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[Abstract] Exercise capacity, measured by treadmill in humans and other mammals, is an important
diagnostic and prognostic index for patients with cardiomyopathy and heart failure. The adult zebrafish
is increasingly used as a vertebrate model to study human cardiomyopathy due to its conserved
cardiovascular physiology, convenience for genetic manipulation, and amenability to high-throughput
genetic and compound screening. Owing to the small size of its body and heart, new phenotyping assays
are needed to unveil phenotypic traits of cardiomyopathy in adult zebrafish. Here, we describe a
swimming-based functional assay that measures exercise capacity in an adult zebrafish doxorubicin-
induced cardiomyopathy model. This protocol can be applied to any adult zebrafish model of acquired

or inherited cardiomyopathy and potentially to other cardiovascular diseases.
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[Background] Given its conserved cardiovascular physiology and genetic amenability, adult zebrafish
is an emerging vertebrate model for cardiomyopathy studies (Gut et al., 2017). Since the first evidence
of conserved cardiac remodeling processes in this low vertebrate model (Sun et al., 2009), a panel of
acquired and inherited cardiomyopathy models has been established in adult zebrafish (Dvornikov
et al., 2018). In comparison with rodent models, zebrafish models possess higher throughput that
enables forward genetic screens to identify novel genetic modifiers (Ding et al., 2016; Ma et al., 2018)
and chemical screens to rapidly assess therapeutic drug candidates for cardiomyopathy. However,
phenotyping tools for adult zebrafish models of cardiomyopathy remain a bottleneck, partially due to
technical challenges associated with the small size of adult zebrafish.

In human patients with cardiomyopathy and subsequent heart failure, exercise intolerance is an
important pathophysiologic hallmark (Del Buono et al., 2019). For example, the stratification of heart
failure patients following the New York Heart Association (NYHA) classification guidelines is based
heavily on exercise capacity. The 6-min walk test, in particular, is a classic and commonly used
quantitative method to determine exercise capacity in clinical settings, which has been used to provide
important diagnostic and prognostic information in cardiomyopathy and heart failure patients (Pina
et al., 2003; Del Buono et al., 2019). To develop a corresponding phenotyping tool for adult zebrafish
models, we recently leveraged a swimming-based assay to evaluate the exercise capacity in a
doxorubicin-induced cardiomyopathy (DIC) model (Ma et al., 2020). We found that the critical swimming
speed is a useful non-invasive index to validate the successful establishment of the model and evaluate
the benefits of therapeutic intervention. Indeed, the swimming assay has also been implemented in
studies using zebrafish as models for a variety of purposes including tissue regeneration (Wang et al.,
2011; Mokalled et al., 2016), skeletal muscle growth (Palstra et al., 2010), and aging (Gilbert et al., 2014).
More recently, a general protocol to measure the critical swimming speed in adult zebrafish has been
described in detail (Wakamatsu et al., 2020). Herein, we describe the protocol used in our program for
phenotyping an adult zebrafish model of DIC (Ding et al., 2011; Ma et al., 2018). It is anticipated that
this protocol can be extended to other adult zebrafish models of cardiovascular diseases (Ding et al.,
2020).

Materials and Reagents

Zebrafish WIK strain (In house)

Zebrafish housing system water (In house)

Hank’s Balanced Salt Solution (ThermoFisher Scientific, catalog number: 14025092)
Doxorubicin hydrochloride (Sigma-Aldrich, catalog number: D1515)

o~ 0D =

Ethyl 3-aminobenzoate methanesulfonate, Tricaine (Sigma-Aldrich, catalog number: E10521)

Equipment

1. Swim tunnel (Loligo Systems, model: 10L 120V/60Hz, catalog number: SW10110)
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Aquarium air pump (API, Rena Air Pump, model 400)

Metal sheets (11.2 x 9.5 cm; pore diameter: 0.25-0.50 cm; made of steel; see Figure 1A)
Water flow meter (Hontzsch, flowtherm NT)

Weight scale (Torbal, catalog number: AD520)

Timer (Fisher Scientific, Fisherbrand, catalog number: 14-649-17)

Software

1.
2.

Excel (Microsoft Office) or JMP (SAS Institude Inc.)
Prism (GraphPad)

Procedure

A. Establish DIC model in adult zebrafish

1.

Raise WIK fish under controlled density (< 10 fish per liter) and growth conditions to > 3 months
old.

(Optional) If studying inherited genetic models, raise mutant and wild-type fish under the same
density and growth conditions to > 3 months old. Genotyping can be conducted at 3 months.
Ensure that an equal number of mutant and wild-type fish are accommodated in their own tanks.
Randomly assign adult fish into control and model groups. Add additional model groups if testing
any therapedutic interventions.

Dissolve doxorubicin powder in de-ionized water to a stock concentration of 5 mg/ml.
Intraperitoneally inject Hank’s Balanced Salt Solution (HBSS) (5 ul) or doxorubicin (5 pl, 20
mg/kg, prepared in HBSS) into individual fish in the control and model groups, respectively. The
position for injection can be the midline between the pelvic fins or the lateral line above the
pelvic fin. Detailed methods for doxorubicin injection can be found in a separate protocol (Ma et
al., 2018).

Maintain fish for 4 weeks or longer in system water with regular feeding until the time of
conducting the swimming challenge test. With a single bolus of high-dose doxorubicin, fish
develop cardiomyopathy-like phenotypes 4 weeks post-injection.

(Optional) Other adult zebrafish models of cardiomyopathy can be leveraged to substitute the
DIC model.

B. Set up the swim tunnel

1.
2.

Follow the manufacturer’s instructions to assemble the different parts of the swim tunnel.
Choose the proper metal sheet for zebrafish and assemble it into the swim tunnel (Figure 1B).
The reason for using metal sheets with a small pore size (pore diameter: 0.25-0.5 cm) is to
prevent fish from entering the circulatory water system of the swim tunnel, which avoids damage
to the fish.
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3. Fill the swim tunnel with zebrafish housing system water (pH = 7.9) to the maximum level (Figure
1C). Attach the air pump to the swim tunnel and place the nozzle at the corner of the tunnel
(Figure 1D) to provide constant oxygen.

4. Use the flow meter to measure flow speed (Figure 1E). Increase the water flow in the swim
tunnel stepwise from low to high by adjusting the motor controller. Under each water flow
condition, record the revolutions per minute (RPM) shown on the motor controller.

5. Establish the linear correlation between flow speed and RPM, and use the universal equation

to allow conversion of RPM to flow speed for future use (Figure 1F).
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Figure 1. The setup of the swim tunnel and water flow speeds. A. Different metal sheets
can be used as the downstream screen to prevent exhausted fish from entering the water
circulation. The two at the bottom (referred to as Metal Sheet 1 and Metal Sheet 2) are suitable
for zebrafish studies. Pore diameter of Metal Sheet 1 is 0.5 cm and that of Metal Sheet 2 is 0.25
cm. B. The assembly of the metal sheet (indicated by the red arrow) in the swim tunnel. C. Water
level (indicated by the red arrow) in the swim tunnel for all experiments. This is also the
maximum capacity for this tunnel (about 40 L water). D. A picture showing where to place the
air pump nozzle (indicated by the red arrow) in the tunnel. E. A picture showing where to place
the flow meter to measure water speed (indicated by the red arrow). F. The linear correlation
between water flow speed and revolutions per minute (RPM) of the motor when using either of

the metal sheets shown in (A).

C. Measure fish length and weight
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1. Fast fish in the control and model groups for 24 h prior to the swimming challenge test. This
step is performed to synchronize the status of different fish with a view to reducing potential
variations associated with food consumption and metabolic processes for ATP production.
Anesthetize the fish in 0.16 mg/ml tricaine.

Measure the body length of each fish (do not include the tail fin) with a ruler (Figure 2A).

4. Pat the fish dry and measure the weight of each fish. Use a spoon to move the fish to a weighing
dish on top of a scale (Figure 2B).

Body Length (BL)
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Figure 2. Representative images showing the measurement of the body length (A) and
weight (B) of adult zebrafish. The length of the tail fin is not included when measuring the
body length.

5. Place fish back in a tank with system water for recovery. Typically, fish should not be left out of
water for more than 5 min to avoid potential injury or death.

D. Swimming challenge test

1. In a swim tunnel filled with system water, load 5-10 fish at a time to the swim chamber inside
the tunnel. Seal the chamber with cap and screws.

2. Turn on the swim tunnel and air pump. Set the motor speed to 200 RPM (about 8-9 cm/s in our
case) in an anti-clockwise direction. Use a timer to record the time starting from this step. Allow
fish to acclimate to this low speed of water flow for 20 min (Figure 3A).

3. Increase the RPM of the motor in steps of 100 (i.e., 300 RPM, 400 RPM, 500 RPM, efc. This
increases the water flow by 8.66 cm/s each time in our case). At each speed, allow fish to swim
for 150 s (Figures 3B and 3C).

4. Closely monitor the fish and document each exhausted fish that fails to resume swimming from
the downstream metal sheet (Figure 3D; Video 1). For each fish, record the highest water speed
completed during the 150-s periods (Uii) and the swimming duration in the last 150-s period (Ti).
Turn off the tunnel when all fish have been exhausted.

Allow fish to recover for ~5 min and then transfer them back to the housing system.
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7. Repeat Steps D1-D6 to complete the swimming challenge test for every fish in the control and

model groups.
8. When finished, turn off the air pump, remove the water from the tunnel, clean it with towels, and

cover the tunnel for maintenance.
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Figure 3. The process of the swim challenge. Representative images showing adult zebrafish
in the swim channel at the motor speeds of 200 RPM (A), 500 RPM (B), and 800 RPM (C). D.
The exhausted fish are attached to the metal sheet at a motor speed of 1,200 RPM. Metal sheet

2 was used in this experiment.

Video 1. Representative video showing the process of fish being exhausted during the

swim challenge

Data analysis

1. Compare fish length between the control and model groups
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Calculate the mean and standard deviation of body length in each group. Use a t-test (or non-
parametric test when indicated) for two-group comparison (Figure 4A) and use one-way ANOVA
(or non-parametric test when appropriate) followed by multiple comparison methods for
comparison among three and more groups.

2. Calculate the critical swimming speed for individual fish
The critical swimming speed is calculated using the following formula: Ucrit = Ui + Uii x (Ti/Tii),
where Ucrit stands for critical swimming speed; Ui is the highest water speed that the fish
reached during all 150-s periods; Uii is the water speed at which the fish became exhausted; Ti
is the duration that the fish swam at the speed of Uii; and Tii is the time at each water speed
(150 s in our case).

3. Compare the critical swimming speed among different groups
Representative data collected using a fish model of DIC and its control are presented in Figure
4, reporting the swimming duration, absolute critical swimming speed, and critical swimming
speed normalized to body length in n = 15 DIC adult fish and controls. Typically, the values for
critical swimming speed in each group follow a left-skewed distribution (Figures 4C and 4D).
Comparison can be performed using the Mann-Whitney test (non-parametric) for two groups
and the Kruskal-Wallis test (non-parametric) followed by multiple comparison methods for three

or more groups. We used the Prism software for data visualization.
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Figure 4. Representative data comparing the swimming indices between doxorubicin-
induced cardiomyopathy (DIC) model and control adult zebrafish. A. Comparison of body
length. B. Comparison of total swimming time in the tunnel. This does not include the 20-min
acclimation time at 200 RPM. C. Comparison of the absolute critical swimming speed. D.
Comparison of the critical swimming speed normalized to body length. BL/s represents the folds
of body length per second. In C and D, the violins show the distribution of critical swimming

speeds from 15 fish in each group. Dashed lines indicate the median (thicker) and 25" and 75
quartiles.

Notes

In this described protocol, control and DIC groups used different zebrafish cohorts; thus, reducing
variation between different fish cohorts is necessary. While the correlation between body length and
swimming speed needs to be established, we recommend normalizing the critical swimming speed
to body length for interpretation. Nevertheless, fish in different groups should be maintained at
similar lengths and weights whenever possible for comparison of their swimming capacity. Outlier
fish with either exceedingly high or low body weight were discarded.
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Alternatively, studies using the DIC model can be conducted in the same fish cohort, and
swimming capacity can be determined before and after treatment with doxorubicin. In this way, the
effects of doxorubicin stress on swimming can be evaluated regardless of potential confounding
factors.

Fish may learn to perform better in the swim tunnel over time. For example, the critical swimming
speed has been shown to increase after fish were trained over days or weeks (Ding et al., 2019).
Therefore, to reduce intergroup variation, it is recommended to measure the swimming capacity for
fish that have a similar experience with a swim tunnel.

In our protocol, we always use the same amount of water in the swimming tunnel by filling it to
maximum capacity (about 40 L) to reduce potential variations. The experimental temperature is set
to be consistently 20°C, and the pH of the water is set at 7.9 (Leveque et al., 2016). Additionally, the

oxygen level may affect the swimming capacity of zebrafish, which is not quantitated in this protocol.
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