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ABSTRACT Xenopus tadpoles are an emerging model for developmental, genetic and behavioral studies. A small
size, optical accessibility of most of their organs, together with a close genetic and structural relationship to humans
make them a convenient experimental model. However, there is only a limited toolset available to measure behavior
and organ function of these animals at medium or high-throughput. Herein, we describe an imaging-based platform to
quantify body and autonomic movements of Xenopus tropicalis tadpoles of advanced developmental stages. Animals
alternate periods of quiescence and locomotor movements and display buccal pumping for oxygen uptake from water
and rhythmic cardiac movements. We imaged up to 24 animals in parallel and automatically tracked and quantified
their movements by using image analysis software. Animal trajectories, moved distances, activity time, buccal pump-
ing rates and heart beat rates were calculated and used to characterize the effects of test compounds. We evaluated
the effects of propranolol and atropine, observing a dose-dependent bradycardia and tachycardia, respectively. This
imaging and analysis platform is a simple, cost-effective high-throughput in vivo assay system for genetic, toxicological
or pharmacological characterizations.

Keywords: Xenopus tropicalis, animal behavior, cardiac imaging, motion analysis, animal tracking, high-throughput in

vivo assay

INTRODUCTION

Xenopus frogs are excellent vertebrate model organisms for in
vivo analysis of gene function and are a potential new player for drug
discovery and preclinical animal testing [1]. They share many features
with human biology and are easy and cost-effective in experimental use.
Fertilization can be performed during the whole year which produces a
large number of transparent embryos that are freely swimming within
one week at room temperature. Many genetic and molecular tools are
available including a draft of the diploid genome of X. fropicalis that
contains approximately 79% orthologs of the human disease genes [2]
as well as advanced methods for gene knock down/knockout or trans-
genesis [3—6]. The evolutionary distance and organ structure of these
tetrapods displays a closer proximity to humans than other small aquatic
vertebrate animal models, such as zebrafish [7]. An example is the Xen-
opus heart which consists of three chambers (two atria, one ventricle)
and is therefore more similar to the four-chambered heart of mammals
than the two-chambered heart of fish [8,9]. Xenopus embryos have been
recently established in high-throughput small molecule screenings,
testing many compounds for their ability to cause alterations of pigment
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cell development [10], development of the blood vascular or lymphatic
system [11] or left-right asymmetry [12]. The experimental procedures
in these studies include bath incubation of the compounds that penetrate
through the permeable skin, followed by a visual examination of the
animal morphology or analysis of the expression pattern of a marker
gene in order to access specific developmental alterations [13]. Another
small molecule screening strategy used fluorescence measurements of
living Xenopus embryos that harbor an eGFP reporter for monitoring
thyroid hormone function [14]. Altogether, these studies demonstrated
that Xenopus animals are suitable for compound screenings in multi-well
plates. However, thus far vertebrate in vivo screenings for neuroactive
or cardiotoxic molecules have been performed with zebrafish embryos.
In these studies, compound treated animals were explored by using
fully automated systems and/or specialized software for alterations of
behavioral patterns [ 15—17] or cardiac activity [18,19]. One of the major
obstacles performing such investigations with Xenopus tadpoles is the
lack of simple and effective high-throughput screening methodologies.

There are several methods to quantify the behavior of Xenopus tad-
poles that include a state-of-the-art system, performing animal tracking
analysis during automated training and learning tasks. It has been used
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for demonstrating the learning abilities of Xenopus tadpoles [20-22]. A
different approach is provided by the multispecies freshwater biomon-
itor device (LimCo, Germany) that measures animal behavior through
spectral analysis of electrical signals caused by animal movements in
a test chamber [23]. The EthoVision software (Noldus, Information
technology) is a commercial animal tracking software that has been
applied for tracking tadpoles of distinct frog species in tanks [24-27].
Due to the relatively large size of tadpoles, the heart beat rates and buccal
pumping rates can be measured by visual examination of the animal or
from video recordings [28,29]. Other approaches for measuring cardiac
function of tadpoles include microscope video analysis [30,31], micro-
structural analysis with high-resolution imaging techniques [32—34]
or microelectrode systems [30,35,36]. However, these methodologies
access only behavior or cardiac function, but not both and furthermore,

they can be expensive or require time consuming experimentations.

Here we present a combined approach for automated animal tracking
and motion analysis for in vivo investigations of X. tropicalis tadpoles.
We developed a platform for video recording of living tadpoles in
multi-well plates that does not require microscope equipment. We
also designed software algorithms and experimental procedures for
quantitative analysis of locomotor movements, buccal pumping and
cardiac activity. The usefulness of the methodologies was verified by
i) validation of the automated calculations using manual measurements
and 7i) examination of in vivo effects of established drug treatments
showing agreement with reported results. We conclude that this ex-
perimental system provides an attractive platform for cost-effective
high-throughput studies.

Figure 1. Video recording of X. tropicalis tadpoles and principles of image analysis. A. The video recording system. Animals in a 24-well plate are
transilluminated by a digital monitor and video recorded with a digital camcorder. B. Animal tracking: moving objects (blue) are extracted from background
and tracked during the experiment. Right panel: representative distance vs. time plot of motility of a tadpole. C. Motion analysis: animal movements
result in dynamic pixels (red). Right panel: motion index profile of the same sequence as in (A) showing the higher sensitivity of motion analysis to small
movements. The movements that correspond to the motion profile are labeled. The orange bar indicates the automatically detected locomotor activity
episode. D. Cardiac activity: a maximum projection is subtracted from a blurred image. Heart motion results in dynamic pixels (red) that correspond to the
dynamic blood-empty regions of the heart. Insets show the amplified heart region. The right panel shows a typical waveform signal of the tadpole heartbeat.

MATERIALS AND METHODS

Animal housing

X. tropicalis embryos (Nasco) were obtained by natural mating
and maintained till 3-4 dpfin 0.1 X Marc’s modified Ringer’s (MMR)
solution in agarose coated petri dishes (10-15 cm diameter) in a dark
incubator (24°C). Animals were transferred to tanks containing Xenopus
water, which was prepared by adding 8 g of instant ocean salt (Instant
Ocean) to 20 L of distilled water. Conductivity and pH were 800 uS and
7.4-7.5, respectively. Tadpoles were kept at a density of 30-50 animals
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L, at 25°C and fed daily with spirulina. All procedures complied with
the standards of the ethical commission of the University of Barcelona
and the Generalitat of Catalunya.

Treatments

Tadpoles were staged according to Nieuwkoop and Faber [37]. The
pH of water was adjusted to 6.8-7.2 after addition of drugs.

Behavior assay

Tadpoles were distributed in 24-well plates (diameter: 15.6 mm/
well) and water was replaced by 1.2 ml water supplemented with 1%
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DMSO (dimethyl sulfoxide) as vehicle control of drug assays. One
minute duration video recordings, to show basal activity of animals,
were obtained after tadpoles were undisturbed on the video recording
platform for 30 min.

Cardiac activity assay

Animals were distributed in 24-well plates and water was replaced by
400 pl immobilization solution (0.02% tricaine, Ethyl 3-aminobenzoate
methanesulfonate (MS222) in Xenopus water) only, or additionally

supplemented with propranolol or atropine (Sigma-Aldrich, Cat no.
P0884 and A0132) at the indicated concentrations. When being com-
pletely immobile, tadpoles were moved into ventral side up position
using a pipette tip. 10 min after addition of drugs, the plate with the
animals was video recorded for 15 seconds to access cardiac activity.

Toxicity of tricaine treatment
Tricaine treated animals (n = 28) were transferred into water for
recovery and observed 3 days later for abnormalities or death.

Figure 2. Buccal pumping of a X. tropicalis tadpole. A. Image sequence (upper panel) and overlay images with dynamic pixels (lower panel, red
pixels) of an animal in lateral position performing one buccal pumping. B. Representative plot of buccal pumping of an untreated animal (DMSO control)
during 15 seconds. Every peak corresponds to one cycle of mouth opening and closing shown in (A). C. The corresponding power spectrum signal,
showing a main peak at 1.3 Hz that corresponds to the frequency of buccal pumping. D-E. Tricaine treatment abolished buccal pumping. F. Boxplot of

buccal pumping rates of control (DMSO) and tricaine treated animals.

Tadpole imaging

The video recording platform (Fig. 1A) was placed in a sparsely
illuminated room. Animals were recorded from 1.55 m height with a
remote triggered Sony Handycam HDR-CX210 (1920 x 1080/601, 30
fps). Constant transillumination was applied bottom-up by a digital
monitor (DigiFrame 8000 SLT, Braun) displaying a blank image. The
video streams were first converted to .mov files (iMovie program, v.
8.0.6) and processed as follows depending on the assay.

For the behavior assay, .mov files were converted into medium
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resolution image sequences using the QuickTime export function
of iMovie (format: 960 x 540 px, 20 frames per second (fps), .tiff,
uncompressed, 8-bit grayscale). For cardiac activity assay, .mov files
were converted into high-resolution image sequences (format: 1920 x
1080 px, 25 fps, .tiff, uncompressed, 8-bit grayscale) with the MPEG
Streamclip converter program (v. 1.9.2).

Image analysis

Image analysis was performed on image sequences with ImageJ
macros (v.1.46, [38]) that loop over a list of regions of interest (ROI’s),
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namely the circular wells of the multi-well plate (behavior assay) and
even-sized ROI’s (area = 535 pixel) placed on the heart regions of the
animals (cardiac activity assay).

Behavior assay

The macro for tracking tadpoles was based on the wrMTrck meth-
odology from Jesper Sondergaard Pedersen. The plugin and a detailed
description for animal tracking can be found at: http://www.phage.
dk/plugins. Briefly, constant elements were removed from images by
subtraction of a maximum projection and images were binarized upon
threshold, leaving only dark and moving objects (mainly the intestines
of the tadpoles) that were tracked with the wrMTrck plugin (Fig. 1B).
Distances were calculated as distances moved by all tracked objects
per well from filtered raw data with filtering parameters set to filter
out unspecific movements. Control measurements were performed for
10 second intervals by manual tracking of the estimated center of the
animals intestine using the MTrack]J plugin [39] and compared to their

automatic measurements.

The macro for motion analysis performed a frame-to-frame subtrac-
tion, starting from the last frame of the image sequence and extracting
the dynamic pixels that change intensity above a threshold. Dynamic
pixels were then binarized and the mean pixel intensity per ROI area was
calculated with the ImageJ Multi-Measure tool (Fig. 1C). These motion
measurements correlate with the number and the size of objects that
are in motion and the frequency of the movements. Locomotor activity
time was calculated by a roll-apply function (library(zoo)[40], window
width: 20 frames, quantile-25 > 0) that discriminates motion signatures
of tadpoles’ locomotor activity (swimming and tail flickering) from
those of quiescent periods. Buccal pumping rates were measured from
the main peak in the range 0.2-2.2 Hz of frequency spectra calculated
from motion signal data of 15 second intervals (4 intervals per minute).
Therefore, four measurements for each animal where obtained and one
was chosen after visual inspection of the plotted data. In a few cases
values were corrected manually.

Figure 3. Effect of propranolol and atropine on X. tropicalis cardiac activity. A. Raw image sequence (upper panel) and overlay of processed image
with dynamic pixels (lower panel, red pixels) of cardiac activity of a representative tadpole in ventral position. Dashed lines indicate the fully expanded
heart area were dynamic pixels occur. B-C. Representative plot of cardiac signals from a tadpole treated with tricaine alone over 15 seconds. (C) The
corresponding power spectrum shows a peak at 1.9 Hz that corresponds to the f(h). D-E. Propranolol [1 mM] treatment decreases f(h) and causes ar-
rhythmia, which is characterized by multiple peaks in the power spectra. F-G. Atropine [3 mM] treatment causes tachycardia (f(h) = 2.2 Hz). H. Boxplot
showing the distribution of heart beat rates for treatments; tricaine (n = 39), propranolol (n = 20), atropine (n = 19).

Cardiac activity assay
Images were blurred and constant elements were removed by sub-
tracting a maximum projection. Dynamic pixels were binarized above
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threshold and the mean pixel intensity per ROI area was measured
with the ImageJ Multi-Measure tool (Fig. 1D). The highest signals
correspond to dynamic blood-empty regions of the beating heart (Fig.
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3A, Movie S2). For automated calculation of heart beat rates, a soft-
ware script was used to filter out low frequencies and to calculate the
frequency spectrum of the signal. The heart beat frequency f(h) was
measured from the main peak in the range 0.4-2.3 Hz of frequency
spectra calculated from heart beat signals of a 15 second period. Very
low signal amplitudes indicated cardiac arrest and the f(h) was set to
0. Data were plotted for control and corrected manually if necessary. If
cardiac activity of a single animal per treatment group was undetectable,
it was removed from analysis.

Statistical analysis

Data calculations, statistical analysis and graphical presentations
were performed with custom R scripts (v.2.15.2). Numerical data in
the text are represented as mean + SEM and the differences for each
treatment condition relative to controls were assessed separately using
a Welch two-sample t-test and a P-value correction for multiple testing
[41]. Correlation between automated and manual distance measurements
was assessed with the R? correlation coefficient. Automated and manual
locomotor activity time measurements were first classified into four
groups, 0-1s, 1-25 s, 25-50 s, 50-60 s corresponding to: no activity,
moderate activity, high activity and very high activity, respectively. Then,
the weighted kappa coefficient (i ) was calculated to assess the level of
agreement between automated and manual measures. Semi-automatic
measures of heart beat frequency and frequency of buccal pumping
were considered as correct within = 0.1 Hz compared to manual mea-
surements that were obtained by manual counting from video material.

+
120
Q—l—l\}_/
“~
“~
-~ *%*
\} Tk
i‘
‘S
. *k*%
T 807 S
S .
Y .
L .
@© .
- .
@ .
é ‘\ *kk
40 .
.
‘
.
‘
.
.
‘
@ Atropine R
A Propranolol ;
0-
0 0.033 0.1 0.33 1 3.3

Concentration of atropin or propranolol [mM]

Figure 4. Concentration dependent effect of atropine and proprano-
lol on X. tropicalis cardiac activity. Heart beat rates of tadpoles were
measured after 10 min treatment with tricaine alone (control), or addi-
tionally supplemented with the indicated concentrations of propranolol
or atropine. Control animals and treatments with atropine or propanolol
were significantly different as indicated by asterisks, **P < 0.01 and ***P
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< 0.001 or atropine [3 mM] with + P = 0.068. Tricaine alone (n = 39, 10
independent experiments); atropine, circles and solid line (n = 19 to 20, 5
independent experiments); and propranolol, triangles and dashed line (n
= 20, 5 independent experiments).

RESULTS

Platform

We developed a platform for video recording X. tropicalis tadpoles
that consists of a digital monitor for transillumination and a digital
camcorder that is placed afar of the animals to avoid blind angles around
the well edges. We recorded entire 24-well plates containing tadpoles
of stage 48-50 that remained healthy and motile under these conditions.
Video streams were of sufficient spatial resolution to document tadpole
dimensions or estimate the developmental stage and allow observation
of small body compartments such as tail, mouth and the heart (Fig. 1-3).

Behavior assay

Video sequences were automatically processed on each well using two
distinct image analysis methods: tadpole tracking and motion analysis
(Fig. 1B-C; Materials and Methods). The tracking software calculated
the moved distances with high accuracy (Table 1). Motion analysis is
a frame-to-frame evaluation of the overall motion per well. Analysis of
individual animals revealed stereotypical patterns of different motion
signal intensities and densities, corresponding to different types of
movements that would be otherwise largely unexplored by the track-
ing method (Fig. 1C, Movie S1). Tadpole activity episodes occurred
spontaneously, combining sequences of swimming, or tail flickering
while maintaining the xy body position. These activities resulted in
signals of high frequency and at different signal intensities depending
on the frame-to-frame displacement of the animal. We analyzed body
movements of 80 individual tadpoles during 1 minute intervals. On
average animals performed locomotor activity during 16 + 2 seconds
(i.e. were mobile during ~27% of imaging time) and moved 76 + 12
mm. For the remaining ~73% of time, animals remained quiescent and
performed autonomic movements characterized by buccal pumping for
oxygen uptake from water, which occurred as rhythmic mouth open-
ing and closing (Fig. 2A). Buccal pumping was also seen as back and
forth ticking of the animals (Movie S1). Buccal movements occurred
as sharp and repeated peaks of low intensity in motion analysis plots
(Fig. 2B). The spectral analysis of these periodic signals revealed a
main peak corresponding to the animals buccal pumping frequency,
from which the buccal pumping rates were calculated (Fig. 2C, Table
1). Measurements from 56 out of 80 tadpoles showed buccal pumping
rates between 24 - 120 pumps per minute (Fig. 2F). The remaining 24
tadpoles were not accessible due to continuous locomotor activities
that interfered with small buccal pumping signals. In order to validate
this method we evaluated tricaine treated animals that are paralyzed
and do not ventilate. As expected, no buccal pumping or locomotor
signals appeared in motion plots and spectral analysis (Fig. 2D-F),
showing that at least such dramatic alteration of tadpole activity can
be automatically detected.

Cardiac activity assay

We set a novel cardiac activity assay for processing up to 24 animals
in parallel. The methodology was used to measure heart beat rates from
tadpoles (Fig. 1D, Materials and Methods). Animals were shortly anes-
thetized with tricaine (10 min), righted into ventral-up position to make
the cardiac system accessible for video recording and automated image
analysis for measuring the heart beat rates was performed (Movie S2).
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38/40 of tricaine treated X. tropicalis tadpoles showed robust cardiac
activity that occurred as waveform signals. Spectral analysis was used to
measure the heart beat frequency with high accuracy (Fig. 3, Table 1).

In order to evaluate the usefulness of the cardiac activity assay for
pharmacological studies, we compared control animals and animals
treated with increasing concentrations of the established chronotropic
drugs that cause reduction of cardiac activity (propranolol) or increase
cardiac activity (atropine) (Fig. 3-4). Heart beat rates of control ani-
mals (tricaine alone) were 109.7 £ 2.1 beats per minute (bpm) and no
irreversible effects or dead animals were found when animals were

Table 1. Correlation between manual and automated measurements.

observed 3 days after tricaine washout. The rhythmic heart beat rates
seen in control animals were significantly lowered with increasing doses
of propranolol. At highest concentrations most animals showed cardiac
arrest or slow and arrhythmic heart beats (propranolol [1 mM] =43.9
+ 6.8 bpm, propranolol [3.3 mM] = 5.7 £ 3.9 bpm, both significantly
different to controls with P < 0.001). In contrast, treatment with 3 mM
atropine, an antagonist of parasympathetic muscarinic receptors, had the
opposite effect and cardiac activity increased to 116.2 + 2.3 bpm (P =
0.068). Treatment with lower atropine doses did not result in significant
differences compared to control animals.

Parameter Observation n
Distance’ auto = 0.94 x manual [cm] + 0.4 [cm] , R2=0.99 30
Activity time$ K =0.95 80
Buccal pumping frequency auto = manual + 0.1 Hz, 100% 51
Heart beat frequency auto = manual £ 0.1 Hz, 97% 144

*Distance: the function used to fit the data is presented together with the correlation coefficient R2. SActivity time: According to the criteria reported by
Landis and Koch [46], the strength of agreement of a weighted kappa coefficient of k= 0.95 was “almost perfect”. f(bp) - buccal pumping frequency, f(h)

heart beat frequency.

DISCUSSION

Quantitative in vivo analysis of Xenopus tadpoles provides an attrac-
tive tool for neurological, physiological or eco-toxicological studies.
In addition, tadpoles seem to be an ideal tool for early stages of the
drug development process including the identification of novel drug
candidates or exclusion of drugs with unfavorable properties [7]. Such
investigations often require the analysis of hundreds or thousands of
samples thus raising the need for new high-throughput methodologies
for experimentation, monitoring and analysis of tadpoles. Our goal was
the development of an effective system that largely fulfils these criteria,
and we presented methodologies showing a combination of advantages
over existing methods.

First, the experimental approach is based on an advanced model
organism with great potential to genetics and pharmacology. Xenopus
tadpoles display a high evolutionary proximity to mammals and good
experimental usability. Importantly, we used these animals at pre-met-
amorphic stages with most of the organs and neuronal structures being
developed and functional. These animals are capable of performing
complex behavior trials and show learning abilities and social interac-
tions [21,22,26,27,42,43]. Such features are mostly not established in
embryos thus, favoring the tadpole model for experiments estimating
effects on human health. Besides the advantage of testing an advanced
organism, our methods benefit from the favorable animals’ dimensions
that permit parallel measurement of body movements and small body
compartments without the need for special microscope equipment or
genetically modified organisms.

Second, it was possible to obtain multiple readouts. We established
protocols for quantitative assessment of tadpole body movements, buccal
pumping and heart beat rates by using the same platform. This strategy
allows rapid testing of different biological features without the need
for multiple equipments. So far these assays could be performed only
separately in different setups instead of combined as described here.

Third, we defined a high-throughput assay. Experiments were per-
formed in 24-well plates that allow high-throughput experimentation
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and permit tadpoles to perform locomotor activities in the well area.
However, other plate formats (6 or 12 well) or dishes might be con-
sidered in order to overcome spatial restrictions. The cardiac activity
assay was performed at a throughput of approximately ~100 animals
per hour which is comparable to established high-throughput assays
with transgenic zebrafish embryos [18,19]. In addition, data analysis
protocols were largely automated thus, decreasing processing time and
inter-experimental variability. A further increase in throughput might
be achieved by optimization of the testing procedure, for example by
parallel processing of several multi-well plates.

Fourth, the cost of the experimental system is moderate and it does
not require fluorescence microscopy and sensitive CCD cameras. High
quality video recordings of tadpoles were obtained by using consum-
er-imaging equipment and most computer programs are freely available
for Windows, Mac and Linux operating systems.

And fifth, the setup is mobile. The platform can be installed and
uninstalled quickly and therefore it takes up laboratory space only
when being used. In addition, it can be applied to field studies were no
energy supply is available by using a battery driven digital screen from
a tablet or laptop computer for illumination.

We analyzed tadpole movements by two strategies, animal tracking
and motion analysis that are both useful and with several advantages.
Tracking of tadpoles by their xy positions allows the extraction of kinetic
parameters such as the moved distance that has been shown useful for
accessing animals’ motility in behavioral assays [42]. However, it is
insufficient for detection of small movements that occur during buc-
cal pumping or tail flickering. Therefore, we applied motion analysis
for quantification of pixel intensity changes due to movements of the
animal followed by automated analysis of the signals. This approach
allowed us to extract important features such as buccal pumping rates
and locomotor activity time. The incorporation of holistic spectral
analysis of the motion analysis signals [45] could enable the auto-
matic detection of many more movement parameters such as tail beat
frequencies or temporal patterns of movements. By using tracking
and motion analysis, we analyzed basal activity of tadpoles and found
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that tadpoles in 24-well plates are mainly immobile while performing
buccal pumping at variable frequency. This is a direct difference to
anesthetized or dead animals, which do not pump and can be identified
automatically by this method. We believe that this is a particular useful
measurement to perform dose-dependent relationships in toxicological
analysis of pollutants. The portability of the system together with the
straightforward interpretation of results could make our methodology
a valuable tool in field studies.

The tadpole heart is an established model system for in vivo studies
of this organ due to its quick development, optical accessibility and
structural similarities to mammalian hearts. We analyzed tadpole cardiac
activity with a high-throughput methodology. During the experiments,
animals anesthetized for a short and defined incubation time had only
small variations in their heartbeats, indicating that this treatment had
only moderate effects on tadpole cardiac activity. We validated this
methodology and analyzed alterations of cardiac activity that were
induced by established drugs. Propranolol is a B-adrenergic receptor
antagonist that slows down heart conduction of mammalian and Xenopus
laevis tadpole hearts [30]. In agreement with these results, X. tropicalis
tadpoles responded with a decrease of heart beat rates (bradycardia)
and showed arrhythmic figures. In contrast, atropine caused an increase
of X. tropicalis heart beat rates (tachycardia) suggesting an interfer-
ence with the parasympathetic control of cardiac activity [30]. These
observations showed that our cardiac activity assay is a useful tool for
high-throughput in vivo studies relevant to humans, since characteristic
pharmacology responses of the human heart are reproduced in Xenopus.

In summary, we have presented the development and validation
of an image-based platform for in vivo analysis of Xenopus tadpoles.
We analyzed body movements and cardiac activity at high resolution
and high-throughput. The easy implementation and straightforward
interpretation of results makes this image-based platform an ideal
cost-effective methodology for screening of potential toxins and drugs
affecting motor and autonomous nervous system functions.
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Supplementary information

Movie S1. Behavior assay of a X. tropicalis tadpole. This com-
pressed video sequence shows the raw image sequence and image analysis
data of the behavior assay of a tadpole in a 24-well plate. Overlay with
data from animal tracking (blue, middle panel) and dynamic pixels from
motion analysis (red, right panel) are presented in the upper panel and
the corresponding animated plots of the signals are shown in the lower
panel. The animal is quiescent while performing buccal pumping (back
and forth ticking), and then it performs a locomotor activity episode
and returns being quiescence.

Movie S2. Cardiac activity analysis of a X. tropicalis tadpole.
Compressed video sequence showing representative video analysis of
the beating heart of an anesthetized tadpole over 5 seconds. Upper left:
raw image sequence, Upper right: overlay of the raw image sequence
and motion analysis sequence with dynamic pixels (red). Lower panel:
animated plot of motion signal.

Supplementary information of this article can be found online at
http://www.jbmethods.org.
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