detail:
Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), P<0.01; control vs. PAB (61-70%), P<0.01; control vs. PAB (71-80%), P<0.01; control vs.
PAB (100%), P<0.01. (B) Minimum pressure of the RV following gradient PAB. The results of statistical analysis of the differences between groups are as
follows in detail: Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), not significant; control vs. PAB (61-70%), not significant; control vs. PAB
(71-80%), P<0.01; control vs. PAB (100%), P<0.01. RV, right ventricle/ventricular; RVP, right ventricular pressure; PAB, pulmonary artery banding. “P<0.01.

did not markedly differ between the PAB (1-30%), PAB (31-60%),
PAB (61-70%) and the control groups, although the values in the
PAB (71-80%) and PAB (100%) groups were significantly higher
compared with those in the control group (P<0.01; Fig. 6B).

Discussion

In animal models, right heart failure is difficult to induce and
define, as there are neither objective cut-off values of cardiac
or ventricular dysfunction nor changes in pressure, dimen-
sions, or volume that can be reliably used for identification. In
the present study, the hemodynamic characteristics of the RV
and carotid artery in rats with varying degrees of PAB were
observed in order to provide a basis for future research.
Based on the data obtained herein, acute right heart
failure was successfully mimicked with PAB at 71-80% (RV
pressure increased and then rapidly decreased). Data from

previous studies have suggested that the pulmonary hyperten-
sion model was established by PAB with a fixed degree of
ligation in animals of the same week of age (10,14). It was
considered by the authors that the diameters of the main
pulmonary arteries of rats in the same age group differed,
although no significant difference was found, and the diam-
eter of the pulmonary artery significantly affects the degree of
ligation. It is not accurate to determine the degree of ligation
based on the age of the rat. This approach is likely to result
in non-repeatability. Therefore, the authors directly measured
the diameter of the pulmonary artery and then determined the
degree of ligation.

In another approach, as demonstrated in previous studies,
a rat model of MCT-induced RV failure based upon a single
intraperitoneal MCT injection (usually 60 mg/kg) was applied,
resulting in the development of PAH after 3-4 weeks (11,15,16).
MCT-induced RV failure is similar to human PAH in terms
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Figure 5. (A) Carotid arterial systolic blood pressure following gradient PAB. The results of statistical analysis of the differences between groups are as
follows in detail: Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), not significant; control vs. PAB (61-70%), not significant; control vs. PAB
(71-80%), P<0.01; control vs. PAB (100%), P<0.01. (B) Carotid arterial diastolic blood pressure following gradient PAB. The results of statistical analysis of
the differences between groups are as follows in detail: Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), not significant; control vs. PAB
(61-70%), not significant; control vs. PAB (71-80%), P<0.01; control vs. PAB (100%), P<0.01. (C) Mean heart rate following gradient PAB. The results of
statistical analysis of the differences between groups are as follows in detail: Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), not signifi-
cant; control vs. PAB (61-70%), not significant; control vs. PAB (71-80%), P<0.01; control vs. PAB (100%), P<0.01. PAB, pulmonary artery banding; ABP sys,
systolic arterial blood pressure; ABP dis, diastolic arterial blood pressure; HR, hear rate. ““P<0.01.
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Figure 6. (A) Positive rate of increase in RV pressure (+dp/dt) following gradient PAB. The results of statistical analysis of the differences between groups are
as follows in detail: Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), not significant; control vs. PAB (61-70%), not significant; control vs.
PAB (71-80%), P<0.01; control vs. PAB (100%), P<0.01. (B) Negative rate of increase in RV pressure (-dp/dt) following gradient PAB. The results of statistical
analysis of the differences between groups are as follows in detail: Control vs. PAB (1-30%), not significant; control vs. PAB (31-60%), not significant; Control
vs. PAB (61-70%), not significant; control vs. PAB (71-80%), P<0.01; control vs. PAB (100%), P<0.01. RV, right ventricle; PAB, pulmonary artery banding.

“P<0.01.

of hemodynamic and histopathological severity, and is char-
acterized by a high mortality rate (17). However, it differs
from human PAH as regards the presentation of an initial
permeability lung edema, with the early loss of the endothelial
barrier and prominent inflammatory adventitial cell prolifera-
tion (18). Furthermore, MCT can cause injury to other organs,
such as the liver and kidneys (19); therefore, this model is not
the optimal choice for investigating the progression of right
heart failure induced by PAH.

In the present study, right heart failure was demonstrated
by objectively recording the hemodynamic characteris-
tics of the RV in rats with varying degrees of PAB. There
were no significant differences in RV pressure between
the PAB (1-30%), PAB (31-60%) and the control groups;
by contrast, the pressure of the RV increased rapidly and
decreased rapidly in 2 sec when the degree of ligation
was 71-100%. RVP follows PAH owing to compensatory

mechanisms to the increased afterload. Persistent overload
results in RV dysfunction and failure and, eventually, death
from acute right heart failure ensues. Of note, the RV pressure
can be stably maintained at a high level when the degree of
ligation is maintained at 61-70% (Fig. 4). In humans, the pres-
sure of the RV first increases, and then decreases when the
RV pressure is overloaded (20). Based on the aforementioned
results, it was hypothesized that, in order to design a model
of chronic right heart failure, the PAB (1-30%) and PAB
(31-60%) groups cannot be used, and only the PAB (61-70%)
group would be suitable; in order to construct an acute right
heart failure model, the PAB (71-80%) group appears to be
the optimal choice. In the present study, the authors only
examined the hemodynamics of the RV following PAB in
normal animal models. This may thus constitute a limitation
of the present study. In the future, further animal studies are
required in order to confirm the effectiveness of this model.
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The authors thus aim to further study the hemodynamics of
the RV following PAB in other animal models of pulmonary
hypertension in the future.

In conclusion, the present study demonstrates that the
hemodynamic characteristics of rats differed with varying
degrees of PAB. This finding suggests that the appropriate
degree of PAB needs to be selected for different models.
As suggested by the present findings, in the chronic model,
PAB 61-70% would be suitable and in the acute model,
PAB (71-80%) group appears to be the optimal choice.
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