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Larval, or tadpole-stage Xenopus laevis frogs are a popular research model for developmental biology and disease stud-
ies. Existing euthanasia guidance documents offer recommendations for both eggs and adult stages, yet do not specifically
address the larval stage. Data evaluating effective euthanasia methods for groups of X. laevis tadpoles would therefore be
useful. The goal of the current study was to evaluate the efficacy of various immersion euthanasia procedures on tadpoles:
tricaine methanesulfonate (MS222) at 6 g/L, eugenol at 800 pL/L and rapid chilling (2 to 4 °C). We also evaluated tadpoles at
various developmental stages (NF stages 46, 47 and 49). Tadpoles (1 = 70) were exposed to euthanasia solution for 15 min, and
controls (n = 40) were placed in housing tank water for 15 min. All animals were then placed in recovery tanks containing
housing tank water for 4 h to confirm irreversibility of each agent. Cessation of the heartbeat was assessed at the end of eutha-
nasia solution exposure and at each hour thereafter. We found that immersion in a 6 g/L solution of MS222 resulted in 100%
euthanasia of all larval stages tested. Conversely, eugenol produced variable euthanasia rates that were affected by both age
group and batches of stock solutions. Rapid chilling was completely ineffective as a euthanasia method in our study. Based
on our findings, we recommend MS222 as an effective and practical means of euthanizing large numbers of X. laevis tadpoles.
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Various species of aquatic frogs, including Xenopus laevis,
provide important models for biomedical research. The larval
stages of these amphibians are commonly used in develop-
mental biology and disease research.10182630 Degpite their use
in research, published data regarding appropriate methods of
euthanasia for larval forms of any amphibian species is scant.
The AVMA Guidelines for the Euthanasia of Animals specifically
recognizes the challenges in providing euthanasia methods for
laboratory amphibians, and although specific recommendations
are given for euthanizing adult amphibians and eggs, no guid-
ance currently exists for larval (tadpole) forms.? Furthermore,
to the authors’ knowledge, no published studies have assessed
euthanasia methods for larval X. laevis frogs. Therefore, a con-
trolled study to provide recommendations for a practical, safe
and efficacious way to euthanize Xenopus tadpoles would be
valuable to those using these models.

The AVMA Guidelines for the Euthanasia of Animals and The
Guide for the Care and Use of Laboratory Animals recommend
that criteria that should be considered for euthanasia of ani-
mals are reliability, irreversibility, time until unconsciousness
and death, and appropriateness for the species and age of the
animal 219 Another consideration is to use euthanasia methods
that are more rapid and less complicated to complete, with the
goal of reducing noncompliance in a research setting.3* These
considerations are paramount when developing a practical and
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robust euthanasia protocol for X. lzevis tadpoles in a research
setting.

Although the AVMA document does not provide guidance
specific to euthanasia of amphibian larvae, the document does
provide recommendations for the euthanasia of larval stages
of various types of fish, including zebrafish (Danio rerio), and
points out that different methods are more appropriate for dif-
ferent stages of larval development.? Although the physiology of
zebrafish fry and Xenopus tadpoles differs, both species undergo
changes in the physiologic mechanism of oxygen consumption
as they develop. The effectiveness of tricaine methanesulfonate
(MS222) appears to vary based on the gills replacing the skin
as the primary site of oxygen intake in zebrafish larvae.?” This
raises the question of whether changes in respiratory physiol-
ogy during development can affect euthanasia outcomes in
Xenopus larvae.

The developmental stages of X. laevis tadpoles, referred to
as Nieuwkoop and Faber (NF) stages, are well documented.?!
Physiologic changes encompass multiple NF stages, which can
occur at different time points, depending on environmental con-
ditions. 6172836 X Igevis frogs primarily use lungs for respiration
for the majority of their life stages. However, buccopharyngeal
gas exchange mechanisms, in which respiration occurs through
intake of water into the mouth, and external gills are present
prior to lung development. Published literature downplays
the role of buccopharyngeal respiration and gas exchange in
the gills, as buccopharyngeal mechanisms are thought to have
a larger role in feeding under normal environmental condi-
tions.3 Likewise, older literature states that Xenopus gills lack
true gill filaments,!3 although recent evidence shows that gill
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filaments exist, but in smaller numbers than many other spe-
cies.?? Xenopus frogs also use cutaneous respiration,'* but the
role that it plays in tadpole respiration has not been studied.?
The external gills are present during NF stages 39 to 53. The
external gills undergo vascular regression during NF stages 58
to 62.3 Lung development overlaps external gill development,
and begins during NF stages 46 to 52.2%

In addition to differences seen in MS222 euthanasia efficacy
between adult and larval zebrafish, a recent study has shown
that similar differences in efficacy exist for eugenol and hypo-
thermic shock using rapid chilling, 2 methods of euthanasia
approved for use in zebrafish. Previous studies show eugenol
to be an efficacious anesthetic in adult Xenopus frogs,'"1>1® but its
efficacy as a euthanasia solution for larval Xenopus is unknown.
Hypothermic shock is not currently an accepted method of
amphibian euthanasia,? but it has been suggested that its use
be reconsidered.?’3132 Therefore, there is a need to generate
evidence-based research to determine the effectiveness of this
method in amphibians, specifically X. laevis frogs. Given the
small size of tadpoles, the presence of gills, and the role played
by buccopharyngeal respiration at various larval stages, euge-
nol and rapid chilling may be viable alternatives to MS222 for
practical euthanasia of X. laevis tadpoles in a research setting.

The goal of this study was to identify practical and effec-
tive methods of euthanasia for X. laevis tadpoles at different
developmental stages that include gills, buccopharyngeal res-
piration, and early lung development. Euthanasia is defined as
anirreversible lack of movement and heartbeat. Effectiveness is
defined as euthanasia in 100% of animals, 100% of the time after
exposure to a euthanasia method. The authors hypothesize that
MS222, eugenol and rapid chilling will all be effective methods
for the euthanasia of larval X. lnevis tadpoles at early transitional
stages to lung functionality.

Materials and Methods

Animals and husbandry. Wildtype X. laevis tadpoles were
obtained from breeder males and females originally purchased
from Nasco (Saugerties, NY) and were bred inhouse by natural
mating using human chorionic gonadotropin (Chorulon, Merck
Animal Health, Madison, NJ). Ten females and 10 males were
bred for a total of 7 successful matings. The colony was assessed
semiannually for Aeromonas hydrophila as part of a regular
environmental monitoring program. Tadpoles were housed
in static 10-gallon tanks (37.8 L), filled with 4 to 6 gallons of
water that was directly obtained from a recirculating system
used to house adult X. laevis frogs. The standard water quality
parameters for the system water were pH (6 to 7), conductivity
(400 to 800 uS), temperature (16 to 20 °C), free and total am-
monia (0 to 0.8 mg/L), nitrites (0 to 0.75 mg/L) and nitrates (0
to 45 mg/L). Animals were housed at 21.1 to 22.2 °C and had a
12:12 light:dark cycle. Animals were monitored daily for health.
Tadpoles were fed Sera Micron Growth Food daily (Sera North
America, Montgomeryville, PA.). Partial water changes of 6 to
10 L were completed 3 times per week and a tank change was
completed once, approximately halfway through the study.
Nitrates, nitrites, free and total ammonia, pH and conductiv-
ity were monitored 3 times per week, prior to water changes.
The University of North Carolina at Chapel Hill IACUC ap-
proved the research protocol and research was completed in an
AAALAC accredited institution. At the end of the experiment,
adult frogs were donated to another laboratory on campus.
All tadpoles that were not successfully euthanized during the
actual experiments were humanely euthanized using MS222
at a concentration of 6 g/L, a dose that was demonstrated

to be effective in this study, and compliant with institutional
guidelines for the euthanasia of adult X. laevis.

Euthanasia solutions. Tricaine-S brand pharmaceutical-grade
MS222 (Western Chemical, Ferndale, WA) and eugenol (phar-
maceutical secondary standard; Sigma-Aldrich, St Louis, MO)
solutions were prepared with water from the static housing
tank. MS222 was buffered to a pH of 7 with sodium bicarbonate
(Pentair Aquatic-Eco Systems, Apopka, FL) and both solutions
were maintained at a pH of 7.0 to 7.3, as measured by a pH
meter (Fisherbrand Accumet AE150 Benchtop pH Meter, Fisher
Scientific, Hampton, NH). Ice was mixed with tank water in a
5:1 ice to water ratio for rapid chilling. Animals were placed in
bags with 2 to 4 °C tank water to avoid direct exposure to ice, as
recommended for zebrafish, and the temperature of the water in
the bags was verified at 2 to 4 °C via submersion of temperature
probes during testing. Recovery beakers contained tank water.

Pilot studies. Two pilot studies were completed to determine
the appropriate immersion time and concentrations for the
euthanasia solution for the larger study. Initially, X. laevis tad-
poles at NF stages 43, 46, 47 and 48, confirmed by microscopic
examination, were placed in 5 mL of euthanasia solution in
6-well plates containing various concentrations of either MS222
or eugenol (n = 3), or room temperature water for a control
group (n =1). Animals were placed in euthanasia solution for 60
min, then placed in room temperature tank water for a 60-min
recovery period. Heartbeats were assessed at 30-min intervals
during immersion in the euthanasia solution and the recovery
solution. To reduce animal numbers, a modified up and down
method of dosing was used to narrow down the concentration
for the larger study group, based on anesthesia and euthanasia
literature for amphibians and fish.>11163334 This approach led
to the following concentrations being tested in the initial pilot:
0.25,1,2,3,4,8,12 g/L of MS222, and 100, 250, 400, 500, 600 1000,
1500 uL/L of eugenol. Lower doses were used in morning test-
ing sessions. Afternoon testing concentrations were determined
by the data obtained earlier in the day. In addition, if significant
tissue damage was noted, the corresponding concentration was
not used for future time points.

To confirm the cessation of heartbeat using effective concen-
trations determined in the first pilot, a second pilot study was
completed using 2, 4 and 6 g/L of MS222, 400 and 600 uL/L
of eugenol (n = 8), and controls (1 = 4) for the euthanasia of X.
laevis tadpoles at NF stages 43, 46, 47 and 49.

Animals were placed in 2 mL of euthanasia solution in 12-well
plates for 15 or 30 min then placed in 2 mL of tank water for
recovery for 1 h. For both pilot studies, animals were observed
for a heartbeat using a microscope (Stereo Zoom. Bauch and
Lomb, Incorporated, Laval, Quebec, Canada) or an inverting
microscope (CK2, Olympus Corporation of the Americas, Center
Valley, PA) depending on the orientation within the well plate.
Tadpoles at NF stage 43 were too small to accurately assess
for a heartbeat; thus, they were assessed for movement only,
using gentle touch from a pipette tip. Due to the potential for
inconsistent results with this verification method, NF stage 43
was not included in the larger study.

Study methods. Tadpoles at NF stages 46, 47 and 49 were
randomly assigned to either one of 3 study groups (1 =70) or a
control group (n = 40). Animals were placed in 500 mLof 6 g/L
MS222, 800 uL/L eugenol or 5:1 ice to water ratio rapid chill-
ing groups or a control group of 20 animals in tank water for
15 min. Next, animals were placed in 500 mL of tank water in
1 L tempered glass beakers for recovery, where they remained
for 4 h (Figure 1). Half of each group was tested in duplicate to
ensure consistency between clutches.
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Figure 1. Testing equipment. Each 1 L glass beaker was filled with 500 mL of euthanasia solution, a 5:1 ratio of ice to tank water or room tem-
perature tank water for recovery. A plastic bag was used to prevent ice from maintaining direct contact with tadpoles. Thermometers measured
the temperatures for the rapid chilling and control groups. Time was kept with stopwatches.

Physiologic testing. Tadpoles were assessed for movement
or response. Tadpoles that were not visibly moving or were
not moving when touched were assessed for the presence of a
heartbeat using a microscope immediately after placement in
the recovery beaker and again after 4 h. Tadpoles were placed
into 12-well plates filled with 2 mL of tank water and were as-
sessed under a dissection or inverting microscope depending
on the animal’s orientation within the well plate. Animals were
then placed back into the recovery tank. In addition, a subset
of tadpoles (1 = 20) from each group that were not moving was
assessed for a heartbeat at 60, 120 and 180 min to assess trends
in gain or loss of cardiac function over time. Animals that were
either actively moving in the beaker or began moving during
attempts to collect them for visual heartbeat assessment were
counted as having heartbeats.

Statistical Analysis. Fisher exact tests (SAS Visual Statistics,
SAS Institute, Cary, NC) elucidated significant differences in
irreversible euthanasia rates between the 3 euthanasia methods
in this study. A P value of 0.05 or less indicated a significant
difference.

Results

Pilot study results further developed the study design. Two
pilot studies were completed to determine the optimal concen-
trations of MS222 and eugenol for testing in the larger study.
Although MS222 at 6 g/L was not included in the initial pilot,
it was used because it was midrange between 4 g/L, which was
ineffective in causing cessation of heartbeats, and 8 g/L, which
caused microscopic tissue damage. Eugenol concentrations of
1000 pL/L led to grossly visible dissolution of tissue, and 600
pL/L appeared to be effective in smaller volumes of water.
However, the effectiveness of euthanasia during NF46 testing
was variable in the large study. This timepoint was therefore
repeated using a dose of 800 uL/L, and this concentration was
subsequently used.

MS222 consistently causes cessation of heartbeats at all larval
stages tested. To assess the efficacy of MS222 for euthanasia of
X. laevis larvae, 70 tadpoles from each stage were immersed in 6
g/LMS222 for 15 min and each tadpole subsequently assessed

for a heartbeat. None of the animals at any developmental
stage had visibly detectable heartbeats after immersion in the
euthanasia solution. Alack of a heartbeat continued throughout
placement in a recovery tank, as observed by a subset of ani-
mals at 60, 120 and 180 min in recovery. None of the animals (n
= 68 to 70) had detectable heartbeats at any time point during
recovery (Figure 2). Tadpoles were removed from the study if
evisceration occurred, likely caused by the breakdown of the
structural integrity of the skin over time due to contact with
the euthanasia solution.

Eugenol immersion causes slow and inconsistent cessation
of heartbeats. The efficacy of eugenol for euthanizing larval
Xenopus tadpoles was determined by placing tadpoles in 800
pL/L eugenol for 15 min and then assessing animals for a
heartbeat. Tadpoles displayed a variable rate of heartbeat ces-
sation after 15 min in the euthanasia solution. At NF stages 46
and 49, we saw an overall trend of the number of detectable
heartbeats decreasing over time in recovery, as observed by
a subset of animals (1 = 20). All tadpoles at NF stage 46 and
49 (n = 68 to 70 per group) had cessation of a heartbeat after
4 h in the recovery beaker. However, at NF stage 47 (n = 68
to 69), only 88.2% of the tadpoles had cessation of heartbeats
after 4 h, thus providing incomplete euthanasia for the group
(Figure 2). Tadpoles were excluded from the study if eviscera-
tion occurred.

Rapid chilling fails to cause cessation of heartbeats in all
larval stages tested. Animals were observed for a heartbeat
after 15 min of indirect immersion in an ice bath at 2 to 4 °C
and periodically in recovery containers for 4 h. A heartbeat
assessment was not performed on animals that were actively
moving in the container. Only 1.4% of tadpoles in the NF
stage 46 group had heartbeat cessation after 15 min of cold
exposure, which was consistent with what was seen after 4 h
in recovery. None of the animals moved at the time of initial
placement in recovery. However, many animals were moving
at each hour during recovery. The NF stage 47 and 49 groups
had tadpoles that were moving soon after placement in the
recovery containers. All tadpoles (n = 70) retained a heartbeat
or were moving at the end of 4 h in the stage 47 and 49 groups
(Figure 2).
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Figure 2. Percentage of X. laevis tadpoles euthanized after 15 min of
immersion in euthanasia solution and 4 h in a recovery tank. Euthana-
sia is defined by a lack of movement and heartbeat. Study groups, n =
68-70. Control groups n = 40. P < 0.0001. (A) NF stage 46. (B) NF stage
47. (C). NF stage 49.

Discussion

This study compared the effectiveness of MS222, eugenol
and rapid chilling as euthanasia methods for X. laevis tadpoles
at transitional developmental stages of oxygen exchange. De-
velopmental stages 46,47 and 49 represent NF stages in which
external gills were present, but the lungs are still developing,?!
and their functionality is likely variable. The time points at
which tadpoles achieve different developmental stages varies
based on housing and environmental factors.1417:% Therefore,
the research community should address euthanasia of larval
frogs in terms of developmental stages and variability at vari-
ous timepoints. Because of this variability, even within a single
clutch, a standardized approach to euthanasia of larval X. lnevis
tadpoles that is effective across all larval stages represents a
significant technical refinement.

Overall, we found that each euthanasia method tested had
a consistent effect at each of the developmental stages tested,
suggesting that response to these methods does not vary mark-
edly across the larval stages tested. Furthermore, immersion in
MS222 at a concentration of 6 g /L for 15 min consistently resulted
in heartbeat cessation in a timely manner in all animals tested.

Our results indicate that immersion of tadpoles in MS222 is a
rapid and irreversible method of euthanasia for tadpoles at tran-
sitional respiratory stages. This outcome suggests that MS222 is
an adequate primary method of euthanasia for large groups of
X. laevis tadpoles because it meets the criteria for appropriate
euthanasia for the AVMA Guidelines for the Euthanasia of Ani-
mals and The Guide for the Care and Use of Laboratory Animals.21
This method is also practical in a lab setting, because it allows
researchers to expeditiously and consistently euthanize large
cohorts of tadpoles without the need for a secondary physical
method of euthanasia, which can be distressing for personnel
and given the small size of tadpoles, can potentially damage
the tissue needed for experimental studies.

Our results show similar efficacy to studies that use MS222
for euthanasia of adult frogs,® although the timeframe for im-
mersion used in other studies varies. The mechanism of action
of MS222, like other local anesthetics, is to block voltage-gated
sodium channels, leading to depression of cardiac and respira-
tory function.” Multiple studies have shown that MS222 is safe
and effective in frogs as both an anesthetic and euthanasia
solution.>152535 Although MS222 use for euthanasia is practical
and readily available, considerations should be taken to ensure
appropriate use based on the species and life stage as well as
the safety of lab personnel. One case report has shown that
chronic exposure to MS222 induced reversible retinal toxicity
in a lab worker.*

Eugenol has been described as an anesthetic in adult X. laevis
frogs!1¢ and as a euthanasia agent in fish,? but has not been
described as a euthanasia agent in Xenopus. Our pilot study
revealed that on a small scale, individual setting, eugenol at
a concentration of 600 uL/L was adequate to produce 100%
cessation of heartbeats in larval Xenopus. However, once we
began our study on a larger, more practical scale, this method
was inadequate, and we therefore increased the dose to 800
pL/L. Eugenol at concentrations of 800 uL/L showed variable
efficacy in causing cardiac arrest at 15 min in X. laevis tadpoles
at different developmental stages. The differences seen between
the small-scale pilot study and the larger study highlight the
importance of completing such euthanasia research studies in
both large and small scales to make better predictions of the
euthanasia effects on a population.

In the NF stage 46 and 49 groups, the majority of the tadpoles
had cessation of heartbeats after 15 min of immersion in euge-
nol, but others were immobilized yet retained a heartbeat. Over
time, cessation of heartbeat did occur, and none of the tadpoles
had visible heartbeat after 4 h. The trend for stage 47 showed
that only 55% of the tadpoles had a cessation of heartbeat after
immersion in eugenol solution, and only 88% of those animals
still lacked a detectable heartbeat after 4 h in the recovery tanks.
Therefore, 15-min immersion of X. lzevis tadpoles in eugenol
at a concentration of 800 uL/L is not adequate for euthanasia
in a group setting.

Eugenol is a phenolic compound that acts as a local anesthetic
by blocking voltage-gated sodium channels.?* At anesthetic
doses, it does not appear to be toxic in adult X. laevis, although
its effects vary in adult Xenopus at different weights, with small
frogs having a decrease in heart rate and oxygen saturation.!1?
Surface area, drug metabolism, and skin permeability may
all affect eugenol pharmacokinetics.! Although eugenol and
similar compounds such as iseoeugenol and clove oil have been
successfully used as an anesthetic in frogs, 1233 the AVMA has
only established eugenol as an acceptable euthanasia method
in finfish, with the caveat of being acceptable with conditions
for laboratory fish.?
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The effectiveness of eugenol was also variable for larval
zebrafish, based on dose and exposure time.3 We also saw vari-
ation in the efficacy of eugenol euthanasia of larval tadpoles.
This may have been caused by the increased surface area to body
weight ratio of tadpoles compared with adults, differences in
oxygen consumption between different growth stages, or the
effect of water temperature on metabolism. Regardless, eugenol
at the immersion time and dose tested is not consistent and
rapid enough to cause adequate euthanasia for large numbers
of larval tadpoles.

Our data show that rapid chilling was ineffective in euthaniz-
ing X. laevis tadpoles. Not only did animals fail to have cessation
of heartbeats, but they also eventually regained movement
over time, with some animals in stage 47 and 49 group having
regained movement soon after placement in recovery tanks
(Figure 2). Our findings provide evidence to suggest that rapid
chilling alone is unsuitable for euthanasia in larval X. laevis, but
this result should not necessarily be extrapolated to adult frogs
or other amphibian species.

The use of cooling and freezing for anesthesia and euthanasia
in amphibians and reptiles is a topic of ethical debate.?0313237
Opponents of these methods cite a lack of physiologic evidence
and information gaps that would render these methods hu-
mane.?” Proponents argue a lack of evidence of cold thermal
pain during full body cooling to justify their support for use.?
In addition, proponents argue that opponents use speculation
rather than fact as well as extrapolation from mammals.2’ The
2013 version of the AVMA Guidelines for the Euthanasia of Animals
states that hypothermia is inappropriate for amphibians unless
animals are less than 4 grams and are rapidly frozen in liquid
nitrogen.2 However, unlike zebrafish, rapid chilling by immer-
sion at temperatures of 2 to 4 °C is not specifically addressed for
amphibians. A recent study on adult cane toads (Rhinella marina)
suggested that rapid cooling, then freezing could be a humane
method of euthanasia for some amphibians.3!

Our outcome for rapid chilling is vastly different than what
has been shown to be effective in zebrafish adults and fry at 14
d after fertilization.3#38 This may be explained by the X. lnevis’
lower temperature range for laboratory housed frogs (17 to 24
°C),* which may make them more resistant to cold temperatures
than zebrafish. The completion of a similar study using X. tropi-
calis tadpoles, which have a temperature range (24 to 25 °C) more
similar to that of zebrafish (25 to 28 °C),'4? could potentially
show rapid chilling to be effective in the X. tropicalis species.

To our knowledge, this is the first published study to evalu-
ate the efficacy of rapid chilling in X. laevis tadpoles. Given the
observations of recovery seen in this study, it may be worthwhile
to further investigate the use of rapid chilling for anesthesia in
X. laevis tadpoles in attempts to improve tadpole welfare, espe-
cially for studies in which chemical anesthesia may potentially
alter study results.

The current study shows that immersion of multiple tadpoles
in MS222 for 15 min at a concentration of 6 g/L is effective
as a euthanasia method, as defined by lack of recovery from
cessation of heartbeat. This method has significant practical
applications for euthanasia of large clutches or cohorts of study
animals. Although this method is useful for X. laevis tadpoles
at developmental stages 46 to 49, further studies are needed to
determine if this method can be expanded to other larval tadpole
stages. In addition, this study does not account for the possible
physiologic differences and specific temperature adaptations
between X. laevis and X. tropicalis frogs. Similar studies should
be repeated in X. tropicalis frogs to provide better guidance for
euthanasia of tadpoles of that species.

Effective and practical euthanasia of X. laevis larvae

Acknowledgments
The authors thank Dr Jenny Estes and Dr Adriel Otero for assistance,
Christopher A Wiesen and Dr Lysa Posner guidance and the UNC DCM
facilities and husbandry staff for the husbandry and care of the tadpoles
used in this study. This project was funded through the Division of Com-
parative Medicine at the University of North Carolina at Chapel Hill.

References

1. Alvarez D, Nicieza AG. 2002. Effects of temperature and food
quality on anuran larval growth and metamorphosis. Funct
Ecol 16:640-648. https://doi.org/10.1046/j.1365-2435.2002.
00658.x.

2. American Veterinary Medical Association. 2013. AVMA guide-
lines for the euthanasia of animals: 2013 ed. [Cited 1 September
2019]. Available at: https://www.avma.org/KB/Policies/Docu-
ments/euthanasia.pdf.

3. Bartel H, Minnich B, Margreiter I, Lametschwandtner A. 1999.
Vascular regression in gill filters of tadpoles of Xenopus laevis
Daudin: a qualitative and quantitative SEM study on vascular
corrosion casts. Microsc Microanal 5 (Suppl 2):1188-1189.

4. Bernstein PS, Digre KB, Creel DJ. 1997. Retinal toxicity associ-
ated with occupational exposure to the fish anesthetic MS-222.
Am ] Ophthalmol 124:843-844. https://doi.org/10.1016/50002-
9394(14)71705-2.

5. Cakir Y, Strauch SM. 2005. Tricaine (MS-222) is a safe anesthetic
compound compared to benzocaine and pentobarbital to induce
anesthesia in leopard frogs (Rana pipiens). Pharmacol Rep 57:467—
474.

6. Calich HJ, Wassersug RJ. 2012. The architecture of the aquatic
environment and its influence on the growth and development
of tadpoles (Xenopus laevis). Copeia 2012:690-697. https://doi.
org/10.1643/CE-11-012.

7. Committee for Veterinary Medical Products. [Internet]. 2019.
Tricaine mesilate: summary report. [Cited 2 September 2019].
Available at: https://www.ema.europa.eu/en/documents/
mrl-report/tricaine-mesilate-summary-report-committee-veteri-
nary-medicinal-products_en.pdf.

8. Feder ME, Seale DB, Boraas ME, Wassersug R], Gibbs AG.
1984. Functional conflicts between feeding and gas exchange
in suspension-feeding tadpoles, Xenopus laevis. ] Exp Biol 110:
91-98.

9. Feder ME, Wassersug RJ. 1984. Aerial versus aquatic oxygen
consumption in larvae of the clawed Frog, Xenopus laevis. ] Exp
Biol 108:231-245.

10. Fini JB, Mughal BB, Le Mevel S, Leemans M, Lettmann M,
Spirhanzlova P, Affaticati P, Jenett A, Demeneix BA. 2017. Hu-
man amniotic fluid contaminants alter thyroid hormone signalling
and early brain development in Xenopus embryos. Sci Rep 7:1-12.
https:/ /doi.org/10.1038 /srep43786.

11. Goulet F, Hélie P, Vachon P. 2010. Eugenol anesthesia in African
clawed frogs (Xenopus laevis) of different body weights. ] Am Assoc
Lab Anim Sci 49:460-463.

12. Goulet F, Vachon P, Helie P. 2011. Evaluation of the toxic-
ity of eugenol at anesthetic doses in African clawed frogs
(Xenopus laevis). Toxicol Pathol 39:471-477. https://doi.
org/10.1177/0192623311399785.

13. Gradwell N. 1971. Xenopus tadpole: on the water pumping mecha-
nism. Herpetologica 27:107-123.

14. Green SL.2010. The laboratory Xenopus sp. Boca Raton (FL): CRC
Press.

15. Guénette S, Lair S. 2006. Anesthesia of the leopard frog, Rana
pipiens: a comparative study between four different agents. J
Herpetological Med Surg 16:38—44. https:/ /doi.org/10.5818/1529-
9651.16.3.38.

16. Guénette SA, Hélie P, Beaudry F, Vachon P. 2007. Euge-
nol for anesthesia of African clawed frogs (Xenopus laevis). Vet
Anaesth Analg 34:164-170. https://doi.org/10.1111/j.1467-
2995.2006.00316.x.

17. Hilken G, Dimigen J, Iglauer F. 1995. Growth of Xenopus laevis un-
der different laboratory rearing conditions. Lab Anim 29:152-162.
https:/ /doi.org/10.1258/002367795780740276.

http://prime-pdf-watermark.prime-prod.pubfactory.co&ﬁ 2025-02-05



Vol 59, No 3
Journal of the American Association for Laboratory Animal Science
May 2020

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Igarashi M, Santos RA, Cohen-Cory S. 2015. Impact of ma-
ternal n-3 polyunsaturated fatty acid deficiency on dendritic
arbor morphology and connectivity of developing Xenopus laevis
central neurons in vivo. ] Neurosci 35:6079-6092. https://doi.
org/10.1523 /JNEUROSCI.4102-14.2015.

Institute for Laboratory Animal Research. 2011. Guide for the care
and use of laboratory animals. 8th ed. Washington (DC): National
Academies Press.

Lillywhite HB, Shine R, Jacobson E, DeNardo DF, Gordon MS,
Navas CA, Wang T, Seymour RS, Storey KB, Heatwole H, Heard
D, Brattstrom B, Burghardt GM. 2016. Anesthesia and euthanasia
of amphibians and reptiles used in scientific research: Should
hypothermia and freezing be prohibited? Bioscience 67:53-61.
https:/ /doi.org/10.1093 /biosci/biw143.

Nieuwkoop P, Faber J. 1956. Normal table of Xenopus laevis (Dau-
din); a systematical and chronological survey of the development
from the fertilized egg till the end of metamorphosis. Amsterdam:
North Holland Publishing Company.

Nokhbatolfoghahai M, Downie JR. 2008. The external gills of
anuran amphibians: comparative morphology and ultrastructure.
J Morphol 269:1197-1213. https:/ /doi.org/10.1002 /jmor.10655.
Niisslein-Volhard C, Dahm R. 2002. Zebrafish: a practical ap-
proach. Oxford: Oxford University Press.

Park CK, Kim K, Jung SJ, Kim MJ, Ahn DK, Hong SD, Kim JS,
Oh SB. 2009. Molecular mechanism for local anesthetic action of
eugenol in the rat trigeminal system. Pain 144:84-94. https:/ /doi.
org/10.1016/j.pain.2009.03.016.

Ramlochansingh C, Branoner F, Chagnaud BP, Straka H. 2014. Ef-
ficacy of tricaine methanesulfonate (MS-222) as an anesthetic agent
for blocking sensory-motor responses in Xenopus laevis tadpoles.
PL0S One 9:1-11. https:/ /doi.org/10.1371 /journal.pone.0101606.
Romaker D, Kumar V, Cerqueira DM, Cox RM, Wessely O. 2014.
MicroRNAs are critical regulators of tuberous sclerosis complex
and mTORC1 activity in the size control of the Xenopus kidney.
Proc Natl Acad Sci USA 111:6335-6340. https:/ /doi.org/10.1073/
pnas.1320577111.

Rombough PJ. 2007. Ontogenetic changes in the toxicity and
efficacy of the anaesthetic MS222 (tricaine methanesulfonate) in
zebrafish (Danio rerio) larvae. Comp Biochem Physiol A Mol Integr
Physiol 148:463—469. https:/ /doi.org/10.1016/j.cbpa.2007.06.415.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Rose CS. 2014. Caging, but not air deprivation, slows tadpole
growth and development in the amphibian Xenopus laevis. ] Exp
Zool A Ecol Genet Physiol 321:365-375. https:/ /doi.org/10.1002/
jez.1867.

Rose CS, James B. 2013. Plasticity of lung development in the
amphibian, Xenopus laevis. Biol Open 2:1324-1335. https://doi.
org/10.1242 /bio.20133772.

Saide K, Sherwood V, Wheeler GN. 2019. Paracetamol-induced
liver injury modelled in Xenopus laevis embryos. Toxicol Lett
302:83-91. https:/ /doi.org/10.1016/j.toxlet.2018.09.016.

Shine R, Amiel J, Munn A]J, Stewart M, Vyssotski AL, Lesku JA.
2015. Is “cooling then freezing” a humane way to kill amphibians
and reptiles? Biol Open 4:760-763. https://doi.org/10.1242/
bio.012179.

Shine R, Lesku JA, Lillywhite HB. 2019. Assessment of the
cooling-then-freezing method for euthanasia of amphibians and
reptiles. ] Am Vet Med Assoc 255:48-50. https:/ /doi.org/10.2460/
javma.255.1.48.

Speare R, Speare B, Muller R, Bishop P. 2014. Anesthesia of
tadpoles of the southern brown tree frog (Litoria ewingii) with
isoeugenol (Aqui-S). ] Zoo Wildl Med 45:492-496. https://doi.
org/10.1638/2013-0088R.1.

Strykowski JL, Schech JM. 2015. Effectiveness of recommended
euthanasia methods in larval zebrafish (Danio rerio). ] Am Assoc
Lab Anim Sci 54:81-84.

Torreilles SL, McClure DE, Green SL. 2009. Evaluation and refine-
ment of euthanasia methods for Xenopus laevis. ] Am Assoc Lab
Anim Sci 48:512-516.

Walsh PT, Downie JR, Monaghan P. 2008. Temperature-mediated
morphology changes during metamorphic climax in the African
clawed frog, Xenopus laevis. ] Therm Biol 33:244-249. https:/ /doi.
org/10.1016/j jtherbio.2008.02.002.

Warwick C, Bates G, Arena PC, Steedman C. 2018. Reevaluating
the use of hypothermia for anesthetizing and euthanizing amphib-
ians and reptiles. ] Am Vet Med Assoc 253:1536-1539. https:/ /doi.
org/10.2460/javma.253.12.1536.

Wilson JM, Bunte RM, Carty AJ. 2009. Evaluation of rapid
cooling and tricaine methanesulfonate (MS222) as methods of
euthanasia in zebrafish (Danio rerio). ] Am Assoc Lab Anim Sci
48:785-789.

274

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



