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Abstract
Myostatin is a member of the TGF-β superfamily and a potent negative regulator of muscle growth
and development in mammals. Its expression is limited primarily to skeletal muscle in mammals,
but occurs in many different fish tissues, although quantitative measurements of the embryonic and
tissue-specific expression profiles are lacking. A recent phylogenetic analysis of all known myostatin
genes identified a novel paralogue in zebrafish, zfMSTN-2, and prompted the reclassification of the
entire subfamily to include MSTN-1 and -2 sister clades in the bony fishes. The differential
expression profiles of both genes were therefore determined using custom RNA panels generated
from pooled (100–150/sampling) embryos at different stages of development and from individual
adult tissues. High levels of both transcripts were transiently present at the blastula stage, but were
undetectable throughout gastrulation (7 hpf). Levels of zfMSTN-2 peaked during early somitogenesis
(11 hpf), returned to basal levels during late somitogenesis and did not begin to rise again until
hatching (72 hpf). By contrast, zfMSTN-1 mRNA levels peaked during late somitogenesis (15.5–19
hpf), returned to baseline at 21.5 hpf and eventually rose 25-fold by 72 hpf. In adults, both transcripts
were present in a wide variety of tissues, including some not previously known to express myostatin.
Expression of zfMSTN-1 was highest in brain, muscle, heart and testes and was 1–3 log orders above
that in other tissues. It was also greater than zfMSTN-2 expression in most tissues, nevertheless,
levels of both transcripts increased almost 600-fold in spleens of fish subjected to stocking stress.
Myostatin expression was also detected in mouse spleens, suggesting that myostatin may influence
immune cell development in mammals as well as fish. These studies indicate that zfMSTN-1 and -2
gene expression is differentially regulated in developing fish embryos and in adult tissues. The
increased expression of both genes in spleens from stressed fish is further supportive of an
immunomodulatory role and may explain increased disease susceptibility associated with stocking
stress.
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1. Introduction
Myostatin is a member of the transforming growth factor (TGF)-β superfamily of growth and
differentiation factors and is known mostly for its potent abilities to negatively regulate
mammalian skeletal muscle growth (Lee, 2004). In fish, however, its function may be more
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diverse and may influence many other tissues as it is widely expressed (Table 1). The tissue-
specific expression pattern previously described for each species is not necessarily the same
and is likely due to difficulties in detecting low levels of expression in some tissues. To date,
most analyses of myostatin expression in developing and adult fish have been qualitative, which
highlights the need for more quantitative analyses. Myostatin protein also appears to be widely
distributed as myostatin immunoreactivity was identified in several juvenile and larval tissues
of zebrafish, sole and seabream (Radaelli et al., 2003).

Attempts to determine expression patterns with in situ hybridization have failed or have
suggested ubiquitous expression, likely because the level of myostatin expression is too low
to be detected with high specificity using this method (Amali et al., 2004; Vianello et al.,
2003; Xu et al., 2003). Most other analyses have therefore used RT-PCR to evaluate expression
of myostatin. In tilapia, myostatin expression was first detected in post-hatching larvae,
however it was not detected in fertilized oocytes or in prehatching larvae with eye spots
(Rodgers et al., 2001). It was first detected in catfish embyros beginning at day 1 post-
fertilization, but this required 35 cycles of amplification and was relatively weak (Kocabas et
al., 2002). Similar qualitative analyses detected zebrafish myostatin mRNA in fertilized
embryos, which is consistent with maternally deposited transcripts, and throughout the early
and late stages of development (Amali et al., 2004; Vianello et al., 2003; Xu et al., 2003). While
these studies were able to detect myostatin in fish embryos, only Amali et al. specifically
addressed expression during somitogenesis, when myogenesis begins, and none attempted to
quantify expression during this significant stage of muscle development. Furthermore, most
fish possess two distinct myostatin genes, MSTN-1 and MSTN-2 (Biga et al., 2005; Kerr et
al., 2005), that resulted from the duplication of the bony fish genome (Amores et al., 1998;
Postlethwait et al., 1998), while salmonids potentially possess four distinct genes (1a, 1b, 2a
and 2b) due to the recent tetraploidization of this family (Phillips and Rab, 2001). Previous
expression studies were conducted before the discovery of the MSTN-2 subfamily. Some of
these studies may therefore be partly unreliable due to complications associated with primer/
probe cross-hybridization to the different homologues.

Given that previous studies of myostatin gene expression during the development of fish did
not differentiate between MSTN-1 and -2 genes, and that nearly all of the studies were only
qualitative assessments, we sought to determine the temporal expression patterns of both
zebrafish genes, zfMSTN-1 and -2, and to quantify the relative amounts of each transcript in
developing zebrafish embryos and in different adult tissues. Our results indicate that expression
of zfMSTN-1 and -2 is indeed differentially regulated and suggest a novel function for
myostatin in regulating the immune systems of fish and possibly mammals.

2. Materials and methods
2.1. Animals

The zebrafish Danio rerio used in this study were of a strain originally purchased from
Scientific Hatcheries (Huntington Beach, CA) and were housed in a centralized, monitored
and recirculating aquatic system at the University of Idaho. The facility was kept at 28.5 °C
on a light/dark cycle of 14:10 h. All experiments were performed in accordance with the Animal
Care and Use Committees of the University of Idaho and Washington State University under
preapproved protocols. Embryos were collected according to developmental stages outlined
in The Zebrafish Book (Westerfield, 2000) including mid-blastula (4 h post-fertilization, hpf),
mid-gastrula (7 hpf) and several stages of somitogenesis (4 somites—11.3 hpf, 8—13, 13—
15.5, 17—17.5, 20—19, 25—21.5, 24, 48 and 72 hpf). Samples were also obtained from adult
zebrafish after euthanizing with a lethal dose of buffered tricane methansulfonate (MS222,
Argent, argentlabs.com). Individual tissues including brain, skeletal muscle, gill, eye, skin,
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gastrointestinal tract, heart, spleen, liver, swim bladder and gonads of both sexes were dissected
and collected, snap frozen in liquid nitrogen and stored at −80 °C before RNA isolation.

2.2. Analysis of zfMSTN-1 and -2 gene expression
Total RNA was extracted from Danio rerio embryos (100–150 per development stage) and
adult tissues with TRIzol (Invitrogen, invitrogen.com) according to the manufacturer’s
instructions and cDNA was synthesized using 1 μg total RNA from each sample and the First
Strand cDNA synthesis kit (Invitrogen). A qualitative analysis of zfMSTN-1 and -2 mRNA
levels was first performed by reverse transcriptase polymerase chain reaction (RT-PCR). The
same gene specific primers were used in this analysis and in quantitative real time RT-PCR
(see below). For all analyses of gene expression in this study, the identity of each amplicon
was verified by sequencing transcripts from different tissues including spleen. For each primer
pair, the forward primer targeted the coding region in exon 1 and the reverse primer in exon 2
(Kerr et al., 2005; Xu et al., 2003). Thus, amplicons from both primer sets spanned the first
intron of each respective gene. The sequence for the zfMSTN-1 forward primer was 5′-ACA
TGC CAC CAC AGA AAC CA-3′ and the reverse was 5′-CAA CAC TTC GGT TTC CGA
TCT AC-3′. The forward zfMSTN-2 primer was 5′-GCA AGC AGC GAG ACC ATC AT-3′
and the reverse was 5′-CAT GCA ACA CTT CGG CAT TC-3′. Expression of elongation factor
1-α (EF1-α) was used as a reference control. Its forward primer sequence was 5′-GCA TAC
ATC AAG AAG ATC GGC-3′ and its reverse primer was 5′-GCA GCC TTC TGT GCA GAC
TT G-3′. After an initial denaturation at 94 °C for 4 min, samples were amplified for 40 cycles
(30 s at 94 °C, 15 s at 58 °C and 1 min at 72 °C) with a final elongation step of 5 min at 72°C.

2.3. Primer validation
The high conservation of the zfMSTN-1 and -2 genes complicate PCR-based analyses of
individual transcript levels. Therefore gene-specific primers were designed and validated using
a primer mismatch assay that paired zfMSTN-1 primers with zfMSTN-2 cDNA plasmids (1
ng) and vice versa. A temperature titration assay was also performed for each primer, using
skeletal muscle cDNA, to determine the maximum range of annealing temperatures that would
avoid primer cross-hybridization (Fig. 1a). All primers successfully amplified appropriate
template even at the highest temperatures tested, which were 3–8 °C above the respective
calculated Tm. Each primer set specifically amplified only the target gene and did not cross-
hybridize to the other paralogue (Fig. 1b). Primer specificity was also verified by sequencing
cDNA amplicons.

2.4. Real-time PCR analysis of myostatin gene expression
Real-time RT-PCR was performed using the same primers as described for RT-PCR and the
iCyler IQ real time PCR detection system (Bio-Rad, bio-rad.com). Samples were amplified for
45 cycles (95 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s) using primer concentrations that
were emperically determined (zfMSTN-1 forward = 900 nM, reverse = 600 nM; zfMSTN-2
forward = 900 nM, reverse = 50 nM). Melt curve analysis was also performed to once again
assure primer specificity. For each assay, a master mix was first created using IQ SYBR Green
Mastermix (Bio-Rad), which was then aliquoted before the addition of cDNA for each
timepoint or tissue pool. Each individual aliquot was divided into three equal volumes and
gene-specific primers were then added. Samples were run in triplicate on each plate and each
analysis was repeated. Three control wells were also included on each plate that consisted of
a no template control (NTC) and a RT- (RNA only) control. The cycle threshold (CT) was
calculated for each amplicon using Q-Gene software (Muller et al., 2002) and CT values for
both myostatin transcripts were normalized to those of EF1-α.
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2.5. Stocking density stress and myostatin expression
The effects of stocking density stress on zfMSTN-1 and -2 mRNA levels in brain, skeletal
muscle and spleen were investigated using two densities. High density (HD) or “stressed” fish
were housed at 40 fish/L (approximately 32 g/L) and low density (LD) fish were housed at 5
fish/L (4 g/L). Three tanks housed fish at either density for a total of 6 tanks. Fish were watched
when fed to ensure satiety was reached and there were no deaths or illnesses observed during
these experiments. Tissues were dissected from euthanized fish and processed as described
above.

2.6. Analysis of murine myostatin expression
A skeletal muscle biopsy (gastrocnemius) and spleen from a FVB/NJ mouse were provided by
Dr. Derek McLean (Dept. of Animal Sciences, WSU). Both tissues were snap frozen in liquid
nitrogen and total RNA was isolated and cDNA was synthesized as described above. The
expression of myostatin and β-actin was determined by RT-PCR using intron-spanning primers
specific for the mouse genes (MSTN forward, 5′-GCT GAT TGC TGC TGG CCC AGT GG-3′;
MSTN reverse, 5′-GAG CAC CCA CAG CGG TCT ACT ACC-3′; actin forward, 5′-CGC
TGC GCT GGT CGT CGA CAA CG-3′; actin reverse, 5′-ATC GTA CTC CTG CTT GCT
GAT CCA C-3′). cDNA from both samples was initially amplified for 30 cycles (94 °C for 30
s, 60 °C for 30 s and 72 °C for 1 min) and then a 5 μl aliquot was re-amplified using the same
protocol for an additional 30 cycles.

2.7. Statistical analysis
The CT was calculated for each gene product using Q-Gene software (Muller et al., 2002).
Normalized expression values were first analyzed by an analysis of variance to determine the
presence of tank effect, which was determined not to exist. Differences between HD and LD
means (±SEM; n = 15) were therefore determined using a t-test (p ≤ 0.05).

3. Results
3.1. Developmental expression of zfMSTN-1 and -2

Levels of zfMSTN-1 and -2 transcripts were assessed qualitatively by normal RT-PCR and
quantitatively by real-time RT-PCR. The expression patterns and levels of both transcripts
were determined using pooled samples of 100–150 embryos per stage of development, which
thereby diluted individual variation. Both transcripts were weakly detected throughout
development using the qualitative assay, although zfMSTN-1 levels were more readily detected
at each timepoint (Fig. 2). Nevertheless, differences between different stages could not be
resolved as expression levels were at the limit of detection. This was not due to poor sample
quality as RNA fidelity was previously verified by gel electrophoresis and because EF1-α was
easily amplified in all samples. Rather than optimizing this assay for semi-quantitative results
only, we assayed the same samples using real-time RT-PCR.

High levels of both zfMSTN-1 and -2 transcripts were present at the blastula stage (4 hpf), but
quickly dropped to almost undetectable levels throughout gastrulation (7 hpf). The presence
of both transcripts during the blastula stage is likely attributed to the transfer of maternal
components. Both transcript levels increased steadily following somitogenesis, although the
rate and absolute levels of zfMSTN-1 were substantially greater than those of zfMSTN-2 (Fig.
3a). Indeed, zfMSTN-1 levels were almost always greater than those of zfMSTN-2. A closer
evaluation of the gene expression patterns during somitogensis (Fig. 3b) reveals a zfMSTN-2
peak with an initial 5-fold increase during early somitogenesis (11.3 hpf). Expression returned
to basal levels during late somitogenesis and did not begin to rise again until hatching (72 hpf).
By contrast, zfMSTN-1 mRNA levels were low during early somitogenesis (11.3–13 hpf), but
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increased 30-fold during late somitogenesis (15.5–19 hpf) before returning to basal levels at
the end of this developmental period (21.5 hpf). These data indicate that expression of
zfMSTN-1 and -2 is differentially regulated in developing embryos, specifically during early
and late somitogenesis, and during the events that precede hatching.

3.2. Adult tissue-specific expression of zfMSTN-1 and -2
Previous studies identified myostatin expression in many different fish tissues (Table 1). With
one exception (Maccatrozzo et al., 2001a), however, these analyses only studied MSTN-1
expression patterns using primers that may have potentially cross-hybridized to either or both
MSTN transcripts. Total RNA was therefore isolated from twelve tissues of zebrafish adults
and was analyzed by real-time RT-PCR to determine individual tissue expression patterns.
Both zfMSTN transcripts were present in brain, muscle, gill, eyes, skin, gastrointestinal tract,
heart, spleen, liver, swim bladder and gonads of both sexes (Fig. 4). This distribution includes
tissues not previously known to express myostatin, including liver, heart and spleen.
Normalized expression of zfMSTN-1 was highest in brain, muscle, heart and testes, 1–3 log
orders above that in other tissues and was greater than zfMSTN-2 expression in all tissues
except eyes and swim bladder. Normalized expression of zfMSTN-2 was greatest in brain,
eyes, spleen and testes and was 1–4 log orders above that of other tissues. These studies suggest
distinct functional roles for zfMSTN-1 and -2 during embryogenesis and in adult tissues.

3.3. Stocking stress
Previous studies with fish and mammals indicate that myostatin expression is influenced by
different stressors (Carlson et al., 1999; Gonzalez-Cadavid and Bhasin, 2004; Vianello et al.,
2003; Wehling et al., 2000). Adult zebrafish were therefore subjected to 3 days of acute
stocking density stress to determine changes in zfMSTN-1 and -2 gene expression in muscle,
brain and spleen. Due to the dramatic difference in absolute levels and the degree of changes,
transcript levels of both genes are shown as normalized expression on a logarithmic scale and
as percent of control (Fig. 5). There was no significant change in the expression of either gene
in muscle and brain. By contrast, levels of both zfMSTN-1 and -2 mRNA in spleens of HD
fish were almost 3 log orders of magnitude greater than those in LD spleens. This dramatic
increase in expression of both genes suggests that myostatin may play an important role in
modulating immune system function during conditions of stress. The changes in mRNA do
not appear to be systemic responses, rather tissue-specific, as only spleen levels were affected
(Fig. 6).

3.4. Myostatin expression in mouse spleens
Although myostatin expression in mammals occurs mostly in skeletal muscle, we sought to
determine whether it could be detected in the mouse spleen as the stress-induced increase in
transcript levels of both zfMSTNs suggests that even low levels of basal expression could be
physiologically relevant. After 30 cycles of PCR amplification, myostatin expression was only
detected in skeletal muscle, although β-actin transcripts were present in both muscle and spleen,
confirming RNA integrity. However, expression was readily detected in both tissues after 60
cycles, suggesting that myostatin is at least minimally expressed in the mouse spleen as well.

4. Discussion
Myostatin function has been extensively studied in mammalian systems, although its function
may be quite different in fish where its expression occurs in many more adult and developing
tissues. A recent phylogenetic analysis (Kerr et al., 2005) has identified two distinct myostatin
clades, suggesting that all fish express at least two myostatin genes. Genomic and cDNA clones
for MSTN-2 have been cloned from zebrafish (Biga et al., 2005; Kerr et al., 2005) and from a
select few other species and relatively little is known about their relative expression patterns.
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This highlights the need for more extensive studies of MSTN-2 expression during embryonic
development and in adult tissues.

In this study, we characterized and quantified the expression of zfMSTN-1 and -2 genes in
developing zebrafish embryos and in adult tissues. High expression levels of both genes during
blastula stages are indicative of remaining maternal transcripts, which is consistent with
previous studies using zebrafish (Biga et al., 2005; Vianello et al., 2003), tilapia (Rodgers et
al., 2001) and brook trout (Roberts and Goetz, 2003) as myostatin expression is present in
ovaries, unfertilized eggs and even in newly fertilized eggs at the 2 cell stage (Biga et al.,
2005). Both transcripts were nearly undetectable during gastrulation. This indicates that neither
is necessary at this stage and is consistent with previous assessments of developing embryos
from different fish species including tilapia (Rodgers et al., 2001), zebrafish (Biga et al.,
2005), rainbow trout (Garikipati et al., 2006), brook trout (Roberts and Goetz, 2003) and even
in mammals. Indeed, in situ hybridization studies of myostatin expression in mice determined
that it is first detected in the myotome compartment of somites (McPherron et al., 1997). As
mouse somitogenesis progresses, levels of myostatin message increase, although expression
is limited almost exclusively to developing skeletal muscle. In the present study, temporal
expression patterns of either zfMSTN-1 or -2 do not necessarily follow the patterns of muscle
development, although the changes in expression of both genes during somitogenesis are
consistent with the early stages of myogenesis. Levels of zfMSTN-1 mRNA steadily rose
throughout somitogenesis while zfMSTN-2 levels peaked and then dropped during early
somitogenesis. The formation of trunk and tail somites is similarly controlled, although some
of the factors that influence this process are different. This is best illustrated by comparing
somite formation and MRF gene expression in spadetail (spt), one-eyed pinhead (Oep) and no-
tail (ntl) mutants or in spt:Oep double mutants (Griffin and Kimelman, 2002; Weinberg et al.,
1996). Paraxial mesoderm segregates in the cranial to caudal directions and results in the
temporal formation of somites and in the development of the somitic myotome. Therefore, the
early expression of zfMSTN-2 takes place in parallel with the onset of myogenesis in the trunk
while zfMSTN-1 expression takes place in parallel with the same extensive process that occurs
in the tail. A definitive role for each myostatin remains to be determined. Nevertheless, the
temporal expression patterns of both genes in zebrafish suggest that they are both likely
involved in the early stages of muscle development. Curiously, the selective knockdown of
MSTN-1 expression with antisense morpholino oligonucleotides was reported to increase the
expression of some muscle-specific genes at 10 hpf and to increase the developmental rate and
size of somites (Amali et al., 2004)—a surprising finding given that (1) zfMSTN-1 expression
is virtually undetectable at this developmental time and lower than the corresponding level of
zfMSTN-2 expression (Fig. 3) and (2) that other studies of zebrafish (Kerr et al., 2005), tilapia
(Rodgers et al., 2001), rainbow trout (Garikipati et al., 2006 ), brook trout (Roberts and Goetz,
2003) and even mice (McPherron et al., 1997) all suggest that myostatin is not expressed during
gastrulation. Xu et al. (2003) also generated null fish by overexpressing a dominant-negative
zfMSTN-1 (i.e. pro-domain a.k.a. LAP), but did not reproduce the results described by Amali
et al. Thus, a comparative analysis of loss-of-function phenotypes following MSTN-1 and/or
MSTN-2 knockdown is needed to resolve this issue.

In addition to skeletal muscle, weak myostatin expression has been detected in mammalian
Purkinje fibers and cardiomyocytes (Morissette et al., 2006; Sharma et al., 1999; Shyu et al.,
2005) as well as in mammary glands (Ji et al., 1998). Although recent studies indicate that
myostatin may influence cardiac muscle growth (Morissette et al., 2006; Shyu et al., 2005) and
possibly adipocyte differentiation (Kim et al., 2001; Rebbapragada et al., 2003; Zimmers et
al., 2002), its primary function is to negatively regulate skeletal muscle growth. This has been
demonstrated in numerous studies using skeletal muscle cell lines and in myostatin null mice,
domesticated cattle and in a child (Grobet et al., 1997; Kambadur et al., 1997; Lee and
McPherron, 1999; McPherron et al., 1997; McPherron and Lee, 1997; Schuelke et al., 2004).
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Its more ubiquitous expression in fish tissues (Table 1 and Fig. 4) suggests that its functions
may be even more diverse in the fishes. Previous expression studies, however, were performed
before the discovery of the two distinct myostatin gene families in fish. Thus, they either
assessed only zfMSTN-1 expression or may have inadvertently sampled both transcripts
simultaneously. Furthermore, none of these studies were quantitative and thus, the relative
contribution of each gene product within a specific tissue was unknown. We determined that
both zfMSTN-1 and -2 genes are expressed in a wide variety of zebrafish tissues. Both
transcripts were detected in every tissue sampled, although levels of expression were quite
different among tissues and between genes. The tissues with the highest expression of both
genes are brain, muscle, eyes, heart, testes and surprisingly spleen, although levels in the latter
were an order of magnitude lower. Expression of zfMSTN-1 was greater than that of zfMSTN-2
in all tissues except eyes and swim bladder (Fig. 4). In fact, zfMSTN-2 message was almost
10-fold higher in eyes while zfMSTN-1 message was barely detected in swim bladder. These
data suggest that zfMSTN-1, as in development, is predominantly expressed despite
zfMSTN-2’s potentially more specific role in eyes and swim bladder.

Levels of both zfMSTN transcripts were comparatively low in spleens of non-stressed fish,
but rose to levels similar to those in skeletal muscle as a consequence of stocking stress. Thus,
even very low levels of myostatin expression could be indicative of potential function in some
tissues. This could also be true for mammals as weak myostatin expression was also detected
in mouse spleen, but could approach physiologically relevant levels with the appropriate
stimuli. This tissue is composed primarily of immune cells, both B and T lymphocytes, and to
a lesser extent of aged and defective erythrocytes. It is also supported by fibrous connective
tissue and a thin layer of smooth muscle. The exact cellular source of myostatin expression in
spleens cannot be definitively determined at this time. However, we recently identified
myostatin expression (MSTN-1a and -1b) in peripheral blood lymphocytes as well as spleens
of rainbow trout (Garikipati et al., 2006), which is indicative of immune cell origins of
expression rather than non-parenchymal cell origins. These data together suggest that
myostatin may influence immune cell development in both fish and mammals and that it may
additionally participate in stress-mediated changes in immune function.

The possibility that myostatin may have different functional roles in fish versus mammals is
only just beginning to be studied. In mammals, myostatin expression increases in muscles
undergoing atrophy (Carlson et al., 1999; Lalani et al., 2000; Ma et al., 2003; Wehling et al.,
2000) and in response to some stressors including thermal injury (Lang et al., 2001),
microgravity (Lalani et al., 2000) and chronic fasting (Jeanplong et al., 2003). In contrast,
chronic crowding stress decreases myostatin expression in zebrafish skeletal muscle (Vianello
et al., 2003). A similar result was observed in tilapia subjected to chronic nutritional stress
(Rodgers et al., 2003) and during sexual maturation in rainbow trout, a time when muscle
undergoes atrophy (Rescan et al., 2001). These studies indicate differential responses to stress
in mammals versus fish. Although any particular stressor can impact tissues and organisms
differently, hypercortisolemia commonly develops regardless of the stressor. Glucorticoids
increase myostatin gene expression in mammals (Artaza et al., 2002; Lang et al., 2001; Ma et
al., 2001; Ma et al., 2003), but decrease MSTN-1 message in tilapia larvae (Rodgers et al.,
2003), which could explain the differential response to stress in mammals and fish.
Nevertheless, glucocorticoids are not likely responsible for the stressed-induced increase in
splenic zfMSTN-1 and -2 expression (Fig. 5) as brain and skeletal muscle expression was
unaffected. Overcrowding is a common problem encountered in the aquaculture industry and
often results in increased incidence of disease. Myostatin’s precise immune function is
unknown, however, if its inhibitory role in muscle is conserved in the spleen and possibly other
immune tissues, the upregulation of both MSTN-1 and -2 genes could contribute to stress
induced immunocompromization.
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The expression patterns described herein further support a role for both zfMSTN genes during
myogenesis, although the ubiquitous expression pattern in different adult tissues suggests that
the cytokines may influence many different tissues and cell types. The presence of multiple
fish genes—two in zebrafish and potentially four in salmonids—that are differentially
expressed throughout development and in adult tissues also suggests that the precise role of a
specific gene may vary between tissues. Low levels of expression in any particular tissue may
not necessarily represent retrograde transcription as significant changes in expression, as seen
in spleens of stressed zebrafish, could have substantial effects on tissue development and
organismal physiology. A better understanding of physiological factors that influence the
expression of each gene and of the transcriptional machinery involved will therefore help
distinguish the potential divergent actions of myostatin in fish and mammals.
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Fig. 1.
Primer validation. (a) Primers for zfMSTN-1, -2 and EF1-α were used to amplify adult
zebrafish skeletal muscle cDNA using the annealing temperatures indicated. (b) Assessment
of potential primer cross-reactivity. Plasmids containing cDNA for each myostatin were
amplified with specific or non-specific primers (1/2 = zfMSTN-1 plasmid + zfMSTN-2
primers, etc.).
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Fig. 2.
Qualitative assessement of zfMSTN-1, -2 and EF1-α expression throughout embryogenesis.
Levels of each transcript were qualitatively assessed by RT-PCR using embryos collected at
the indicated times (hpf, hours post-fertilization). Adult RNA was extracted from skeletal
muscle. (NTC, no template control; 11.3 hpf, 4 somite; 13, 8 somite; 15.5, 13 somite; 17.5, 17
somite; 19, 20 somite; 21.5, 25 somite).
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Fig. 3.
Quantitative analysis of zfMSTN-1 and -2 mRNA levels in developing embryos. A
comprehensive RNA panel was constructed by staging and individually sampling 100–150
embryos at the time periods indicated (4, 7, 11.3, 15.5, 17.5, 19, 21.5, 24, 48 and 72 hpf). (a)
Normalized expression (mean ± SEM) of both zfMSTN-1 and -2 using real-time RT-PCR.
Values for each myostatin transcript were normalized to those of EF1-α. (b) Expression during
early development only; 7–21.5 hpf. Arrows indicate the number of somites present in each
embryo. Assays were performed on pooled samples, therefore, error bars represent assay
variance only.
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Fig. 4.
Adult tissue distribution of zfMSTN-1 and -2 mRNA. Total RNA was isolated from tissues of
adult zebrafish and analyzed using qRT-PCR. Transcript levels were normalized to EF1-α.
Assays were repeated in triplicate and tissues were sampled twice (representative assay shown).
Mean values are shown for each tissue, which represents a pooled sampling from several
animals (numbers indicated). Error bars (±SEM) therefore represent assay variation only.
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Fig. 5.
Stocking density stress and zebrafish myostatin expression. The effect of acute stocking density
stress on the expression of zfMSTN-1 and -2 in muscle, brain and spleen was determined by
qRT-PCR. High density (HD) fish were housed at a density of 40 fish/L water. Low density
(LD) Fish were housed at a density of 5 fish/L. Fish were housed in 3 tanks per treatment group
to control for tank effect. HD and LD treatments were repeated twice. (a) Relative expression
levels of zfMSTN-1 and -2 as a percentage of the LD controls. (b) Mean normalized levels
(±SEM) of zfMSTN-1 and -2 expression in logarithmic scale.
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Fig. 6.
Myostatin expression in mouse spleen. Expression was analyzed by RT-PCR as described in
Section 2 using total RNA from spleen and skeletal muscle. Myostatin cDNA was amplified
for 30 cycles and then a 5 μl aliquot was re-amplified for an additional 30 cycles for a total of
60. β-actin was also amplified to assure cDNA quality and a no template control (NTC, with
myostatin primers) was also included. Amplicon sizes (kb) are indicated on the right.
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