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Zebrafish (Danio rerio) have become afarticularly effective tool for modeling human diseases affecting skeletal muscle, including muscular
dystrophies1'3, congenital myopathies4' , and disruptions in sarcomeric assembly6’7, due to high genomic and structural conservation with
mammals”. Muscular disorganization and locomotive impairment can be quickly assessed in the zebrafish over the first few days post-
fertilization. Two assays to help characterize skeletal muscle defects in zebrafish are birefringence (structural) and touch-evoked escape

response (behavioral).

Birefringence is a physical property in which light is rotated as it passes through ordered matter, such as the pseudo-crystalline array of muscle
sarcomeres”. It is a simple, noninvasive approach to assess muscle integrity in translucent zebrafish larvae early in development. Wild-type
zebrafish with highly organized skeletal muscle appear very bright amidst a dark background when visualized between two polarized light
filters, whereas muscle mutants have birefringence patterns specific to the primary muscular disorder they model. Zebrafish modeling muscular
dystrophies, diseases characterized by myofiber degeneration followed by repeated rounds of regeneration, exhibit degenerative dark patches
in skeletal muscle under polarized light. Nondystrophic myopathies are not associated with necrosis or regenerative changes, but result in
disorganized myofibers and skeletal muscle weakness. Myopathic zebrafish typically show an overall reduction in birefringence, reflecting the
disorganization of sarcomeres.

The touch-evoked escape assay involves observing an embryo's swimming behavior in response to tactile stimulation'®"2. In comparison to

wild-type larvae, mutant larvae frequently display a weak escape contraction, followed by slow swimming or other type of impaired motion that
fails to propel the larvae more than a short distance'. The advantage of these assays is that disease progression in the same fish type can be
monitored in vivo for several days, and that large numbers of fish can be analyzed in a short time relative to higher vertebrates.

Video Link

The video component of this article can be found at https://www.jove.com/video/50925/

Protocol

1. In vivo Analysis of Skeletal Muscle Structure by Birefringence

1. Prepare mating cages separating the male(s) from the female(s) of the desired zebrafish line(s) late in the afternoon after feeding.
1. Distinguish females by their bigger underbelly and slight blue/white coloration, and males by their slender body shape and pink/yellow
hues.
2. Success with pair-wise crosses (one male and one female) may only be about 50%. For a higher rate of success, mate one male with
2-3 females.

2. Remove cage dividers the next morning shortly after the onset of light and allow the fish to spawn undisturbed.

3. Collect the eggs using a strainer when sufficient numbers of fertilized eggs are laid at the bottom of the tank.

4. Transfer the embryos into a deep Petri dish by rinsing the strainer with fish water and return the parent fish to their tanks. Place dishes of
embryos into a 28.5 °C incubator.

5. Clean out the inviable eggs and debris later that day or the following morning, and return the embryos to the incubator for further growth.

6. Embryos/larvae reach the appropriate age to observe birefringence at 3-7 days post-fertilization (dpf), as results prior to 3 dpf may potentially
suffer from limited contrast. Wild-type embryos hatch from their chorions between 48-60 hr post-fertilization (hpf), followed by a straightening
of the body axis. Late-hatching wild-type or mutant embryos may require manual dechorionation.

1. Gently make a tear in the chorion with sharp forceps and turn it upside down so that the embryo falls out.
2. Allow dechorionated embryos to straighten prior to beginning the assay.
3. Anesthetize embryo(s) with tricaine (0.04% in fish water) to aid in their correct positioning.
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7. Fit a dissecting microscope with a polarized lens that can be rotated to adjust the angle of polarized light (Figure 1A).

8. Place dechorionated, anesthetized embryo(s) directly on top of a second polarized lens along the lateral axis of the body. The second
lens should be positioned below the top lens, on the microscope stage (Figure 1B). Do not use plastic Petri dishes at any point during the
birefringence assay, as plastic is not an appropriate medium for the transmission of refracted light.

9. Rotate the top lens with the embryo of interest in view until the axes of polarization of the two lenses are oriented at 90° from one another and
the background is completely dark.

10. The optimum output of the assay is dependent on the orientation of fish between two polarized lenses. Move the fish around to make sure
that they are lying as flat as possible.

1. If the fish is curved, only the segments with this flat orientation will pass the polarized light and exhibit birefringence. In such cases,
measure the birefringence in the flat areas and record the birefringence of the corresponding area in the wild-type fish (e.g. somites
1-10 in both wild-type and mutant fish).

11. Observe the birefringent phenotype of the fish.
1. Wild-type fish with highly organized skeletal muscle show bright birefringence, as the refractive index for the light parallel to the
myofilaments is higher than the polarized light perpendicular to these structures.
2. Fish with disorganized skeletal muscle suggestive of a nondegenerative myopathy or a developmental defect typically show an overall
reduction in birefringence.
3. Fish with disorganized skeletal muscle characteristic of a muscular dystrophy commonly exhibit a patch-like pattern of birefringence,
with dark areas representing muscle degeneration among bright areas of normal muscle architecture.

12. Quantify birefringence by taking images of wild-type and mutant fish under polarized light at the same exposure settings and magnification.
Save images as iiff files.
1. Open birefringence images in ImageJ software (http://rsbweb.nih.gov/ij/).
2. For each image, select the area of zebrafish muscle by drawing a line around the body using the “Polygon Selections” option from the
toolbar.

3. Use “Set Measurements” under the “Analyze” drop-down menu to select the required statistics for the image.
1. Minimum selection requires that boxes for “Area,” “Mean gray value,” and “Min & max gray value” are checked.
2. A maximum gray value of >255 will indicate pixel saturation. Therefore, use images with maximum gray values less than 255.

4. Normalize the mean intensity with the selected area and repeat this same quantification procedure for each birefringence image.

2. Touch-evoked Escape Behavior Assay

1. Set up mating pairs of the appropriate zebrafish line(s) and collect embryos as described above in steps 1.1-1.5.
2. At 2-7 days post-fertilization, place dechorionated embryos/larvae individually into a deep Petri dish or the chambers of multiwell plates.
3. Working with only one embryo at a time, center the embryo in the field of view of a Nikon SMZ1500 stereomicroscope with a SPOT RT3
digital camera system or similar, and begin sequential imaging.
1. The same frequency of imaging should be used for both wild-type and mutant fish. Frame rates >30 Hz are recommended, as slower
rates will typically not be sufficient to capture the fast swimming of wild-type fish.

Deliver mechanosensory stimuli to the embryo by touching the tail with an insect pin.

Stop imaging when the embryo has stopped swimming or has swam out of the field of view.

Convert sequential images into a video file, or analyze individual frames of time-lapse images off-line, using SPOT 5.1 Advanced software.

Similar software packages include Open Lab, NIS Elements, or freely available Imaged (http://rsbweb.nih.gov/ij/).

7. Quantify swimming behavior by performing the touch-evoked response in multiple embryos.

1. This can be achieved by averaging the distance embryos are able to swim within a fixed time interval using software or a metric ruler to
mark the start and end points of the swimming bout.

2. Avoid embryos becoming habituated to the touch stimulus over time by performing the assay with a new embryo for each experimental
repeat. Behaviors in wild-type and reliable mutant models tend to be highly reproducible.

Representative Results

Birefringence can be used as an efficient, noninvasive assay to shed light on the state of myofibrillar organization in living zebrafish embryos.
Examples of wild-type zebrafish as well as zebrafish with decreased expression of genes critical to skeletal muscle development and function are
presented. Wild-type zebrafish at 5 dpf display highly birefringent skeletal muscles under polarized light due to the ordered array of myofilaments
(Figures 2A-B). In contrast, an age-matched embryo homozygous for a pathogenic mutation in the dystroglycan gene (dag?) displays patchy
birefringence, indicative of areas of muscle degeneration (Figures ZC-D)Z. This patch-like pattern and rapid progression of muscle degeneration
throughout early development is consistent with other dystrophic fish models"?. Quantifying the birefringence of 5 dpf dystrophic dag? mutants
identifies a significant reduction in brightness to 27.9%+5.3 of the maximal birefringence seen in their wild-type siblings. This reduction is more
severe than the reduction to 52.4%+5.5 observed in 3 dpf myopathic mtm1 morphants (wild-type/dag1/mtm1: n = 3; Student's t-test, P < 0.001)
(Figure 4). Myopathic fish models (Figures 3C-D) instead tend to show an overall reduction in birefringence compared to wild-type (Figures 3A-
B), as there is often myofibrillar disorganization in the major axial skeletal muscles but no evidence of degenerative changes.

o oA

Touch-evoked escape behaviors can be used to demonstrate that zebrafish models of skeletal muscle disease display locomotive defects

and swimming difficulties. The live swimming phenotypes of wild-type and dag? fish were examined by video microscopy with a touch-evoked
escape behavior assay (Videos 1 and 2)2. Videos were then analyzed frame by frame to confirm that dag? mutants exhibit impaired movement
compared to wild-type controls in response to tactile stimuli (Figure 5). The distances both types of embryos were able to move within a
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fixed time interval were averaged (wild-type: 6.2+0.4 cm/0.1 sec, n = 10; mutant: 0.75+0.08 cm/0.1 sec, n = 10; Student's t-test, P < 0.001)

and indicate diminished motor function in dag? mutants. However, reduced touch-evoke responses in neuromuscular mutants could also be
attributed to defects in the central nervous system and/or the neuromuscular junction. Therefore, electrophysiological measurement of the
voltage response in muscles evoked by tactile stimulation may help to distinguish whether touch-evoke impairments are due to a sensory deficit

or to a primary defect in skeletal muscle?.
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Figure 1. Diagram of a standard dissecting microscope fitted with a camera and polarized lenses (A). Sample set-up with polarized lenses
and anesthetized zebrafish embryos is presented larger in (B). Click here to view larger image.

Figure 2. Wild-type fish show bright birefringence indicative of highly organized muscles at 5 dpf (B). Age-matched dag? mutant fish
appear grossly normal in normal light whereas extensive muscle degeneration in most somites is demonstrated by the loss of birefringence
under polarized light and is consistent with a dystrophic phenotype (D). Brightfield images of the wild-type fish (A) and the dag? mutant (C) are

shown for reference. Click here to view larger image.
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Figure 3. Morpholino-based knockdown of myotubularin (mtm1) in zebrafish results in defects in skeletal muscle at 3 dpf. An overall
reduction in birefringence is observed in mtm1 morphant fish (D) in comparison to wild-type fish (B), consistent with a myopathic phenotype.
Brightfield images of the wild-type fish (A) and the mtm1 morphant (C) are shown for reference. Click here to view larger image.
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Figure 4. Zebrafish embryos with skeletal muscle defects show a highly significant reduction in birefringence compared to wild-
type controls. Quantification data are calculated by dividing the mean intensity by the selected area of the fish (ImageJ), and normalizing the
percentage values to wild-type. Data are presented as means+SEM and ** indicates P < 0.001 by Student's t-test. Click here to view larger
image.
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Figure 5. Dag1 mutant embryos exhibit reduced touch-evoked response at 5 dpf (E-K) while mechanosensory stimulation causes 5 dpf
wild-type embryos to swim away rapidly and fully exit the field of view (A-D). Scale bar = 1 mm. Click here to view larger image.

Video 1. Touch-evoked escape behavior assay on wild-type zebrafish. Normal fry (5 dpf) swim away very rapidly in response to touch. Click
here to watch video.
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Video 2. Touch-evoked escape behavior assay on dag? mutant zebrafish. Dag1 fry (5 dpf) show impaired response to touch and fail to exit
the field of view. Click here to watch video

Primary neuromuscular disorders are traditionally classified as dystrophic or nondystrophic processes. Muscular dystrophies are characterized
by myofiber degeneration followed by repeated rounds of regeneration, which ultimately leads to an end stage process typified by fibrosis and
replacement by adipose tissue™. Nondystrophic myopathies, in contrast, are not associated with necrosis or regenerative changes, but do result
in disorganized myofibers and overall skeletal muscle weakness.

Zebrafish models have emerged in recent years as a tremendously valuable resource for better understanding the molecular pathways

and pathogenesis of different neuromuscular diseases. In addition to the general advantages of this model system, including rapid ex utero
development, translucent embryos, high reproductive capacity, and a genome closely related to that of human, the zebrafish disease model
often closely mimics the human disease. Although many zebrafish with skeletal muscle defects have morphological abnormalities, some mutant
phenotypes are grossly normal and require finer characterizations. For these and all cases, the extent of muscle damage and weakness can
quickly and easily be evaluated in zebrafish using noninvasive in vivo assays for birefringence and touch-evoked escape behavior. Birefringence
is a sensitive indicator of muscle integrity in translucent zebrafish embryos that has been used to noninvasively identify skeletal muscle mutants
since early in the establishment of the zebrafish model system15. The assay itself involves placing a zebrafish embryo between two polarizing
filters and visualizing the fish in an otherwise dark background16. Wild-type fish with highly organized sarcomeric arrays appear bright, whereas
muscle mutants usually present with dark patches or an overall reduction in birefringence, suggesting myofibrillar disorganization within the
major axial skeletal muscles. As described above, birefringent images may be readily quantified using publically available ImageJ software.

Touch-evoked escape behaviors in zebrafish involve many steps, beginning with the sensing of tactile stimuli and culminating in the contraction
of muscles. Zebrafish embryos swim in response to touch by 26 hpf, but the frequency of muscle contractions during swimming does not
increase to a value comparable to that of adult zebrafish until 36 hpf12'18. The touch-evoked response is optimally captured between 2-7 dpf. The
time at which the touch stimulus is applied to the tail is set as the experimental “start” point. Whereas both wild-type and mutant larvae begin
stationary, video microscopy is able to capture that wild-type larvae respond to mechanosensory stimuli with rapid and vigorous swimming in a
straight line. Muscular mutants instead tend to weakly flex, swim in circles, or otherwise move for only a short distance. It should be noted that
while there is an inherent degree of variability in the timing and intensity of manual touch stimuli, quantitative measurements of touch-evoke
behaviors and swimming episodes tend to be highly reproducible within wild-type and reliable fish models of skeletal muscle disease.

Both birefringence and touch-evoked escape assays provide a fast and noninvasive way to analyze defects in skeletal muscles, and are
therefore appropriate for analyzing a large number of embryos when performing high-throughput mutagenesis or chemical screens.
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