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Introduction
African clawed frogs (Xenopus laevis) have a single ventricle 

sustaining both the systemic and pulmonary circulations, 
a feature similar to that found in 15% of children who have 
complex congenital heart defects that result functionally in a 
single ventricle. The long-term outcomes of children born with 
functionally univentricular hearts are complicated by the com-
bination of heart failure and cyanosis, dramatically reducing 
their life expectancy and severely compromising their quality 
of life.2,5,7,8,10,11,21 Reports of patients born with a single ventricle 
who survive to adulthood without surgical intervention are 
exceptionally rare.5,28 Children born with a functionally univen-
tricular heart generally require at least 2 to 3 staged operations 
to allow the single ventricle to pump oxygenated blood through 
the systemic circulation, while the desaturated blood flows  
passively from the superior and inferior vena cava directly 

through the lungs.5,11,21 This artificial circulation causes high 
systemic venous pressure; the chronic elevation of the systemic 
venous pressure may result in liver failure, renal failure, protein-
losing enteropathy, and plastic bronchitis.2,8,10,28

Mathematical and computational fluid dynamic models 
have been used to study the blood flow distribution in a single 
ventricle and to plan for a better type of circulation to possibly 
improve the efficiency of blood flows and clinical outcomes.6,29 
Research on functionally univentricular hearts would greatly 
benefit from studies on animals born with a single ventricle. The 
only such animals available in nature are certain amphibians, 
such as Xenopus laevis, and reptiles.15 The Xenopus laevis heart 
has a single ventricular chamber receiving oxygenated blood 
from the lungs and draining into the left atrium, with the less 
saturated blood returning from the body and draining into the 
right atrium. The heart distributes the blood, mixed in the single 
ventricular chamber, to the pulmonary and systemic circulations 
through a single ventricular outlet, the conus arteriosus; the 
conus arteriosus divides into right and left truncus arteriosus, 
each of which has a lateral branch for perfusion of the lungs 
and skin, a medial one for perfusion of the body, and a central 
one for perfusion the head.3,25,27 Morphologic studies published 
over 50 y ago investigated the peculiar anatomy of the frog heart 
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and tried to speculate on the cardiovascular function based on 
the morphology.4,14,30 However, those observations have only 
recently been correlated with the pathophysiology of human 
hearts having a single ventricle.16,23

In Xenopus laevis, atmospheric gas exchange occurs through 3 
different respiratory mechanisms: cutaneous, bucco-pharyngeal, 
and pulmonary.27 Cutaneous respiration occurs continuously, 
whether the frog is in or out of water; when the frog is un-
der water or hibernating, it is the only mode of respiration. 
Bucco-pharyngeal respiration is used on land, with the mouth 
permanently closed and the nostrils open. The oxygen supply 
provided by pulmonary respiration is supplemented by respi-
ration from the skin and the buccal cavity.27 Amphibians have 
a substantially lower metabolic rate than mammals, including 
humans; this is reflected in the lower requirements for oxygen 
transport and cardiac output.27 Despite the compensations of 
oxygen supply provided by the skin and mouth, the heart of 
Xenopus laevis functions with a single ventricle, as in children 
with complex congenital heart defects, yet Xenopus laevis nev-
ertheless thrive and live for 25 to 30 years.

A previous report investigated the electrophysiology of the 
Xenopus laevis heart18 and another studied heart anatomy using 
echocardiography.1 However, to the best of our knowledge, 
Xenopus laevis cardiovascular anatomy and physiology have not 
been studied in detail by use of echocardiography and cardiac 
magnetic resonance (CMR). The purpose of our study was to 
describe a technique of anesthesia that can be used to conduct 
noninvasive imaging procedures, such as echocardiography 
and CMR, in Xenopus laevis.

Materials and Methods
Animals. From January to December 2021, a total of 46 female 

Xenopus laevis frogs (Nasco, Fort Atkinson, WI), aged one year 
and 10 mo, underwent anesthesia for imaging procedures, either 
echocardiography (n = 24) or CMR (n = 22). All procedures were  
approved by the IACUC of The University of Texas Health  
Science Center at Houston and were in accordance with the 
Guide for the Care and Use of Laboratory Animal Care.17 Frogs were 
maintained in facilities fully accredited by AAALAC Interna-
tional. A color photograph was taken of each frog, showing 
its unique identifying markings. Photographs were kept in a 
catalog for use in identification of individual frogs.

Housing. The housing system consisted of 2 50-L tanks on 
a recirculating life-support system (Aquaneering, San Diego, 
CA), with each tank holding 8 to 10 frogs at any given time. 
In this system, water exits each tank via a surface skimming 
overflow, passing through a 20-µm mesh filter to remove un-
eaten food and feces before being collected in the dirty sump. 

A pump then directs the prefiltration water through a fluidized 
biologic bed filter and a degassing column to a filtration sump. 
A second pump then sends the filtered water through a 50-µm 
fine-particulate filter, a 100-W UV sterilizer, and a flow-through 
chiller back to the individual tanks.

The housing room was maintained between 19.5 and  
20.5 °C, and the water temperature between 17.5 and 18.0 °C. 
Frogs were maintained in a 12:12-h light:dark cycle. Frogs were 
fed 15 mL of Nasco Frog Brittle (Nasco, Fort Atkinson, WI) per 
tank 3 times a week.

Transportation. A cart with 3 tanks (Figure 1) was used to 
transport the frogs from the housing room to the imaging suites, 
either for echocardiography or CMR. The transportation, seda-
tion, and recovery tanks were respectively filled with 4, 2, and 
8 L of filtered system water. A 0.05% solution of tricaine ethyl 
3-aminobenzoate methanesulfonate (MS-222, Sigma Aldrich, 
St. Louis, MO) was mixed thoroughly into the water of the 
sedation tank to achieve a dose of 1.5 g per 1 L of system water 
and was buffered with 4.8 g of sodium bicarbonate to achieve 
a pH of 7.0 to 7.4.

The photo catalog was used to identify the frogs captured 
for imaging. Selected frog(s) were placed in the transportation 
tank and taken to the imaging suite with the lids closed and 
tanks covered with a drape. One or 2 frogs were transported for 
imaging each day, based on requests from of the sonographer 
and/or CMR investigator.

Anesthesia procedure. Once in the echocardiography or CMR 
imaging suite, the frog was removed from the transportation 
tank and placed in the sedation tank for 10 to 15 min with the 
lid open. At the end of this induction period, the frog was placed 
on its back with the head raised and the nostrils above the water 
line to assess alertness and depth of anesthesia. Absence of a 
pain response was verified via toe pinch to check for adequacy 
of sedation while the frog was still in the sedation tank. If a toe 
reflex was present, the frog remained in the sedation tank for an 
additional period, generally ranging from 2 to 5 min, to ensure 
adequate sedation. Once a toe reflex was absent, a paper towel 
(Figure 2A) was soaked in the MS-222 solution, and lightly 
squeezed of excess fluid. The paper towel was then stretched 
out on the transportation cart and folded on itself 3 times  
(Figure 2B).The sedated frog was then removed from the seda-
tion tank and weighed; weight was documented in the health 
record and anesthesia sheet. The frog was then placed at one end 
of the folded damp paper towel, in supine position (Figure 2C), 
and rolled 3 to 4 times in the paper towel like a ‘burrito,’ with 
the head and front legs exposed above the rolled paper towel 
and the hind legs below (Figures 2D). Electrocardiography and 
respiratory rate leads were attached to the skin for monitoring 
purposes, and the frog was then handed to the echocardiography 
or CMR investigator (Figure 2E)and positioned for the procedure 
(Figure 2F). Vital signs were monitored throughout the entire 
procedure. This procedure was repeated as needed, with a new 
immersion in the sedation tank after the procedure. Oxygen 
saturation and heart rate were measured and recorded at the 
end of all imaging sessions using a neonatal oxygen saturometer 
with adhesive pulse oximeter sensors (Masimo Device Company, 
Irvine, CA) placed on the legs. The ambient temperature in the 
echocardiography room was 22 °C, while the CMR room was 
17 °C. The frogs did not receive any supplemental heating or 
cooling during imaging and were left to adapt to the respective 
room temperatures of the different rooms used for the imaging. 
As our protocol did not include invasive procedures, we did 
not perform any evaluation of the frogs’ metabolic rates, which 
would have required an invasive approach.

Figure 1. From left to right: sedation tank, transport tank, and recovery  
tank.
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Consistent with safety regulations for the use of MS-222, 
personnel wore gloves throughout the entire procedure. The 
MS-222 was discarded as required by institutional procedures.

Recovery. Once the imaging was completed, the frog was 
unrolled from the paper towel, placed in the recovery tank, and 
monitored for adverse signs such as the inability to swim or 
maintain the head above water. Once fully recovered, the frog 
was placed in the transportation tank and returned to its home 
tank. Monitoring was discontinued when the frog returned to 
its typical activity (that is, swimming and interacting with the 
other frogs). Another assessment was performed 24 h later to 
verify normal recovery.

For each frog, a separate anesthesia sheet was used to record 
all details of the induction, maintenance, and recovery of the 
anesthesia procedure, with sequential recording of the time of 
each event, including the need to administer additional anes-
thesia. Feeding was restarted 24 h after imaging, and frogs were 
reweighed after 48 h and then at monthly intervals.

Statistical analysis. A t-test was used to compare results 
between the 2 groups of Xenopus laevis (echocardiography and 
CMR), and statistical significance was accepted for P< 0.05. 
Descriptive statistics are presented as mean ± SD.

Results
No mortality or complications were observed for the entire 

duration of this study, including during transportation, anes-
thesia, and recovery. All frogs recovered well and remained in 
good condition for the duration of the study.

No statistical difference was found between the mean body 
weight ± SD of Xenopus laevis that underwent echocardiography 
(173 ± 19 g, range: 140 to 218 g) or CMR (174 ± 24 g, range: 149 
to 218 g).

The mean duration of anesthesia induction was 12 ± 5 min 
(range: 6 to 23 min) for the echocardiography group and 14 ± 6 
min (range: 6 to 20 min) for the CMR group (nsd), while the mean 
duration of anesthesia maintenance was 60 ± 18 min (range: 22 to 
85 min) for the echocardiography group and 118 ± 37 min (range: 
60 to 183 min) for the CMR group (P< 0.001). In the echocardiog-
raphy group, 9 of 24 (37.5%) frogs required an additional dose of 
anesthesia during maintenance, while in the CMR group 6 of 22 
(27%) required an additional dose (nsd; P = 0.47).

At the end of the procedure, the mean oxygen saturation was 
66 ± 9% for the echocardiography group and 85 ± 6% for the 
CMR group (P< 0.001), and the heart rate was 48 ± 13 beats/
min for the echocardiography group and 42 ± 7 beats/min for  
the CMR group (nsd). During the investigations, the lowest 
heart rate reached by a frog in the echocardiography group 
was 12 beats/min, while in the CMR group the lowest rate 
was 4 beats/min. Despite the differences in room temperature  
between the 2 investigations, no difference in speed or comple-
tion of recovery was observed between the 2 groups.

Discussion
The presence in Xenopus laevis of a double-inlet single ven-

tricle with a single outlet has stimulated our interest due toits 
similarities to the cardiovascular anatomy of children born with 
complex congenital heart defects.5,28 However, in contrast to the 
life span of 25 to 30 y for Xenopus laevis, patients with a single 
ventricle, despite repeated cardiac interventions, have a short 
life expectancy and a poor quality of life.2,5,7,8,10,11,21,28 Although 
morphologic studies published over 50 y ago speculated on 
the cardiovascular function based on the peculiar anatomy of 
the frog heart,4,14,30 heart function in Xenopus laevis has only 
recently been studied with regard to the pathophysiology of 
human hearts with a single ventricle.16,23

In our literature review, we found very little information on 
frog heart anatomy as studied using with echocardiography,30 
and, to the best of our knowledge, detailed information on 
the cardiovascular anatomy and physiology investigated with 
echocardiography and cardiac magnetic resonance (CMR) has 
not yet been reported. In particular, we are not aware of studies 
aiming to understand the mechanism for the perfect balance 
between systemic and pulmonary circulation in Xenopus laevis, 
which allows unrestricted life activities for many years.

General anesthesia was necessary to acquire all desired 
information using either echocardiography or CMR. In our 
experience, the duration of general anesthesia was up to  
1.5 h for echocardiography, and up to 3 h for CMR. Therefore,  
we sought a method that would provide safe anesthesia 
for imaging procedures in Xenopus laevis while maintaining  
stable cardiovascular and respiratory parameters for the entire  
duration of the procedures.

Figure 2. Dry paper towel (A) and folded paper towel that has been dipped into the sedation tank and soaked with tricaine solution (B). Frog 
placed on an MS-222-soaked paper towel (C) and wrapped in a ‘burrito’ fashion (D). Frog with ‘burrito’ wrap completed and ready for echocar-
diography (E) and placed supine on platform of echocardiography machine for imaging (F).
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Various types of anesthesia have been used for Xenopus laevis, 
including MS-222 and benzocaine gel,9,12,13,17,19,22,24,26,3 intramus-
cular ketamine,9,12,24 clove oil (Eugenol),9,12,24 propofol,9,12,13,24 
etomidate,31 and hypothermia.20 Selection of an anesthetic pro-
tocol for a procedure on Xenopus laevis requires consideration 
of the type and duration of the procedure being performed and 
all available options. Amphibians offer veterinarians an option 
for anesthesia administration that is not available in higher 
vertebrates: immersion. The highly vascular integument of an  
amphibian is generally capable of absorbing different anesthetics  
at a rate allowing for prolonged anesthesia. Consequently, 
immersion is the method most frequently used to administer 
anesthesia in Xenopus laevis research.

Topical anesthetics can be applied directly onto the integu-
ment of Xenopus laevis. This approach has the advantage of 
avoiding a dilution effect and therefore smaller volumes and 
doses can be used. However, a potential disadvantage is a 
greater risk for toxicity if drugs are rapidly absorbed through 
the integument. The most common anesthetics used for topical 
application are isoflurane24 and benzocaine,17,24 although this 
route is rarely reported. Inhalant anesthetics can also be used 
to anesthetize amphibians, delivered via oxygen flow through 
the respiratory tract using tracheal intubation and mechanical 
ventilation. However, due to the relatively small size of the cervi-
cal region and upper airway in Xenopus laevis as compared with 
other amphibians and potential complications such as single 
lung intubation and desiccation, this method is rarely used.24

Based on our literature review, and considering our needs 
to maintain stable cardiovascular and respiratory parameters 
while avoiding any type of muscle paralysis, our choice was to 
use the immersion technique for anesthesia with MS-222 as the 
selected anesthetic. We used a ‘burrito’ method of anesthesia, 
with the frog wrapped in a paper towel soaked in the MS-222 
solution; this practice kept the skin wet and allowed continuous 
anesthetic absorption during the entire procedure. In our study, 
fewer than half of Xenopus laevis required an additional dosage 
of anesthesia to complete the investigational procedure, when 
lasting more than one hour.

This technique allowed cardiovascular and respiratory 
stability of the duration necessary to acquire the information 
required from echocardiography and CMR. The only difference 
observed between the 2 groups was that percutaneous oxygen 
saturation at the end of the procedure was lower for the group 
undergoing echocardiography as compared with the group 
undergoing CMR (respectively, 66 ± 9% compared with 85 ± 6%,  
P< 0.001). We attributed this difference to the higher ambient  
temperature in the echocardiography room as compared  
with the CMR room (respectively, 22 °C and 17 °C). Because of 
peripheral vasodilatation caused by a higher temperature, the 
left-to-right shunting of the single ventricle, which maintains 
a good balance between pulmonary and systemic blood flow 
at optimal ambient temperatures, fell, thereby reducing the 
normal QP/QS ratio between pulmonary blood flow (QP) and 
systemic blood flow (QS). This in turn may have resulted in 
the lower oxygen saturation observed in the echocardiography 
group. However, despite this reduction in systemic perfusion 
relative to the pulmonary circulation, no negative consequence 
was observed in any of the frogs, and all had full recoveries after 
the procedures regardless of the environmental temperature to 
which they were exposed.

The singularity of the cardiovascular circulation in Xenopus 
laevis attracted our interest because of the similarities with 
complex congenital heart defects in humans. To improve our 
knowledge of Xenopus laevis, which is currently limited to the 

morphology of the heart and great vessels, we performed non-
invasive evaluations using echocardiography and CMR to learn 
more about this unusual and complex pathophysiology. Anes-
thesia provided by immersion in MS-222 allowed us to perform 
a large number of imaging procedures without complications. 
This technique of anesthesia can be easily reproduced and used 
for similar investigations in Xenopus laevis and would be a safe 
and reliable method for noninvasive procedures requiring a 
period of 2 to 3 h. We have no data regarding its potential use 
for invasive procedures
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