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Abstract

Traditional laboratory practicals exploring cardiovascular physiology and pharmacology rely on mammalian models, presenting
ethical, financial, and logistical challenges. Danio rerio (zebrafish) larvae offer a compelling alternative that aligns with the partial
replacement principle of replacement, reduction, and refinement (the 3Rs), while providing an opportunity for students to
develop desirable in vivo skills to improve their employability. Here, we introduce an engaging set of in vivo laboratory practicals
suitable for large undergraduate cohorts that utilizes larval zebrafish to investigate cardiac ion channels and receptors. The prac-
tical involves two 3-hour sessions where students measure heart rate in 72- and 96-hour postfertilization larvae in response to
various treatments. The first session introduces students to handling larval zebrafish before exploring the effects of a reduced
ambient temperature and application of the commonly used zebrafish anesthetic tricaine (MS-222) on both heart rate and the
zebrafish startle reflex. Finally, students apply the well-known adrenergic agonist adrenaline. The second session empowers stu-
dents to develop their own testable hypothesis regarding which ion channels or receptors are likely to influence zebrafish heart
rate, providing them with the autonomy to select two pharmacologically active drugs from a carefully curated list [e.g. isoprotere-
nol (b-adrenergic receptor agonist), propranolol (b-adrenergic receptor antagonist), and nifedipine (L-type calcium channel
blocker)] that will enable them to address their hypothesis. Students’ subsequent data for analysis allows them to develop an
understanding of the conserved and divergent aspects of cardiac physiology between zebrafish and mammalian systems, and
an appreciation of the importance of appropriate model selection in physiological and pharmacological research.

NEW & NOTEWORTHY The document outlines how large-scale undergraduate practical classes involving Danio rerio (zebrafish)
can be used to teach cardiovascular physiology. It emphasizes the educational value of using live zebrafish to explore heart
rate, drug effects, and homeostasis. The process supports active, inquiry-based learning, fostering engagement, critical thinking,
and collaborative skills. It also addresses ethical and logistical considerations. Overall, the approach effectively combines hands-
on experimental experience with core physiological concepts in an impactful educational format.

cardiovascular; partial replacement; zebrafish; 3Rs

INTRODUCTION

Exploring the cardiovascular and autonomic nervous sys-
tems is a fundamental part of any physiology and pharma-
cology education. To gain an understanding of human
cardiac tissue, including the ion channels and receptors that
regulate its activity, traditional laboratory practicals have
often relied on mammalianmodels as a physiologically rele-
vant alternative. However, mammalian models such as the
Langendorff preparation and other isolated heart prepara-
tions (1, 2) come with significant ethical, financial, and logis-
tical challenges. As an alternative to mammalian models,
educators often turn to computational models, which can
allow students to develop a good understanding of cardiac
physiology (3, 4). However, computational models do not
address concerns around a reduction in the number of

students graduating without any in vivo experience (5),
which has led to an in vivo skills gap in graduates (6–8). This
necessitates the exploration of alternative, robust, and edu-
cationally valuable nonmammalian in vivo models to study
cardiovascular physiology and pharmacology.

Zebrafish (Danio rerio) offer a compelling alternative to
mammalian models, particularly in larval stages, aligning
with the partial replacement aspect of replacement, reduc-
tion, and refinement (the 3Rs). In the United Kingdom,
zebrafish larvae are not considered protected animals until
they reach 5 days postfertilization (dpf), aligning with the
point at which they are capable of independent feeding (9,
10). Although not a full replacement, this significantly
reduces the ethical burden associated with their use, allow-
ing for large-scale, noninvasive experiments. Furthermore,
zebrafish husbandry is relatively inexpensive and requires
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less specialized infrastructure compared to mammalian
housing, contributing to substantial reductions in finan-
cial and logistical overheads. Here, we describe a labora-
tory practical using zebrafish, which provides students
with hands-on experience of an in vivo lower vertebrate
model to investigate the ion channels and receptors pres-
ent in cardiac tissue.

Objectives and Overview

The modulation of zebrafish heart rate practical classes
are suitable for large cohorts of undergraduate students and
use the simple measurement of heart rate in larval zebrafish
in vivo. Students apply various drugs, including those with
anesthetic properties and drugs known to influence human
heart rate, and observe the effects in the in vivo model, gen-
erating their own data for subsequent analysis. This practical
also provides an excellent starting point for discussions
around the ethics of animal use and the concepts of the 3Rs.
The practical class described can be easily expanded for indi-
vidual or group work projects, such as a final year capstone
project.

The objectives of the described practical classes are
1) to use zebrafish appropriately to measure a key physio-
logical variable, heart rate, in vivo; 2) to design appropriate
experiments to investigate the effect of drugs on zebrafish
heart rate; 3) to analyze data relating to changes in heart rate
and use this to evaluate the similarities and differences
between mammalian and zebrafish hearts; and 4) to intro-
duce students to the importance of appropriate models to
investigate physiological function and evaluate pharmaco-
logical compounds.

Background

Zebrafish are a valued model across the biosciences
from drug screening to understanding human disease,
including cardiovascular disease (11–13). Zebrafish have a
single circulatory system, which requires a two-cham-
bered heart consisting of a single atrium and a single
ventricle; a significant structural difference from the four-
chambered mammalian heart. Despite this structural dif-
ference, the range of heart rate in an adult zebrafish [120–
180 beats/min (bpm); Ref. 14] is more similar to humans
than that of common mammalian models such as the
mouse. Adult zebrafish electrocardiograms show distinct
P, QRS, and T waves, and the QT duration suggests a simi-
lar cardiac repolarisation time to humans (14). Most of the
specialized cardiac cell types, for example, pacemaker
cells, are found in both human and zebrafish hearts. The
overall shape of a cardiac action potential is also similar to
that of humans, with the depolarizing phase of the action
potential mediated by voltage-gated Naþ channels, the
plateau phase mediated by voltage-gated L-type Ca2þ

channels, and the repolarizing phase mediated by the
rapid delayed rectifier current (IKr; Refs. 15–17). These sim-
ilarities can be observed pharmacologically, as the volt-
age-gated Naþ channel blockers tetrodotoxin and tricaine
(also known asMS-222) reduce the action potential upstroke,
and the L-type Ca2þ channel blocker nifedipine shortens the
plateau phase of zebrafish cardiac action potentials (16,
18). Although the zebrafish cardiac function is not fully

developed in larval zebrafish, the ECG profile at 72 h post-
fertilization (hpf) is very similar to that of adult zebrafish
described above (19). Heart rate does vary with develop-
ment, steadily increasing between 24 and 96 hpf, where it
can reach over 200 bpm, before slowing again as they reach
adulthood (16, 18). Regardless of this increase, the larval
zebrafish heart rate is still lower than that of commonly
used mammalian models. Unlike endothermic mam-
mals, zebrafish are ectotherms whose heart rate can be
influenced by ambient temperature, with a substantial
decrease in heart rate as ambient temperature is reduced
from 28�C to 18�C (19). This makes zebrafish amenable to
anesthesia by rapid cooling, particularly in larval zebrafish
(20); however, it is a major difference between zebrafish
and mammals.

The heart rate of both humans and zebrafish is dynami-
cally regulated by the autonomic nervous system, com-
prising the sympathetic and parasympathetic branches.
Sympathetic stimulation, mediated by the release of nor-
epinephrine from sympathetic neurons and activation of
b-adrenergic receptors expressed by pacemaker cells and
cardiac myocytes, increases heart rate and contractile
strength. Conversely, parasympathetic stimulation, via
acetylcholine (ACh) release from the vagus nerve, activates
muscarinic receptors expressed by pacemaker cells and
results in a decrease in heart rate. Some evidence suggests
that this autonomic regulation can be seen early in zebra-
fish development, with increases in heart rate in response
to the application of norepinephrine and the b-adrenergic
agonist isoprenaline (also known as isoproterenol) observed
from 96 hpf (18, 21, 22). The development of functional sym-
pathetic innervation and thus the endogenous release of nor-
epinephrine can be assessed by the observation of a decrease
in heart rate in response to the b-adrenergic antagonist pro-
pranolol; in zebrafish, this is first observed at 5 dpf (21, 22). In
relation to the parasympathetic system, muscarinic M2
receptors are expressed in cardiac tissue from 30 hpf (23),
with the nonselective cholinergic agonist carbachol evoking
bradycardia from 72 hpf. In contrast to this, responses to the
nonselective cholinergic agonist ACh are not seen until 5 dpf
(21). The lack of response to the nonselective muscarinic
antagonist atropine until 11–12 dpf has suggested that para-
sympathetic innervation does not occur until this time point
(21). However, mild electrical stimulation at 0.5 Hz of 5- to
7-dpf zebrafish has been observed to induce atropine sensi-
tive bradycardia and propranolol sensitive tachycardia (24),
evidencing that central autonomic regulation of cardiac
function is active in larval zebrafish.

These practicals give students a valuable opportunity to
observe the effects of drugs on a simple measurement in
an in vivo model, something that simply cannot be
achieved for logistical and ethical reasons in mammalian
models. The similarities and differences between zebrafish
and mammalian systems highlighted above offer excellent
discussion points for students when considering zebrafish
as a model organism for understanding cardiac physiology
and testing cardiac drugs. This allows students to consider
how aspects such as the developmental age of a model and
conditions such as temperature and the use of an anes-
thetic can affect their results.
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Learning Objectives

After completing this activity, the student will be able to
do the following:

1) Explain what the term “protected animal”means in rela-
tion to performing scientific experiments using D. rerio
(zebrafish) within the United Kingdom;

2) Design experiments to investigate the effect of drugs on
heart rate in the in vivomodel zebrafish;

3) Calculate and perform drug dilutions to administer drug
compounds to the in vivomodel zebrafish;

4) Use a dissecting microscope to observe changes in heart
rate in the in vivomodel zebrafish;

5) Analyze the data through data visualization and using
descriptive and inferential statistics to determine the
effect of drugs on heart rate inD. rerio;

6) Use the data collected to discuss whether tricaine is a
useful anesthetic when investigating zebrafish heart
rate; and

7) Use the data collected and knowledge of themammalian
heart to discuss the similarities and differences between
themammalian heart and the zebrafish heart.

Activity Level

The activity presented in its current form is suitable for all
levels of undergraduate students in the general biomedical
science disciplines; it acts as an early opportunity for stu-
dents to engage with in vivo techniques and learn about the
importance of choosing an appropriate model organism for
their given question. Should the range of drugs detailed later
feel inappropriate for a particular cohort of students, this
can be amended to use a smaller, simpler range of drugs.
Alternatively, this could also be easily adapted for students
to complete as a final year capstone project or as a project for
taught master’s students and master’s by research students.
If adapting for a project, students could have more freedom
in choosing the drugs that they wished to investigate.

Prerequisite Student Knowledge or Skills

Before doing this activity, students should have a basic
understanding of cardiovascular and autonomic physiology,
more specifically the basic complement of ion channels that
are expressed in mammalian cardiac tissue and the basic
receptor subtypes used by the sympathetic and parasympa-
thetic branches of the autonomic nervous system to regulate
heart rate. It is also important that students have been
taught how to behave appropriately when using a model
organism, to be introduced to the zebrafish as the model
organism that they will be using, and to undertsand the con-
cepts of replacement, reduction, and refinement (the 3Rs).
Students should know how to use a standard laboratory
micropipette, calculate drug dilutions, and use a standard
laboratory dissectingmicroscope.

Time Required

Zebrafish must be marbled 4 days in advance of the first
session if one wishes to use zebrafish at 72 hpf (this is the age
when zebrafish typically hatch). Marbling refers to the tech-
nique of placing a layer of marbles at the bottom of the fish

tank to prevent predation of the zebrafish eggs. Here, the
eggs are protected by settling in between the marbles. The
age at which initial experiments are performed can be
adjusted slightly if needed to fit your timetable; however, be
aware that if using fish earlier than 72 hpf, you will either
have to dissect the zebrafish from their chorion or teach the
students how to do this. This can be technically challenging
and is only recommended if students have been taught
microdissection previously.

The students require at least one 3 hour session to explore
the basics of measuring zebrafish heart rate andmodulating
this by reducing the ambient temperature, applying the
anesthetic tricaine, and the adrenergic receptor agonist adre-
naline (epinephrine). However, to incorporate experimental
design and allow students to develop further hypotheses, it
works better as two 3 hour sessions. The second session can
be used to allow students to select two or three drugs from a
curated selection to allow them to test their own specific
hypothesis. For example, students could choose to focus on
agonists and/or antagonists that are selective for b-adrener-
gic receptors or for cholinergic receptors.

METHODS

Equipment and Supplies

Modulation of zebrafish heart rate.
The following should be available for a student to set up their
workstation (Fig. 1):

• Three small petri dishes containing 5 mL of E3 medium
and 72-hpf (for experiment 1) or 96-hpf (for experiment
2) zebrafish (nacre mutant);

• The E3 media contain 5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl2, and 0.33 mM MgSO4 at pH 7.2–7.3, dis-
solved oxygen >6.3 mg/L, total hardness of 65 mg/L (as
CaCO3), and temperature of 28 ± 1�C;

• Dissecting microscope;
• Large petri dish (to use as an ice bath);
• Dissecting seeker;
• Pasteur pipette;
• Counter;
• Stopwatch;
• Thermometer;
• Container of ice/access to an ice machine;
• Pipettes and tips (P5000, P1000, and P100);
• Waste bucket;
• An Eppendorf with 5 mM tricaine; and
• An Eppendorf of 1 mM adrenaline.

The Eppendorfs containing the appropriate stock concen-
trations of the remaining drugs (Table 1) are available on
request from the session leader. These drugs should be kept
on ice during the practical to prevent degradation.

Ethical responsibilities of staff and students.
A strain of zebrafish nacre (25) is most useful for these
experiments, as it lacks melanophores and thus allows the
heart to be visualized more easily. However, most other
zebrafish strains, including wild-type, could be used for
these experiments as the pigmentation is relatively low and
does not obstruct visualization of the heart at the ages used.
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The zebrafish used in the experiment are used up to 96 hpf
and are therefore exempt from the UK’s Animals (Scientific
Procedures) Act, 1986. Regardless, students are taught to
look out for any signs of distress in the zebrafish and to
notify the teaching staff if they suspect that the zebrafish has
been damaged. Adopters of this activity are responsible for
obtaining permission for human or animal research from
their home institution. For a summary of Guiding Principles
for Research Involving Animals and Human Beings, please
see https://www.physiology.org/mm/Publications/Ethical-
Policies/Animal-and-Human-Research.

Instructions

Preparation for the practicals.
1) Production and care of zebrafish embryos:

• Zebrafish should be maintained at 28�C, ideally on a
14-hour light/10-hour dark cycle. Zebrafish can be
maintained within a simple tank in tap water, which
requires regular cleaning (26) or a purpose-built
aquatic system that contains a circulating system
that filters and aerates the water (27).

• For breeding large numbers for an experiment,
Westerfield (26) provides excellent, detailed advice.
Briefly, add the female to the tank with the male while
adding a layer ofmarbles at the bottom of the tank. The
followingmorning, the onset of light will initiate breed-
ing, and fertilized eggs will lay within the layer of mar-
bles. The eggs can then be collected using a net, any
debris can be removed and eggs can be placed in a petri
dish of E3 embryo media. Methylene blue (0.01%;

Figure 1. Equipment needed for the zebrafish experiments.
Students require a standard dissecting microscope, 3 small
petri dishes containing 5 mL of E3 medium, and 72-hour
postfertilization (hpf; for experiment 1) or 96-hpf (for experi-
ment 2) zebrafish (nacre mutant), a counter and a stopwatch
to perform basic measurements, a dissecting seeker (high-
lighted by the white arrow) to enable the startle reflex to be
tested, a large petri dish to use as an ice bath and a ther-
mometer to achieve the required temperature, a Pasteur
pipette to transfer zebrafish between petri dishes, pipettes
and tips (P5000, P1000, and P100), and stock concentra-
tions of tricaine and adrenaline.

Table 1. Adrenaline (also known as epinephrine) and other optional compounds

Drug Known Target in Mammals Expected Effect

Stock

Concentration

Working

Concentration Supplier Details

Adrenaline (epinephrine) Nonselective a/b-adrenergic
agonist, some selectivity
for b2

Increase in heart rate 1 mM 10 lM Sigma-Aldrich, cat. no.
E4250

Isoprenaline Nonselective b-adrenergic
agonist

Increase in heart rate 10 mM 100 lM Sigma Aldrich, cat. no.
I5627

Salbutamol b2-adrenergic agonist Increase in heart rate 1 mM 10 lM Sigma-Aldrich, cat. no.
S8260

Propranolol Nonselective b-adrenergic
antagonist

Decrease in heart rate� 1 mM 10 lM Sigma-Aldrich, cat. no.
P0689

Atenolol Selective b1-adrenergic
antagonist

Decrease in heart rate� 10 mM 1 mM Sigma-Aldrich, cat. no.
A7655

Acetylcholine (ACh) Nonselective ACh receptor
agonist

Decrease in heart rate� 10 mM 1 mM Sigma-Aldrich, cat. no.
A6625

Bethanechol Muscarinic ACh receptor
agonist

Decrease in heart rate� 10 mM 100 lM Sigma-Aldrich, cat. no.
PHR2357

Nifedipine L-type Ca2þ channel
blocker

Decrease in heart rate� 1 mM 10 lM Sigma-Aldrich, cat. no.
N7634

Suggested stock and working concentrations are provided, along with the known molecular target and known effect in humans. �See
Expected Results for a more detailed description of this expected effect.
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Sigma-Aldrich) can be added as a fungicide. Embryos
should be incubated at 28.5�C. Embryos can be sorted
under a microscope to remove any unfertilized eggs;
they should be cleaned daily.

• Zebrafish embryos will hatch from their chorion
between 48 and 72 hpf (28), making 72 hours a useful
time to start experiments as one does not have to
remove the chorion through dissection.

2) Stock solutions of tricaine (5 mM; ethyl 3-aminoben-
zoate methanesulfonate salt; Sigma-Aldrich) and all
other experimental drugs (Table 1) should be prepared in
Eppendorfs in advance and frozen until the day of the
practical.

Laboratory session 1.
Note that part of the aims of this session is for students to
decide on exactly how they will perform the experiments.
The instructions given below are more extensive than those
currently given to students. Students are each given three
zebrafish, each in a petri dish with 5 mL E3 medium, and
perform all experiments described for session 1 on the same
three zebrafish. You can choose to allow students to use a
different zebrafish for each condition; however, in the inter-
est of reducing the number of animals used for this practical
class, this is not how it is currently delivered.

1) Label each petri dish so that control, drug, and wash-
out recordings can be attributed to the correct zebrafish.

2) Test and record the temperature of the E3 medium for
your control recordings.

3) Using the dissecting microscope, identify the heart
(highlighted by the white arrow in Fig. 2) and measure
the heart rate for each of your 72-hpf zebrafish in E3
medium. Use the counter to keep a record of how many
beats are observed over a 30-second period then double
this to calculate heart rate in beats per minute. Collect
three repeats in total for each of the three zebrafish.

4) Test the presence of the zebrafish startle reflex by using
the dissecting seeker to gently nudge the zebrafish tail;
zebrafish that are not anesthetized should swim away.

5) Assess the effect of reducing temperature to 15�C:

• Create a cold water bath by adding a small amount of
ice and some cold water to the large petri dish, testing
the temperature using the thermometer until your

water bath is just below 15�C. Transfer one of your
petri dishes to this cold water bath, ensuring no cold
water enters the petri dish as this will affect the osmo-
larity of the solution, and leave for a few minutes to
reach the required temperature of 15�C. Addmore ice
to your water bath if required to achieve the correct
temperature.

• Once the correct temperature is achieved, measure
heart rate three times and test the startle reflex before
removing the petri dish containing the zebrafish back
to the bench to return to your original control tempera-
ture. Repeat for the remaining two zebrafish.

• Once the zebrafish have returned to control tempera-
ture, measure heart rate three times and test the star-
tle reflex. A warmwater bath can be used to speed up
this return to room temperature.

6) Using the same three zebrafish, assess the effect of 500
lM tricaine on zebrafish heart rate and immobilization:

• Dilute 5 mM tricaine to 500 lM tricaine within the
petri dish containing the zebrafish. Avoiding the zebra-
fish, gently remove 500 lL of E3medium from the first
petri dish and add 500 lL of 5mM tricaine.

• After 5minutes, use the seeker to test the startle reflex.
If there is no reflex,measure the heart rate three times.

• Use a pasteur pipette to transfer the zebrafish to a
fresh petri dish containing 5 mL of E3 medium. After
5 minutes, use the seeker to test the startle reflex.
Once the reflex has returned, measure the heart rate
three times.

7) Using the same three zebrafish, assess the effect of 10
lMadrenaline (epinephrine) on zebrafish heart rate.

• Avoiding the zebrafish, gently remove 50 lL of E3
medium from the petri dish and add 50 lL of 1 mM
adrenaline. After 5 minutes, measure the heart rate
three times.

• Use a pasteur pipette to transfer the zebrafish to a
fresh petri dish containing 5 mL of E3 medium.
After 5 minutes, measure the heart rate. If it has not
returned to control values, wait a further 5 minutes
andmeasure heart rate again.

8) Any zebrafish used in experiments should be euthanized
by placing them in 1% sodium hypochlorite (bleach) for

Figure 2. A 72-hour postfertilization (3-day postfertilization)
nacre zebrafish. The arrow indicates the zebrafish heart.
Note the ability to see the blood in this region.
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at least 5 minutes. Your session lead will dispose of
euthanized zebrafish.

Laboratory session 2.
1) Using the same protocols as laboratory session 1, first

measure the heart rate for each of your 96-hpf zebrafish
in E3 medium. This is important as you are using three
new zebrafish and they are now 24 hours older, so you
must establish a new baseline heart rate.

2) Once you have developed your hypothesis regarding
zebrafish cardiac ion channels and/or receptors, choose
two appropriate drugs fromTable 1 to test this hypothesis.
Assess the effect of your two chosen drugs on zebrafish
heart rate using the methods from laboratory session 1.
You can also apply two drugs together if this helps to test
your hypothesis. The drugs (Table 1) are not an exhaus-
tive list of what can be given to students but are those
often used for convenience and relevance to our students.

3) Any zebrafish used in experiments should be euthanized
by placing them in 1% sodium hypochlorite (bleach) for
at least 5 minutes. Your session lead will dispose of
euthanized zebrafish.

Troubleshooting

Students usually identify the heart easily; however, they
can struggle to determine exactly what to focus on to mea-
sure heart rate. As the blood travels through both chambers,
for each heartbeat there aremovements that can be observed
in the atrium and ventricle. Students are advised to pick a
chamber to focus on when counting to ensure they do not
count each beat twice. Although not required for students to
achieve the learning objectives, you can use a camera for
improved counting accuracy. This is advisable if developing
this experiment as a capstone or master’s research project.
You could use a camera to record the heart, then count
heartbeats at a slower playback speed. This can be achieved
in two ways. First, if you have mobile phone mounts (for
example, the Phonelink Adapter; Brunel Microscopes, Ltd.),
students can attach a phone to the microscope eyepiece and
record the heart. Counting can be achieved by watching at a
slower playback speed. Second, if you have a no mobile
phone policy for students during practicals, you can pur-
chase cameras, for example, the Brunel Eyecam Plus 5 M
(Brunel Microscopes, Ltd.) to insert into themicroscope.

If a student cannot evoke a startle reflex in control condi-
tions, they should be assured that this is a possibility, as
although the tactile startle reflex generally develops by 48
hpf (29), there can be interindividual variation in the devel-
opment, with some zebrafish not exhibiting a startle reflex
(30). This is no reason to abandon this zebrafish. If the tri-
caine does not appear to be inducing a loss of the startle
reflex, students should first consider whether they have
pipetted the correct amount. Subsequently, they should
check whether they have overstimulated the zebrafish with
excessive light and thus an increase in ambient temperature
or through excessive movement of the fluid and use of the
dissecting seeker. These considerations should also be made
if the heart rate does not return to baseline levels following
removal of the anesthetic. Variations in responses are

expected, and this can prove a useful point to discuss the
variability of real biological data. If zebrafish responses
become more variable over the course of the application of
drugs, this can be a useful discussion point for the balance
between collecting good-quality data and reducing the num-
ber of animals used.

Recommended working concentrations of drugs are given
based on their potency and considerations given to themaxi-
mum concentrations considered safe for undergraduate stu-
dents to work with. The working concentrations suggested
for drugs all evoke responses where expected based on the
expression of receptors and development of the autonomic
nervous system (see Expected Results). Higher working con-
centrations could be used if instructors deem this safe for
their students on consultation with the material safety data
sheets. It should be noted that the atenolol and ACh stocks
are made up in E3 media, so the 1:10 dilution should not
affect the osmolarity of the solution or introduce another
factor that could affect heart rate. This could be used as a
point at which you can introduce the concept that a solvent
used to dissolve a drug could influence the experiment and
that where this is the case appropriate solvent controls
should be used.

Zebrafish can become more active at 96 hpf, swimming
around the petri dish more, which canmake it more difficult
to visualize the heart for a long enough time for counting.
Students can be encouraged to use tricaine as an anesthetic
or create an ice bath to lower the body temperature of the
zebrafish and thus reduce zebrafishmovement. If expanding
this into a project, students could be taught to mount zebra-
fish in 3% methylcellulose to prevent excessive movement
and increase the accuracy of heart rate measurements. To
achieve this, prepare the 3% methylcellulose (Sigma;
M-0387) in E3 medium and place on a shaker to dissolve
overnight. Transfer a small amount of 3% methylcellulose
onto a shallow glass depression slide (SLS Select Slides
Single Cavity; MIC3450). Transfer the zebrafish on top of the
methylcellulose and cover with E3medium, with or without
your test drug, to fill the depression. Gently press the zebra-
fish into the methylcellulose and adjust it to the correct ori-
entation to view the heart (31). To change the solution,
simply remove the solution from the top of the methylcellu-
lose, replace it with the new solution, and leave it to equili-
brate for 2 minutes.

At 96 hpf, the zebrafish heart rate also increases (18), mak-
ing it more difficult to count. If not using a camera, it can be
easier to encourage students to select drugs that are more
likely to slow down the heart rate. One could complete both
experiments using 72-hpf zebrafish if both sessions are run
on the same day; however, one is likely to see responses to
fewer of the drugs (see Expected Results). As a single batch of
zebrafish embryos can be 200 or more, to reduce the use of
animals and prevent excess waste of zebrafish, the sessions
could be run on the same or concurrent days.

Safety Considerations

For animal welfare, we advise students to use a low inten-
sity of light from the dissectingmicroscope.

Due to the potentially toxic nature of some of the drugs,
stock solutions are kept in small quantities in Eppendorf
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tubes, and students are required to ask staff for the drugs
when ready to perform their experiments. Recommended
working concentrations of drugs are given.

Before any students in the United Kingdomundertake lab-
oratory work of the type described in this paper, they must
fill out forms relating to the identification of hazards relating
to the planned experiments. These Control of Substances
Hazardous to Health (COSHH) forms are a ubiquitous fea-
ture of experimental work in UK universities, and students
are well versed in these safety protocols and acceptable ways
of working.

Students are therefore required to provide confirmation
that they have read the COSHH form for this experiment
before they can take part. Additionally, students are
trained how to take gloves off appropriately to ensure the
skin is never in contact with the external aspect of the
gloves.

RESULTS AND DISCUSSION

Expected Results

Students measuring heart rate of larval zebrafish by eye in
vivo found that the heart rate at 72 hpf was 156± 25 bpm (n ¼
120), and this decreased significantly (73 ± 27 bpm, n ¼ 120;
P < 0.001) when the ambient temperature was reduced to
15�C (Fig. 3A). Heart rate was capable of a full recovery to
baseline when zebrafish were returned to the original control
temperature. At 72 hpf, 80% of zebrafish displayed a startle
reflex (n ¼ 120), whereas only 26% displayed a startle reflex
at 15�C (n ¼ 120); as with heart rate, a full recovery was
observed when returned to control temperatures.

Tricaine (MS-222) is a voltage-gated Naþ channel blocker
and a commonly used anesthetic in zebrafish. It was expected
to abolish the startle reflex and decrease heart rate (9).
Student experiments showed a decrease in the number of
zebrafish exhibiting a startle response from 78% in control
conditions to 24% in 500 lM tricaine (n ¼ 117), with the vast
majority of zebrafish (71%; n ¼ 116) showing a recovered star-
tle reflex on return to E3 media. A small but significant
decrease in heart rate was observed by students (control,
160±26 bpm, n¼ 117; tricaine, 155±27 bpm, n¼ 117; return to
control, 167±26 bpm, n¼ 116; P< 0.01; Fig. 3B).

When turning attention to drugs known to regulate heart
rate in humans, as expected, students observed a reversible
increase in heart rate on application of the nonselective
adrenergic agonist adrenaline (control, 168± 29 bpm, n ¼ 78;
10 lM adrenaline, 194± 36 bpm, n ¼ 78; return to control,
168 ± 27 bpm, n ¼ 71; P < 0.0001; Fig. 3C). Moving to the
optional drugs that can be chosen by students based on their
specific hypothesis, the isoprenaline, a nonselective b-adre-
nergic agonist causes an increase in heart rate (18), while the
effects of salbutamol, a b2-adrenergic agonist, are more var-
ied due to the expression of two different b2-adrenergic
receptor genes in the zebrafish heart that have been shown
to have complex effects on heart rate (22). The potential
effects of salbutamol provide a platform to discuss the possi-
ble cardiac side effects of its use in the treatment of asthma.
It also allows for a separate discussion about howmany ani-
mals, including zebrafish, have multiple genes for a single
protein compared to humans having a single gene, and what
this means for studying these species.

The application of the nonselective b-adrenergic antago-
nist propranolol and the selective b1-adrenergic antagonist
atenolol is not expected to elicit a change in heart rate at 96
hpf. Responses have previously been observed from 5 dpf
(21, 22), suggesting sympathetic regulation is not active until
this point. However, at 96 hpf, the increase in heart rate
observed in response to adrenaline can be reduced by the
coapplication of either propranolol or atenolol. These differ-
ences can be used as useful discussion points for choosing
the correct developmental time points for studying a certain
function within a given organism and for a discussion
around the mechanism of action of antagonists in the pres-
ence and absence of endogenous and exogenous agonists.

Moving to the drugs modulating the parasympathetic
control of cardiac function, the nonselective cholinergic
agonist acetylcholine (ACh) and the muscarinic choliner-
gic agonist bethanechol may be expected to decrease heart
rate. However, given the varied developmental time points
(3–5 dpf) at which responses in heart rate to cholinergic
agonists have been observed (21, 23), it is not surprising
that many students do not observe responses to these ago-
nists. Again, this does provide an opportunity to discuss
the importance of choosing a model organism at an appro-
priate time point for your given hypothesis.

Figure 3.Modulation of embryonic zebra-
fish heart rate. A: decreasing temperature
from 22 �C to 15 �C reduces heart rate in
3-day postfertilization (dpf) zebrafish (n ¼
119); bpm, beats per minute. B: tricaine
(500 lM) elicits a small decrease in heart
rate in 3-dpf zebrafish (n¼ 113). C: adrena-
line (10 lM) increases heart rate in 4-dpf
zebrafish (n ¼ 68). Data shown as mean ±
SD. �P< 0.05, ��P< 0.001, Friedman test
and Dunn’s multiple comparisons.
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Finally, the L-type Ca2þ channel blocker, nifedipine, usu-
ally produces a decrease in heart rate (32). However, an
increase in heart rate is sometimes observed, which could be
analogous to the reflex tachycardia seen in humans in
response to high doses of nifedipine (33). This response
allows for a discussion around the complexities of in vivo
studies and the importance of considering how drugs may
impact the vasculature as well as the heart.

Misconceptions.
As mentioned when troubleshooting, there are misconcep-
tions from students about zebrafish being defective if they do
not exhibit a startle reflex under control conditions. Although
the tactile startle reflex generally develops by 48 hpf (28),
there can be interindividual variation in the development,
with some zebrafish not exhibiting a startle reflex (30).

Evaluation of Student Work

Inquiry applications.
This practical allows students to experience facilitated
inquiry, where there are broad guidelines for the research
question and methods, but the students need to specify the
exact question in choosing their drugs and design the finer
details of the method. They are given the question “Are
zebrafish a useful model for investigating cardiac physiol-
ogy?’ and told to focus on the similarities in changes of heart
rate in response to drugs that have known actions in
humans. The first session is very guided, and then the sec-
ond allows for the development and testing of their own
hypotheses. They are given the freedom to choose whether
to perform the second day’s experiments with tricaine anes-
thesia or at a lower temperature, and whether they wish to
apply drugs alone or together.

The activity could be made more student-centered by
allowing them to choose which aspect of zebrafish physiology
or behavior they wish to investigate to determine whether
they are a useful model. They could be allowed to research
the experimental drugs from scratch rather than choosing
from a defined list, or consider manipulating ion concentra-
tions in the E3medium to assess the effect on homeostasis.

Wider educational applications.
As discussed in Expected Results, this practical series allows
one to explore numerous topics including themechanism of
action of antagonists, the localized expression of specific
receptor subtypes, and mechanisms underlying side effects
of clinical drugs, the complications arising from using an in
vivo model, and the importance of using appropriate devel-
opmental ages for studying different systems. Any of these
topics could be expanded on to create additional problem-
based learning studies.
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