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Spinal muscular atrophy (SMA), a recessive genetic disease, affects lower motoneurons leading to denerva-
tion, atrophy, paralysis and in severe cases death. Reduced levels of survival motor neuron (SMN) protein
cause SMA. As a first step towards generating a genetic model of SMA in zebrafish, we identified three
smn mutations. Two of these alleles, smnY262stop and smnL265stop, were stop mutations that resulted in
exon 7 truncation, whereas the third, smnG264D, was a missense mutation corresponding to an amino
acid altered in human SMA patients. Smn protein levels were low/undetectable in homozygous mutants con-
sistent with unstable protein products. Homozygous mutants from all three alleles were smaller and survived
on the basis of maternal Smn dying during the second week of larval development. Analysis of the neuromus-
cular system in these mutants revealed a decrease in the synaptic vesicle protein, SV2. However, two other
synaptic vesicle proteins, synaptotagmin and synaptophysin were unaffected. To address whether the SV2
decrease was due specifically to Smn in motoneurons, we tested whether expressing human SMN protein
exclusively in motoneurons in smn mutants could rescue the phenotype. For this, we generated a transgenic
zebrafish line with human SMN driven by the motoneuron-specific zebrafish hb9 promoter and then gener-
ated smn mutant lines carrying this transgene. We found that introducing human SMN specifically into moto-
neurons rescued the SV2 decrease observed in smn mutants. Our analysis indicates the requirement for Smn
in motoneurons to maintain SV2 in presynaptic terminals indicating that Smn, either directly or indirectly,
plays a role in presynaptic integrity.

INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive
disease characterized by the degeneration of anterior horn
spinal cord a-motoneurons. This degeneration subsequently
leads to progressive muscle atrophy, paralysis, respiratory
failure and in severe cases infant death. Humans have two
copies of the SMN gene: SMN1 and SMN2, located on chromo-
some 5q13 (1,2). SMN1 is absent in �96% of SMA patients and
those retaining the gene carry intragenic mutations (3). There are
only a small number of nucleotide differences between SMN1
and SMN2 including a C/T transition at position þ6 in exon 7
resulting in an exonic splicing silencer which removes exon 7

during splicing (4). Therefore, the vast majority of SMN2 tran-
scripts give rise to an unstable truncated protein lacking the
C-terminus (5). However, �10–15% of SMN2 product does
give rise to full-length SMN protein. Therefore, deletion of, or
mutations in, SMN1 leaves the patient to derive all full-length,
functional SMN from the SMN2 gene. This also explains why
patients with a greater number of SMN2 genes in their genome,
in general, have less severe SMA since more full-length SMN
is produced (6). Only humans have an SMN2 gene, whereas all
other animals examined only have SMN1 (2).

Different animal models have been used to study the
relationship between SMN and motoneuron development,
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function and survival. Transient knockdown of both maternal
and zygotic Smn in zebrafish embryos to levels similar to
those in SMA patients resulted in aberrant motor axon out-
growth including truncated and branched motor axons and
decreased survival (7). While motor axons in SMA mice do
not show such defects in vivo (8), cultured motoneurons
from the SMA mice do exhibit short axons with smaller
growth cones (9). This suggests that when removed from
their normal environment, mouse motor axons are also com-
promised by low SMN levels. Mouse SMA models do
display defects at the neuromuscular junction (NMJ) in vivo
such as unoccupied synapses, morphologically immature
synapses, some electrophysiological dysfunction and neurofi-
lament accumulation (8,10–12). NMJs have also been exam-
ined in Drosophila Smn mutants and they are also
compromised (13,14). Taken together, these data support
that decreased SMN levels affect NMJ formation and function
and that mice with less SMN have more severe defects. Where
SMN function is needed for this process and why low levels of
SMN lead to NMJ synaptic defects remains a central question
in the field.

To analyze these questions in more detail, we have gener-
ated ENU-induced smn zebrafish mutants. The smn zebrafish
mutants survive to larval stages due to maternally contributed
Smn. In the homozygous mutant background, the maternal
contribution is ultimately depleted during larval stages result-
ing in defects at the presynaptic terminal and decreased survi-
val. To further understand the neuronal specificity of SMA, we
have generated transgenic fish that expresses human SMN
(hSMN) only in motoneurons and then generated mutant
lines carrying this transgene. Interestingly, the motoneuron-
specific hSMN corrected the NMJ defect. Thus, we conclude
that SMN in motoneurons is necessary for presynaptic NMJ
integrity.

RESULTS

Zebrafish smn mutations

We identified eight putative smn mutations by screening over
8500 ENU mutated zebrafish genomes by TILLING (Targeted
Induced Localized Lesions In Genomes) (15) (Supplementary
Material, Fig. S1). Two of these, smnY262stop and
smnL265stop, were stop mutations and both resulted in a
C-terminal deletion of the protein (Fig. 1A–C). Because of
their resemblance to the major, unstable SMN2 gene product
in humans (4,5,16), we predicted they would give rise to an
unstable Smn protein. A third mutation, smnG264D, occurred
in exon 7 and corresponds to the human mutation SMNG279V,
a point mutation that causes Type I SMA in humans (17). The
other five mutations did not change the protein in a way sug-
gestive of a change in gene function and thus were not inves-
tigated further. A dCAPS (derived cleavage amplified
polymorphic sequence) strategy was developed to identify
the three putative mutants at the DNA level (18) (Fig. 1D).

SMNG279V replaces an unbranched glycine for a branched
valine. In the zebrafish mutation SmnG264D, aspartic acid is
also a branched substitution, thus we predicted that it would
also affect function. To test whether the two stop mutations
and the smnG264D mutation would indeed give rise to Smn

with little or no function, we tested these mutations in our
motor axon rescue assay. We have previously shown that
knockdown of maternal and zygotic Smn in zebrafish using
a translation blocking morpholino (MO) caused motor axon
defects during embryonic and early larval development (7).
Upon co-injection of smn MO and hSMN RNA, we found sig-
nificant rescue of the motor axon defects. We then used this
approach to determine whether human patient mutations
could rescue the motor axon defects and found that they
could not (19). One exception was the SMNA111G mutation
that was shown to rescue only when expressed at high levels
(20) indicating the sensitivity of this assay. Thus, to test
whether the three putative zebrafish smn mutations lacked
wild-type Smn function, we tested them in this rescue assay.
For this, we knocked down the endogenous smn RNA using
an smn MO that acted upstream of the start site in the
50-UTR (50-UTR MO) and added back the putative, in vitro
transcribed, mutant smn RNA (i.e. smnY262stop, smnG264D
and smnL265stop) that were generated using site-directed
mutagenesis. Wild-type zebrafish smn RNA was used as a
control. The 50-UTR MO caused motor axon defects that
were significantly rescued by co-injection of wild-type zebra-
fish smn RNA (7) (P , 0.001, Supplementary Material,
Fig. S2). Upon co-injection with smn MO, none of the three
mutant RNAs could rescue the motor axon defects. The two
stop mutations were worse than the smnG264D mutation
(smnY262stop P ¼ 0.62 and smnL265stop P ¼ 0.85 when
compared with smn MO alone, Supplementary Material,
Fig. S2). smnG264D (P ¼ 0.05 compared with smn MO
alone) weakly rescued but was also significantly different
than wild-type smn RNA (P ¼ 0.014). These data indicate
that these three alleles are bona fide mutations and thus can
be used to study Smn function. We proceeded, therefore, to
establish lines of fish carrying these mutations.

smn zebrafish mutants survive to larval stages
due to maternal Smn

Heterozygous smn mutants (smnþ/2) of all three alleles were
fertile and had no phenotype. Homozygous mutants (smn2/2)
obtained by heterozygous matings segregated following Men-
delian ratios. To determine whether smn2/2 embryos were
lethal, embryos from smnþ/2 incrosses were grown in the
same zebrafish nursery tank and any dead larvae were col-
lected daily. At 20–30 days post-fertilization (dpf), the
remaining zebrafish larvae were sacrificed and all larvae
were then genotyped. Kaplan–Meier analysis revealed that
both smnY262stop2/2 and smnL265stop2/2 mutants had an
average survival of 12 dpf with a range of 9–16 and 11–
15 dpf, respectively (Fig. 2A). Consistent with the results in
the motor axon assay, the smnG264D2/2 fish were less
severe dying on average at 17 dpf with a range of 13–
21 dpf. All three smn2/2 lines were indistinguishable from
wild-types and heterozygotes as embryos and early larvae.
Before they died, however, smn2/2 larvae were statistically
smaller with an average reduction of 7–8% of body length
compared with wild-types or smnþ/2 (Fig. 2B–C).

Since mouse Smn mutants die during early embryogenesis
(21), we wondered whether maternal Smn was extending the
survival of zebrafish smn2/2 larvae. We also hypothesized
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Figure 1. Zebrafish smn mutations. (A) Schematic diagram showing the smn mutations smnY262stop in exon 6, smnG264D, and smnL265stop in exon 7.
(B) Clustal W (1.82) alignment of zebrafish Smn exons 6 and 7 (black, vertical line demarcates the boundary) with the human homologue showing mutated
amino acids. (C) Schematic diagram showing wild-type and mutant Smn proteins. (D) dCAPS of zebrafish smn mutations. The PCR product of wild-type
(lane 1, 4, 7), heterozygous (lanes 2, 5, 8) and homozygous smn mutants (lanes 3, 6, 9). aa, amino acid; wt, wild-type. �¼ identical amino acid, : ¼ conserved
substitution, . ¼ semi-conserved substitution.

Figure 2. smn mutants are larval lethal. (A) Progeny from incrosses were grown in the same nursery tank and monitored until 20 dpf (smnY262stop, and
smnL265stop) or 30 dpf (smnG264D, wild-type). Fish were genotyped by dCAPS and survival of homozygous mutants was plotted (wild-type, green line,
n ¼ 143; smnY262stop2/2, red line, n ¼ 42; smnG264D2/2, black line, n ¼ 35; smnL265stop2/2, blue line, n ¼ 33). The average survival for both
smnY262stop2/2 and smnL265stop2/2 larvae was 12 dpf with �80% dying between 11 and 13 dpf. The average survival for smnG264D2/2 larvae was
17 dpf with �80% dying between 15 and 21 dpf. Survival of all mutants was significantly different compared with wild-types (P , 0.0001). (B) Image
of live 11 dpf wild-type and smnY262stop2/2 larvae. (C) smnY262stop2/2 (mutant, n¼63) were smaller than wild-type (n ¼ 55; P , 0.0001), and
smnY262stop2/þ larvae (n ¼ 114; P , 0.0001) at 11 dpf. Scale bar, 300 mm.
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that the three mutations would give rise to unstable proteins.
Exon 7 is needed for SMN protein stability (16) and both
the SmnY262stop and SmnL265stop resulted in proteins
lacking this exon. In addition, SmnG264D corresponds to
the human mutation SMNG279V, which has also been
shown to produce an unstable protein (20). To examine both
of these issues, we analyzed Smn protein expression in the
mutant lines. Wild-type zebrafish had consistent Smn protein
levels from day 3–11 dpf; however, smnY262stop2/2 larvae
had high levels of Smn on day 3–6 dpf, but these levels
were substantially reduced by 7–8 dpf (Fig. 3A and B). By
9–11 dpf, Smn levels were depleted in smnY262stop2/2

larvae and were only slightly above background (Fig. 3C).
The SmnL265stop truncated protein showed an identical
profile of expression as SmnY262stop and was also only
present at very low levels at 11 dpf (Fig. 3D). We interpret
these results to mean that since the zygotic mutant Smn is
unstable and undetected on western blot, the protein observed
at high levels between 3 and 6 dpf is from maternal smn tran-
scripts or maternally deposited protein. Similarly, the
SmnG264D protein was only present at low levels at 10 and
15 dpf suggesting that this mutation also results in an unstable
Smn protein (Fig. 3E). This result is consistent with in vitro
analysis of the corresponding human mutation, SMNG279V,
showing that this mutation results in an unstable protein
(22). The low level of SmnG264D protein at 12–15 dpf also
explains the extended survival of smnG264D2/2 larvae
when compared with smnY262stop2/2, or smnL265stop2/2

larvae (Fig. 2). Together, these data show that consistent
with other species decreasing Smn to very low/undetectable
levels in zebrafish is lethal.

We also examined the protein expression of Gemin 2 and Pro-
filin two SMN binding proteins (23,24). In smnY262stop2/2

mutants, we found that Gemin 2 levels were decreased and the
levels of Profilin were unchanged (Supplementary Material,

Fig. S3). Both of these results are consistent with what is seen
in a severe SMA mouse model (23,24) and indicate that low
levels of Smn in zebrafish are affecting the organism in a
matter similar to depletion in mammals.

Effect of smn mutations on zebrafish neuromuscular
junctions

We have previously demonstrated that knocking down both
maternal and zygotic Smn led to motor axon defects (7,19).
Because the smn2/2 embryos have high maternal Smn during
the time of motor axon outgrowth (1–4 dpf), their motor
axons developed normally (Supplementary Material, Fig. S4).
Thus, we cannot examine the role of Smn in motor axon out-
growth in these mutants unless we deplete maternal Smn. To
understand how low Smn protein levels affects the larval neuro-
muscular system, we investigated neuromuscular junctions
(NMJs) in smn mutants. Normal NMJs have a tight juxtaposition
of pre- and postsynaptic proteins. Decreases in presynaptic or
postsynaptic proteins or a lack of co-localization is indicative
of abnormal NMJs. Wild-type and smn2/2 larvae were double
immunolabeled with an antibody against synaptic vesicle
protein 2 (SV2), a protein present in presynaptic vesicles and
a-bungarotoxin (a-bgt) which binds to acetylcholine receptors
found on the postsynaptic side of the NMJ. At 9 dpf, SV2 and
a-bgt were co-localized and no NMJ defects were observed in
smnY262stop2/2 larvae (data not shown). However, on 11 dpf
when smnY262stop2/2 larvae had extremely reduced levels of
Smn (Fig. 3), we found an overall reduction in the ratio of
SV2/ a-bgt when compared with wild-types indicating
a decrease in SV2 (Fig. 4, P , 0.0001). Similar to
smnY262stop2/2, both smnL265stop2/2 and smnG264D2/2

mutants had reduced SV2/ a-bgt ratio when compared with
the wild-type zebrafish larvae (Fig. 4, P , 0.0001). These data
indicate that in zebrafish smn mutants, there is either a loss of

Figure 3. Smn protein levels in smn mutants. Smn protein levels from (A) wild-type (wt) and (B) smnY262stop2/2 larvae at 3–8 dpf. (C) wt and
smnY262stop2/2 at day 9–11 dpf. (D) wt, heterozygous (hets) and smnL265stop2/2 larvae at 11 dpf (E) wt and smnG264D2/2 larvae at 10 and 15 dpf.
Each lane was loaded with protein extracts from three larvae. Protein mass markers (kD) are present in A and a-tubulin served as loading control for all blots.
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presynaptic terminals at the NMJ or a decrease in NMJ SV2
protein. To address whether other presynaptic proteins were
decreased, we examined synaptotagmin II and synaptophysin,
which like SV2, are located on the presynaptic vesicle mem-
brane (25). Immunohistochemistry revealed that both of these
proteins were expressed normally at the NMJ in all three
mutants (Fig. 5 and data not shown). These data indicate that
presynaptic terminals are present in zebrafish Smn mutants,
but there is a decrease in SV2 protein at the NMJ.

Motoneuronal hSMN expression rescues the NMJ SV2
defect in smnY262stop mutants

Since Smn is expressed in all tissues and cells, we next deter-
mined where Smn was needed to maintain SV2 NMJ
expression. For these experiments, we generated a zebrafish
transgenic line Tg(hb9:hSMN;hb9:mcherry) that expresses
hSMN and mCherry using the zebrafish hb9 promoter (26)
(Fig. 6A). This transgene will hereafter be referred to as
Tg(hb9:hSMN). We verified that hSMN RNA was present in
the transgenic fish and that mCherry fluorescence was
expressed in motoneurons verifying that our construct was
expressed in the appropriate cells (Fig. 6B and C). We then
crossed Tg(hb9:hSMN) to the smnY262stop line to generate
mutants expressing hSMN only in motoneurons. Quantitative
real-time PCR revealed that the progeny from this cross had
an average of six transgene copies (data not shown).

To determine whether driving hSMN exclusively in moto-
neurons affected survival, we repeated the survival assay on
an incross of smnY262stop2/þ;Tg(hb9:hSMN) fish. mCherry
positive embryos were identified at 2 dpf and monitored
over 20 days. Any larvae that died were kept and on day 20,
all fish were genotyped to identify the smnY262stop2/2;

Tg(hb9:hSMN) larvae. The hSMN protein that was expressed
within the zebrafish motoneurons slightly extended the survi-
val rate of smnY262stop2/2 from an average of 12–14 dpf
(P , 0.0001; Fig. 6D). It was not unexpected, however,
that the fish still died since SMN is needed in all cells for
survival (21).

We next examined NMJs when hSMN was expressed only
in motoneurons. smnY262stop2/2;Tg(hb9:hSMN) larvae
were raised to 11 dpf and immunolabeled with SV2 and
a-bgt. Interestingly, the introduction of hSMN specifically
into motoneurons rescued the SV2 reduction seen in homozy-
gous mutants (Fig. 7A). To quantify the NMJ defects, we
plotted the co-localization efficiency of the pre- and postsyn-
aptic regions as determined by NIH Image J (Fig. 7B). Wild-
type zebrafish had an average coefficient of 77% compared to
60% in smnY262stop2/2 zebrafish mutant. With the addition
of hb9:hSMN transgene, the smnY262stop2/2 larvae had an
increased co-localization rate of 72%. This value is statisti-
cally different that smnY262stop2/2 alone (P , 0.0001) but
not different than wild-types (P ¼ 0.482) indicating that the
addition of hSMN to motoneurons rescued the SV2 defect.
To look at this data in another way, we determined the
density of areas that had only SV2 and only a-bgt and
plotted this as a log ratio. In wild-type zebrafish, we found
the same amount of pre- and postsynaptic only regions, there-
fore the log ratio was close to zero (Fig. 7C). However, in
smnY262stop2/2 larvae, the ratio of presynaptic versus post-
synaptic labeling was decreased (P , 0.0001 compared with
wild-type). The introduction of hSMN into motoneurons
shifted this ratio closer to zero indicating that SV2 was
rescued (P ¼ 0.482 compared with wild-type). Since
smnY262stop2/2 larvae carrying the hb9:hSMN transgene
lived slightly longer than mutants alone, we repeated the

Figure 4. SV2 is decreased at NMJs in smn mutants. (A) Wild-type (wt, n ¼ 10), (B) smnY262stop2/2 (n ¼ 14), (C) smnL265stop2/2 (n ¼ 8) larvae at 11 dpf.
(D) wt (n ¼ 10) and (E) smnG264D2/2 (n ¼ 11) larvae at 16 dpf. Presynaptic regions were labeled with SV2 antibodies (red) and postsynaptic regions were
labeled with a-bungarotoxin (a-bgt; green). Merge is an overlay (yellow). (F) The coefficients of co-localization were plotted. All mutants were significantly
different compared with wild-types (P , 0.0001). Scale bar, 80 mm.
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immunolabeling at 13 dpf. Even right before the fish died, we
did not observe any SV2 defects (data not shown; n ¼ 8) indi-
cating that expressing hSMN in motoneurons rescued the pre-
synaptic NMJ defects.

DISCUSSION

In this study, we report the isolation and characterization of
mutant alleles in the zebrafish smn gene. The three zebrafish
smn mutants described here are single base changes identified
by TILLING. Two cause premature stop mutations resulting in
the loss of the last 19 and 16 amino acids, respectively. As smn
exon 7 encodes for the last 18 amino acids of the protein, these
mutations lead to the loss of exon 7 producing a truncated,
unstable protein. It has been shown in vitro that hSMN exon
7 is required for protein stability (16). Our data are consistent
with this since both smnY262stop2/2 and smnL265stop2/2

had barely detectable Smn protein during the second postnatal
week of development. In addition, Smn protein in
smnG264D2/2 was very low during the second postnatal
week of development again suggesting it is an unstable
protein. This is consistent with recent in vitro data showing
that the corresponding mutation in humans, SMNG279V, is
unstable (22). Thus, our in vivo data are consistent with in
vitro data and indicate that some point mutations can lead to

protein instability (22). During the first week of development,
however, Smn levels were similar to wild-type levels
suggesting that this Smn was derived from maternal RNA or
protein. Maternal RNAs and proteins are deposited in the
egg to drive early development with zygotic transcription
starting at �3 hpf. How long a maternal protein is present
depends on the amount deposited, how quickly the maternal
RNA is degraded (27) and protein stability. These factors,
along with the turnover of the mutant Smn protein, contribute
to the Smn levels in these mutants. Due to the presence of Smn
during early development, mutants live into the second post-
natal week of development enabling examination of their neu-
romuscular system. Our analysis revealed that all three
mutants had decreased SV2 NMJ expression. This decrease
was rescued by driving hSMN in motoneurons revealing the
importance of Smn in motoneurons for normal NMJ develop-
ment. It is unclear at this time whether the function of Smn in
this process is direct or indirect. It should also be noted that
these mutants do not mimic the situation in human patients
where there is constant low SMN levels. In the zebrafish
mutants, levels of Smn are high early due to maternal
RNAs/protein then the levels gradually decrease to very low/
absent levels. These mutants do, however, allow us to look
at the consequences of depleted Smn on the stability and/or
maintenance of the neuromuscular system. Moreover, they
serve as a first step toward generating a true genetic model
of SMA in zebrafish, which will be accomplished by adding
the hSMN2 to this mutant background.

Homozygous mutants were smaller, but otherwise formed
normally. The fish did exhibit less activity before dying
often lying at the bottom of their tank. The most striking neu-
romuscular defect in these fish was a decrease in the presyn-
aptic protein SV2 in all three mutants. This indicates that
NMJs are not maintained when Smn levels are decreased
and that there is less presynaptic protein at the NMJs. We
have previously shown that reducing both maternal and
zygotic Smn using anti-sense morpholinos caused defects in
motor axon outgrowth (7) and decreased longevity (19).
Taken together, these data suggest that early depletion of
Smn has more severe defects in zebrafish affecting the devel-
opment of motor axons. Removing Smn after motor axon out-
growth and synapse formation, as is the situation in the smn
mutants, however affects the maintenance of the presynaptic
terminal. Thus, in both scenarios, motoneurons are affected
but at difference stages, outgrowth and synaptic maintenance,
respectively. Interestingly, this also suggests that depleting
Smn after motor axon outgrowth and synapse formation still
has an effect on the NMJs. Thus, the phenotypes exhibited
strongly depend on the levels and timing of Smn protein
expression.

The fact that we are seeing NMJ defects in zebrafish smn
mutants is consistent with the analysis from SMA mouse
models (8,10–12). In the most severe mice that have two
copies of the SMN2 gene on the SMN null mouse background
(SMN2/2; SMN2 2 copies) observed at embryonic day 18 and
postnatal day 2, there is evidence of unoccupied synapses
(�50%) at NMJs in intercostal muscles, which are know to
be affected in SMA patients (8). In mice considered still
severe but less so (SMN2/2; SMN2 2 copies; SMND7), there
is only a low level of unoccupied NMJ synapses (,30%),

Figure 5. Synaptotagmin is not affected in smn mutants. (A) Wild-type (wt,
n ¼ 8) and smnY262stop2/2 (n ¼ 10) labeled with synaptotagmin II antibody
(synapt, red), and a-bgt (green) at 11 dpf. (B) The coefficients of
co-localization were plotted. Mutants were not significantly different from
wild-types (P ¼ 0.50). Scale bar, 80 mm.
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Figure 6. Transgenic expression of hSMN in zebrafish motoneurons. (A) Schematic diagram showing the hb9:hSMN transgene construct with hb9:mCherry
marker. (B) Lateral views of live Tg(hb9:hSMN;hb9:mCherry) (abbreviated Tg(hb9:hSMN)) zebrafish at 3 dpf. Top, brightfield; middle, fluorescence;
bottom, merge. (C) Multiplex RT–PCR of wild-type (wt) and Tg(hb9:hSMN) (Tg) with human and zebrafish smn primers. (D) Kaplan–Meier survival
curves of smnY262stop2/2 larvae and smnY262stop2/2;Tg(hb9:hSMN). The average survival for smnY262stop2/2 with the hb9:SMN transgene was signifi-
cantly different from those without the transgene (P , 0.0001). Blue line, Tg(hb9:hSMN) (n ¼ 132); Green line, Y262stopþ/2; Tg(hb9:hSMN) (n ¼ 64);
black line, Y262stop2/2; Tg(hb9:hSMN) (n ¼ 43); red line, Y262stop2/2 (n ¼ 42). Scale bar, 250 mm.

Figure 7. hSMN expression in motoneurons rescues the NMJ defect in smn mutants (A) Immunolabeling of postsynaptic regions (a-bgt, green), and presynaptic
regions (SV2, red) of 11 dpf smnY262stop2/2 larvae (n ¼ 14), Tg(hb9:SMN) (n ¼ 10) and smnY262stop2/2;Tg(hb9:hSMN) larvae (n ¼ 14). (B) The coefficients
of co-localization were plotted and the means of each group were calculated. (C) The distribution of log ratio of presynaptic only regions versus postsynaptic
only regions. Wild-type zebrafish had a ratio close to zero, indicating the same amount of pre- and postsynaptic regions. The smnY262stop2/2 larvae (red) had a
reduced ratio of co-localization when compared with wild-type zebrafish (blue), but increased with addition of the hb9:hSMN transgene (black). For
co-localization, smnY262stop2/2;Tg(hb9:smn) versus wt, P ¼ 0.1; smnY262stop2/2;Tg(hb9:smn) versus smnY262stop2/2, P , 0.0001. For pre/post log-ratios,
smnY262stop2/2;Tg(hb9:smn) versus wt, P ¼ 0.482; smnY262stop2/2;Tg(hb9:smn) versus smnY262stop2/2, P , 0.0001. For all the tests, the P-values for
smnY262stop2/2 versus wt ,0.0001. Scale bar, 40 mm.
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but the presynaptic terminal is immature and structurally less
complex (10–12). These mice also showed electrophysiologi-
cal defects at the NMJ including decreased quantal content,
decreased evoked endplate current and decreased facilitation
when stimulated repetitively (11). Moreover, electrophysio-
logical analysis in mild SMA mice (SMN2/2; SMN2 2
copies; SMNA2G) showed intermittent synaptic failures (10).
Taken together, these data support that decreased SMN
levels affect NMJ formation and function and that mice with
less SMN have more severe NMJ defects. NMJs have also
been examined in Drosophila Smn mutants. Like zebrafish,
the NMJs in Drosophila are boutons and do not form elaborate
structures thus analysis relies on quantifying bouton number/
and or the density of pre- and postsynaptic protein juxtaposi-
tion. Drosophila Smn mutants exhibit a decrease in bouton
number with the extent dependent on the mutant background
line used (13,14). For example, a line with a moderate
decrease in Smn levels had an �3.5-fold decrease in bouton
number and a line with a mild decrease in Smn levels had
an �1.6-fold decrease (14). Postsynaptic changes were also
present in Drosophila with the loss of glutamate receptor
subunit (GluRIIA) expression (13,14). Thus, in all animal
models examined, low Smn levels compromise NMJs. It
remains to be determined whether the defects at the NMJ
caused by low Smn levels in any species can explain the
severe neuromuscular defects seen in SMA. It is also possible
that the presynaptic contacts onto motoneurons are also
affected; however, these types of defects have yet to be
reported.

Slightly different approaches have been used to address
SMN cell autonomy in the different model systems. Driving
expression of Smn only in motoneurons on an smn2/2 back-
ground rescued the NMJ defects in zebrafish, but did not
fully rescue survival (this report). In mice, the SMN2/2 is
on a background of low SMN levels due to introduction of
the human SMN2 gene (28). This produces enough SMN for
the mice to survive into early postnatal stages, but they die
of SMA phenotypes. Using these mice and driving SMN
expression to higher levels in all neurons using the prion pro-
moter rescued survival. However, driving high expression in
muscle on the same background of low SMN using the
human skeletal actin promoter did not increase survival (29);
synapses, however, were not examined in this study. In Droso-
phila, Smn knockdown using RNAi in either neurons or meso-
derm, both decreased bouton number. Furthermore, in a
hypomorphic Smn mutant Drosophila background, driving
expression in mesoderm partially rescued the bouton loss as
did driving expression in all neurons. The best rescue was
achieved when the expression was driven in both neurons
and mesoderm (14). Thus, in Drosophila, both neuronal and
mesodermal Smn expression appears to be important for
NMJs. In C. elegans, loss of the smn gene causes loss of moti-
lity, decreased pharyngeal pumping activity and premature
death in larval stages again with maternal Smn keeping the
animals alive until late larval stages (30). In this species, neur-
onal but not muscle expression partially rescues these pheno-
types (30). The consistent result from these experiments is that
neuronal Smn is essential and even on a null background can
rescue motoneuron phenotypes. The fact that the presynaptic
protein SV2 was decreased with no observable defect in the

postsynaptic side in smn mutant zebrafish reflects a more pro-
found perturbation on the presynaptic side of the NMJ. This is
consistent with our rescue studies showing that driving Smn
only in motoneurons rescues this phenotype; however, we
cannot rule out a role for Smn in muscle as this has not
been directly tested. The decrease in SV2 is not due to a
decrease in motor axons as these are present and appear
normal, however it may reflect a decrease in presynaptic ves-
icles, presynaptic docking or the ability to maintain the integ-
rity of essential presynaptic components.

Our finding that SV2 and not other presynaptic proteins was
decreased in Smn mutants suggests that SMN may have a
unique role in SV2 production, stability or localization at the
synapse. SV2 is a component of all vertebrate synapses (31)
and is important for the efficacy of synaptic release (32).
When synaptic vesicles fuse to the presynaptic membrane,
SV2 can bind to laminin (a5, b1, g), a component in the
synaptic extracellular matrix (ECM), thus anchoring the
nerve terminal to the synaptic ECM (33). Therefore, pertur-
bations in SV2 could result in decreased nerve terminal stab-
ility. A defect in synapse vesicle localization has been
described in mice (11) although a link to SV2 was not exam-
ined. Results from hippocampal neurons lacking the neuronal
SV2A isoform suggest a role for SV2 in priming synaptic ves-
icles (34). These authors also showed that the decreased EPSC
seen in these neurons is due to a decrease in the probability of
vesicle release. Interestingly, it has been shown in mice that
there is a decreased EPSC attributed to a decrease in vesicle
release at the NMJ (11). SV2 decreases were not seen in
these mice using immunofluorescense; however, it may be
that the decrease in protein can only be visualized by immuno-
histochemistry on a null background. Because the SMN null
mice die during early embryogenesis, this cannot be examined
in mice. Our finding that SV2 is decreased when Smn levels
are very low could provide a molecular link to the reported
NMJ defects seen in SMA models.

There are a number of possibilities, but no direct evidence
yet, for how SMN could affect NMJs. SMN is found associ-
ated with many different complexes (Reviewed in 35). SMN
is known to function in snRNP assembly and its reduction
causes reduced levels of snRNPs (36,37) which could affect
the splicing of genes important for NMJs; however, this
remains to be determined. Alternatively, SMN could have a
function outside of splicing that affects that stability or main-
tenance of NMJ synapses. There is evidence supporting a con-
nection between SMN and cytoskeletal elements such as
b-actin (9). In support of this, over expression of Plastin 3,
an actin bundling protein, rescues axon defects caused by
decreased SMN in cultured cells and zebrafish (38). Such cyto-
skeletal elements are also important during synapse mainten-
ance and function (39); however, whether Plastin 3 has an
effect on NMJs remains to be determined.

A number of animal models of SMA now exist and can be
exploited for their strengths. Drosophila and C. elegans
models are being used for modifier screens to identify gene
targets of smn (14). Mice continue to reveal aspects about
the SMA phenotype and are also important for drug testing.
A genetic model of SMA in zebrafish will be useful for per-
forming genetic and drug screens, testing candidate modifier
genes, and phenotypic analysis. The combined use of these
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model systems provides the best chance at understanding and
finding therapies for this disease.

MATERIAL AND METHODS

Zebrafish maintenance

Adult zebrafish and embryos were maintained as previously
described (40). All fish were maintained at temperatures
between 27 and 298C. Zebrafish used in this study were on
the �AB/LF background.

TILLING

TILLING was performed as described in (18).

smn zebrafish genotyping and survival assay

smn mutants were genotyped by dCAPS. The dCAPS primer
sequence were designed according to the point mutation
nucleotides: smnY262stop (Forward primer 50-GGGTTACA
TCACCCACCCAA-30; reverse primer 50-GGGGTACCTA
CAAGAAAAACAACTGTACAAT-30), smnL265stop
(Forward primer 50-ACTTAATTATTTATTTTTCAAACA
GGTTT-30; reverse primer 50-GCTCTTACAACAGGGA
TCGA-30) and smnG264D (Forward primer 50-GGGTTACA
TCACCCACCCAACA-30; reverse primer 50-ATGCAGCA
GCCTCTTTACGGCCCTGTCTTGAA-30). The dCAPS PCR
products were digested with TSP509I restriction enzyme,
New England Biolab (smnY262stop), Dra1 restriction
enzyme, Invitrogen (smnL265stop), and TfiI restriction
enzyme, New England Biolab (smnG264D) as described in
the manufacturer’s instruction. The digested PCR products
were resolved on a 2% agarose gel.

For the survival assay, progeny from matings between het-
erozygous mutant adults were raised in the same nursery
environment. Dead larvae were collected twice a day and
frozen. On 20 dpf (smnY262stop and smnL265stop) or 30 dpf
(smnG264D and wild-types), the remaining larvae were sacri-
ficed and all larvae, including those that died earlier, were then
genotyped. Survival of smn2/2 larvae was evaluated using
Kaplan–Meier survival curves. For each fish, time of death,
survival status and classification (wild-type, heterozygote
and mutant) were put into SPSS (SPSS version 15; SPSS,
Chicago, IL, USA), then Kaplan–Meier survival tests were
run to generate the survival curve and P-values were calcu-
lated by the log-rank test.

Transgenic line

To generate Tg(hb9:SMN), we cloned the zebrafish hb9 pro-
moter (26) into the pminiTol2/MCS plasmid backbone
(41,42). The human SMN cDNA with SV40 polyA sequence
was then taken out from pCS2-hSMN (19) and placed under
the regulation of the hb9 promoter. We then cloned another
hb9 promoter driving mCherry-SV40-polyA gene (43) and
placed it at the 50-UTR of the previously cloned hb9:SMN
(Fig. 6). The construct and transposase mRNA were then
injected into embryos at the 1-cell stage as described (41).
Injected zebrafish (F0s) with high levels of labeled mCherry

motoneurons were selected, growth to adulthood, and then
screened for transgenesis. Approximately 40% of injected
F0s had successful transgene insertion into their germline as
evidenced by transgene transmission to their progeny (F1s).
All F1s were screened for mCherry fluorescence and the
brightest ones kept and used to establish lines. One F1 was
crossed to a smnY262þ/2. This line was then grown to adult-
hood and incrossed to generate the line used in this analysis.
Q-PCR revealed that this line had six copies of the transgene.

Total RNA isolation and RT–PCR

Total RNA from 24 to 36 hpf zebrafish embryos were isolated
with Trizol reagent (Invitrogen) then treated with DNAse.
RT–PCR was performed using Qiagen one-step RT–PCR
kit following manufacturer’s instructions. Both zebrafish and
human SMN were amplified by gene specific primers: zebra-
fish smn (forward primer 50-ACCCAGGGAAGAAGAGG
AAA-30; reverse primer 50-ATCCAGGAAAGGAAGGACC
A-30), human SMN (forward primer 50-CGAGCAGGAGAT
GGGAACC-30; reverse primer 50-CCCAAAGCATCAGCAT
CATC-30).

Quantitative PCR

Quantitative PCR (qPCR) was performed essentially as
described in (44). The primers FP2-HB9pQ (50-TCATTTCA
GAATTGGTCAGTGCATG-30) and RP2-HB9pQ (50-CGA
GGGAAATCAACAAGTCACCG-30) were used for amplifi-
cation of part of the hb9 promoter, and primers FP-DrActQ
(50-TCATTTCAGAATTGGTCAGTGCATG-30) and RP-DrA
ctQ (50-CGAGGGAAATCAACAAGTCACCG-30) were used
to amplify actin mRNA (45). The qPCRs were performed on
the Mx3000P platform (Stratagene) using SYBR Green
(Sigma). For data analysis, values were normalized to actin
for input correction and the results of the wild-type samples
analyzed in parallel set to 1.

Western blotting

Protein extracts from three zebrafish larvae were dissolved in
blending buffer (10% SDS, 62.5 mM Tris pH6.8, 5 mM EDTA)
and then resolved in a 12% bis-Tris gel, electro-blotted to a
polyvinylidene difluoride membrane (Hybond-P; Amersham
Bioscience). Membranes were probed with primary anti-
bodies: anti-SMN (1:500, MANSMA7, (46)), anti-Gemin2
(1:10, 1G14, (47)), anti-Profilin (1:500, PF2A3, (48)),
b-actin (1:3000, Santa Cruz, sc-47778) or a-Tubulin
(1:1000, Santa Cruz Biotechnology, sc-5286). Signal was
detected with horseradish peroxidase-conjugated goat anti-
mouse antibodies (1:2000, Jackson ImmunoResearch Labora-
tories, Inc.) and ECL reagents (Amersham Bioscience).

Immunohistochemistry and NMJ analysis

Zebrafish larvae were anesthetized in tricaine (A-5040; Sigma)
and then fixed in 4% paraformaldehyde overnight at 48C.
After fixation, larvae were washed with 1XPBS, and the
skin along their trunk was peeled off. Postsynaptic regions
were immunostained with Alexa Fluor 488 conjugated
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a-bungarotoxin (10 g/ml; Molecular Probes) for 30 min as
described in (49). For presynaptic proteins, larvae were incu-
bated with primary antibodies SV2 (1:100) (31), synaptotag-
min II (znp1 1:100) (50) or synaptophysin (1:50, Invitrogen)
followed by Alexa Fluor 594 conjugated secondary antibodies
(1:200, Molecular Probes). In Tg(hb9:SMN;hb9:mCherry)
zebrafish Alexa Fluor 633 conjugated secondary antibody
was used instead of Alexa Fluor 594 so as to differentiate
labeling from mCherry fluorescence. To examine motor
axons in 11 dpf larvae, neurofilament antibodies (1:400,
Abcam) followed by visualization with AlexaFluor
488-conjugated secondary antibodies (1:200, Molecular
Probes) was used.

Coefficient of co-localization and log ratios were obtained
by off-line analysis of confocal images (NIH Image J). For
each hemisegment, we performed 0.3 mm scans for a distance
of 10 mm on one side of the larvae. Each scan was repeated
four times and then averaged. These averaged pictures for
the red and green channels were projected into stacks,
merged and used for the analysis. For all analysis, pixels
exceeding the 50% threshold value for red and 60% threshold
values for green were taken. The higher threshold value used
for green pixels was to minimize the background effect of
a-bgt labeling. For each fish, five hemisegments were ana-
lyzed and the co-localization coefficients for each data point
were plotted. Each column represents a fish group (wild-type,
Y262stop, L265stop and G264D). A box plot was added for
each fish category to show the mean (solid line) and median
(dash line). To show that all three mutant lines had reduced
co-localization coefficients, we used one-tailed Mann–
Whitney U test for comparison (R 2.6.0; GNU project).

Statistical analysis

smn mutant survival was plotted using Kaplan–Meier survival
curves. Statistical significance was determined via the
log-rank test (SPSS version 15; SPSS, Chicago, IL, USA).
Fish length was evaluated using a student’s t-test (Minitab
version 15; Minitab Inc.). Decreases in the co-localization
coefficients and log ratios of pre- and postsynaptic only
regions were analyzed using a one-tailed Mann–Whitney U
test (R 2.6.0; GNU project).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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