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Duchennemusculardystrophy (DMD) isacommonandrelentlesslyprogressivemuscledisease.Someinterven-
tions have been identified thatmodestly slowprogression and prolong survival, butmoremeaningful therapies
are lacking. Thegoal of this study is to identify new therapeutic pathways forDMDusing a zebrafishmodel of the
disease. To accomplish this, we performed a non-biased drug screen in sapje, a zebrafish line with a recessive
nonsense mutation in dystrophin. We identified 6 positive hits (out of 640 total drugs tested) by their ability to
preventabnormalbirefringence insapje. Follow-upanalysesdemonstrated thatfluoxetine,aselectiveserotonin
reuptake inhibitor (SSRI), provided themost substantial benefit. Morpholino-based experimentation confirmed
thatmodulation of the serotonin pathway alone can prevent the dystrophic phenotype, and transcriptomic ana-
lysis revealed changes in calcium homeostasis as a potential mechanism. In all, we demonstrate that mono-
amine agonists can prevent disease in a vertebrate model of DMD. Given the safe and widespread use of
SSRIs in clinical practice, our study identifies an attractive target pathway for therapy development.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is the most common
neuromuscular disorder of childhood, affecting 1.3–1.8 per
10 000 boys in the USA (1). It is an X-linked condition caused
by loss of functionmutations in the large scaffoldingprotein dys-
trophin (2). Boys with DMD experience progressive weakness
and loss of motor function. Ambulation is typically lost
between ages 10 and 12, and death, most often from cardiac or
respiratory failure, usually occurs between ages 20 and 30
(3, 4). Disease-modifying interventions exist that havemodestly
impacted outcomes (5). The best studied is glucocorticoid
therapy, which has been shown to prolong ambulation by
2 years and to improve survival (5).When used in combination
with improved respiratory and orthopedic management and
aggressive cardiac care, glucocorticoid therapy has shifted life
expectancy from the late teens to the mid-to-late 20s (6).
However, boys with DMD continue to experience significant
and progressive disability along with early mortality, and there
remains no cure for this devastating disorder.

At present, there aremany efforts underway aimed at develop-
ing new therapies for DMD (7). Two prominent strategies are
dystrophin gene-manipulation and pathway specific-centered
approaches. An example of a gene-based therapy is antisense
oligonucleotide-mediated exon skipping, a treatment designed
to altered gene splicing and transform out-of-frame DMD gene
deletions into in-frame deletions (8). An example of a pathway-
based approach ismodification of aberrant nitric oxide signaling
(NOS) in the disease (9) with phosphodiesterase inhibitors
(PDEs, such as sildenafil). PDEs can increase NOS production
and improve vascular tone and have been shown to ameliorate
aspects of the disease phenotype in pre-clinical models
(10, 11). Both exon skipping molecules and PDE inhibitors are
currently in clinical trial for DMD, and early trial results are
encouraging (12, 13).

Despite these promising advances, there remains a great need
for the identification of new therapeutic strategies for DMD.
One current barrier in the field relates to the mouse model of
the disease. This model, called the mdx mouse, recapitulates
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the genetics of the disease aswell as aspects of its histopathology
(14) but does not model the clinical severity. Many potential
therapies have initially been identified through studies in the
mdxmouse (15). However, to date, none have been successfully
translated into therapy. While the reason(s) for this are not
certain, it suggests that development of treatment strategies
using alternative approaches is important.

The zebrafish is an emerging model system for the study
of human disease and for the identification of novel therapies
(16, 17). It offers the unique advantage of being a vertebrate
model system amenable to large scale, in vivo drug screens
(18). Two zebrafishmodels ofDMD, called sapje and sapje-like,
have been previously characterized (19, 20). Sapje zebrafish
have a recessive nonsense mutation in zebrafish dystrophin.
They exhibit severe muscle disorganization, progressive motor
dysfunction and early death. The phenotype is first apparent at
3–4 days post fertilization (dpf), and affected zebrafish die
between the ages of 10 and 12 days, likely from a failure to
feed (normal life span of the zebrafish is 2–4 years). Sapje zebra-
fish thus notonlymodel thegenetic abnormality ofDMDbut also
have a severe phenotype that approximates the disease severity
observed in patients. Importantly, Kunkel and colleagues (20)
have previously reported a successful drug screen using a zebra-
fish DMDmodel. Their study, which tested.1000 compounds,
demonstrated the suitability and validity of the model for
non-biased therapy identification. The most prominent ‘hits’
provided by the screenwere PDE inhibitors, a finding that corro-
borates the studies referenced above and that supports the utility
of zebrafish as a platform for drug discovery in DMD.

In an effort to identify new therapeutic targets in DMD, we
performed a large-scale drug screen in sapje zebrafish.Weunco-
vered 6 positive hits out of 640 compounds screened, and identi-
fied fluoxetine, a selective serotonin reuptake inhibitor (SSRI),
as a promising compound that prevented membrane fragility
and promoted survival.We validated the specificity and efficacy
of the drug by using a complementary genetic approach, and
investigated potential mechanism(s) of action using transcrip-
tomics. In total, our study provides in vivo evidence for a novel
and promising pathway for future therapy development.

RESULTS

Birefringence and the drug screening strategy
in the sapje zebrafish

Thebasic strategy for the drug screen is described belowand illu-
strated in Figure 1. Heterozygous (carrier) zebrafish were mated
and embryos were pooled, collected and dechorionated at 1 dpf.
Sapje zebrafish are not phenotypic at this stage. Embryo pools
(n ¼ 20 per well) were placed in individual wells of a 24-well
dish. Each well contained either 0.1% dimethyl sulfoxide
(DMSO) or one drug from the ENZO drug library diluted to
33 uM in 0.1% DMSO. Drug was changed daily until 4 dpf, at
which point fish were screened for abnormal birefringence.
Birefringence is the light pattern produced by skeletal muscle
when plane-polarized light is applied to it (21). Wild-type
embryos have a uniform pattern of birefringence, while sapje
zebrafish have an irregular and reduced pattern.

Given that the sapje dystrophin mutation is recessive, an
untreated well of 20 embryos should, on average, have 5

embryos (or 25%) with abnormal birefringence. Based on this,
we thus considered a positive hit any well where 10% or fewer
of the embryos (i.e. 2/20 total) displayed abnormal birefrin-
gence. To demonstrate our ability to successfully detect a posi-
tive hit, we first treated embryos with MG132, a proteasome
inhibitor previously shown to prevent abnormal birefringence
in a fraction of sapje zebrafish (22). We tested 3 independent
wells with MG132, and detected 5/56 embryos (or 8.9%) with
abnormal birefringence, indicating a positive response with
this drug, and confirming our ability to successfully identify a
positive hit. We then moved forward with a large-scale drug
screen, testing 640 total compounds from an Food and Drug
Association (FDA) repurposing library. We identified six posi-
tive hits (see below). A representative example of both a positive
and a negative hit are depicted in Figure 2. Of note, we observed
significant non-specific toxicity (affecting all embryos irrespect-
ive of genotype) in 18.9% (121/640) of compounds tested.

Drug screen identifies monoamine agonists among
group of six positive hits

In our initial screen (using pools of 20 embryos), we identified
aminophylline, ergotamine, pergolide, flunarizine, ropinirole
and fluoxetine as drugs where 10% or less (i.e. ≤2/20) of
embryos developed the sapje phenotype (Table 1 and Fig. 3).
Aminophylline was previously identified by Kunkel and collea-
gues (20) in a drug screen of sapje zebrafish using a different
chemical library, and we thus did not pursue it further. Flunari-
zine is a calcium channel antagonist, and calcium channel
antagonists have previously been examined in depth as potential
modifiers of DMD disease course (23). We thus focused our
attention on pergolide, ergotamine, ropinirole and fluoxetine.

We attempted to validate these hits using two subsequent lines
of experimentation. The first was to test a greater number of
embryos to exclude non-random segregation of wild-types and
sapjes (i.e. wells where there was not 25% sapje embryos).
We screened 334 embryos with pergolide (finding 35/334 with
abnormal birefringence, or 10%), 181 embryos with ergotamine
(16/181 or 8.8%), 242 embryoswith ropinirole (42/242 or 16%),
and 1091 embryos with fluoxetine (3/1091 or 0.3%) (Table 2).
Thus, all but ropinirole continued to show a positive effect
when larger numbers of embryos were treated.

The second method of validation was to take all individual
embryos from a treated pool of 20 and perform gene sequencing
oneachaftermeasuringbirefringence.Forpergolide-, ergotamine-
and fluoxetine-treated pools, we have found 3–5/20 embryos
with normal birefringence butwith a homozygousmutation con-
sistent with the sapje genotype (Fig. 2). In other words, we suc-
cessfully documented phenotypically normal embryos that are
genetically sapje. These embryos appeared normal in all respects
(morphology, motor behavior, etc.) and were indistinguishable
from wild-type littermates (see also Fig. 7).

Pergolide, ergotamine and fluoxetine are drugs in the broad
class of monoamine agonists. We thus tested the following add-
itional monoamine agonists (Table 2): domperidone (9/40 or
22.5%), bromocriptine (9/40 or 22.5%), venlafaxine (serotonin–
norepinephrine reuptake inhibitor; 19/78 or 24%), pramipexole
(8/40 or 20%), paroxetine (selective serotonin reuptake inhibi-
tor, 10/59 or 17%) and serotonin (0/146). Of this group, only
serotonin prevented the development of abnormal birefringence
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in ≤ 10% of embryos. In fact, out of 146 embryos treated pre-
symptomatically with serotonin, we did not find a phenotypi-
cally abnormal embryo. We thus concluded that the serotonin
pathway (either directly through serotonin or else through
reuptake inhibition) was the common element among the mono-
amine agonist positive hits.

Genetic manipulation of the serotonin transporter prevents
the development of abnormal birefringence in sapje
zebrafish

Fluoxetine’s main mechanism of action is the prevention of
serotonin reuptake by inhibiting the serotonin transporter. It
additionally can act on other monoamine transporters more
weakly. To confirm that serotonin reuptake inhibition is
the mechanism via which fluoxetine prevents the development
of the sapje phenotype, we used morpholinos to target the
normal expression of slc6a4 (the serotonin transporter)

during embryonic development. There are two orthologs of
slc6a4 in the zebrafish, and we thus designed morpholinos to
each. Morpholinos were injected at the one cell stage into
embryos from sapje carrier crosses (n ¼ 3 trials, minimum 20
embryos per group per trial). Injected embryos were allowed
to develop, and birefringence was examined at 4 dpf. As
expected, .10% of embryos injected with a control morpho-
lino developed abnormal birefringence (18.3%+ 1.3, P ¼
0.18 when compared with uninjected embryos). Embryos
injected with morpholino to slc6a4a also had .10% of
embryos appear phenotypically sapje (15.0%+ 7.6, P ¼ 0.27
when compared with uninjected). On the other hand, only
2.3% (+2.3, P ¼ 0.003 when compared with uninjected and
P ¼ 0.004 when compared with control morpholino) of
embryos injectedwithmorpholino to slc6a4bdeveloped abnor-
mal birefringence (Fig. 4). This indicates that gene knockdown
of an ortholog of the serotonin transporter can prevent pheno-
type development in a subset of sapje, and supports a specific

Figure 1. Schematic depicting the proceduralflow for the drug screen. Carrier sapje zebrafish are bred, embryos are collected and dechorionated at 1 dpf, and are then
placed intowells containingdrugs from theENZOcompound library (dilutedat 1/100 inE2 for afinal concentration of 33 uMand0.1%DMSO).Eachpool is screened
at 4 dpf by birefringence.A positive hit is considered awellwith≤2fish (out of 20)with abnormal birefringence. Positive hits are secondarily validated bydirectDNA
sequencing and by testing larger numbers of embryos.
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effect on the serotonin pathway of fluoxetine as a modifier of
phenotype development.

Presymptomatic treatment with fluoxetine improves
membrane integrity

Based on the nearly complete prevention of phenotype develop-
ment provided by pre-symptomatic treatment with fluoxetine,
we focused the remainder of our analysis on this compound.
We first established thatfluoxetine did not exert its effect by lim-
itingmovement (and thus injury stimulus) of zebrafish embryos.
We treated wild-type embryos starting at 1 dpf until 4 dpf, or

starting at 3 dpf and treated until 7 dpf, and measured swim vel-
ocity and distance traveled. We saw no subjective difference in
embryo movement, and observed no objective difference in
swimparameters between treated anduntreatedwild-type zebra-
fish (Supplementary Material, Fig. S1). This indicated to us that
fluoxetine does not prevent dystrophic changes by decreasing
spontaneous movement.

The fact that fluoxetine prevents abnormal birefringence sug-
gests that it may improve membrane integrity in sapje mutant
zebrafish. To study this more specifically, we examined Evans
Blue dye (EBD) uptake in untreated and treated sapje embryos.
EBD, when injected into the systemic circulation, is normally

Figure2.Representative imagesof positive andnegative ‘hits’. (Left panel)Exampleof a negativehit.Depicted is the birefringence pattern fromapool of 20 zebrafish
treated with drug. Embryos with abnormal birefringence are circled in red. (Right panel) Example of a positive hit. Depicted is the birefringence pattern of a pool of
zebrafish treated with a drug that prevented the development of abnormal birefringence. Note that all of the zebrafish look identical, despite the fact that 25% (i.e.
5/20) should be sapje and thus have abnormal birefringence. (Bottom panels) Sequencing chromatograms fromDNA extracted from the two embryos from a positive
hit pool (treated with fluoxetine). DNAwas isolated from each embryo fromB and subjected to PCR based Sanger sequencing. The chromatogram on the left depicts
wild-type sequence, and the chromatogramon the right depicts sequence froman embryowith normal birefringence but the sapjegenotype (∗∗ marks the homozygous
nonsense mutation A.T).

Table 1. Positive hits from a large-scale drug screen in the sapje zebrafish

No. Chemical name Total number treated Number of phenotypic Sapje (%) CAS s# MW (g/mol) Drug action

1 Aminophylline 20 1 (5%) 317-34-0 180.1 Non-selective PDE inhibitor
2 Ergotamine 20 0 (0%) 379-79-3 581.3 Monoamine agonist
3 Pergolide 20 1 (5%) 66104-23-2 410.2 Monoamine agonist
4 Fluoxetine 20 0 (0%) 56296-78-7 309.1 Selective serotonin reuptake inhibitor
5 Flunarizine 20 2 (10%) 30484-77-6 477.4 Selective calcium entry blocker
6 Ropinirole 20 0 (0%) 91374-20-8 296.84 Monoamine agonist
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excluded fromhealthy, intact skeletalmuscle, but is takenup into
myofibers where membrane integrity and/or stability are com-
promised. As has been previously shown, wild-type embryos
do not permit EBD uptake in skeletal muscle, while untreated

sapje abundantly do (Fig. 5) (19). When we injected EBD into
a mixed pool (i.e. phenotypically normal but dystrophin muta-
tion status unknown) of fluoxetine-treated 4 dpf embryos,
however, we did not detect dye uptake in any fish examined.

Figure 3. Positive hits from a non-biased drug screen in the sapje zebrafish. Positive hits from the drug screen are represented as the percentage of fish with abnormal
birefringence (red) compared with the percentage of fish examined with normal birefringence (blue). 0.1% DMSOwas used as a negative control (25 embryos with
abnormal birefringence out of 100 total screened).MG-132was our positive control (5 out of 56with abnormal birefringence). Six drugswere found to give≤2/20fish
with abnormal birefringence: pergolide (1/20), aminophylline (1/20), ergotamine (0/20), fluoxetine (0/20), flunarizine (2/20) and ropinirole (0/20).

Table 2. Results of a secondary screen of monoamine agonists in the sapje zebrafish

No. Chemical name Total number treated Number of phenotypic sapje (%) CAS # MW (g/mol) Drug action

1 Serotonin 146 0 (0%) 153-98-0 212.68 Monoamine neurotransmitter
2 Ropinirole 242 42 (16%) 91374-20-8 296.84 Monoamine agonist
3 Domperidone 40 9 (22.5%) 57808-66-9 425.91 Monoamine antagonist
4 Bromocriptine 40 9 (22.5%) 22260-51-1 750.70 Monoamine agonist
5 Pramipexole 40 8 (20%) 104632-26-0 211.33 Monoamine agonist
6 Paroxetine 59 10 (17%) 110429-49-8 329.37 Selective serotonin reuptake inhibitor
7 Venlafaxine 78 19 (24%) 99300-78-4 277.41 Serotonin–norepinephrine reuptake inhibitor

Figure 4.Morpholino knockdown of slc6a4b prevents the sapje birefringence phenotype. (A) Graph depicting the results from three independent injections of mor-
pholinos into 1-cell stage embryos. Embryos are the result of sapje carrier intercrosses, which should result in 25% sapje embryos (with abnormal birefringence).
Embryoswere screened at 4 dpf for abnormal birefringence.Resultswere: uninjected ¼ 24.0+ 2.9%with abnormal birefringence, controlmorpholino (CTLMO) ¼
18.3+ 1.3% (P ¼ 0.18), slc6a4aMO ¼ 15.0+7.6 (P ¼ 0.20), and slc6a4bMO ¼ 2.3+ 22.3 (P ¼ 0.004 compared with CTL MO). (B) Brightfield and birefrin-
gence images from the embryos reported in the above graph. Representative examples are given of an slc6a4b morpholino injected embryo, a control morpholino
(CTL MO) injected embryo and an uninjected embryo.
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Figure 5. Prevention of EBD uptake in sapje embryos by fluoxetine treatment. Four dpf embryos were co-injected in the peri-cardial space with EBD (to detect
impaired membrane continuity) and dextran-FITC (as a marker for successful systemic injection) and then examined 2 h later. Wild-type littermate control
embryos displayed no EBD uptake (n ¼ 25, left panel). Untreated sapje embryos contained abundant areas of EBD positive myofibers (arrow) (n ¼ 6, middle
panel).Treated sapje embryos (confirmedbygenotypingafter treatment)were comparable towild-type,withnoEBDuptake in skeletalmuscle (n ¼ 3 sapjeconfirmed
by genotyping, right panel). Scale bar ¼ 180 um.

Figure6.Fluoxetinedoesnotprotect againstmechanical stress induced injury in sapje. Embryoswere treatedwith0.1%DMSOorfluoxetine for3days.Birefringence (as a
marker ofmembrane stability)was examined before after a significantmechanical stress (pinningof the anterior and posterior body axis). (Left column)wild-type siblings
(sibs) demonstrated normal birefringence both before and after pinning. This was regardless of treatment. (Right column) untreated sapje embryos had abnormal birefrin-
gence both before and after pinning, while fluoxetine-treated sapje embryos had normal birefringence before pinning that became abnormal within 1 min after pinning.
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Post-injection genotyping of the injected embryos revealed that
three of the embryos were homozygous for the dystrophinmuta-
tion, indicating thatfluoxetine prevented an interruption inmem-
brane integrity (represented by dye uptake) in these sapje
embryos (representative images shown in Fig. 5).

We were interested to understand to what extent membrane
integrity in sapje was restored by pre-symptomatic fluoxetine
treatment. We thus subjected untreated and treated sapje to a
significant mechanical stress in the form of body axis pinning.
Untreated sapje showed abnormal birefringence before pinning
that persisted with the pin placement procedure (Fig. 6). Sapje
treated for 3 days with fluoxetine had normal birefringence
prior to pinning, but then developed patches of abnormal
birefringence upon pin placement (Fig. 6). This indicated to us
that fluoxetine improves but does not completely restore mem-
brane stability in embryos lacking dystrophin.

Presymptomatic exposure to fluoxetine improves
survival in sapje zebrafish

Wenext investigatedwhether fluoxetine could improve survival
in sapje zebrafish. Sapje zebrafish typically die between ages 10
and12dpf.We treated amixedpool of 80 embryoswith dailyflu-
oxetine starting at 1 dpf. We examined birefringence starting at
day 4 and monitored survival. The expected number (n ¼ 20) of
sapje embryos was detected at Day 4 in the untreated (0.1%
DMSO) pool, and all untreated sapje were dead by age 12.
In contrast, no embryos with abnormal birefringence were
detected in the fluoxetine-treated group, and all embryos sur-
vived to Day 17, at which point the experiment was terminated
(n ¼ 10 trials and .400 total embryos treated). Of note,
fluoxetine-treated sapje zebrafish were indistinguishable from
wild-types, and exhibited no differences in motor function,
with swim velocities and swim distances at wild-type levels
(n ¼ 10 independent trials). Thus, while we stopped the survival
analysis at 17 days (a timewhen animal size dictatesmuch larger
drug volumes), and determination of true overall survival benefit
requires additional study, we demonstrate that fluoxetine not
only prevents the development of abnormal birefringence but
also significantly prolongs survival.

We next tested the effect of different treatment strategies
using fluoxetine. We first performed a dose–response trial
using treatment starting at 1 dpf and ending at 4 dpf. We tested
the following doses: 0.25×, 0.5×, 1× (30 mM), 2×, 5× and
10×. The sapje phenotype was best suppressed at 1× dosing,
though was also suppressed at 0.5× and 2× (Supplementary
Material, Fig. S2). All embryos (regardless of genotype)
treated at 5× and 10× died with 24 h of exposure to the drug
(n ¼ 100 for each).

We then examined temporally limited treatments with fluox-
etine. Specifically, we treated embryos fromDays 1–4 (n ¼ 57)
andDays 4–7 (n ¼ 60). In theDays 1–4 group, no embryoswith
abnormal birefringence were noted during the treatment period.
None were detected in the day following treatment as well.
However, the expected frequency (25%) of embryoswith abnor-
mal birefringence, i.e. phenotypic sapjes, was found 2 days
after treatment ceased. Once phenotypic, the sapje embryos
had a disease phenotype that was indistinguishable from that

Figure 7. Fluoxetine does not restore dystrophin expression in sapje zebrafish.
Embryos were treated with either 0.1% DMSO (i.e. untreated) or 1× fluoxetine
from1dpf until 4 dpf. Theywere then genotyped,fixed in 4%paraformaldehyde,
and analyzed by whole mount immunofluorescence using anti-dystrophin (red)
and phalloidin-FITC (green). (A) Wild-type sibling (WT) showing normal dys-
trophinexpression at themyotendonandanormalpatternofphalloidin stainingat
the sarcomere. (B) Untreated sapje (sap) with absent dystrophin expression and
abnormal phalloidin expression in many fibers. (C) Fluoxetine-treated sapje
(sap + fluo) also have absent dystrophin expression, but exhibit normal phalloid-
in staining. Scale bar ¼ 100 um.
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Figure 8.Microarray analysis of fluoxetine-treated sapje zebrafish. Comparative microarray analysis was performed on untreated and fluoxetine-treated embryos
using the Affymetrix Zebrafish Gene 1.1 array platform. (A) Venn diagram of DEGs. There were 1019 DEGs between untreated wild-type and sapje embryos.
Two hundred and twenty-six of these were reversed with fluoxetine treatment. An additional 704 DEGs were uncovered between untreated and treated sapje.
(B)Heatmapshowing themost significantlyover-representedbiological functions in thedifferentially expressed transcripts. (C)Examinationof themost significantly
changed transcripts revealed enrichment for gene products associated with calcium homeostasis. (D) Quantitative RT-PCRwas performed to validate several of the
transcriptional changes observed by microarray analysis. Depicted graphically are the results for calsequestrin 1b and calsequestrin 2. Specific fold changes were as
follows (with untreated wild-type set nominally as 1.0): calsequestrin 1b ¼ 0.8-fold (wild-type treated with fluoxetine), 0.4-fold (untreated sapje), and 0.7-fold
(treated sapje); calsequestrin-2 ¼ 1.4-fold (WT plus fluoxetine), 0.4-fold (untreated sapje) and 1.1-fold (sapje plus fluoxetine).
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of similarly aged untreated sapje embryos. For the 4–7 day
treatment (n ¼ 5 trials), we tested the effect of fluoxetine only
on embryos that had already developed the sapje phenotype.
We treated the embryos either continuously or twice daily for
3 days total (dpf 4–7), and then quantitatively measured bire-
fringence and swim velocity at dpf 7 (22). We observed no sig-
nificant difference in abnormal birefringence (Supplementary
Material, Fig. S2) or swim velocity between untreated and
fluoxetine-treated sapjes, indicating no positive effect of post-
symptomatic treatment with fluoxetine.

Fluoxetine does not qualitatively alter dystrophin expression

One potential explanation for the ability offluoxetine to improve
the sapje phenotype is that it may somehow restore dystrophin
expression. To test this, we performed whole mount immuno-
fluorescence on pools of embryos either not treated or treated
for 3 dayswithfluoxetine.As expected, embryos in the untreated
group with abnormal birefringence (i.e. phenotypic sapje) had
undetectable expression of dystrophin. In the treated group,
there was also no restoration of dystrophin expression, though
in this case the observation of absent expression occurred in
embryos with normal birefringence (Fig. 7). The effect of fluox-
etine on the development of the sapjephenotype is, therefore, not
due to re-expression of dystrophin.

We also stained embryos with phalloidin, a dye, which bind
filamentous actin and that, provides a marker of skeletal
muscle organization. Phalloidin stainingwas altered in untreated
sapje, often appearing in clumps within detached fibers
(Fig. 7B). In fluoxetine exposed sapje, on the other hand, the
pattern of phalloidin staining was similar to that observed in
wild-type embryos (Fig. 7C). This indicates that internal
muscle architecture, at least at the level of light microscopic
examination, is essentially normal in treated sapje embryos.

Transcriptome analysis reveals changes in calcium
homeostasis with fluoxetine treatment

Lastly, to begin to define the potential mechanism(s) via which
fluoxetine prevents the development of the dystrophic pheno-
type, we performed a gene expression microarray analysis on
treated versus untreated sapje. To accomplish this, we incubated
3 pools of 20 embryos (derived from a sapje +/2 × +/2
crosses) from days 1–4 in either 0.1% DMSO or fluoxetine.
At day 4, embryos were screened for birefringence and then pro-
cessed by taking the anterior portion of the embryos for genotyp-
ing and the posterior portion (which is primarily muscle) for
RNA extraction. Microarray analysis was subsequently per-
formed independently on RNA from three embryos per condi-
tion, with the conditions being: untreated littermate, treated
littermate, untreated sapje (genetically confirmed) and treated
sapje (genetically confirmed).

We discovered 1019 differentially expressed genes (DEGs)
between untreated littermates and untreated sapje, of which
226 (22%)were also differentially expressed between untreat-
ed sapje and treated sapje (Fig. 8A).The expression of all but one
common DEG (225 out of 226) was reversed by the treatment
(Supplementary Material, Table S1). Figure 8B is a heat-map
of the five most significantly over-represented biological func-
tions among the DEGs in Figure 8A, demonstrating that the

common DEGs were highly associated with receptor complex
and calcium ion binding functions. Figure 8B also suggests
that genes related to functions such as oxidative phosphoryl-
ation, structural and metabolic processes were not reversed by
fluoxetine treatment.

Among the gene productsmost significantly altered (Fig. 8C),
we were drawn to the fact that this group included several genes
products involved in calcium homeostasis. This was noteworthy
to us because (1) there is previous data to support an effect of
SSRIs on calcium dynamics and (2) altered intracellular
calcium homeostasis has been implicated as an aspect of
disease pathogenesis in DMD.We sought to validate these tran-
scriptional changes using real time PCR. Quantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) confirmed
several of the changes seen by microarray, including especially
the alterations in calsequestrin 1b and calsequestrin 2 levels
(Fig. 8D). These data thus support an overall impression that
one potential mechanism of action for fluoxetine is improved
calcium homeostasis.

DISCUSSION

In this study, we have performed a large-scale (n ¼ 640) chem-
ical screen to identify drugs that prevent the development of the
dystrophic phenotype in the sapje zebrafish model. We found 6
positive hits using our screening methodology. One hit (amino-
phylline) has been found previously in a drug screen of a zebra-
fish model of DMD (20), and has further been shown in
mammalian models to be a positive modifier of disease (10).
The identification of aminophylline in our screen thus supports
the validity and utility of our methodology. The major novel
finding fromour study is the identification offluoxetine and sero-
tonin as drugs that can prevent the development of disease in the
sapje zebrafish.

The identification of serotonin pathway modulators as posi-
tive hits in the sapje zebrafish is somewhat surprising. Serotonin
and its regulators are most typically associated with the central
nervous system, where they factor prominently in the regulation
of homeostatic processes such as appetite and mood (24). Sero-
tonin is also highly expressed in the gut, where it participates in
intestinal peristalsis (25). It additionally functions as a regulator
of vascular tone (26). It is therefore possible that the positive
impact of serotonin and fluoxetine on the sapje zebrafish is due
to modulation of non-muscle pathways. Regulation of blood
flow to the muscle, an area clearly shown to be important for
DMD pathogenesis, is one potential possibility. In fact, fluoxet-
ine haspreviously been shown todilate skeletalmuscle arterioles
in rat skeletal muscle (27).

Conversely, there is data instead to support a primary role for
serotonin in skeletal muscle. Serotonin receptors are expressed
in skeletal muscle (28), and serotonin has been shown to directly
increase glucose transport through these receptors (28). It has
also been shown to have additional direct metabolic effects on
muscle, including dose-dependent activation of the glycolytic
pathway (29). At present, as suggested by our data, we favor a
modelwherebyfluoxetine (and serotonin) act directly on skeletal
muscle to promote/stabilize membrane integrity. Based on our
transcriptome analysis, we postulate that this affect is mediated
by improved/restored intracellular calcium homeostasis, which
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in turn may improve calcium-dependent membrane repair pro-
cesses necessary for membrane stabilization in the setting of
absent dystrophin (30). Further experimentation will be neces-
sary to test these concepts.

Importantly, there are previous associations between sero-
tonin and its modifiers and the pathogenesis of muscular dys-
trophy. Based on data from mouse studies (31, 32) prior to the
identification of dystrophin mutations as the genetic cause of
DMD, there was an investigation of serotonin levels in the
serum of patients with DMD. In a small cohort of patients, sero-
tonin levels were found to be comparable to controls in the
plasma but lower than controls in platelets (33). This finding
was corroborated by a subsequent study that demonstrated
decreased serotonin uptake in platelets from DMD patients
(34). The significance of these data remains unclear. Later
studies using the dystrophic chicken model system [genetic
cause unknown (35)] showed that several drugs that block sero-
tonin reuptake (including fluoxetine) improved aspects of the
disease phenotype, including improvement of motor function
(36). More recently, several serotonergic drugs were identified
as suppressors of skeletal muscle degeneration in a drug screen
using a Caenorhabditis elegans model of DMD (37).

Using their positive hits in C. elegans as a springboard,
Ségalat and colleagues (38) studied 21 modulators of monoa-
mines in the mdx mouse model of DMD. They did not uncover
meaningful overall improvement with any of the 21 drugs
tested, though they did find that fluoxetine reduced CPK levels
and that imipramine improved some aspects of motor function
and force generation. They found only marginal improvement
with prednisone as well, a finding in keeping with other recent
data that have failed to show significant benefit with glucocorti-
coids in the mdx mouse model (39). In addition, the authors did
not measure blood levels or bioactivity of the compounds, and
thus it is unclear whether meaningful levels of the drugs in ques-
tion were obtained.

Based on our results, as well as these previous associations
between serotonin and muscular dystrophy, it is tempting to
predict that SSRIs may be a viable therapeutic strategy for
DMD. SSRIs are currently used in many DMD and BMD
patients to treat neurocognitive aspects of the disease, especially
depression. However, there has not been a systematic examin-
ationofmotor function in patients treatedwith these compounds.
The question of whether it makes sense to first more rigorously
test SSRIs in the mdx mouse model is an open one. On one
hand, the mdx model largely remains the gold standard for pre-
clinical drug testing inDMD.On theother hand, the true relation-
ship between a drug’s ability to modulate disease in mdx and its
ability to ameliorate disease in patients is uncertain. The fact that
prednisone, the one proven therapy for DMD, does not provide
substantial benefit in the mdx mouse should raise concerns
about results based on drug testing in the mdx mouse.

CONCLUSION

In summary, we have used a non-biased drug screen of
FDA-approved compounds in the sapje zebrafish model to dem-
onstrate (1) the validity of the zebrafish as a powerful model
for drug discovery and (2) the potential therapeutic benefit
of serotonin pathway modulation for treating DMD. Future

experimentation is obviously required to test whether serotonin
or SSRIs are viable treatments for this disease, and the question
of how best to do this testing (further examination in a mamma-
lian model versus human myotube model versus direct testing
via clinical trial in patients) remains to be resolved.

MATERIALS ANDMETHODS

Zebrafish husbandry

Heterozygous sapje zebrafish were obtained from University of
Tubingen (kind gift of C. Nusslein Volhard) and then subse-
quently housed and bred under UCUCA approved conditions
and specifications (University of Michigan and The Hospital
for Sick Children).

Zebrafish genotyping

Zebrafish were genotyped using both Sanger sequencing meth-
odology as well as by Taqman assay. Primers for direct DNA se-
quencing have been previously published (19). The Taqman
assay utilized the following oligonucleotides:

† Reporter#1F:
5-′TTGCAATGGATGCTCAAAGTTCATTT-3′FAM

† Reporter#1R: 5-′GGGAGTGCACTCGAGTGAAG-3′

† Reporter#2F: 5-′CACGTTCTTTAACCTGC-3′

† Reporter#2R: 5-′ACGTTCTTAAACCTGC-3′

Drug screen

Embryos fromheterozygousmatingswere pooled and dechorio-
nated at 1 dpf. Embryos were placed 20 per well in 24-well
dishes. Each well contained either an experimental compound
or else 0.1% DMSO. Drug was changed daily until the termin-
ation of the experiment. Embryos were screened at 4 dpf for
abnormal birefringence (see Results section).

Birefringence

Birefringence was measured by light microscopy using a plane-
polarizing filter attached to either an Olympus dissecting micro-
scope (equipped with a Firefly camera) or at Nikon AZ-100
Macroscope (equipped with a Nikon EZ-snap camera).

Drug library

For the screen, we utilized a library of 640 FDA-approved
drugs (ENZO Biomol). Each compound was diluted 1/100 into
E2 media (final concentration of 33 uM) and then added to a
single well of a 24-well dish. The dose used was based on a pre-
viously published drug screen that employed this library in the
zebrafish (40).

Morpholinos

Splice site morpholinos were designed to the two zebrafish
orthologs of the serotonin transporter (slc6a4A and slc6a4B).
Optimal MO concentration was determined as the dose at
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which splicing was effectively inhibited but minimal toxicity
was observed. For slc6a4A MO, the concentration was
0.5 mM, and for slc6a4B, the concentration was 0.3 mM. Stand-
ard control morpholino (41) (GeneTools) was used at 0.5 mM.
Morpholino sequences were as follows:

† Slc6a4A: 5′-ACGCACTTACATGCACTTACACATA-3′

† Slc6a4B: 5′-CAGCCACTTACATGCACTTACGTGT-3′

EBD injections

EBD was injected into the peri-cardial space of 4 dpf zebrafish
embryos using a procedure adapted from Currie and colleagues
(42).Dyeuptake intoskeletalmusclewasdetermined2hafter injec-
tion using fluorescence microscopy (Nikon AZ-100 macroscope).

Pin analysis

Embryos at 4 dpf were anesthetized in tricaine and examined for
their pattern of birefringence on a Sylgard dish background.
Selected embryos were then pinned to a same Sylgard coated
petri dishwith tungstenwire pins (Scientific Instrument Services
W406 diameter) placed approximately around the 5th and 18th
somites. Pinned embryos were re-analyzed for birefringence.

Whole mount immunofluorescence

Immunolabelingwas carried out as previously described (41). In
brief, embryos were fixed in 4% paraformaldehyde, incubated
with blocking solution, and then stained with anti-dystrophin
(Sigma 1:500) followed by alexa594 anti-mouse secondary
(1:1000). Embryos were additionally labeled with fluorescein
isothiocyanate (FITC)-conjugated phalloidin (Invitrogen),
mounted on glass slides, and then visualized using a Nikon
AZ-100 macroscope.

Activity monitoring

Zebrafish motor activity (distance traveled and swim velocity)
was determined using the Noldus activity monitoring system
using our previously established methodology (43).

Microarray analysis

Microarray analysis was performed as previously described
(43). Briefly, RNA was extracted from three zebrafish embryos
per condition using RNeasy kit (Qiagen), with the conditions
being: untreated littermate, treated littermate, untreated sapje
(genetically confirmed), and treated sapje (genetically con-
firmed). Extracted RNA from each condition was amplified,
biotin labeled and hybridized to Affymetrix Zebrafish Gene
1.1 ST Arrays containing 59 302 transcripts (Affymetrix). The
raw image files were analyzed using a local version of the Gene-
Pattern genomic analysis platform from the Broad Institute
(http://www.broadinstitute.org/cancer/software/genepattern) (44).
The samples were Robust Multi-array Average normalized using
the BrainArray Custom CDF version 17 optimized for NCBI
Entrez Gene dataset (http://brainarray.mhri.med.umich.edu) (45).
Transcripts with a minimum fold expression change of 1.5-fold

and intensity-based moderated T-test (IBMT) P-value ,0.05
were selected as DEGs (46). A local implementation of the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) (47, 48) was used to identify enriched biological
functions in terms of Gene Ontology terms (http://www.gene
ontology.org/) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways (http://www.genome.jp/kegg/).

Quantitative RT-PCR

qPCRwas performed as previously described. Primer sequences
are listed in the Supplementary Material.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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