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Muscular dystrophies are a group of genetic disorders that progressively weaken and degenerate muscle.
Many zebrafish models for human muscular dystrophies have been generated and analysed, including
dystrophin-deficient zebrafish mutants dmd that model Duchenne Muscular Dystrophy. Under polarised
light the zebrafish muscle can be detected as a bright area in an otherwise dark background. This light

Keywords: effect, called birefringence, results from the diffraction of polarised light through the pseudo-crystalline
g/ll:dg h array of the muscle sarcomeres. Muscle damage, as seen in zebrafish models for muscular dystrophies,
ebrafis

can readily be detected by a reduction in the birefringence. Therefore, birefringence is a very sensitive
indicator of overall muscle integrity within larval zebrafish. Unbiased documentation of the birefringence
followed by densitometric measurement enables the quantification of the birefringence of zebrafish lar-
vae. Thereby, the overall level of muscle integrity can be detected, allowing the identification and cate-
gorisation of zebrafish muscle mutants. In addition, we propose that the establish protocol can be used to
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analyse treatments aimed at ameliorating dystrophic zebrafish models.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Muscular dystrophies (MD) are clinically and molecularly het-
erogeneous genetic diseases causing wasting of skeletal and car-
diac muscle, severe local inflammation, and cycles of muscle
regeneration and degeneration [1]. The clinical spectrum of MD
symptoms is extremely broad. In severe forms, such as Duchenne
MD, muscle regeneration is progressively exhausted, muscle fibre
mass consequently becomes irreversibly replaced with fibrous
connective and adipose tissue, which eventually leads to severe
locomotor impairment and death, usually by respiratory and/or
heart failure [2]. Patients suffering from Becker MD have milder
symptoms, in some cases to a level that allows patients to lead
an almost normal life. Interestingly, both types of MD are caused
by mutations in the dystrophin (DMD) gene [3]: null mutations
that cause loss of dystrophin function usually suffer from Duch-
enne MD and if the function of dystrophin is only partially lost pa-
tients are diagnosed with Becker MD.

Zebrafish models of disease are particularly valuable because
their embryos develop ex utero, are translucent, highly manipula-
ble, and genetically tractable. In addition to the large tool-set of
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the zebrafish system, the zebrafish disease models often closely
resemble the human disease [4]. Also the vast majority of the genes
that are found to be involved in MD can be identified within the
zebrafish genome [5]. Direct comparison of Duchenne MD symp-
toms to the pathology of dystrophin-deficient dmd'“??® zebrafish
reveals the highly penetrant dystrophic phenotype of the zebrafish
model and its close resemblance of the human disease [6,7]. In
homozygous dmd'@??2%9222a embryos, dystrophin is lost at the
myotendinous junctions causing muscle detachment as detected
by a reduction in birefringence, a light effect that results from
the diffraction of polarised light through the pseudo-crystalline ar-
ray of the muscle sarcomeres. Due to the non-invasive and readily
accessibility of the birefringence in translucent zebrafish larvae,
this marker for muscle integrity has been used to identify muscle
mutants already early in the establishment of the zebrafish model
system [7]. Earlier reports that analyse the birefringence of zebra-
fish larvae are based on pictures taken with standard dissecting
microscopes, which is questionable as the birefringence is highly
sensitive to the position of the larvae in relation to the polarising
filters [8,9].

When two polarising light filters are placed on top of each other
and the axes of polarisation are oriented 90° from each other, the
intersection transmits very little light. This light effect can be re-
verted when a sample is placed between these two polarising fil-
ters that has two distinct refraction indices. This special
biophysical property changes the state of polarised light and there-
fore the region, where this so called birefringent sample lies,
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appears bright in an otherwise dark environment. Skeletal muscle
is birefringent, as the refractive index for light parallel to the myo-
filaments is higher than that for polarised perpendicular to it [10].
Therefore, the birefringence is dependent not only upon the orien-
tation of the two polarising filters but also of the orientation of the
birefringent sample, i.e. the muscle of the larvae. If the angle of the
fish larvae under polarised light is changed, the birefringence effect
and the light properties of the fish larvae also change. Importantly,
the illumination of the muscle evoked by the birefringence in-
creases with the thickness of the muscle, enabling the detection
of the level of muscle damage arising from either myofibre atro-
phy, detachment or thinning. Thus, to utilise birefringence in a
comparative quantitative measure, a standard assay for its quanti-
fication needs to be developed.

We have developed an unbiased and automated assay to quan-
tify the level of birefringence in individual zebrafish larvae, which
in turn indicates the level of muscle integrity. To measure birefrin-
gence in an unbiased manner in living fish we have adapted an
automated Abrio polarising light microscope. The unbiased pic-
tures taken by the polarising microscope are subsequently used
to quantify the light properties of the pictured zebrafish larvae.
The developed quantification procedure allows the identification
and categorisation of analysed Wildtype (WT) and muscle mutant
larvae.

2. Materials and Methods
2.1. Zebrafish

The dmd'“???¢, sot and jam mutant alleles were obtained from
the Tiibingen Stock Collection [7]. All mutant lines were main-
tained in TU background. Genotyping of the dmd embryos was
accomplished as described [11]. Zebrafish breeding was approved
by the Monash Animal Ethics Committee (number MAS/2009/05).

2.2. Taking unbiased birefringence pictures of zebrafish larvae with the
Abrio polarising microscope

The two key components of the Abrio LS2.2 unit consist of two
polarising filters (Cri, MA, USA). One is sitting in a fixed position
between the sample and the light source and the other one, also
called liquid crystal compensator (LC), is placed on the other side
of the sample in the microscope base (Fig. 1C). The LC compensator
changes the polarisation states as instructed by the Abrio software
(version 2.2). Anaesthetised zebrafish larvae are placed on the
microscope stage in a glass bottom FluoroDish (World Precision

Leica MZFLIII Abrio LS2.2

3 dpf WT

Instruments, FL, USA). Importantly, the exposure levels are
automatically adjusted by the Abrio software. The integrated soft-
ware then automatically combines pictures of the zebrafish larvae
and the resulting final picture shows the larvae with an averaged
polarisation effect. This allows the generation of an unbiased pic-
ture of the birefringence of the larvae. The obtained birefringence
pictures are saved as tiff-files and subsequently analysed for their
brightness values.

2.3. Densitometry of the birefringence pictures

The area of the 2nd to the 21st somite of a pictured larva was
selected in the software Fiji and the average grey value of the pix-
els in this area was measured, resulting in the mean grey value.
This procedure was repeated and averaged over three times for
each larva. For statistical analysis larvae from 3 clutches from inde-
pendent breeding pairs were analysed for their muscle birefrin-
gence. Data are represented as means + SEM.

3. Results and Discussion

3.1. Establishment of a protocol for quantitative measures of
birefringence

The birefringence intensity of the zebrafish muscle is dependent
from the relative angle of the two polarising filter and the orienta-
tion of the larvae. To demonstrate the effect of the larva’s orienta-
tion under the microscope, a 3 days post fertilisation (dpf) old
zebrafish larva was pictured under polarising light conditions
using a Leica stereomicroscope (Fig. 1). The birefringence provoked
by the larva’s muscle lights up the myofibres under polarised light
(Fig. 1A). Rotation of the larva around its left-right axis, however,
abolishes the birefringence (Fig. 1A’). In contrast, under the Abrio
LS2.2 microscope a similar rotation of a zebrafish larva only
slightly alters the birefringence as seen in the resulting pictures
(Fig. 1B and B’). Importantly, the body of the zebrafish larva has
a wedge shape, as the anterior somites that develop first are thick-
er than the caudal, later developing somites. This results in a gra-
dient of birefringence from anterior-high to caudal-low.
Therefore, only the somites 2 — 21 were used to measure the bire-
fringence by densitometry (Fig. 1B and B’). The pictures taken by
the Abrio microscope were analysed by densitometry three times
each, resulting in brightness values of 87 +0.2 and 90+ 0.2 for
Fig. 1B and B’, respectively. While the Abrio microscope works
independently from the orientation of the larva around its left-
right body axe (the plane of view), the minor difference in the mea-
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Fig. 1. Automation of birefringence quantification. (A) The birefringence effect illuminates the muscle of a 3 dpf old WT zebrafish larva under a Leica MZFLIII stereo
microscope with polarised light conditions. (A’) The birefringence effect is abolished after the larva is rotated around the left-right body axe of the larva. (B, B’) In contrast, the
birefringence of the encircled area of the same larva appears unaltered after a similar rotation when pictured with the Abrio LS2.2 polarising microscope. (C) The Abrio LS2.2
uses two polarising filters (arrows): the one that stays in a fixed position is placed above the object stage and the other one that is directed by the integrated software is
located in the microscope base (pulled out for display purposes). (D) The birefringence of WT larvae increases during the time course from 3 dpf to 7 dpf, roughly following a

sigmoid curve. Data are means + SEM.
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Fig. 2. Quantification of birefringence of zebrafish muscle mutants. (A-D) At 3 dpf the birefringence effectively visualises the muscle of the siblings larva. In comparison, the
birefringence is reduced in somites with detached myofibres (arrows) in homozygous larvae of (A’) sof, (B’) dmd'???¢, (C’') dmdP*, and (D’) jam. (E) At 3 dpf, the homozygous
larvae of the muscle mutants sof, dmd"*???%, dmdP*, and jam show a highly significant reduction in birefringence. Note the patchy appearance of the birefringence of the
dystrophic muscle of sof, dmd"®??? and dmdP®> homozygotes that differs from the overall reduced birefringence of the jam mutant. Data are means * SEM, scale bars are

0.5 mm and ** indicates P < 0.01.

sured birefringence probably arises from differences in the position
around the anteroposterior body axe of the larva. Due to the large
size and shape of the yolk sac, minor changes in the position
around the anteroposterior body axe occur after larvae are reposi-
tioned. In order to account the subtle variation in measurements in
subsequent experiments multiple larvae per genotype were statis-
tically combined. In summary, the Abrio LS2.2 polarising light
microscope rapidly generates an unbiased birefringence map of
the fish larvae that is independent of the specimen orientation in
the plane of view. Subsequent measuring of the pixel brightness al-
lows quantification of the birefringence of zebrafish larvae.

Next, we used this established protocol to measure the birefrin-
gence of individual WT zebrafish larvae over a time course from 3
dpf to 7 dpf. As visualised in Fig. 1D, the birefringence in individual
larvae increases over time, roughly following a sigmoid curve.
Therefore, in subsequent experiments, the birefringence was
measured at 3 dpf, which falls within the linear range of the curve.
In addition, the experiment shows the importance of comparing
analysed fish to control siblings of the same age, as differences in
the age of the larvae will result in different birefringence
measurements.

3.2. Analysing the birefringence of zebrafish mutants

To survey the reliability of the established procedure, we ana-
lysed the reduction of birefringence of two dystrophin-deficient
zebrafish. dmd™???® and dmdP*® harbour premature stop codons
in the exons 4 and 32 of dystrophin, respectively, and are con-
firmed loss-of-function mutants for dystrophin [11,12]. Loss of
dystrophin causes myofibre detachment followed by necrosis and
death at 31 dpf in both mutants [6,12]. As the fibre detachment oc-
curs stochastically, the somites of dystrophin-deficient larvae are
differently affected, making the birefringence of these mutants ap-
pear patchy (Fig. 2B’ and C’). Automated analysis of the birefrin-
gence of dmd®??® and dmdP? homozygotes followed by
densitometry and normalisation to their siblings results in birefrin-
gence levels of 65% +2% and 63% + 4% for dmd™??® and dmdP<,
respectively (Fig. 2E). Both mutants show a highly significant
reduction in birefringence when compared to their siblings
(P<0.01, n=3). This calculation combines three experiments of
only 7 larvae per genotype, demonstrating that the developed
quantification procedure is highly reproducible. Importantly, the
birefringence levels are not significantly different when homozy-
gotes of dmd®???® and dmdP? are compared to each other
(P=0.25, n=3). This confirms that these two mutants have a phe-
notype that is similar in severity, as expected from the loss of dys-
trophin function in both mutants [11,12].

In order to test if the quantification of the birefringence can be
used to categorise the level of muscle damage in zebrafish larvae,

two additional mutants were analysed. In softy (sof™?7?%) homo-
zygotes muscle damage is elicited by a missense mutation in the
gene lamb2 that leads to muscle fibre detachment [13]. In contrast
to dystrophin-deficient dmd mutants, however, detached myofibre
do not undergo cell death but form ectopic myosepta [13]. Impor-
tantly, sof homozygotes are viable indicating that the muscle dam-
age in sof is milder compared to dmd mutants. As a mutant with a
severer muscle damage jam (jam"?>#%) was chosen, an unidentified
mutant that displays an equally distributed reduction in birefrin-
gence [7]. Death in jam homozygotes occurs at 6 dpf, much earlier
than in dystrophin-deficient mutants that die at 31 dpf, indicating
that jam is the most severely affected of the analysed mutants [7]
(Fig. 2D). Quantification of the birefringence of sof homozygotes
identifies a reduction to 89% +2% compared to their siblings.
While this reduction is highly significant compared to their sib-
lings (P < 0.01, n=3), the reduction is less than in the severer af-
fected dmd mutants. Homozygotes of jam have the highest
reduction in birefringence to 53% * 2%, which is compared to their
siblings highly significant (P<0.01, n=3). Compared to dmd
homozygotes that die at 31 dpf and have a reduction in birefrin-
gence to 65% +3% and 63% + 4%, the birefringence seen in jam
homozygotes that die at 6 dpf is the lowest of the analysed muscle
mutants, which correlates with their severest phenotype. Simi-
larly, sof homozygotes that survive to adulthood have the lowest
level of reduction of birefringence to 89% + 2%. This indicates that
the level of reduction in birefringence in zebrafish larvae can be
correlated with the level of muscle damage as indicated by the
survival rate.

In summary, the developed procedure of measuring the bire-
fringence of zebrafish larvae can be used for quantification pur-
poses. The method produces highly reproducible results, even if
only a small pool of larvae is available and can be utilised to cate-
gorise different muscle mutants, allowing comparison of the over-
all levels of muscle damage. Importantly, quantification of the
muscle birefringence is non-invasive and readily available for the
translucent zebrafish larvae. We conclude that this analysis is a
valuable tool for assessing the level of muscle damage in zebrafish
larvae, enabling the survey of treatments aimed at ameliorating
dystrophic zebrafish models.
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