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Abstract
The heart of the African clawed frog has a double-inlet and single-outlet ventricle supporting systemic and pulmonary cir-
culations via a truncus, and a lifespan of 25–30 years. We sought to understand the unique cardiac anatomic and physiologic 
characteristics, with balanced circulation and low metabolic rate, by comparing the basic anatomy structures with focused 
echocardiography and cardiac magnetic resonance imaging. Twenty-four adult female African clawed frogs were randomly 
subjected to anatomic dissection (n = 4), echocardiography (n = 10), and cardiac magnetic resonance (n = 10). All anatomical 
features were confirmed and compared with echocardiography and cardiac magnetic resonance imaging. The main character-
istics of the cardiovascular circulation in frogs are the following: Intact interatrial septum, with two separate atrio-ventricular 
valves, preventing atrial mixing of oxygenated and desaturated blood. Single spongiform ventricular cavity, non-conducive for 
homogeneous mixing. Single outlet with a valve-like mobile spiral structure, actively streaming into systemic and pulmonary 
arteries. Intact interatrial septum, spongiform ventricle, and valve-like spiral in the conus arteriosus are likely responsible 
for balanced systemic and pulmonary circulation in frogs, in spite of double-inlet and single-outlet ventricle.
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Introduction

Xenopus Laevis (African clawed frog) have a single ven-
tricle sustaining the systemic and pulmonary circulations, 
similar to 15% of children with complex congenital heart 
defects with “functionally” single ventricle. The long-term 

outcomes of patients with “functionally” uni-ventricular 
hearts are complicated by the combination of heart failure 
and cyanosis, substantially reducing their life expectancy 
and severely compromising their quality of life [1–11]. 
Reports of patients born with single ventricle, surviving to 
the adult life without any surgical treatment, are exception-
ally rare [1, 12–14]. Children born with a “functionally” 
uni-ventricular heart generally require at least 2–3 staged 
operations to make the single ventricle pump the oxygen-
ated blood to the systemic circulation, while the desaturated 
blood flows passively from the superior and inferior vena 
cava directly through the lungs [1–3]. This artificial circula-
tion causes high systemic venous pressure, and the chronic 
elevation of the systemic venous pressure may results in liver 
failure, renal failure, protein-losing enteropathy, and plastic 
bronchitis [4–11].

Mathematical and computational fluid dynamic models 
were used to study the blood flow distribution in single ven-
tricle, and to study and plan for a better type of circulation 
after Fontan procedure, altering traditional surgical options 
to possibly improve the efficiency of blood circulation and 
clinical outcomes [15–18]. Unfortunately, the limits intrinsic 
to all the theoretical models do not allow the simultaneous 
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introduction of all the biological variables present in living 
individuals. In particular, the interference and interaction 
occurring due to the change of any biological parameters 
cannot be included.

Research on “functionally” uni-ventricular hearts would 
greatly benefit from studies performed on animals born 
with single ventricle, but the only animal models available 
in nature are amphibians, like Xenopus Laevis, and reptiles 
[19]. The Xenopus Laevis heart has a single ventricular 
chamber receiving the oxygenated blood coming from the 
lungs and draining into the left atrium, and the less saturated 
blood returning from the body and draining into the right 
atrium. The heart distributes the blood back to the pulmo-
nary and systemic circulations through a single ventricular 
outlet, the conus arteriosus, that divides into right and left 
truncus arteriosus, each one with the lateral branch for the 
lung and skin perfusion, the medial one for the body per-
fusion, and the central one for the perfusion of the head 
[20–23].

Previous morphological studies, published more than 
fifty years ago, have investigated the peculiar anatomy of 
the frog’s heart and tried to speculate on the cardiovascular 
function based on the morphology [24–26], but only recently 
those observations were correlated with the pathophysiology 
of the human hearts with single ventricle [27, 28].

In the Xenopus Laevis the gas exchanges occur through 
three different mechanisms: cutaneous, bucco-pharyngeal, 
and pulmonary respiration [23]. The cutaneous respiration 
takes place all the time, whether the frog is in or out of 
water; and when the frog is under water or hibernating, this 
is the only mode of respiration. The bucco-pharyngeal res-
piration is used on land, with the mouth permanently closed 
and the nostrils open. Moist skin and the buccal cavity sup-
plement the oxygen provided through the pulmonary respi-
ration [23]. Furthermore; amphibians have a substantially 
lower metabolic rate than mammals, including humans, 
reflected in the lower requirements for oxygen transport and 
cardiac output [23].

Despite the compensations of oxygen supply provided 
by skin and mouth, the heart of the Xenopus Laevis remains 
a heart with single ventricle, as in children with complex 
congenital heart defects; nevertheless it has been extremely 
well accounted for, by decades of research in reptiles and 
amphibians, that the Xenopus live a normal life for up to 
25–30 years.

While studies have been published on the electrophysiol-
ogy of the Xenopus Laevis heart [29–31], very little has been 
reported on the heart anatomy investigated by echocardiog-
raphy [32], and, to the best of our knowledge, detailed infor-
mation on the cardiovascular morphology investigated with 
microscopic dissecting techniques, as well as the anatomic 
correlations with echocardiography and cardiac magnetic 
resonance (CMR), have not yet been reported.

The purpose of our study was to investigate the cardio-
vascular anatomy of the Xenopus Laevis with microscopic 
dissecting techniques, echocardiography, and cardiac MRI.

Materials and Methods

Femal Xenopus laevis frogs purchased from NASCO 
(LM00531MX), were housed in the Center for Labora-
tory Animal Medicine and Care at The University of Texas 
Health Science Center at Houston (UTHealth) McGovern 
Medical School. All experiments were approved by the 
UTHealth Institutional Animal Care and Use Committee, 
Animal Welfare Committee, (protocol # AWC-19-0081). 
All Xenopus Laevis were housed in polycarbonate tanks on 
a recirculating system at a temperature of 16–19 °C, pH of 
7.3–7.8, conductivity of 800–1500 µS/cm, and on a 12:12 
light:dark cycle. Animals were fed frog brittle for Xenopus 
Laevis (SA05961 LM), NASCO) at twice/weekly intervals.

Anatomical Study

These four Xenopus Laevis (approximately 7 years of age) 
were obtained from an embryo research project from which 
they had been retired, due to declining egg quality and 
production.

General Anesthesia

General anesthesia was induced by immersion in 0.05% 
Benzocaine solution (neutralized ethyl 3-aminobenzoate 
methanesulfonate (= MS222, Sigma Aldrich, St. Louis, Mis-
souri), buffered with sodium bicarbonate to pH 7-7.4, for 45 
minutes. After checking for areflexia and for proper depth of 
anesthesia, the Xenopus Laevis were sacrificed by double-
pithing technique with a 16G needle. The four Xenopus were 
then stored in ice wrapped towel, soaked with 0.05% Ben-
zocaine solution, in plastic bags maintained at 4°C until the 
moment of dissection.

Dissection

Dissection was performed using the microscope Leica A60 
(Leica Biosystems, Pathology Laboratory Equipment), and 
photographs were taken with the microscope Nikon SMZ 
745 T Digital Sight DS-Fi2, using the software NIS-Ele-
ments F 4.00.00 (Nikon Microscopy Instruments), using the 
images of the dissected anatomy for this report.
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Echocardiographic and Magnetic Resonance 
Imaging Study

Twenty Xenopus were randomly assigned to either echocar-
diographic (n = 10) or CMR (n = 10) investigations. Before 
imaging investigations each Xenopus was weighed, and a 
photo taken for identification.

General Anesthesia

General anesthesia was induced by immersion of the Xeno-
pus Laevis in 0.05% Benzocaine solution (neutralized ethyl 
3-aminobenzoate methanesulfonate (= MS222, Sigma 
Aldrich), 1.5 gram in 1 Liter of system water buffered with 
sodium bicarbonate to a pH of 7.0-7.4.

For induction, Xenopus Laevis were placed in a small 
tank containing MS222 solution, in a position with the head 
raised and the nostrils above the water line. After check-
ing for areflexia to verify the depth of general anesthesia, 
the Xenopus Laevis were wrapped in a paper towel, soaked 
in MS222 maintenance solution. Electrocardiography and 
respiratory rate leads were attached to the skin of the fore 
limbs for monitoring purposes. The Xenopus Laevis was 
then positioned in supine position for either echocardiog-
raphy or CMR.

Echocardiography

After general anesthesia, frogs still wrapped in paper tow-
els soaked in MS222 maintenance solution to maintain 
proper skin moistening and anesthesic depth, were placed 
supine on the animal handling platform. Echocardiogra-
phy investigation was performed using Vevo 3100 imag-
ing system, MX250, 15–30 MHz transducer (VisualSon-
ics, Toronto, Canada), basic anatomical structures were 
obtained under B-model, vascular blood flow stream was 
captured with color Doppler. Cardiovascular images were 
obtained from the subcostal plane, sagittal plane (paraster-
nal long-axis), and axial view (parasternal short-axis). No 
Doppler measurements or functional evaluations were 
taken for this study.

Cardiac Magnetic Resonance (CMR)

CMR was conducted with a 7.0 Tesla Bruker BioSpect CMR 
system (Bruker BioSpin, Billerica MA) equipped with a 
BGA 12 gradient and shim system (12 cm inner diameter 
and 440 mT/m maximum gradient strength). Heart rate of 
the frog was monitored with a physiological system (Small 
Animal Instruments, Inc., Stony Brook, NY). A volume coil 
transmit and surface coil receive setup was used for all the 
imaging acquisition. Axial and coronal T2-weighted black 

blood images were acquired using 2D RARE sequence (TR: 
4500 ms, Effective TE: 17.5 ms, 200 × 200 μm2 in-plane 
resolution, and 0.5 mm slice thickness). Cine bright blood 
imaging with retrospective gating was acquired with the 
following imaging parameter: TR = 7.85 ms, TE = 2.1 ms, 
118 × 118 μm2 in-plane resolution, and 0.5  mm slice 
thickness.

Recovery

Once the echocardiography or the CMR investigations were 
completed, the frogs were removed from the wrapping and 
placed in a solid-sided recovery tank with system water with 
the head elevated to ensure that the nostrils were above the 
water line. Frogs were returned to their home tank once 
they were able to swim around the recovery tank, and were 
checked 24 h later to verify normal recovery. Feeding was 
restarted after 24 h, and frogs were re-weighed after 48 h and 
then at monthly intervals.

Imaging

For the anatomical directions we used the terminology 
of anterior and posterior, rather than ventral and dorsal, 
because the images were taken with the animals in supine 
position, rather than prone as generally reported in amphib-
ians studies [24–26], and because our readership are mostly 
interested in the potential correlation with human subjects.

Results

The macroscopic findings were analyzed following the 
sequential anatomy, as for congenital heart defects, start-
ing from the systemic and pulmonary venous connections, 
through the intra-cardiac structures, to the systemic and pul-
monary arterial vessels [33].

On microscopic dissection, echocardiography, and car-
diac MRI, right superior vena cava, left superior vena cava, 
and inferior vena cava, joined in the sinus venosus, located 
in the posterior aspect of the heart, while right and left pul-
monary veins drained in the pulmonary venous collector, 
located above the sinus venosus collecting the systemic 
venous drainage (Fig. 1).

Dissection of the postero-superior aspect of the heart 
showed left and right atrium, with intact atrial septum com-
pletely separating the two atrio-ventricular valves. Echo-
cardiography and cardiac MRI confirmed all these findings 
(Fig. 2). The presence of intact atrial septum, documented 
in the microscopic dissection, echocardiography and car-
diac MRI investigations of all animals (n = 24), and the com-
plete separation of the two atrio-ventricular valves, confirms 
that in the frog’s heart there is complete streaming of the 
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oxygenated blood of the left atrium from the less saturated 
blood of the right atrium. In all frogs, echocardiography and 
cardiac MRI investigation were never able to show any evi-
dence of stenosis of regurgitation of either of the two atrio-
ventricular valves.

The anterior dissection of the single ventricular cavity 
confirmed the morphology of double-inlet single ventricle, 
with right and left atrium connected to the single ventricle 
by two atrio-ventricular valves completely separated by 
fibrous tissue, anchored in the atrial septum and the medial 
atrio-ventricular canal myocardium or first tract of the 
ventricular inlet (Fig. 3). This anatomical characteristic, 

typical of amphibians, maintains the streaming of the 
blood drained from the right and left atrium. The single 
ventricular cavity presents with a very spongiform and 
trabeculated structure, certainly non-conducive for homo-
geneous blood mixing. In addition, contrary to previous 
reports [34], we observed a fibrous continuity between the 
annulus of the right atrio-ventricular valve and the annulus 
of the truncal valve, which has three semilunar leaflets 
(Fig. 3). As a result, the less saturated blood coming from 
the right atrio-ventricular valve has a shorter pathway 
toward the initial segment of the conus arteriosus, where 

Fig. 1  Posterior aspect of the 
anatomical structures outside 
the pericardium of a Xenopus 
heart. A Right superior vena 
cava, left superior vena cava 
and inferior vena cava, joined 
in the sinus venosus, located in 
the posterior aspect of the heart; 
B Right and left pulmonary 
veins drained in the pulmonary 
venous collector, located above 
the sinus venosus collecting the 
systemic venous drainage; C 
and D MRI (black blood) axial 
view, and E and F color Dop-
pler echocardiographic view 
of the sinus venosus draining 
in the right atrium, and of the 
pulmonary venous collector 
draining into the left atrium. 
IVC inferior vena cava, LA left 
atrium, PV pulmonary venous 
collector, RA right atrium, SV 
sinus venosus, SVC superior 
vena cava



1475Pediatric Cardiology (2022) 43:1471–1480 

1 3

the origins of the right and left pulmo-cutaneous branches 
are located.

The frontal view of the external appearance of the Xeno-
pus heart showed the conus arteriosus originating from the 
supero-anterior right side of the single ventricular cavity, 
and immediately dividing in right and left branches (Fig. 4). 
The open dissection of the single ventricular outlet revealed 
the conus arteriosus, with a fibrous spiral structure located 
between the three semilunar leaflets of the truncal valve and 
the division of the conus in right and left truncus arteriosus 
(Fig. 4).

Microscopic dissection of the two branches of the truncus 
arteriosus showed their three arches: pulmo-cutaneous, sys-
temic, and carotid branch, respectively, in lateral, intermedi-
ate, and median location (Fig. 5).

Discussion

The findings of our observations confirm some of the previ-
ously reported findings of the cardiovascular anatomy. The 
Xenopus Laevis, as the other amphibians, has a functionally 
uni-ventricular heart, with a single ventricular cavity receiv-
ing the oxygenated blood from the left atrium and the less 
saturated blood from the right atrium, with the atrial cham-
bers in situs solitus. What was never reported, to the best of 
our knowledge, is the complete separation of the pulmonary 
and systemic venous returns by an intact inter-atrial sep-
tum, not allowing any mixing of the fully oxygen saturated 
pulmonary venous return with the less saturated systemic 

venous blood. The drainage occurs into the single ventricular 
cavity with complete streaming through two separate atrio-
ventricular valves, and a fibrous structure persistent in the 
first tract of the ventricular inlet. On the contrary, a previous 
study reported the presence of a common atrioventricular 
valve [32].

The ventricular morphology of the frog is extremely com-
plex, with a structure very spongiform and trabeculated, dif-
ferent from the mammalian heart with a well-defined cavity. 
The direct fibrous continuity of the right atrio-ventricular 
valve with the semilunar truncal valve, and the fact that the 
right atrium drains in the superior and anterior part of the 
single ventricle, suggest the presence of D-ventricular loop 
[33]. Furthermore, the morphology of the single ventricular 
cavity allows to speculate that, most probably, the complete 
streaming of fully oxygen saturated and desaturated venous 
blood entering into the single ventricle from a double inlet of 
the two separate atrioventricular valves, somehow persists, at 
least partially, due to the anatomic characteristics of the sin-
gle ventricle, where complete mixing seems highly improb-
able. In particular, the less saturated blood coming from the 
right atrium through the right atrio-ventricular valve, drain-
ing in the superior and anterior due to the proximity of the 
semilunar truncal valve, has the easier access to the only 
outlet from the single ventricle.

Another characteristic of the single ventricle in Xeno-
pus Laevis is the evident disproportionate ration between 
mass and volume, in favor of the first one. This relation-
ship of relatively large mass for a small volume of blood 
could explain the efficiency of the peculiar Xenopus 

Fig. 2  Postero-superior aspect 
of right and left atrium in a 
Xenopus heart. A left atrium, 
with a suture probe through 
the left atrio-ventricular valve; 
B right atrium, with suture 
probes through the right and left 
atrio-ventricular valves; C left 
and right atrium, with suture 
probes through the right and left 
atrio-ventricular valves, and the 
spiral form of the intact atrial 
septum; D MRI (black blood) 
axial view, and E B-mode echo-
cardiographic view, showing 
the intact atrial septum dividing 
the two atrio-ventricular valves. 
AVVs atrio-ventricular valves, 
IAS inter-atrial septum, LA left 
atrium, RA right atrium
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myocardium, with a number of myofibrils adequate for 
a relatively reduced amount of work required to pump a 
relatively small volume of blood. An adequate cardiac 
output, and therefore oxygen delivery, is maintained with 
relatively low oxygen consumption, thanks to the good 
ventricular ejection fraction (49.3 ± 12.5%) and the low 
heart rate [32].

The single ventricular outlet is a conus arteriosus, divided 
in right and left truncus, each one with separate arteries for 
the perfusion of head, body and lungs.

The blood content of the ventricular cavity, presum-
ably not completely mixed, encounters a further streaming 
in the outflow tract of the single ventricle, where a fibrous 
spiral structure, located between the semilunar leaflets of 

Fig. 3  Anterior dissection of 
the single ventricular cavity. 
Confirmation of the morphol-
ogy of double-inlet single 
ventricle, with right and left 
atrium clearly connected to the 
single ventricle by two atrio-
ventricular valves completely 
separated by fibrous tissue, 
even in the first tract of the 
ventricular inlet, as to maintain 
the blood streaming. The single 
ventricular cavity presents with 
of a very spongiform and tra-
beculated structure, with fibrous 
continuity between right atrio-
ventricular valve and truncal 
valve annulus, which has three 
semilunar leaflets. A and B 
magnified, anatomical view; C 
and D MRI (black blood) coro-
nal view, E, F and G, B-mode, 
and H, I and J, color Doppler 
echocardiographic view. CA 
conus arteriosus, LAVV left 
atrio-ventricular valve, RAVV 
right atrio-ventricular valve, TV 
truncal valve
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the truncal valve and the division of the conus in right and 
left truncus arteriosus, provides a separation of blood flows 
toward the truncal arteries.

The spiral pattern of the fibrous structure within the 
conus follows the same rightward direction (counter clock 
wise when seen from above) of the spiral rotation of the 
mammalian and human cardiac infundibula and great 
arteries, in relation with the Nodal gene pathway Ptx2 and 
Xnr-1 observed in Xenopus Laevis [35–38]. Not only is the 

Nodal gene well present in frogs, but it can be suggested 
that the similar cardiac phenotype and the genetic back-
ground represent an effect of the evolutionary development 
since the Nodal gene was documented to be the cause of 
the spiral pattern in shells and snails [39–41]. The Nodal 
signaling present in Xenopus Laevis supports the previ-
ously suggested biological link between the spiral pattern 
of the ventricular infundibula and great arteries, where 
multiple mutations of this laterality gene are responsible 

Fig. 4  Frontal view of the 
outflow tract from the single 
ventricle. A External appear-
ance of the Xenopus heart, with 
the conus arteriosus originating 
from the supero-anterior right 
side of the single ventricular 
cavity, and immediately divid-
ing in right and left branches; 
B Open dissection of the single 
outlet from the single ventricle 
revealing the conus arteriosus, 
with a fibrous spiral structure 
located between the three 
semilunar leaflets of the truncal 
valve and the division of the 
conus in right and left truncus 
arteriosus; C Same image, 
magnified. D MRI (black blood) 
coronal view, and E MRI (black 
blood) axial view, and F and 
G B-mode echocardiographic 
view, and H and I color Doppler 
echocardiographic view of the 
conus arteriosus with the spiral 
structure. CA conus arteriosus, 
S spiral, TV truncal valve
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for the presence of complex trunco-conal congenital heart 
defects [42–44].

Our observations of the anatomical configuration confirm 
that the heart of frogs is not completely septated, but the 
blood flow is functionally divided into systemic and pulmo-
nary circulations, allowing these animals to change blood 
volumes, but not pressures, between systemic and pulmo-
nary circulations.

Extensive studies proved not only that the transcription 
factor Ptx2c plays a crucial role in the differentiation of the 
myocardium, but also that the initially formed ventricular 
chamber myocardium has, in its entirety, a trabecular pheno-
type [45–48]. The early markers of chamber formation Anf 
and Cx40 remain restricted to the original trabeculated myo-
cardium, and the ventricles develop at the outer curvature 
of the heart tube, initially forming trabeculated myocardium 
[45–48].

The hemodynamic significance of these anatomical, echo-
cardiographic, and cardiac MRI findings has to be evaluated 
by functional dynamic investigations.

Limits of the Study

a) amphibians such as the Xenopus Laevis have a single 
ventricle, both in terms of morphology and function, 
whereas children with functionally single ventricle typi-
cally have two ventricles albeit in a setting of one ven-
tricle being severely hypoplastic.

b) our research project is limited to the phenotyping; how-
ever, we used the novel and unique combination, never 
used before in this setting, of correlating microscopic 
dissection and photographs with two imaging modali-
ties, echocardiography and cardiac MRI.

c) our observations are the indispensable initial step toward 
a complete analysis of the function of the frogs heart, by 
studying the systemic and pulmonary flows distribution 
with Doppler and ecg-gated MRI. These should provide 
high quality of innovation and creativity for our transla-
tional research.

Fig. 5  A Anterior and B poste-
rior aspects of the two branches 
of the truncus arteriosus and its 
three arches: pulmo-cutaneous, 
systemic, and carotid branch, 
respectively, in lateral, inter-
mediate, and median location; 
C MRI (black blood) coronal 
view, and D MRI (black blood) 
axial view, and E MRI (white 
blood) axial view, F and G 
B-mode echocardiographic 
view, and H color Doppler 
echocardiographic view of 
the truncus arteriosus and its 
branches. CB carotid branch, 
L left, PB pulmo-cutaneous 
branch, R right, SB systemic 
branch
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Conclusion

The findings of our observations confirm the morphological 
structure of the cardiovascular anatomy of the Xenopus Lae-
vis, with atrial situs solitus, double-inlet single ventricle with 
single trunco-conal outlet, divided in two truncal branches 
supplying the total body and lung perfusion. The presence 
of intact inter-atrial septum and helical structure at the outlet 
of the single ventricle seems designed to allow a favorable 
streaming between the oxygen saturated and less saturated 
blood. This could explain why the Xenopus Laevis can live 
many years, despite the presence of a single ventricle. These 
speculations have to be confirmed by functional studies per-
formed with echocardiography and cardiac MRI.
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