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Hereditary spastic paraplegia
Hereditary spastic paraplegia (HSP) is an inherited neurological disorder characterized by progressive
spasticity and weakness of the lower extremities. The most common early-onset form of HSP is caused by
mutations in the human gene that encodes the dynamin-family GTPase Atlastin-1 (Atl-1). Recently, loss of
the Drosophila ortholog of Atl-1 (Atl) has been found to induce locomotor impairments from the earliest
adult stages, suggesting the developmental role of atlastin-subfamily GTPases. Here, we provide evidence
that Atl is required for normal growth of muscles and synapses at the neuromuscular junction (NMJ). Atl
protein is highly expressed in larval body-wall muscles. Loss-of-function mutations in the atl gene reduce the
size of muscles and increase the number of synaptic boutons. Rescue of these defects is accomplished by
muscular, but not neuronal expression of Atl. Loss of Atl also disrupts ER and Golgi morphogenesis in muscles
and reduces the synaptic levels of the scaffold proteins Dlg and α-spectrin. We also provide evidence that Atl
functions with the microtubule-severing protein Spastin to disassemble microtubules in muscles. Finally, we
demonstrate that the microtubule-destabilizing drug vinblastine alleviates synapse and muscle defects in atl
mutants. Together, our results suggest that Atl controls synapse development and ER and Golgi
morphogenesis by regulating microtubule stability.
© 2009 Elsevier Inc. All rights reserved.
Introduction

The hereditary spastic paraplegias (HSPs) are a group of inherited
neurological disorders characterizedprimarily byprogressive spasticity
and weakness of the lower extremities (Fink, 2003; Reid, 2003;
SoderblomandBlackstone, 2006). Spastic paraplegia occurs in isolation
in pure HSPs, and is accompanied by additional neurological symptoms
in complicated HSPs (Harding, 1983). These disorders are caused by
developmental defects or retrograde degeneration of the long
corticospinal tract axons (Reid, 2003). To date, more than 25 different
chromosomal loci have been mapped for HSPs with autosomal
dominant, autosomal recessive, or X-linked pattern of inheritance,
and 11 associated genes have been molecularly identified (Soderblom
and Blackstone, 2006). Mutations in atlastin-1 (atl-1, SPG3A) and
spastin (SPG4) have been estimated to cause approximately 10% and
40% of autosomal dominant pure HSP, respectively (Reid, 2003).

The atl-1 gene encodes a protein that consists of an N-terminal
GTPase domain with three conserved GTP-binding motifs and two
l rights reserved.
C-terminal transmembrane (TM) domains (Praefcke and McMahon,
2004; Zhao et al., 2001). The GTPase domain of the Atl-1 protein
shows high sequence similarity to those found in the dynamin-
family large GTPases. In humans, there are two additional members
of the atlastin subfamily: Atl-2 and Atl-3 (Zhu et al., 2003).
Biochemical studies have shown that all atlastin-subfamily members
are integral membrane proteins and capable of forming homo-
oligomers in vivo (Rismanchi et al., 2008; Zhu et al., 2003). The Atl-
1 protein is expressed at high levels in the central nervous system
(CNS) but is also detected at lower levels in other nonneural tissues
(Zhu et al., 2003). In contrast, high expression of Atl-2 and Atl-3 is
observed in nonneural tissues (Rismanchi et al., 2008). At the
subcellular level, Atl-1 is predominantly localized to the cis-Golgi
apparatus and, to a lesser extent, the endoplasmic reticulum (ER)
(Namekawa et al., 2007; Zhu et al., 2003, 2006), while Atl-2 and
Atl-3 are largely located in the ER and vesicular tubular complexes
(VTCs) (Rismanchi et al., 2008). Consistent with their subcellular
localization, atlastin proteins have been implicated in ER and Golgi
morphogenesis. Expression of dominant-negative forms of Atl-1,
Atl-2, or Atl-3 disrupts the morphology of the ER and Golgi appa-
ratus in heterologous cell culture systems (Namekawa et al., 2007;
Rismanchi et al., 2008).
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Atl-1 is also required for axonal growth during neuronal develop-
ment. In primary cultures of developing cortical neurons, Atl-1 is
enriched in axonal growth cones, and RNAi-mediated atl-1 knock-
down impairs neurite formation and outgrowth (Zhu et al., 2006).
Together with the key characteristic feature of atl-1 mutations – the
very early-onset of symptoms (Namekawa et al., 2006) – these
findings support the hypothesis that developmental failure may
represent an etiology of the SPG3A form of HSP. However, in vivo
evidence to support the developmental function of Atl-1 has yet to be
reported.

What is the molecular mechanism by which Atl-1 regulates ER and
Golgi morphology and axon elongation? An important clue to this
open question has come from two recent studies demonstrating that
Atl-1 physically interacts with Spastin, another HSP protein that is a
microtubule-severing AAA ATPase (ATPase associated with various
cellular activities) (Evans et al., 2006; Sanderson et al., 2006).
Consistently, spastin mutations have been shown to disrupt micro-
tubule-based distribution of membranous organelles and axonal
outgrowth (McDermott et al., 2003; Wood et al., 2006). Thus, it is
tempting to speculate that Atl-1 plays an essential role in various
cellular and developmental events by regulating microtubule net-
works. However, the involvement of Atl-1 in Spastin-dependent
microtubule disassembly has yet to be demonstrated.

We have previously shown that a single ortholog of mammalian
atlastins exists in Drosophila (Lee et al., 2008). In the present study,
we investigated its cellular and developmental functions in the
neuromuscular system. We show that this protein is highly ex-
pressed in the larval body-wall muscles. Loss of Atl leads to ab-
normal growth of the muscle and neuromuscular junction (NMJ)
synapse as well as defects in ER and Golgi morphogenesis, and these
phenotypes are rescued by muscle-specific expression of Atl. We also
provide genetic evidence that Atl acts through Spastin to regulate
microtubule stability. Finally, our pharmacological experiments
indicate that microtubule misregulation accounts for developmental
defects induced by atl mutations. These results reveal a novel role
for Atl in Spastin-dependent microtubule disassembly and synapse
development.

Results

Generation of an atl null mutant

To directly test the developmental role of Atl, we generated
deletion mutants by imprecise excision of atl1, a viable P-element
insertion in the first intron of the Drosophila atl gene (Lee et al., 2008),
and determined the breakpoints of mutants by PCR and sequence
analysis. Among the mutants, atl2 had an approximately 1.6 kb
deletion within the atl locus that removed the DNA encoding exon 3
through exon 4 (Fig. 1A). The deleted exons are common to two
predicted alternative transcripts of atl.

The atl gene is essential, since mutants bearing the atl2 allele as a
homozygote or in a heteroallelic combination with the deficiency Df
(3R)Exel7357 (referred to hereafter as Df) that deletes the atl locus
survive only to pupal stages with few adult escapers (∼8%). The
escapers have smaller body sizes compared to w1118 wild-type control
flies and are sterile. Reverse transcription (RT)-PCR analysis revealed
that expression of atl mRNA is abolished in atl2/Df mutant larvae,
while mRNA of the adjacent gene, CG31127, is normally expressed in
the same larvae (Fig. 1B). Thus, atl2 is null only for the atl gene.

Expression of Atl protein in the larval neuromusculature

To characterize the Atl protein, we generated a polyclonal antibody
against an N-terminal region (amino acids 1–421) of the fly Atl
protein. On western blots containing wild-type larval extracts, this
antibody recognized a band of ∼55 kDa that corresponds to the
predicted size for Atl. The recognized protein was not detected in the
larval extracts of atl2 and atl2/Df mutants (Fig. 1C), confirming the
specificity of this anti-Atl antibody.

We then examined Atl expression in the nervous system of third
instar larvae by immunohistochemical analysis using anti-Atl. In the
larval CNS, Atl immunoreactivity was detected within neuropil
regions of the brain and ventral nerve cord (VNC) (Fig. 1D). It was
also detected motor axon bundles emanating from ventral ganglia at a
lower level (Fig. 1D, arrow). However, Atl immunoreactivity was
absent in the CNS of atl2/Df mutant larvae (Fig. 1E), confirming the
specificity of the Atl staining. In the neuromusculature, Atl signal was
highly detected in the cytoplasm of body-wall muscles and weakly
observed in proximal parts of presynaptic arbors (Figs. 1F, F′).
However, it was not present within synaptic boutons at detectable
levels (see Fig. 1H). The immunoreactivity was eliminated in both
muscles and motor axons of atl2/Dfmutant larvae (Fig. 1G). To inspect
Atl localization in the postsynaptic region of NMJ synapses, we
analyzed larvae expressing the postsynaptic marker CD8-GFP-Shaker
fusion protein under the control of the myosin heavy chain (MHC)
promoter (Zito et al., 1999). Double labeling with an antibody against
GFP revealed that Atl immunoreactivity does not extend into the
postsynaptic area (Fig. 1H). In the muscle, Atl was detected primarily
in a punctate pattern throughout the cytoplasm.

Atl functions in the postsynaptic muscle to control synaptic growth

Given the expression of Atl in the larval neuromusculature, we
investigated whether it plays an essential role in synaptic morpho-
genesis at the NMJ. We first confirmed that pathfinding of motor
axons was normal in atl2/atl2 and atl2/Df embryos stained with mAb
1D4 (data not shown). We then compared NMJ morphology in wild-
type (w1118) and atl mutant larvae at the crawling third instar stage.
Although we found no gross defects in the overall pattern of
presynaptic terminals in atl mutants, we did observe a mild defect
in synaptic growth. In wild-type larvae, type Ib boutons were linearly
arranged along NMJ branches (Figs. 2A, A′). However, in atl2/Df
mutant larvae, Ib boutons weremore clustered at the terminal regions
of NMJ branches (Figs. 2B, B′). Some of them were small satellite
boutons that are budding off from a large parental bouton (Torroja
et al., 1999) (Fig. 2B′, arrows). To compare synaptic growth between
wild-type and atl2/Df mutant larvae, we counted bouton numbers at
NMJ 6/7 in abdominal segment 2 (A2). Average bouton number per
NMJ 6/7 was increased in atl2/Df larvae compared with wild-type in a
temperature-sensitive manner. Bouton number was ∼17% higher at
25 °C (wild-type: 119.6±3.0, n=31; atl2/Df: 139.5±4.6, n=36;
pb0.001) and ∼42% higher at 18 °C (wild-type: 114.1±3.7, n=20;
atl2/Df: 162.2±3.9, n=20; pb0.0001). Despite the change in the
total number of boutons per NMJ 6/7, atl mutant larvae showed no
significant difference in the proportion of Ib and Is boutons compared
with wild-type larvae. We also observed a significant change in the
size of body-wall muscle cells in atl2/Df (Fig. 2E). The combined
surface area of muscles 6 and 7 of segment A2 was reduced by ∼31%
in atl2/Df larvae at 25 °C (wild-type: 88.5±1.2×103 μm2; atl2/Df:
61.2±0.9×103 μm2; pb0.0001) (Supplementary Fig. S1). This
phenotype was also temperature-sensitive, with a reduction of the
muscle surface area by ∼17% at 18 °C (wild-type: 87.2±1.5×103 μm2;
atl2/Df: 72.5±1.5×103 μm2; pb0.0001). When normalized to muscle
surface area, bouton number was increased by ∼70% in atl2/Df at
either 25 °C (wild-type: 1.36±0.03×10−3 μm−2; atl2/Df: 2.28±
0.07×10−3 μm−2; pb0.0001) or 18 °C (wild-type: 1.31±0.03×
10−3 μm−2; atl2/Df: 2.24±0.05×10−3 μm−2; pb0.0001) (Fig. 2F). At
25 °C, larvae homozygous for atl2 also exhibited synaptic and muscle
defects that were almost identical with those in atl2/Df larvae (Fig. 2F,
data not shown). The 13 kb genomic DNA fragment (atl-Ge) contain-
ing the atl gene (Lee et al., 2008) completely rescued the normalized
numbers of boutons in atl2/atl2 larvae (Fig. 2F), suggesting that atl



Fig. 1. Generation of atl null mutant and expression of Atl protein in the larval neuromusculature. (A) Genomic structure of the atl locus and mapping of an atl null mutant. The
inverted triangle marks the insertion site of a P-element line atl1. The extent of the deletion in atl2 generated by imprecise excision of atl1 is indicated by the broken line. Below are the
exon/intron structures of the transcripts for atl and its neighboring genes, CG31127 and Syx18. Exons are indicated by boxes, coding regions by black boxes, and translation start sites
by bent arrows. atl is predicted to generate two alternative transcripts, both of which have the same open reading frame (ORF). The domain structure of the Atl protein is also shown
at the bottom. The asterisk denotes a dominant-negative mutation of Atl (AtlR192Q) used in this study. GTPase, a GTPase domain (cross-hatched box) with tripartite GTP-binding
motifs (black lines); TM, two transmembrane domains (white boxes). Scale bar: 1 kb. (B) RT-PCR analysis of wild-type (wt) and atl2/Df(3R)Exel7357 (atl2/Df) third instar larvae. Note
that atl mRNA expression was eliminated in atl2/Df larvae, while levels of CG31127 and rp49 mRNAs were not different between wild-type and atl2/Df larvae. (C) Western blot
analysis of body-wall muscles of wild-type, atl2/atl2, and atl2/Df third instar larvae with anti-Atl antibody. The same blot was reprobed for β-actin as a loading control. (D, E) Confocal
images of third instar larval brains of wild-type (D) and atl2/Df (E) stained with anti-Atl (red) and anti-HRP (green), a neuronal membrane-specific marker (Jan and Jan, 1982). Note
the low expression of Atl in axon bundles emerging from the ventral nerve cord (arrow). (F, G) Confocal images of third instar NMJs formed onmuscles 6 and 7 (M6;M7) stained with
anti-HRP (green) and anti-Atl (red) antibodies are shown for wild-type (F) and atl2/Df (G). (F′) Higher magnification images of the area indicated by the box in F. Atl protein is highly
expressed throughout the cytoplasm of wild-type body-wall muscles and also detected at lower levels in proximal parts of presynaptic arbors (arrow). Note that anti-Atl
immunoreactivity is eliminated in atl2/Dfmutant muscles and presynaptic arbors. Anterior is to the left. (H) Highmagnification images of a third instar NMJ 6/7 stained with anti-Atl
and anti-GFP antibodies. Animals were genetically manipulated to express the postsynaptic marker CD8-GFP-Shaker fusion protein in the muscle. Note the absence of Atl staining in
the peribouton area labeled with CD8-GFP-Shaker. Scale bars: (D, E) 100 μm; (F, G) 100 μm; (F′) 50 μm; (H) 5 μm.
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loss-of-function accounts for the observed defects in synapse and
muscle growth.

To determine whether atl is required in the muscle or in the
neuron for the regulation of synapse and muscle growth, we
performed rescue experiments by expressing an atl cDNA (UAS-atl)
under the control of tissue-specific GAL4 drivers in atl2/Df animals. In
the wild-type background, overexpression of UAS-atl using a muscle-
specific BG57-GAL4 driver at 25 °C, but not 18 °C, often led to
abnormalities in muscle morphology (see below). We thus performed
rescue experiments at 18 °C. In atl2/Df mutant larvae bearing both



Fig. 2.Mutations in atl lead to an increase in synaptic bouton number and a decrease in muscle size. (A–D) Confocal images of NMJs on muscles 6 and 7 stained with anti-HRP
antibody in wild-type (A), atl2/Df (B), elav-GAL4,atl2/UAS-atl,Df (elav rescue, [C]), and BG57-GAL4,atl2/UAS-atl,Df (BG57 rescue, [D]) third instar larvae raised at 18 °C. (A, B)
Synaptic boutons are linearly arranged with regular intervals in wild-type, whereas they are densely clustered in atl2/Df mutant NMJs due to increased satellite bouton
formation. (C, D) Postsynaptic expression, but not presynaptic expression of UAS-atl, rescues the phenotype of increased satellite bouton formation. (A′–D′) Higher
magnification views of the areas boxed in A–D. Arrows indicate satellite boutons. Scale bars: 10 μm. (E, F) Quantification of muscle 6/7 surface area (E) and presynaptic bouton
number at NMJ 6/7 (F) in different genotypes raised at 25 °C or 18 °C. In (F), bouton numbers are normalized by the total surface area of muscles 6 and 7. The genotypes
analyzed include wild-type (25 °C, n=31; 18 °C, n=20), atl2/+ (n=17), atl2/atl2 (n=13), atl2/Df (25 °C, n=36; 18 °C, n=20), atl-Ge,atl2/atl-Ge,atl2 ([genomic rescue],
n=22), elav-GAL4,atl2/UAS-atl,Df ([elav rescue], n=17), and BG57-GAL4,atl2/UAS-atl,Df ([BG57 rescue], n=14). Data are mean±SEM. Significant differences, as determined by
Student's t-test, are denoted by an asterisk (control, wild-type; pb0.0001). (G) Quantification of bouton number at NMJ 6/7 in wild-type (n=13), elav-GAL4/UAS-atlR192Q

(n=17), and BG57-GAL4/UAS-atlR192Q (n=24) larvae. Bouton numbers are normalized to the total surface area of muscles 6 and 7. Muscular but not neuronal expression of a
dominant-negative form of Atl (AtlR192Q) increases normalized bouton number. Data are mean±SEM. A double asterisk indicates significant difference compared to the wild-
type control (pb0.007).
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UAS-atl and BG57-GAL4, the combined surface area of muscles 6 and 7
was partially restored (mean surface area of muscles 6 and 7
combined was 80.1±2.7×103 μm2) (Fig. 2E). In addition, the bouton
number normalized to muscle area was completely rescued to wild-
type (Fig. 2F), and dense clusters of boutons were rarely observed
(Figs. 2D, D′). In contrast, neuronal expression of UAS-atl using the
elav-GAL4 driver was not effective in rescuing either bouton number
ormuscle size (Figs. 2C, C′, E, F). In control experiments, we found that
elav-GAL or BG57-GAL4 alone did not affect synaptic and muscle
growth (data not shown). Therefore, our data suggest that defects in
synapse and muscle growth result from the loss of Atl primarily in the
postsynaptic muscle.

We further investigated the role of Atl in synaptic growth by
overexpressing its dominant-negative form with the UAS/GAL4
system (Brand and Perrimon, 1993). We have previously shown that
the AtlR192Q protein exerts a dominant-negative effect onwild-type Atl
to produce atl-like phenotypes in adult flies (Lee et al., 2008). When
AtlR192Q was overexpressed specifically in neurons, the normalized
bouton number at NMJ 6/7 was not changed (Fig. 2G). However, its
overexpression in muscles led to a 13% increase in bouton number per
muscle surface area (mean value was 1.53±0.04×10−3 μm−2 in
larvae expressing UAS-atlR192Q; pb0.007) (Fig. 2G). These results
support the idea that Atl primarily functions in postsynaptic muscle
cells, rather than in motor neurons, to control synaptic growth.

Atl is required for normal expansion and organization of the subsynaptic
reticulum

To determine if Atl is required for normal synaptic assembly, we
analyzed atl mutant synapses with various synaptic markers. For this
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purpose, we focused on type Ib boutons formed on muscles 6 and 7 in
segment A2. We did not observe any obvious defects in the
localization and levels of the presynaptic active zone protein NC82
and the presynaptic vesicle protein CSP in atl2/Df mutant larvae
(Supplementary Fig. S2). We next examined potential structural
defects in the postsynaptic side of the NMJ. Type Ib NMJ boutons are
surrounded by highly elaborate infoldings of the muscle membrane
known as the subsynaptic reticulum (SSR). The fly PDZ protein Dlg has
been shown to localize to the SSR and regulate its elaboration during
larval development (Budnik et al., 1996). We found that in wild-type
third instar larvae, anti-Dlg staining was very intense within the
postsynaptic peribouton area, forming a halo-like structure surround-
ing type Ib boutons (Budnik et al., 1996) (Figs. 3A, A′). In the absence
of Atl, the synaptic level of Dlg normalized by HRP intensity was
reduced by 36% (pb0.003) (Fig. 7A) and barely detected in the
peribouton area (Figs. 3B, B′). Interestingly, the total levels of Dlg in
body-wall muscles were similar in wild-type and atl2/Df larvae (data
not shown), suggesting that postsynaptic Dlg trafficking and/or
stabilization but not expression per se might be defective in atl
mutant muscles. Larvae homozygous for atl2 also showed a
significant reduction in synaptic Dlg levels (pb0.03), which was
reversed by muscle-specific expression of Atl (pb0.03) (Supplemen-
tary Fig. S3). The spectrin cytoskeleton is enriched in the pre- and
postsynaptic sides of the third instar larval NMJs. In particular,
postsynaptic spectrin plays an essential role in the development or
integrity of the SSR (Pielage et al., 2006). Therefore, we further
examined structural defects of atl mutant synapses using an antibody
against α-spectrin. In wild-type larvae, α-spectrin staining over-
lapped with HRP staining and extended well beyond its boundary
into the postsynaptic region of the muscle (Fig. 3C). In atl mutant
Fig. 3. The synaptic levels of Dlg andα-spectrin are reduced in atlmutants. (A, B) Confocal im
and anti-HRP (green) antibodies. Higher magnification images are shown in the bottom pane
stained with anti-α-spectrin (spec, red) and anti-HRP (green) antibodies. Scale bar: 10 μm
larvae, the synaptic level of α-spectrin was reduced by 38%
(pb0.002) (Fig. 3D). The spectrin signal remaining in mutant NMJs
was confined within HRP staining and was barely detected in the
peribouton area of the muscle.

The above results strongly suggested that the integrity and/or
development of the SSR might be defective in atl mutant larvae. To
confirm this hypothesis and examine other structural defects, we
performed electron microscopy (EM) analyses of type Ib boutons
formed on muscles 6 and 7. We found that the cross-sectional midline
area of boutons in atl2/Df was decreased by ∼44% compared with
wild-type larvae (wild-type: 3.52±0.25 μm2; atl2/Df: 1.98±0.12 μm2;
pb0.0001) (Figs. 4A–D). A similar increase in the average size of type
Ib boutons was also observed at the light microscopic level (data not
shown). EM analyses also revealed that atl2/Df mutant NMJs often
formed small satellite boutons (Fig. 4C). Interestingly, these satellite
boutons shared a common SSR with their parental boutons and
contained clear synaptic vesicles and T-bars at active zones, suggest-
ing that they may form functional synapses. Despite the change in
bouton size, other presynaptic anatomical aspects such as the size and
density of synaptic vesicles, the total length and number of active
zones per midline cross-section, and T-bar distribution were not
significantly changed in atl2/Df (pN0.05) (Table S1).

In the postsynaptic compartment, the SSR in atl2/Df was
conspicuously less extensive than that in wild-type and was also
structurally disorganized (Figs. 4A–C). In addition, the boundary
between the SSR and muscle-cell cytoplasm was not clearly defined.
To quantify the atl phenotype in the postsynaptic compartment, we
measured SSR thickness (the distance between the presynaptic
membrane and the outermost boundary of the SSR), SSR area, and
SSR cisterna area. Compared with wild-type, SSR thickness was
ages of wild-type (A) and atl2/Df (B) larval NMJs 6/7 doubly stained with anti-Dlg (red)
ls (A′, B′). (C, D) Confocal images of wild-type (C) and atl2/Df (D) larval NMJs 6/7 doubly
.



Fig. 4. Ultrastructural analysis of type I NMJ synapses in atlmutants. (A–C) Transmission electron micrographs of cross-sectioned type Ib boutons at the third instar larval NMJs 6/7.
Arrows mark active zones often decorated with T-bars. (A) A big Ib bouton is completely surrounded by an extensive SSR in a wild-type larva. (B) A small-caliber Ib bouton is
surrounded by a disorganized, less extensive SSR in an atl2/Df mutant larva. (C) An Ib bouton and its satellite boutons (indicated as S1–S3) from the same genotype as (B) are
surrounded by a common SSR. Note that some areas of the SSR are devoid of tubular structures in atlmutants (indicated by asterisks in [B] and [C]). Type Is boutons are also shown.
Scale bar: 500 nm. (D–F) Quantification of the cross-sectional midline bouton area (D), SSR thickness (E), and ratio of SSR cisterna area to SSR area (F). Data are mean±SEM. Single
asterisks indicate statistically significant differences between wild-type (n=20) and atl2/Df (n=21) larvae (pb0.0001).
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reduced by 36% in atl2/Df (wild-type: 0.76±0.04 μm; atl2/Df: 0.49±
0.04 μm; pb0.0001) (Fig. 4E). This change was paralleled by a 53%
reduction in the cross-sectional area of the SSR (wild-type: 6.49±
0.32 μm2; atl2/Df: 3.05±0.31 μm2; pb0.0001) and a 66% reduction in
the cross-sectional area of the SSR cisterna (wild-type: 4.20±
0.26 μm2; atl2/Df: 1.45±0.17 μm2; pb0.0001). Thus, the ratio of the
SSR cisterna area to the SSR area was decreased by 27% in atl2/Df
relative to wild-type (wild-type: 0.64±0.02; atl2/Df: 0.47±0.02;
pb0.0001) (Fig. 4F), suggesting that atl mutations affect SSR
organization. In contrast, we found no significant difference in the
density of SSR membranes (the number of membrane layers/μm)
(pN0.05). Overall, our ultrastructural analyses reveal that Atl is
required for selective aspects of SSR development.

Atl is required for ER and Golgi morphogenesis in the postsynaptic
muscle

To further investigate the cellular function of Atl, we examined its
subcellular distribution in muscles. In mammals, Atl-1 is predomi-
nantly localized to VTCs and cis-Golgi cisternae, while Atl-2 and Atl-3
are highly colocalized with ER markers (Rismanchi et al., 2008; Zhu et
al., 2003). We therefore wondered whether Drosophila Atl would also
be associated with these secretory organelles in vivo. To address this
question, we analyzed third instar body-wall muscles expressing
either the luminal ER marker Lys-GFP-KDEL or the Golgi marker
GalTase-GFP (Snapp et al., 2004). Immunostaining experiments using
anti-Atl and anti-GFP antibodies revealed extensive colocalization
between Atl and the Lys-GFP-KDEL marker throughout the cytoplasm
of muscle cells (Fig. 5A). In contrast, colocalization between Atl and
GalTase-GFP was more partial (Fig. 5D). Thus, Drosophila Atl localizes
primarily to the ER and to a lesser extent, to the Golgi apparatus. As
expected from a tight association of ER tubules with microtubules in
mammalian cells (Waterman-Storer and Salmon,1998), Atl signal was
also overlapped with microtubules throughout the cytoplasm of
muscle cells (Supplementary Fig. S4).

In cultured cells, dominant-negative forms of human Atl-1, Atl-2,
and Atl-3 interfere with ER and Golgi morphogenesis (Namekawa
et al., 2007; Rismanchi et al., 2008). We examined whether loss of
Drosophila Atl also produces similar defects. In atlmutant muscles, we
found a significant reduction in the levels of Lys-GFP-KDEL and
GalTase-GFP expression (Figs. 5B, E), suggesting a poor formation of
the ER and Golgi apparatus. These phenotypes were partially rescued
by muscle-specific expression of Atl (Figs. 5C, F). Thus, data from this
study and others support a critical role for Atl and related mammalian
proteins in ER and Golgi morphogenesis.

Atl regulates microtubule dynamics

The human Atl-1 protein has been shown to form complexes with
the microtubule-severing protein Spastin (Evans et al., 2006;



Fig. 5. The endoplasmic reticulum and Golgi apparatus are poorly formed in atl mutant muscles. Single confocal sections of muscle cells in wild-type (A, D) and atl2/Df (B, C, E,
F) third instar larvae. Animals were genetically manipulated to express either the luminal ER marker UAS-Lys-GFP-KDEL (A–C) or the Golgi marker UAS-GalTase-GFP (D–F) under
the control of a muscle-specific BG57-GAL4 driver. In C and F, animals also express UAS-atl in the muscle. (A, D) Wild-type muscles doubly stained with anti-GFP (green) and
anti-Atl (red). (A′, D′) Higher magnification images of the area indicated by the boxes in A and D. Insets show higher magnification views of the areas marked by asterisks. Atl
colocalizes with the ER maker on a reticular network (A′) and partially overlaps with the Golgi marker in a punctate pattern (D′). Anterior is to the top. (B, E) Higher
magnification images of atl2/Df muscles stained with anti-GFP. The levels of the ER (B) and Golgi (E) markers are significantly reduced. (C, F) Higher magnification images of
rescued muscles stained with anti-GFP. Muscle-specific expression of Atl partially restores the levels of ER (C) and Golgi (F) markers. n, muscle nuclei. Scale bars: (A, D) 100 μm;
(A′, D′, B, C, E, F) 20 μm.
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Sanderson et al., 2006). This knowledge, together with the colocaliza-
tion of Atl and microtubules described above, led us to test whether
Atl might be involved in the regulation of microtubule dynamics. For
this purpose, we stained the third instar body-wall muscles with an
anti-α-tubulin antibody, which preferentially detects polymerized
tubulin rather than free tubulin dimers (Sherwood et al., 2004). In
wild-type larvae, a complex network of microtubules was detected
along the muscle axes with particular enrichment around muscle
nuclei (Fig. 6A). The body-wall muscles in atl2/Df larvae contained
more prominent microtubules than those in wild-type muscles
(Fig. 6B). The total level of α-tubulin monomers in atl2/Df larval
muscles was similar to that in wild-type muscles (Fig. 6E). Thus, the
kinetics of microtubule assembly and/or disassembly are altered in atl
mutant muscles, which in turn results in the accumulation of micro-
tubules. To confirm the role of Atl in the regulation of microtubule
dynamics, we also visualized microtubules in wild-type muscles
overexpressing Atl. We found a significant reduction of microtubules
in these muscles compared to the wild-type muscles (Fig. 6C). In
contrast, overexpression of a dominant-negative form of Atl (AtlR192Q)
in wild-type muscles produced a mild, but highly reproducible,
increase in α-tubulin staining intensity (Fig. 6D). In a control
experiment, the organization and levels of actin filaments in myo-
fibrils were not changed by the dosage level of Atl, as visualized with
phalloidin (Figs. 6A–D). Taken together, our data reveal that Atl
regulates microtubule dynamics in the muscle.

We also examined presynaptic microtubules at NMJ 6/7 in atl2/
Df larvae. For this purpose, we used an antibody (mAb 22C10)
against the MAP1B-like protein Futsch to label stable microtubules
(Hummel et al., 2000; Roos et al., 2000). In wild-type larvae,
Futsch staining revealed bundled microtubules within motor axons
and NMJ branches infiltrating some boutons. The intensity and
pattern of Futsch staining in atl2/Df larvae were not significantly
different from those in wild-type larvae (Supplementary Figs. S5A,
B). We also examined wild-type larvae overexpressing Atl in
neurons, but could not find abnormalities in the level and pattern
of presynaptic microtubules (Supplementary Fig. S5C). To quantify
these data, we compared the percentage of NMJ 6/7 boutons
containing detectable levels of Futsch in wild-type, atl2/Df, and
Atl-overexpressing larvae, but observed no significant difference
(Supplementary Fig. S5D).

Atl functionally interacts with Spastin

In Drosophila larval muscles, overexpression of Spastin results in a
decrease of microtubule networks, while loss or reduction of Spastin
has the opposite effect on them (Orso et al., 2005; Sherwood et al.,
2004; Trotta et al., 2004). Thus, the effect of Spastin dosage on
muscle microtubules is essentially identical to that of atl. To provide
additional evidence for the similarity of the spastin and atl loss-
of-function muscle phenotypes, we examined the levels of ER and
Golgi markers in the muscle of spas5.75, a previously reported
spastin-null allele (Sherwood et al., 2004). We observed a sig-
nificant reduction of Lys-GFP-KDEL and GalT-GFP expression
(Supplementary Fig. S6), which is reminiscent of the atl mutant
phenotype. Thus, phenotypic overlap between atl and spastin pro-
vides genetic support that they could be functionally inter-related
in the muscle.

To directly test the relationship between Atl and Spastin, we first
proved physical interaction between Atl and an N-terminal region of
Spastin (amino acids 1–159) by GST pull-down assays (Fig. 7A). We
then examined whether loss of spastin function could suppress atl
gain-of-function phenotypes. In addition to a dramatic reduction in
microtubules as described above (Fig. 6C), muscle-specific over-
expression of Atl in a wild-type background at 25 °C often led to
partial or complete detachment of muscles from their attachment
sites, producing defects in muscle shape (Figs. 7B, C). Moreover, we
observed a significant decrease in the staining intensity of acetylated
α-tubulin (Figs. 7F, G), a posttranslationallymodifiedα-tubulin that is



Fig. 6. Atl regulates microtubule dynamics in the postsynaptic muscle. (A–D) Third instar larval muscles doubly stained with anti-α-tubulin (green) and phalloidin (red) to visualize
microtubules (MTs) and filamentous actin (F-actin), respectively. The genotypes analyzed were wild-type (A), atl2/Df (B), BG57-GAL4/UAS-atl (C), and BG57-GAL4/UAS-atlR192Q (D).
Abundance of microtubules is inversely related to the dosage levels of Atl, while the levels and organization of F-actin within myofibrils are not influenced by Atl dosage changes. n,
muscle nuclei. Scale bar: 20 μm. (E) Western blot analysis of larval muscle extracts using anti-α-tubulin antibody. The same blot was reprobed with anti-Kra antibody (Lee et al.,
2007) to confirm equal protein loading.
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present only in stable microtubules (Hubbert et al., 2002). These gain-
of-function phenotypes were significantly suppressed by removing
both copies of spastin (Figs. 7D, H). spastin mutation (spas5.75) alone
did not disturb the pattern of muscle morphology at detectable levels
(Fig. 7E). However, it led to an increase in the acetylated α-tubulin
staining intensity in the muscle (Fig. 7I), as previously reported (Orso
et al., 2005). Thus, our biochemical and genetic data suggest that Atl
and Spastin function together to regulate microtubule stability and
other biological processes.

Vinblastine attenuates atl loss-of-function phenotypes

To further investigate the relationship between microtubule
misregulation and other phenotypes observed in atl mutants, we
examined whether pharmacological suppression of microtubule
accumulation in atl mutant larvae could rescue key aspects of atl
loss-of-function phenotypes. We found that feeding atl2/Df mutant
animals with 1 μM vinblastine restored the level of microtubules in
larval muscles close to wild-type (data not shown). This change
was accompanied by increases in the levels of the Lys-GFP-KDEL
and GalT-GFP markers (Supplementary Fig. S7). In addition,
vinblastine treatment reversed the reduction in the synaptic level
of Dlg, the increase in bouton number, and the decrease in muscle
size (Figs. 8A–D). In a control experiment, administration of vin-
blastine to wild-type animals did not produce statistically signi-
ficant changes in NMJ or muscle growth (Figs. 8A–D). Finally,
treatment of atl2/Df mutant animals with 0.1 μM vinblastine
resulted in a significant increase in adult viability (Fig. 8E). Taken
together, our data suggest that microtubule misregulation is a
causative mechanism leading to the abnormalities in synapse dev-
elopment and ER and Golgi morphogenesis and the lethality in atl
mutants.

Discussion

Mutations in the human atl (SPG3A) gene cause the second most
common form of HSP (Fink, 2003). However, our knowledge about
the pathogenesis of HSP SPG3A is still very limited, mainly because
the precise cellular functions of atlastin-subfamily GTPases have not
been determined. In this paper, we provide evidence that Drosophila
Atl functions with Spastin in the same pathway to disassemble
muscle microtubules and that this regulation is critical for synapse
development at the NMJ and ER and Golgi morphogenesis in the
muscle.

Atl functions in the postsynaptic muscle to regulate synapse
development

During Drosophila larval development, there is a coordinated
growth of the muscle and NMJ (Schuster et al., 1996). Our re-



Fig. 7. Atl interacts physically and functionally with Spastin. (A) Atl interacts with Spastin in vitro. In pull-down assays, GST-Spastin-N (amino acids 1–159) or GSTwas incubatedwith
cell lysate from HEK293 cells transiently expressing Myc-tagged Atl. An SDS-gel stained with Coomassie Blue shows the amounts of GST and GST-Spastin-N (an arrowhead) used for
pull-down assays (top panel). The presence of Myc-Atl in the precipitates was detected by western blot analysis using anti-Myc (bottom panel). Input, 10% of the input amount of
Myc-Atl used in each reaction. (B–I) atl gain-of-function muscle phenotypes are suppressed by spastin-null mutation. The genotypes analyzed are wild-type (B, F), BG57-GAL4/UAS-
atl (C, G), BG57-GAL4,spas5.75/UAS-atl,spas5.75 (D, H), and spas5.75/spas5.75 (E, I). (B–E) Third instar larval fillets were examined using Nomarski optics. Two abdominal hemisegments
(A2 and A3) are shown. Anterior is to the top. (F–I) High magnification confocal images are shown for muscle 6 in abdominal segment 2 stained with anti-acetylated-α-tubulin. n,
muscle nuclei. Scale bars: (B–E) 100 μm; (F–I) 20 μm.
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sults suggest that these developmental processes are impaired in
the absence of Atl. In atl mutant larvae, NMJ boutons are smaller
and more numerous than in wild-type larvae. In addition, the
size of body-wall muscles is significantly reduced. These pheno-
types are rescued by muscle-specific expression of Atl, suggesting
that Atl functions primarily in the postsynaptic muscle to control
NMJ synapse and muscle growth. This conclusion is further sup-
ported by our observation that targeted expression of a dominant-
negative form of Atl (AtlR192Q) in muscles, but not in neurons,
mimics atl mutations to increase bouton number per muscle surface
area.

In Drosophila, type I NMJ boutons are surrounded by the SSR,
which is highly elaborated infoldings of the muscle membrane. The
SSR begins to form during the first larval instar and increases in
size and complexity throughout late larval life (Guan et al., 1996).
Our ultrastructural analysis indicates that the SSR is less exten-
sive and disorganized in atl mutants. Consistent with this finding,
we observe defects in the levels and distribution of Dlg and spec-
trin, the synaptic scaffold proteins that play critical roles for
SSR expansion and organization (Budnik et al., 1996; Guan et al.,
1996; Pielage et al., 2006). Thus, our results suggest that Atl is
required for the formation and/or maintenance of normal post-
synaptic structure.

Atl regulation of muscle microtubules

In mammals, there are three members of the atlastin subfamily of
large GTPases, each with a distinct tissue distribution. In particular,
Atl-1 is primarily enriched in the CNS (Zhu et al., 2003), while Atl-2
and Atl-3 are highly expressed in muscle tissues (Rismanchi et al.,



Fig. 8. atl loss-of-function phenotypes are suppressed by administration of vinblastine. (A–D) Quantification of the Dlg/HRP relative intensity (A), the combined surface area of
muscles 6 and 7 (B), bouton number (C), and bouton number normalized to muscle surface area (D) in wild-type (nN8) and atl2/Df (nN20) larvae. Animals were raised in the
absence or presence of 1 μM vinblastine, and larval NMJs formed on muscles 6 and 7 in abdominal segment A2 were analyzed. Vinblastine treatment partially rescues defects in the
levels of Dlg, bouton number, and muscle size caused by atlmutations. (E) Rescue of the atl2/Df lethality by adding 0.1 μM vinblastine to the food. Data are mean±SEM. Statistically
significant changes induced by vinblastine treatment are denoted by an asterisk (pb0.0001) and double asterisk (pb0.05).
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2008). This expression profile of mammalian atlastins suggests the
possibility that they may play an essential role in both pre- and
postsynaptic cells. In Drosophila, the single ortholog of mammalian
atlastins (Atl) is expressed in the adult brain and is required for
maintaining dopaminergic neurons (Lee et al., 2008). In this study, we
investigated the cellular function of Atl in the developing postsynaptic
muscle.

In muscle cells, loss of Atl produces abnormal accumulation of
stable microtubules, while its overexpression has the opposite
effect. Thus, our genetic experiments reveal for the first time that
Atl is involved in normal disassembly of microtubules. However, Atl
is not homologous to any known microtubule-associated proteins,
raising the key question as to how Atl regulates microtubule
stability. Genetic and biochemical data obtained from this study and
others support the model in which Atl acts through Spastin to
disassemble microtubules. First, phenotypic overlap between atl and
spastin is very extensive in Drosophila. atl and spastin mutants
display similar adult phenotypes: short life span, impairments in
locomotor activity, and age-dependent neurodegeneration (Lee et
al., 2008; Orso et al., 2005; Sherwood et al., 2004). spastin
mutations are also shown to cause an increase in bouton number
and satellite bouton formation at larval NMJs (Sherwood et al.,
2004). This study demonstrates that NMJ morphology is similarly
affected by atl mutations. Moreover, we show that both mutations
lead to a decrease in expression of ER and Golgi markers in muscle
cells. Second, we demonstrate that Atl and Spastin can physically
bind each other in vitro. Finally, we show that spastin-null muta-
tion suppresses the loss of stable microtubules induced by atl
overexpression.

How is Atl involved in Spastin-mediated microtubule dis-
assembly? Proteins in the AAA family have been shown to main-
tain their substrate specificities often by biochemical interactions
with adaptor proteins that can bring them to specific subcellular
compartments or molecular targets (Dougan et al., 2002). Po-
tential adaptor proteins for mammalian Spastin include a centro-
somal protein NA14 (Errico et al., 2004) and an endosomal
protein CHMP1B (Reid et al., 2005), suggesting that Spastin may
function at multiple subcellular compartments. We show here
that Atl in the Drosophila muscle localizes largely to the ER and
partially to the Golgi apparatus. Together with biochemical inter-
actions between Spastin and Atl, this result raises the possibi-
lity that Atl may function as an ER- and Golgi-specific adaptor
for Spastin in the muscle. However, we cannot exclude the pos-
sibility that Atl may modulate the microtubule-severing acti-
vity or stability of Spastin. Future work is needed to address this
issue.
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Atl mode of action in ER and Golgi morphogenesis and synapse
development

Dominant-negative or pathogenic forms of mammalian atlastins
interfere with the formation, migration, or fusion of vesicles in the
ER/Golgi interface in cultured cells (Namekawa et al., 2007) and
disrupt the morphology of these organelles (Namekawa et al., 2007;
Rismanchi et al., 2008). Our study provides in vivo evidence that
Drosophila Atl is required for normal formation of the ER and
Golgi organelles. Thus, data obtained from mammalian cells and
Drosophila support the role for Atl and its mammalian homologs
in membrane trafficking from the ER and morphogenesis of the ER
and Golgi apparatus. What is then the relationship between micro-
tubule stability and morphogenesis of the ER and Golgi morpho-
genesis? Two lines of our evidence suggest that Atl-dependent
microtubule disassembly is critical for normal morphogenesis of
those organelles. First, spastin-null mutants display ER and Golgi
defects similar to those in atl mutants. Second, the ER and Golgi
phenotype in atl is significantly rescued by administration of the
microtubule-destabilizing drug vinblastine. Thus, accumulation of
stable microtubules appears to be a causative mechanism to account
for defects in ER and Golgi morphogenesis in atl. This conclusion
is compatible with the previously reported roles for the microtu-
bule cytoskeleton in membrane trafficking between the ER and the
Golgi apparatus (Lippincott-Schwartz et al., 1995; Mizuno and
Singer, 1994), as well as in the organization and distribution of
those secretory organelles (Ralston et al., 1999; Waterman-Storer
and Salmon, 1998).

The postsynaptic defects of atl mutants are also rescued by
pharmacologically reversing microtubule accumulation, raising an
important question as to how the lack of Atl-mediated microtubule
regulation induces abnormalities in postsynaptic structure. One
possibility is that defects in vesicle trafficking induced by atl muta-
tions could impair the delivery of synaptic membrane compo-
nents, which in turn would produce an underdeveloped and
disorganized SSR. If this is the case, Atl-mediated microtubule
regulation may be critical for “Golgi-bypass” secretory pathways
since anterograde ER-to-Golgi protein trafficking appears to be
normal in cells expressing dominant-negative forms of atlastins
(Rismanchi et al., 2008). Such pathways include a Rab1-positive
route that connects the pre-Golgi intermediate compartment (IC)
directly with the cell periphery (Sannerud et al., 2006). In this
regard, it will be interesting to address in the future whether
synaptic components critical for SSR development are transported
to the plasma membrane through the Rab1-mediated or related
pathways in the muscle. An alternative and additional possibility is
that loss of Atl could alter local microtubules surrounding the
postsynaptic area, thereby affecting SSR structure. At the Drosophila
NMJ, muscle microtubules are excluded from the peribouton area
(i.e. SSR) that can be defined by the spectrin/actin network
(Ruiz-Canada et al., 2004). It has been proposed that the extent of
the SSR is strongly correlated with postsynaptic aPKC activity, which
decreases the stability of muscle microtubules (Ruiz-Canada et al.,
2004). By analogy with aPKC, Atl could support the expansion of the
SSR by decreasing the stability of local microtubules surrounding
the SSR. At this time, however, we cannot exclude other mechan-
isms by which misregulation of muscle microtubules may alter the
postsynaptic structure, as observed in the postsynaptic side of atl
mutant NMJs.

At present, it is still unclear how postsynaptic Atl regulates pre-
synaptic growth. Since over-activation of retrograde BMP signaling
also produces an NMJ phenotype characterized primarily by increased
satellite bouton formation at the NMJ, it is an open question whether
microtubule misregulation in atl inhibits the activity or the secretion
from postsynaptic muscles of BMP and other retrograde growth
signals.
Implications for the developmental role of HSP proteins

The HSP proteins implicated in microtubule organization and/or
microtubule-dependent processes include microtubule motor protein
KIF5A and other molecules containing the microtubule interacting
and trafficking (MIT) domain (e.g., Spartin and Spastin). Previous
functional characterization of these proteins has centered on their
roles in axons and presynaptic terminals. For example, Spastin has
been shown to be expressed at the presynaptic compartment of the
Drosophila larval NMJ, and to regulate synaptic structure and function
by regulating the stability of presynaptic microtubules (Sherwood
et al., 2004; Trotta et al., 2004). However, the Spastin protein is also
expressed in the postsynaptic muscle in Drosophila and humans
(Hazan et al., 1999; Trotta et al., 2004). At present, it is unknown to
what extent microtubule misregulation in the postsynaptic cell
contributes to the presynaptic phenotypes observed in Drosophila
spastin-null mutants and human patients with HSP SPG4. We have
clearly demonstrated in Drosophila that misregulation of muscle
microtubules caused by atl mutations produces synaptic defects,
highly reminiscent of those seen with spastin loss-of-function
mutations. Given the biochemical and functional links between Atl
and Spastin, the current work provides a new perspective on the
postsynaptic role of Spastin and other microtubule-related HSP pro-
teins during synapse development.

Materials and methods

Fly stocks

atl1 (a P-element insertion in the atl locus) and transgenic flies
carrying atl-Ge (a genomic fragment covering the atl gene), UAS-atl,
or UAS-atl R192Q have been previously described (Lee et al., 2007). The
atl2 mutant was generated by imprecise excision of atl1. Df(3R)
Exel7357 (a deficiency that removes the atl locus) and elav-GAL4were
obtained from the Drosophila Bloomington Stock Center. UAS-Lys-GFP-
KDEL and UAS-GalT-GFP transgenics were obtained from Dr. Mary A.
Lilly (Snapp et al., 2004); Casper-MHC-CD8-GFP-Shakerwas a gift from
Dr. Ehud Y. Isacoff (Zito et al., 1999); and BG57-GAL4 was provided by
Dr. Young-Ho Koh (Budnik et al., 1996).

Flies were maintained at 25 °C on standard Drosophila food unless
otherwise noted. For some experiments, experimental crosses were
performed at 18 °C. To analyze the phenotypic consequences of
feeding flies with vinblastine, flies were grown on standard food
containing 1 μM vinblastine sulfate (Sigma).

Antibodies

To produce an antibody against Atl, atl cDNA encoding amino acids
1–421 was subcloned in frame into the pGEX6P1 expression vector
(Amersham Pharmacia). The GST-Atl fusion protein was purified with
glutathione-Sepharose 4B (Amersham Pharmacia) and digested with
PreScission protease (Amersham Pharmacia). The band representing
cleaved Atl was excised from SDS-PAGE gels for the immunization of
rats. The resulting antiserum was purified with MBP-tagged Atl
(amino acids 1–421) fusion protein which was crosslinked to CNBr-
activated Sepharose 4 Fast Flow (Amersham Pharmacia). This purified
antibody was used at a dilution of 1:500 for western blotting and 1:50
for immunohistochemistry.

For immunohistochemistry, the following antibodies were pur-
chased from the Developmental Studies Hybridoma Bank: anti-Dlg
mAb 4F3 (1:400), anti-Csp3 mAb 1G12 (1:250), anti-Bruchpilot mAb
NC82 (1:10), and anti-Futsch mAb 22C10 (1:50). Other antibodies
used in this study include mouse anti-α-tubulin (1:500, Sigma),
mouse anti-acetylated α-tubulin (1:500, Sigma), rat anti-tyrosinated
α-tubulin (1:40, Chemicon), rabbit anti-GFP (1:250, Abcam), goat
FITC-conjugated anti-HRP (1:200, Jackson Laboratories), and donkey
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FITC or Cy3-conjugated secondary antibodies (1:200, Jackson
Laboratories).

Western blot analysis

Larval body-wall muscles were homogenized in 1 × SDS sample
buffer, subjected to SDS-PAGE, and transferred to nitrocellulose
membranes (Whatman). Blots were blocked in 5% skim milk/TBST
(TBS, 0.2% Tween-20) and incubated with primary antibodies in 5%
skim milk/TBST overnight at 4 °C. After several washes in TBST, blots
were incubated for 1 h with HRP-conjugated secondary antibodies in
5% skim milk/TBST. Blots were washed several times with TBST and
visualized with SuperSignal West Pico CL substrate (Pierce). Anti-
bodies were used at the following dilutions: anti-Dlg (1:4000), anti-
Kra (1:4000) (Lee et al., 2007), anti-α-tubulin (1:4000), anti-β-actin
(1:1000), and HRP-conjugated secondary antibodies (1:5000, Jackson
Laboratories).

Immunohistochemistry

Wandering third instar larvae were dissected in Ca2+-free HL3
saline (5 mM HEPES [pH 7.2], 70 mM NaCl, 5 mM KCl, 20 mM MgCl2,
10 mM NaHCO3, 5 mM trehalose, 115 mM sucrose) (Stewart et al.,
1994) and fixed in 4% formaldehyde/PBS for 30 min. Fixed larvae
were washed in PBT (PBS, 0.1% Triton X-100), blocked with 5% BSA/
PBT for 1 h, and incubated with primary antibodies at 4 °C overnight.
After several washes with PBT, dissections were incubated with
secondary antibodies for 1 h at room temperature. Fluorescence
images were collected under an Olympus FV300 confocal microscope
using Olympus FLUOVIEW software. Samples were processed
simultaneously with controls in the same tube and imaged at
identical confocal settings. Images shown in Figs. 1F–H, 3, 5, 6A–D,
7B–I, S1, S2, S3A–C, S4, S6, and S7 are single confocal sections, and
the other images were made by projections of z series stacks with
1 μm intervals. Fluorescence intensity was determined using
Olympus FLUOVIEW (version 5.0) image analysis software. Muscle
surface area was visualized by saturating HRP signal and measured
using the Olympus FLUOVIEW software. Quantification of immuno-
chemistry was obtained by normalizing the fluorescence intensity of
Dlg to that of HRP.

Electron microscopy

Third instar larvaewere dissected in Ca2+-free HL3 saline and fixed
for 2 h at 4 °C in 4% paraformaldehyde/2.5% glutaraldehyde/0.1 M
phosphate buffer (PB, pH 7.4). After rinsing with 0.1 M PB, the
specimens were osmicated with 1% OsO4/0.1 M PB for 1 h, dehydrated
in graded alcohols, flat-embedded in Durcupan ACM (Fluka), and
cured for 48 h at 60 °C. Transverse ultrathin serial sections (80–
90 nm) were cut from muscles 6 and 7 at the second abdominal
segment. The sections were mounted on formvar-coated single slot
grids, stained with uranyl acetate and lead citrate, and examined with
a Hitachi H-7500 electron microscope (Hitachi) at 80 kV accelerating
voltage. Images of type Ib boutons were captured at 25,000× using
Gatan Digitalmicrograph software driving a SC1000 CCD camera
(Orius). The largest diameter section representing the bouton midline
was used for quantitative analysis using NIH Image J 1.38. Three
preparations were analyzed for w1118 (a wild-type control) and atl2/
Df. Morphometric analyses of synaptic boutons and the SSR were
performed as described in Budnik et al. (1996).
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