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Drosophila Acyl-CoA Synthetase Long-Chain Family Member
4 Regulates Axonal Transport of Synaptic Vesicles and Is
Required for Synaptic Development and Transmission

Zhihua Liu, Yan Huang, Yi Zhang, Di Chen, and Yong Q. Zhang
Key Laboratory for Molecular and Developmental Biology, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 100101,
China

Acyl-CoA synthetase long-chain family member 4 (ACSL4) converts long-chain fatty acids to acyl-CoAs that are indispensable for lipid
metabolism and cell signaling. Mutations in ACSL4 cause nonsyndromic X-linked mental retardation. We previously demonstrated that
Drosophila dAcsl is functionally homologous to human ACSL4, and is required for axonal targeting in the brain. Here, we report that
Drosophila dAcsl mutants exhibited distally biased axonal aggregates that were immunopositive for the synaptic-vesicle proteins synap-
totagmin (Syt) and cysteine-string protein, the late endosome/lysosome marker lysosome-associated membrane protein 1, the autopha-
gosomal marker Atg8, and the multivesicular body marker Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate). In
contrast, the axonal distribution of mitochondria and the cell adhesion molecule Fas II (fasciclin II) was normal. Electron microscopy
revealed accumulation of prelysomes and multivesicle bodies. These aggregates appear as retrograde instead of anterograde cargos. Live
imaging analysis revealed that dAcsl mutations increased the velocity of anterograde transport but reduced the flux, velocity, and
processivity of retrograde transport of Syt-enhanced green fluorescent protein-labeled vesicles. Immunohistochemical and electrophys-
iological analyses showed significantly reduced growth and stability of neuromuscular synapses, and impaired glutamatergic neuro-
transmission in dAcsl mutants. The axonal aggregates and synaptic defects in dAcsl mutants were fully rescued by neuronal expression of
human ACSL4, supporting a functional conservation of ACSL4 across species in the nervous system. Together, our findings demonstrate
that dAcsl regulates axonal transport of synaptic vesicles and is required for synaptic development and function. Defects in axonal

transport and synaptic function may account, at least in part, for the pathogenesis of ACSL4-related mental retardation.

Introduction

Mental retardation (MR) is present in 1-3% of the general pop-
ulation and is a complex phenotype characterized by suboptimal
brain function with onset before the age of 18 years (Vaillend et
al., 2008; Humeau et al., 2009). MR is divided into syndromic and
nonsyndromic forms, depending on whether cognitive dysfunc-
tion is associated with other anomalies. Approximately 300 MR
genes have so far been identified (Inlow and Restifo, 2004; Hu-
meau et al., 2009). Mutations in the acyl-CoA synthetase long-
chain family member 4 (ACSL4), also known as long-chain fatty
acyl-CoA ligase 4, result in nonsyndromic X-linked MR (Meloni
et al., 2002; Longo et al., 2003). ACSL4 belongs to a family of
enzymes that convert long-chain fatty acids to acyl-CoAs that
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participate in multiple biosynthetic, metabolic, and cellular sig-
naling pathways (Coleman et al., 2002). The enzyme is highly
expressed in the hippocampus, a structure critical for learning
and memory, where it is required for dendritic spine formation
(Cao et al., 2000b; Meloni et al., 2002, 2009). The mechanisms by
which mutations of ACSL4 lead to MR, however, are still poorly
understood.

To understand the neuronal functions of ACSL4 and the
pathogenesis of ACSL4-related MR, we characterized mutants of
dAcsl, the Drosophila homolog of human ACSL4, and found that
dAcsl is required for the production of the morphogen decapen-
taplegic [Dpp, a bone morphogenetic protein (BMP)-like mole-
cule] and for axonal targeting in the Drosophila brain (Zhang et
al., 2009). These dAcsl mutant phenotypes could be effectively
rescued by human ACSL4, demonstrating a functional homology
of Drosophila dAcsl and human ACSL4 (Zhang et al., 2009). In
the present study, we report that the axons of Drosophila dAcsl
mutants display distally biased axonal accumulation of heteroge-
neous membranous organelles resembling retrograde cargos des-
tined for degradation, suggesting a retrograde transport defect.
Live imaging of green fluorescent protein (GFP)-tagged or-
ganelles confirmed that dAcsl mutations specifically impaired ret-
rograde transport of synaptic vesicles (SVs), while the transport
of mitochondria was normal. Axonal transport has been exten-
sively studied over the last 2 decades (Duncan and Goldstein,
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2006; De Vos et al., 2008), but this study provides the first exper-
imental evidence implicating an MR-linked gene in axonal trans-
port of SVs.

Neuronal function is maintained by well regulated intracellular
trafficking. A diverse array of newly synthesized proteins and lipids
are transported anterogradely to distal synapses, while neurotrophic
signals and damaged proteins are retrogradely transported back to
the cell body (Chevalier-Larsen and Holzbaur, 2006; Goldstein et al.,
2008). Mutations in genes involved in this bidirectional transport
often cause defects in synaptic development and function. For ex-
ample, mutations in motor proteins cause synaptic dystrophy and
reduced neurotransmission at neuromuscular junctions (NM]Js)
(Gho et al,, 1992; Hurd and Saxton, 1996; Pack-Chung et al., 2007;
Barkus et al., 2008). As expected, dAcsl mutants show prominent
synaptic atrophy with concomitantly compromised neurotransmis-
sion at NM]J terminals. Together, our findings demonstrate that
dAcsl regulates axonal transport of SVs and is required for synaptic
growth and transmission.

Materials and Methods

Drosophila strains and genetics. The Drosophila melanogaster strain
w!!1% was used as the wild-type control unless indicated otherwise.
The UAS-ACSL4-Myc and a dAcsl hypomorphic allele dAcsI®***” with
a p element inserted in the first intron of dAcsl were described previ-
ously (Zhang et al., 2009). A dAcsl-null allele, dAcsi®C, was generated
by flippase-recognition target-mediated deletion between PBac{RB}
Acsl®%%7% and PBac{WH}AcsI??7%%, removing most of the exons accord-
ing to a procedure described by Parks et al. (2004) and Thibault et al.
(2004). Other stocks include UAS-mito-GFP from W. M. Saxton (Uni-
versity of California, Santa Cruz, CA) (Pilling et al., 2006), UAS-Syt-
eGFP (IIT) (Zhang et al., 2002), UAS-RFP-Atg8 from E. Hafen (Swiss
Federal Institute of Technology, Ziirich, Switzerland) (Kohler et al.,
2009), UAS-LAMPI-GFP from H. Kramer (University of Texas South-
western Medical Center, Dallas, TX) (Pulipparacharuvil et al., 2005),
elav-GeneSwitch from H. Keshishian (Yale University, New Haven, CT)
(Osterwalder et al., 2001), the motoneuron-specific OK6-Gal4 from
M. B. O’Connor (University of Minnesota, St. Paul, MN), D42-Gal4
from W. M. Saxton, and the ubiquitous Tub-Gal4 from the Bloomington
Stock Center (Indiana University, Bloomington, IN). For GeneSwitch
rescue experiments, dAcsi®® ¥ 1dAcsI<C; elav-GeneSwitch/ UAS-ACSL4-
Mpycmutant larvae at 2.5 d after egg laying (AEL) were transferred to food
containing RU486 (mifepristone; Sigma) at a final concentration of 0.5
mM to induce neuronal expression of human ACSL4-Myc following the
original protocol (Osterwalder et al., 2001) and then were dissected at 5 d
AEL to examine axonal aggregates.

Immunohistochemical analyses and confocal microscopy. Immunostain-
ing and confocal microscopy of larval preparations were performed as
described previously (Jin et al., 2009; Liu et al., 2010). The following
monoclonal antibodies were obtained from the Developmental Studies
Hybridoma Bank: anti-CSP (cysteine-string protein) (6D6; 1:500), anti-
synapsin (3C11; 1:300), anti-Bruchpilot (Brp) (1:50), anti-Fas II (fasci-
clinII) (1D4; 1:50), anti-choline acetyltransferase (ChAT) (4B1; 1:1000),
and anti-Myc (9E10; 1:200). Other antibodies include anti-synapto-
tagmin (Syt) (1:1000) and anti-Hrs (hepatocyte growth factor-regulated
tyrosine kinase substrate) from H. Bellen (Baylor College of Medicine,
Houston, TX) (1:1000; Lloyd et al., 2002), anti-Dlic from T. Uemura
(Kyoto University, Kyoto, Japan) (1:500) (Satoh et al., 2008), anti-
synaptosomal-associated protein 25 (SNAP-25) from D. L. Deitcher
(Cornell University, Ithaca, NY) (1:200) (Rao et al., 2001), FITC-
conjugated anti-horseradish peroxidase (HRP) (1:200; Jackson Immu-
noResearch), and rabbit polyclonal cleaved caspase 3 (Asp175) antibody
(1:1005 Cell Signaling Technology). All primary antibodies were visual-
ized using specific secondary antibodies conjugated to Alexa 488 or Alexa
568 (1:1000; Invitrogen). All images were collected using a Leica SP5 laser
scanning confocal microscope and processed with Adobe Photoshop 8.0.

For quantification of axonal traffic jams, the number and total area of
CSP-positive aggregates in the defined regions of one to two nerves from
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each animal were quantified using ImageJ. The anterior segmental nerves
were defined as the region directly posterior to the larval ventral nerve
cord (VNC) that spanned abdominal segments A2—A3. The axonal bun-
dles covering the abdominal segments A6—A7 were defined as the poste-
rior nerves. For each genotype, at least six larval preparations were
analyzed.

Methods for the morphological analysis of NMJs were described pre-
viously (Jin et al., 2009; Yao et al., 2011). Briefly, serial confocal images of
NMJ4 on the abdominal segment A6 were maximally projected. Individ-
ual boutons were identified according to the discrete staining signals of
the synaptic vesicle marker anti-CSP. The synaptic area was determined
by measuring the area of anti-CSP staining over the whole synaptic ter-
minal with Image].

Time-lapse imaging of Syt-enhanced GFP-tagged vesicles in larval motor
axons. Wandering third-instar larvae were dissected in chilled HL6 solu-
tion supplemented with 4 mum L-glutamate and 0.6 mm CaCl, according
to published protocols (Louie et al., 2008; Yao et al., 2011). A dissected
larva was transferred to a slide, covered with a large coverslip, and im-
mersed in fresh HL6 solution. It was then viewed at room temperature
with a Leica SP5 confocal microscope. Serial images were captured every
1 sonasingle plane for no more than 5 min and completed within 15 min
after dissection.

Compiled images were opened with Image], and the stacks were
resliced and projected to make kymographs. Lines were drawn by hand to
better illustrate the movement of individual GFP-labeled puncta in ky-
mographs. Data analysis of live images followed the methods described
by Miller et al. (2005) and Yao et al. (2011). To quantify the flux, movies
were opened with Image] and animated at 10 frames per second. The
number of GFP puncta that crossed a selected point of axon was counted
and then divided by the time (<5 min) of observation. The average
velocity of moving puncta and the percentage of puncta with stops were
also statistically analyzed. Puncta moving with velocities <0.1 wm/s for
>10 s were defined as puncta with stops.

Electron microscopy. Electron microscopy (EM) of larval segmental
nerves was performed largely according to a previously described proce-
dure (Hurd and Saxton, 1996). Briefly, dissected larvae were fixed over-
night at 4°C in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 m
cacodylate buffer, pH 7.4. Fixed tissue was then rinsed in cacodylate
buffer. Postfixing was performed in 0.5% OsO, and 0.8% K;Fe(CN), in
cacodylate buffer for 90 min at room temperature. Samples were washed
and stained in saturated aqueous uranyl acetate for 2 h on ice, dehydrated
in a graded acetone series, and embedded in Spurr resin (Electron Mi-
croscopy Sciences). Ultrathin (70—80 nm) cross sections of axonal bun-
dles were cut with a Leica UC6 ultramicrotome. Grids were poststained
with saturated uranyl acetate for 20 min, followed by staining with Reyn-
old’s lead citrate for 2-3 min. Processed samples were observed under a
JEOL 1400 electron microscope.

Electrophysiology. Electrophysiological recordings were performed es-
sentially as described previously (Jin et al., 2009; Wang et al., 2010).
Modified HL3 saline contained 70 mm NaCl, 5 mm KCl, 10 mm MgCl,, 10
mM NaHCOj;, 115 mM sucrose, 5 mM trehalose, 5 mm HEPES, pH 7.2,
and 1 mm CaCl,. Data were analyzed only from recordings with resting
potentials <—65 mV and input resistances >6 M(). Quantal content was
defined as excitatory junction potential (EJP)/miniature EJP (mEJP) am-
plitudes after correcting for nonlinear summation.

Statistical analysis. All the data are expressed as the mean * SEM.
Statistical significance in two-way and multiple-group comparisons was
determined by Student’s t test and one-way ANOVA with Tukey’s post
hoc test, respectively. No asterisk denotes p > 0.05; * indicates p < 0.05;
** denotes p < 0.01; *** indicates p < 0.001.

Results

dAcsl mutants show distally biased axonal aggregates

As the dAcsl null mutants were early larval lethal, we used a trans-
allelic combination of a null allele, dAcsi“°, and a hypomorph
allele, dAcsI”**, which survived to pharates. In the hypomorphic
dAcsl mutant larvae, the most salient abnormality was the accu-
mulation of the synaptic vesicle-associated protein CSP in axons,
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a phenotypic hallmark of defective axon
transport (Hurd and Saxton, 1996; Mar-
tin et al., 1999), whereas wild-type axons
showed no apparent CSP-positive aggre-
gates (Fig. 1A-B’). The number of CSP-
positive aggregates in the anterior axons
was greater in dAcsl mutants (18.36 *
4.03 per 100-um-long axon segment)
than in wild types (1.91 = 0.75 per 100-
um-long axon segment; p < 0.001). Sim-
ilarly, the number of aggregates observed
in the posterior axons was higher in dAcs!
mutants than in wild types (34.53 = 5.50
vs 3.23 £ 1.08 per 100-um-long axon seg-
ment, p < 0.001) (Fig. 1 F). The area of
CSP-positive aggregates in both anterior
and posterior axons was also significantly
greater compared with the wild types; for
the posterior axons, the area of CSP-
positive aggregates was 17.38 = 4.17 um?
per 100-um-long axons in dAcsl mutants
versus 2.33 * 0.55 um* per 100-um-long
axons in wild types ( p < 0.001) (Fig. 1G).
Similar aggregates were also observed in
other hypomorphic mutants dAcsI<°/
AAcsF1° | dAcsI®®V | dAcs O, dAcsI®®Y
Df(2R)H3EI, and dAcsI"****| Df(2R)H3EI
(the Df(2R)H3EI deficiency completely
removes dAcsl) (datanot shown), indicat-
ing that the CSP-positive aggregates were
caused by dAcsl hypomorph mutations.
Given that the dAcsl mutant phenotypes
can be rescued by human ACSL4 (Zhang
et al., 2009), we tested whether the axonal
aggregates in dAcsl mutants could be res-
cued by human ACSL4. Indeed, the ab-
normal CSP-positive aggregates in dAcsl
mutants were fully rescued by the ubiqui-
tous expression of human ACSL4 driven
by Tub-Gal4 (Fig. 1C,F,G), confirming
that Drosophila dAcsl and human ACSL4
are functionally conserved proteins that
regulate the axonal distribution of CSP-
positive vesicles.

There was a strong tendency for the
synaptic cargos to accumulate in the pos-
terior nerves (Fig. 1 B,B', F,G). But we do
not know whether the aggregates are
present in the proximal or distal axons,
due to the fact that the segmental nerves
contain 60—80 parallel axons in opposite
directions of sensory neurons and mo-
toneurons (Hurd and Saxton, 1996). The
cholinergic sensory neurons project an-
teriorly from the peripheral cell bodies
into the VNC, whereas the motoneu-
rons project in the opposite direction
from cell bodies in the VNC toward the
posterior and periphery to form NM]J.
To determine whether the aggregates
were present in the axons of sensory
neurons, motoneurons, or both, we ex-
pressed enhanced GFP (eGFP)-tagged

Liu et al. @ ACSL4 Regulates Axonal Transport and Synaptic Function

Anterior Posterior

B ,dACSIKO/05847

D Control _
E1 dACSIKO/05847

F <50 G g25 o EWT
%40 *kk %20 1] dACSIKO/05847
& 30 % 15 O Ubi. rescue
o *k%
5 20 5107 =
c 10 o 5
0 < 0

Anter. Poster.
dAcs/[K0/05847

Anter. Poster.

=
_|

Figure1. Distally biased axonal aggregates of synaptic cargos in dAcs/ mutants. A—C’, Inmunostaining of larval segmental nerves with
anti-CSP from wild type w'" (4, A"), dAcs!®/dAcs’** (B, B'), and dAcs!®/dAcs’***; Tub-Gal4/UAS-ACSL4 Drosophila larvae (C, C').
Images of axonsin the area proximal to the ventral nerve cord (Anterior, A—E3) and distal to the ventral cord (Posterior, A’ ~E3") are shown.
The axonal aggregates in dAcs/mutants (B, B") were completely rescued by the ubiquitous expression of human ACSL4 driven by Tub-Gal4
(C,C"). D—E3’, Double labeling of axons with Syt-eGFP driven by motoneuron-specific OK6-Gal4 and anti-ChAT in the segmental nerves of
control OK6-Gal4/ +; UAS-Syt-eGFP/+ (D, D’) and mutant dAcs/*®/dAcs’*®*” OK6-Gald; UAS-Syt-eGFP/+ larvae (E1—E3"). In dAcs mu-
tants, Syt-eGFP accumulations were much more prominent in the posterior axons than that in the anterior axons (compare E7’, ET). In
contrast, ChAT-positive aggregates were observed more often in the anterior axons (distal axons of sensory neurons; compare E2, E2),
indicative of distally biased axonal accumulations in both motoneurons and sensory neurons. F, G, Quantification of the number (F) and the
area (G) of (SP-positive accumulations per 100-m-long axons. n = 6 for each genotype; **p << 0.01,***p << 0.001 by one-way ANOVA
with Tukey post hoc test; error bar indicates SEM. H—M’ , Posterior segmental nerves of third-instar larvae of wild type (WT) (H—M) and
dAcs/dAcs”*** mutants (H'~M") stained with antibodies against Syt (H, H"), Dlic (I7-12"), and Brp (J,J') showed axonal aggregates
in dAcs! mutants. The axonal distribution of SNAP-25 (K, K'), Fas Il (L, L"), and mito-GFP-labeled mitochondria (M, M") was unaltered in
dAcsI mutants. Anter., Anterior; Poster., posterior; Ubi., ubiquitous; aggr., aggregates.
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Figure 2.

(inH)B,D-H,0.5 um.

synaptotagmin (Syt-eGFP) (Zhang et al., 2002) in motoneu-
rons under the control of OK6-Gal4. No obvious Syt-eGFP-
positive aggregates were observed in wild-type axons, but
many Syt-eGFP-positive aggregates of different sizes were dis-
tributed in the motoneuron axons of dAcsI mutants (Fig. 1, com-
pare EI-E3’, D,D"). The sizes of the Syt-eGFP aggregates in the
distal axons of motoneurons were dramatically larger than those
in the proximal axons (Fig. 1, compare EI’, E1), consistent with
distally biased aggregation. ChAT is specifically expressed in cho-
linergic sensory neurons and is required for acetylcholine synthe-
sis at the presynaptic bouton (Bowman et al, 1999).
Accumulation of ChAT was also found in the distal axons of
sensory neurons, whereas the proximal axons displayed only dif-
fuse background staining (Fig. 1, compare E2, E2'). These data
demonstrate a strong propensity for synaptic cargos to accumu-
late in the distal axons of both motoneurons and cholinergic
sensory neurons in dAcsl mutants.

To determine the specificity of the axonal aggregates in
dAcsl mutants, we performed immunohistochemical analysis
with more antibodies and fluorescent markers. Consistent with
that detected by the anti-CSP staining and Syt-eGFP marker
(Fig. 1B',E1"), anti-Syt staining revealed large accumulations
in the posterior axons of dAcsl mutants, whereas only a few
small aggregates were seen in wild types (Fig. 1 H,H'). To test
whether motor proteins also accumulated in dAcs] mutants,
we examined the axonal distribution of the dynein light inter-
mediate chain (Dlic), a subunit of dynein (Satoh et al., 2008),
and found abundant Dlic-positive aggregates (Fig. 111"). In-
terestingly, most of the Dlic-positive aggregates were also pos-

Accumulation of membranous organelles in dAcs/ mutant axons. A, Micrograph of a cross section of segmental
nerves from a wild-type larva. Approximately 60— 80 parallel axons in opposite directions of motoneurons and sensory
neurons are bundled in the central part of the nerve with the cytoplasmic processes of glial cells between some of the axons.
B, A higher-magnification view of the boxed area in A. The predominant organelles in axons are mitochondria (M) and
small clear-core vesicles (arrow). C, A greatly swollen axon in a dAcs/ mutant (arrowheads). D, A higher-magpnification view
of the swollen axon in Cshowing MVBs and dark PLBs. E, Accumulations of MVB of relatively uniform size in dAcs/ mutants.
F, An MVB with a cluster of large clear-core vesicles surrounded by a double-layer membrane in dAcs/ mutants (arrowhead).
A putative active zone characterized by a T bar docked with vesicles is indicated by an asterisk. G, An Lb in a dAcs/ mutant
axon. H, Accumulations of large clear-core vesicles of different sizes (arrow) in a dAcs/ mutant axon. Scale bars: 4, , 1 um;

J. Neurosci., February 9, 2011 « 31(6):2052—-2063 « 2055

itive for CSP (Fig. 111',12"), suggesting
that the CSP-positive aggregates may
trap dynein motors. The aggregation of
Dlic could hinder retrograde transport
and exacerbate the axonal aggregation.
In dAcsl mutants, we also observed an
increased number of puncta positive for
Brp, an active zone component that is
transported by a vesicle subtype called
Piccolo-bassoon  transport vesicles
(PTVs), distinct from SVs (Zhai et al.,
2001; Pack-Chung et al., 2007; Gold-
stein et al., 2008) (Fig. 1, compare J, J').
In contrast, immunostaining with anti-
bodies against SNAP-25, a component
of the core soluble N-ethylmaleimide-
sensitive factor attachment protein
(SNAP) receptor complex necessary for
vesicle docking and fusion with the
plasma membrane (Rao et al., 2001),
and the cell adhesion molecule Fas II
revealed normal distribution patterns in
dAcsl mutants (Fig. 1K-L"). The num-
ber and distribution of mitochondria in
axons were also normal without aggre-
gation in dAcsl mutants (Fig. 1 M, M").
Together, these data demonstrate that
dAcsl mutations specifically cause ag-
gregation of various cargos including
SVs and PTVs, but the distribution of
mitochondria and the plasma mem-
brane proteins SNAP-25 and Fas II re-
mained normal in axons.

Accumulation of diverse membranous organelles in

dAcsl mutants

To further define the contents of these axonal aggregates, we
examined larval segmental nerves of wild types and dAcsI mutants
by EM. In wild-type larvae, axons with diameters of 100—700 nm
ran next to each other or were separated by the cytoplasmic pro-
cesses of glial cells (Fig. 2A, B). The most common organelles in
wild-type axons were mitochondria and small clear-core vesicles
20-30 nm in diameter (Fig. 2 B). However, in the cross sections of
the segmental nerves of dAcs’®CldAcsl®®* mutants, there were
conspicuous axonal swellings, up to 3 um in diameter, packed
with heterogeneous membranous organelles (Fig. 2). These ag-
gregates, most often observed in the posterior axons, include
dark, prelysosomal bodies (PLBs) 60—100 nm in diameter (Fig.
2C,D) and multivesicular bodies (MVBs) 70—130 nm in diameter
(Fig. 2D, E). In some mutant larvae, we also observed autopha-
gosomes, in which a cluster of large clear-core vesicles sur-
rounded by a double-layer membrane (Fig. 2F), and lamellated
bodies (Lbs), which resemble autolysosomes (Fig. 2G). In other
cases, we observed clusters of large clear-core vesicles (40—80 nm
in diameter) in dAcsl mutant axons (Fig. 2 H). These membra-
nous aggregates (Fig. 2C—H ) were rarely found in wild-type ax-
ons (Fig. 2A, B).

These PLBs, MVBs, and lamellated bodies could be late endo-
somes/lysosomes or autophagosomes. To further define the mo-
lecular and subcellular nature of these aggregates, we performed
immunohistochemical analysis by double labeling. Lysosome-
associated membrane protein 1 (LAMP1)-GFP fusion proteinisa
commonly used late endosome/lysosome marker (Pulipparacha-
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ruvil et al., 2005). We expressed LAMP1-
GFP specifically in motoneurons driven
by OK6-Gal4 and found prominent
LAMPI-positive aggregates in dAcsl mu-
tants (Fig. 3A1"), consistent with the accu-
mulation of the putative PLBs observed
under EM (Fig. 2). Most fluorescent sig-
nals from LAMP1-GFP overlapped with
the CSP-positive aggregates (Fig. 3A2").
Autophagosomes can be generated locally
within axons and then transported retro-
gradely for fusion with lysosomes (Hol-
lenbeck, 1993; Yue, 2007). We expressed
the autophagosomal marker red fluores-
cent protein (RFP)-Atg8 (Kohler et al.,
2009) in motoneurons driven by OK6-
Gal4 and found obvious Atg8-positive ag-
gregates in dAcsl mutants, but no
appreciable aggregates in wild types (Fig.
3B1,BI"). A small portion of CSP-positive
aggregates were also positive for Atg8 (Fig.
3B2"). The substantial colocalization of
CSP, LAMP1-GFP, and RFP-Atg8 in ag-
gregates suggests that the CSP-positive
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| dA CSIKO/O5847 |

Coimmunostaining analysis of CSP-positive aggregates in dAcs/ mutant axons. Posterior segmental nerves of the third-instar
larvae of wild-type (left column) and dAcs%/dAcs***” mutants (right column) doubly labeled with various markers for membranous
organelles. Late endosomes/lysosomes labeled by LAMP1-GFP (A7-A1"), autophagosomes labeled by RFP-Atg8 driven by motoneuron-
specific 0K6-Gal4 (B1-B1"), and MVBs labeled by anti-Hrs (€7—-€2") accumulated in dAcs/ mutant axons. CSP-positive aggregates and
LAMP1-positive accumulations overlapped to a large extent (42"). CSP-positive aggregates were partly positive for RFP-Atg8 (B2'). Hrs
aggregates were rarely observed, and few Hrs aggregates were positive for CSP in dAcs/ mutant axons (€2”, arrow).

Figure3.

vesicles are destined for degradation by
lysosomes.

The MVB marker Hrs (Lloyd et al., 2002) also accumulated,
though infrequently, in the axons of dAcsl mutants (Fig.
3CI,CI"). Axonal MVBs are believed to carry retrogradely mov-
ing neurotrophic and/or signaling factors (Weible and Hendry,
2004). As shown in Figure 3C, few Hrs aggregates were positive
for CSP in dAcsI mutants. To better illustrate the MVB aggregates
positive for Hrs, we showed an image with multiple large Hrs
aggregates where only a few CSP accumulations were present
(Fig. 3C2"). These results are consistent with the notion that SVs
and MVBs are distinct cargos. PLBs, MVBs, and autophagosomes
are normally retrograde cargos (Hirokawa et al., 1990; Quatacker
et al., 1995; Hurd and Saxton, 1996). The accumulation of retro-
grade cargos suggests that retrograde transport might be im-
paired in dAcsl mutants.

Induced neuronal expression of human ACSL4 eliminates
axonal aggregates

To develop an ACSL4-associated MR intervention strategy, it is
essential to define the in vivo spatiotemporal pattern of ACSL4
expression. We first followed the formation of axonal aggregates
through larval developmental stages and found that the aggre-
gates were formed early at the first instar larvae (2 d AEL) (Fig.
4A',F), indicating an early requirement for dAcsl in the normal
distribution of CSP-positive vesicles in axons. Interestingly,
3.5 d AEL marked the transition point from slow and gradual to
rapid formation of CSP-positive aggregates during larval devel-
opment of dAcsl mutants (Fig. 4F, arrow), probably due to the
depletion of the maternal contribution.

We then examined whether conditional expression of ACSL4
could eliminate the already formed aggregates in dAcsl mutants.
We used the GeneSwitch rescue method, in which target gene
expression is induced by RU486 and can be detected as earlyas 5 h
later (Osterwalder et al., 2001). We first confirmed that neuronal
expression of human ACSL4 driven by elav-Gal4 or OK6-Gal4
was able to rescue the axonal aggregates in dAcsI mutants (data
not shown), demonstrating that dAcsl is cell autonomously re-
quired for the normal distribution of axonal cargos. dAcs®/

dAcsl®®8, elav-GeneSwitch/UAS-ACSL4-Myc mutant larvae at
2.5 d AEL without induction of ACSL4 showed mild CSP-
positive aggregates, phenocopying the dAcsI mutant phenotype
(Fig. 4G). We then transferred these mutant larvae at 2.5 d AEL to
food containing RU486 and then examined segmental nerves in
wandering third instar larvae at 5 d AEL (Fig. 4 H). After RU486
induction, all the larvae of 5 d AEL had appreciable levels of
ACSL4 expression as detected by anti-Myc staining (Fig. 4 H,
right). The axonal aggregates observed at 2.5 d AEL were not
observed in the RU486-treated larvae, suggesting that this aber-
rant phenotype was completely rescued by induced expression of
ACSL4 (p < 0.001 compared with that of larvae of 2.5 d AEL
without RU486 treatment) (Fig. 4I). In contrast, dAcs] mutants
without induced expression of ACSL4 showed more and larger
accumulations (Fig. 41) at 5 d AEL than those examined at 2.5 d
AEL. Induction of ACSL4 at 3 d AEL also partially rescued the
axonal aggregates, while induction of ACSL4 at 3.5 and 5 d AEL
did not significantly alleviate the axonal aggregates (data not
shown). These results together demonstrate that induction of
human ACSLA4 at early larval stages can effectively eliminate the
axonal aggregates in dAcsl mutants.

Increased velocity of anterograde transport but reduced
velocity of retrograde transport of GFP-tagged vesicles in
dAcsl mutants

Axonal accumulation of synaptic cargos is often caused by trans-
port defects (Hurd and Saxton, 1996; Martin et al., 1999; Bow-
man et al., 1999; Chevalier-Larsen and Holzbaur, 2006; Duncan
and Goldstein, 2006; Lorenzo et al., 2010). Though the dAcsl
mutants did not show the classical tail-flip phenotype of trans-
port mutants (Bowman et al., 1999, 2000; Martin et al., 1999), the
mutant larvae were sluggish with uncoordinated crawling move-
ments (data not shown). To directly test whether dAcslis involved
in axonal transport of synaptic cargos, we analyzed the dynamic
behavior of Syt-eGFP-labeled vesicles in live motoneuron axons
of third-instar larvae. Small mobile Syt-eGFP puncta undergo
rapid bidirectional movements and could be readily visualized in
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t test; error bar indicates SEM. aggr., aggregates; res., rescue.

axons (supplemental Movie S1, available at www.jneurosci.org as
supplemental material). Representative kymographs of axonal
transport of Syt-eGFP-labeled vesicles are shown in Figure 5A-D.
There were more stationary Syt-eGFP-positive aggregates in
dAcsl mutant axons (Fig. 5, compare B, A; vertical lines indicate
stationary aggregates), consistent with the large accumulation of
SVs in axons. To examine the effects of dAcsl mutations on for-
ward and reverse transport, we analyzed the behavior of individ-
ual moving particles. Anterograde flux was not significantly
altered (5.28 = 0.27 puncta/min, for wild types vs 4.29 * 0.43
puncta/min for mutants; p = 0.058) (Fig. 5E). However, retro-
grade flux was significantly reduced in dAcsI mutants (5.34 = 0.25
puncta/min for wild types vs 4.06 = 0.24 per min for dAcsl mu-
tants; p < 0.01) (Fig. 5C-E).

The mean velocity of anterograde moving vesicles, however,
was significantly increased [26.65 * 0.69 um/min (n = 687
puncta) for control vs 31.19 = 0.64 wm/min (n = 887 puncta) for
dAcsl mutants; p < 0.001]. Conversely, retrograde velocity was
significantly reduced in dAcsl mutants [29.59 = 0.54 wm/min

WT
dAcsl/
604 = dAcsl + res.

Induced neuronal expression of human ACSL4 eliminates axonal aggregates in dAcs/ mutants. A—E, Images of
posterior segmental nerves of wild-type and dAcs/ mutant larvae stained with anti-CSP show the axonal aggregates during larval
development (in days AEL). F, Quantification of the area of axonal CSP-positive aggregates per 100- m-long axons during larval
development. The arrow indicates a transition point from slow to rapid formation of aggregates in dAcs/ mutants. G, H, Induced
neuronal expression of human ACLS4 eliminates already formed axonal aggregates. Neuronal expression of human ACLS4-Myc can
be triggered by elav-GeneSwitch in the presence of RU486. dAcs| mutants containing the GeneSwitch machinery (dAcs!%/
dAcsI™®; elav-GeneSwitch/UAS-ACSL4-Myc) at 2.5 d AEL were exposed to RU486-containing food to induce expression of ACSL4-
Myc (6) and then dissected at 5 d AEL (H). The panels on the right of G and H show segmental nerves stained with anti-Myc to
monitor the expression levels of human ACSL4. , Quantification of the area of CSP-positive aggregates per 100- um-long axons. 0
and 2.5 indicate the number of days of larvae at 2.5 d AEL treated with RU486.n = 9 for each genotype; ***p << 0.001 by Student’s

(n = 708 puncta) for control vs 21.83 =+
0.36 um/min (n = 1012 puncta) for dAcsl
mutants; p < 0.001] (Fig. 5F,G). The
movement of puncta in dAcs! mutants was
frequently interrupted by pauses and re-
verses (Fig. 5D, arrows). We quantified
the percentage of moving GFP-tagged
vesicles with stops (velocity <0.1 um/s
for =10 s). No significant difference was
found in the percentage of vesicles with
stops moving in the anterograde direction
between wild types and dAcsl mutants
(Fig. 5C,D,H ). However, the percentage
of vesicles with stops moving in the retro-
grade direction was significantly increased
in dAcsl mutants [1.07 % 0.05% (n = 9)
for wild types vs 17.88 * 2.94% (n = 9)
for dAcsl mutants; p < 0.001] (Fig.
5C, D, H; supplemental Movie S1, avail-
I able at www.jneurosci.org as supplemen-

0 um

tal material). These results demonstrate
that the processivity of retrograde move-

* ment of Syt-eGFP-labeled SVs was com-

promised in dAcsl mutants.

The decreased retrograde processivity
may cause an increase in puncta size due
to a defect in the formation of membrane
organelles. We then statistically analyzed
the size of all moving puncta with differ-

Dao s aft gr5 ent intensities and found no statistical dif-
RU4 8()3/ - ference in the retrograde puncta size

between dAcsl mutants and wild types (see
supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).
We also found no association between the
size and the speed of retrograde moving
puncta (i.e., the velocity was not depen-
dent on the puncta size in both mutants
and wild types) (supplemental Fig. S2,
available at www.jneurosci.org as supple-
mental material). These results further
support a specific transport defect in dAcsl
mutants.

To address whether dAcsl affects trans-
port of a specific type of cargo, or all cargos nonspecifically, we
analyzed mitochondrial transport in motoneurons. Statistically,
there were no differences between dAcsl mutants and wild-type
controls in the various transport parameters we examined (sup-
plemental Movie S1, supplemental Fig. S1, available at www.
jneurosci.org as supplemental material), suggesting that the
effect of dAcsl on axonal transport is specific for SVs. In summary,
dAcsl mutations specifically increased the velocity of anterograde
transport but reduced the flux, the velocity, and the processivity
of retrograde transport of SVs.

dAcsl mutations substantially impair the development of
NM] synapses

It has been reported that mutants with axonal transport defects
show undergrown NM]J synapses with reduced neurotransmis-
sion (Gho et al., 1992; Hurd and Saxton, 1996; Pack-Chung et al.,
2007; Barkus et al., 2008; Toda et al., 2008; Lorenzo et al., 2010).
The axonal aggregates and transport defects in dAcsl mutants
prompted us to examine whether dAcsl mutations led to abnor-
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Altered axonal transport of GFP-tagged vesicles in both directions in dAcs/ mutants. 4, B, Representative kymographs of Syt-eGFP-labeled SVs in motoneuron axons of heterozygous

control (0K6-Gal4 dAcsi”*®” /+ ; UAS-Syt-eGFP/+) (A) and dAcs mutant (OK6-Gal4 dAcsI**” /dAcsI’; UAS-Syt-eGFP/+) larvae (B). Puncta moving in anterograde and retrograde directions appear
as oblique lines, whereas stationary puncta appear as vertical lines. The number of stationary puncta was far higher in mutant axons. C, D, Lines drawn by hand based on the images of A and B,
respectively, to better illustrate vesicle movements. Anterograde movements are shown in blue and retrograde movements are shown in red. Vertical arrows indicate reverse runs; horizontal arrows
denote stops (D). Stationary vesicles are not depicted. E, F, Statistical analysis of flux (E) and velocity (F) of both anterograde and retrograde movements. G, Frequency distribution of velocities of
anterograde and retrograde transports. Anterograde transport is indicated by positive values, whereas retrograde transport is depicted by negative values. H, Quantification of the percentage of
puncta with stops longer than 10s.n = 15 for control and 13 for mutants; 660 and 1230 min of vesicle transports were analyzed for the control and dAcs/ mutants, respectively; ***p < 0.001 by

Student’s t test; error bar indicates SEM. Anter, Anterograde; Retr, retrograde.

mal synapses. dAcsl mutants displayed pronounced dystrophy of
NMJ4 in the posterior abdominal segments A6 (Fig. 6) and A7
(data not shown), while the muscle and larval size were compa-
rable to wild types (data not shown). We quantified the number
of synaptic boutons and the synaptic area of NMJ4 in segment A6
(Fig. 6 F). The bouton number and the synaptic area were signif-
icantly reduced in dAcsl mutants (8.89 = 3.52 boutons in dAcs!
mutants vs 37.22 = 1.57 boutons in wild types; for synaptic area,
19.65 = 8.61 wm? in dAcsl mutants vs 152.50 + 7.22 um? in wild
types; p < 0.001 for both bouton number and synaptic area) (Fig.
6A,B,F,G). These phenotypes could be fully rescued by ubiqui-
tous expression of human ACSL4 (36.22 = 1.16 um? for bouton
number, 165.9 + 9.32 um? for synaptic area; p > 0.05 for both
compared with wild types) (Fig. 6C, F,G).

To determine tissue-specific requirements for dAcsl, we ex-
pressed human ACSL4 using tissue-specific Gal4. Neuronal ex-
pression of ACSL4 driven by elav-Gal4 restored the bouton
number to wild-type levels (42.67 = 2.26; n = 17; p > 0.05) (Fig.
6D, F,G), while the synaptic area was even larger than that in wild
types (205.20 + 9.03 um?; p < 0.001 compared with wild types)
(Fig. 6 D, F,G). Furthermore, induced neuronal expression of hu-
man ACSL4 at 2.5 d AEL by elav-GeneSwitch fully rescued the
reduced synaptic area in dAcsl mutants (for synaptic area,
165.6 + 12.33 wm? in dAcs] mutants with ACSL4 expression vs
155.4 + 7.94 um? in wild types; p > 0.05). Thus, neuronal ex-
pression of ACSL4 rescued the defects in both axons (Fig. 4) and
NM]J terminals of dAcsl mutants. In contrast, expression of
ACSLA4 in postsynaptic muscles driven by Mhc-Gal4 did not res-
cue the dystrophic NMJs (16.38 = 3.28 for bouton number;

52.35 = 11.36 wm? for synaptic area; n = 15; p > 0.001 for both
parameters compared with wild types) (Fig. 6 E-G). Together,
these results suggest that dAcs! functions primarily in the presyn-
aptic neurons to regulate synaptic growth, consistent with its
important role in axonal transport.

NM]J synapses retract in late larval development in

dAcsl mutants

The size of NMJ4 synapses in the posterior abdominal segments
was greatly reduced in dAcsl mutants (Fig. 6), suggesting that
either the synapses never fully develop or grow first but then
retract. To distinguish between these possibilities, we followed
the NM]J synapses in dAcsI mutants during larval development. In
wild types, the number of boutons and synaptic area gradually
increased (Fig. 7A—-D,K). At 2 d AEL, the synaptic area in dAcsl
mutants was comparable to that of wild types (Fig. 7E,K), indi-
cating that axonal pathfinding and synaptogenesis proceeded
normally. However, synapse growth during 2-3.5 d AEL of dAcs]
mutants was markedly slower than that in wild types (Fig. 7K).
From 3.5 to 5 d AEL, the mutant NMJ synapses apparently re-
tracted (Fig. 7K). The bouton size decreased and the processes
between the boutons were hardly visible by 6 d AEL (Fig. 71,
arrow), and some disappeared altogether (Fig. 7]). Interestingly,
the synaptic reduction during 3.5-4 d AEL was precisely corre-
lated with the dramatic increase in axonal aggregates (Fig. 4).

In addition to the morphological changes in dAcsl mutant
synapses, we also examined other structural components of the
NM]J. The microtubule cytoskeleton was visualized by antibodies
against the microtubule-associated protein Futsch (Roos et al.,
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0.05) (Fig. 70,P), suggesting that the syn-
apse retraction in dAcsl mutants was not
caused by apoptosis.

dAcsl is required for normal

synaptic transmission

The accumulation of synaptic cargos in
axons (Figs. 1-4), the altered transport of
Syt-eGFP-labeled SVs (Fig. 5), and the re-
duced synaptic size (Fig. 6) in dAcsl mu-
tants may compromise neuromuscular
transmission. To determine whether dAcs!
mutants had altered neurotransmission,
we examined both evoked and spontane-

< ous synaptic glutamate release using in-

@ 401 g_ tracellular recordings from muscle 6 in
'g D the posterior abdominal segments A6.
= 307 g The evoked EJPs were significantly re-
S 20, ®© duced in dAcsl mutants (41.35 = 1.11 mV
..g ) in wild type vs 26.11 = 1.31 mV in dAcs]
0 10+ o3 mutants; n = 11 for wild type and n = 14
@ < for dAcsl; p < 0.001) (Fig. 8A,B,F). The
0 »w 9 — - mE]JPs (also known as quantal size) were

@'& 0‘5\. &6. &e" @(d $« 0‘5\ &6 @% & normal in dAcsl mutants (1.03 £ 0.02 mV

Na 0‘0\' é@\)' @\)9' GV\SO\' %@\3' @\\f" in wild type vs 0.97 = 0.04 mV in dAcs]

Figure 6.

by one-way ANOVA with Tukey post hoc test; error bar indicates SEM.

2000). In wild types, the microtubule cytoskeleton was organized
into a narrow core filament that extended throughout the pre-
synaptic terminal (Fig. 7L), whereas the Futsch signal was greatly
reduced or absent in dAcsl mutant NM]Js (Fig. 7L"). In addition,
we examined the active zone by anti-Brp staining and found that
dAcsl mutants showed fewer Brp-positive puncta in dAcsl mutant
synapses than in the controls (Fig. 7M,M"). To determine
whether the synaptic reduction was associated with the disrup-
tion of postsynaptic structures, we costained with the presynaptic
marker HRP and the postsynaptic marker DIg. There was a pre-
cise apposition of HRP with Dlg in dAcs! mutants, even though
the synaptic bouton was very small (Fig. 7N,N"). In summary,
there was a concomitant reduction of the number of synaptic
components, including SVs, microtubule cytoskeleton, the active
zone protein Brp, and the postsynaptic scaffold protein Dlg in the
small synaptic terminals of dAcs mutants.

The reduction of synaptic area in dAcsl mutants may be caused
by neuronal death. Inhibition of ACSL4 by a specific inhibitor in
cell cultures induced arachidonic acid-induced apoptosis,
whereas ACSL4 overexpression had the opposite effect (Cao et
al., 2000a). To determine whether dAcsl mutations affected apo-
ptosis, we stained the VNCs of wild types and dAcsl mutants with
anti-cleaved-caspase 3, a marker of early apoptosis (Yu et al.,
2002). Surprisingly, we found that the number of caspase
3-positive cells in the VNC was significantly lower in dAcsl mu-
tants (30.67 = 4.63 per VNC in wild types vs 16.2 = 5.38 per VNC
in dAcsl mutants; n = 6 for wild type and n = 5 for dAcsl; p <

Presynaptic dAcs! is required for the normal growth of NMJ synapses. A—E, NMJ4 synapses of abdominal segment A6
were doubly stained with anti-CSP (red) and FITC-conjugated anti-HRP (green) to reveal SVs and presynaptic plasma membrane,
respectively. Representative NMJs of different genotypes are shown: WT (4); dAcs/*/dAcsi”®*’ (B); ubiquitous rescue (Ubi. res.),
dAcs®/dAcsI®>®¥; Tub-Gal4/UAS-ACSL4 (C); neuronal rescue (Neu. res.), elav-Gal4/ -+ ; dAcs!®/dAcsi®*®*; UAS-ACSL4/+ (D); and
muscular rescue (Mus. res.), dAcs/**/dAcsi”***”; Mhc-Gal4/UAS-ACSL4 (E). In dAcs! mutants (B), the bouton number and synaptic
area were dramatically reduced compared with the wild type (4). Ubiquitous (€) and pan-neuronal (D) expression of human ACSL4
rescued the NMJ defects of dAcs/ mutants, but postsynaptic expression of ACSL4 in muscles (E) did not ( p > 0.05). F, G, Statistical
results of bouton number (F) and synaptic area (G) in different genotypes are presented. n > 15 for all genotypes; ***p << 0.001

mutants; p < 0.001) (Fig. 8 A, B,G). Quan-
tal content, as determined by dividing the
EJP amplitudes (corrected for nonlinear
summation) by average mEJP amplitudes,
was significantly reduced in dAcsI mutants
(159.1 £ 10.1 in wild type vs 48.9 == 3.8 in
dAcsl mutants; p < 0.001) (Fig. 8A,B,H).
Thus, dAcslis required for the normal syn-
aptic transmission.

The reduced EJPs and quantal content
were fully rescued by human ACSL4 ex-
pressed either ubiquitously (47.36 = 1.54 and 175.4 * 16.57 mV,
respectively; p > 0.05 for both) or pan-neuronally (45.79 = 1.01 and
179.1 = 20.35 mV, respectively; p > 0.05 for both) (Fig. 8 F, H). The
EJPs in animals with ACSL4 ubiquitously expressed and mEJPs in
animals with ACSL4 expressed pan-neuronally were mildly but sig-
nificantly higher than that in wild types (47.36 £ 1.54 mV EJP in
ubiquitously expressed larvae; 1.30 = 0.10 mV mEJP in neuronally
expressed larvae; n = 10 for both) (Fig. 8 F,G). However, postsyn-
aptic expression of ACSL4 driven by Mhc-Gal4 in dAcsl mutant
background slightly rescued EJPs (32.92 = 1.22 mV; p < 0.01) but
did not rescue quantal content ( p > 0.05 compared with the mu-
tant) (Fig. 8). These results indicate that dAcsl mutations primarily
disrupted presynaptic function, consistent with our results demon-
strating a role for dAcsl in axonal transport (Figs. 4, 5) and NM]J
development (Fig. 6).

Discussion

dAcsl mutations primarily impair retrograde axonal transport
of SVs

Light and electron microscopic analysis showed prominent ax-
onal aggregates of SVs in dAcsl mutants (Figs. 1-3). One possibil-
ity for the aggregate formation is a targeting or fusion defect of
SVs to the synaptic terminals in dAcs] mutants. However, alter-
ations in the expressions of mammalian -catenin and scribble,
which are required for clustering SVs at presynaptic sites, result in
no axonal SV aggregates (Bamji et al., 2003; Sun et al., 2009).
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NMJ synapses retract during late larval development in dAcs/ mutants. A—J, NMJ4 synapses of abdominal segment A6 were labeled with anti-CSP (red) and FITC-conjugated anti-HRP (green) to

reveal SVsand presynapticmembranes, respectively. The developmental stages are indicated by the number of days AEL. The synaptic span and bouton number of wild-type larvae (WT) gradually increased with
development (4-D). In dAcs/ mutants, the NMJ synapses grow in the early stage of development until 3.5 d AEL but retracted afterward (E-J), even though the larva keeps growing. Two representative NMJs
of dAcslmutants at 6 d AEL are shown in /and J. The neuronal processes revealed by anti-HRP staining between boutons are barely visible (/, arrow). Some of the mutants totally lost NMJs (/). K, Quantification
of the synaptic area of wild-type and dAcs/ mutants during development. L—L’, The staining of Futsch, which labels stable microtubule bundles in synaptic terminals was absent in dAcs/ mutants. M—M’, The
number of puncta positive for the active zone marker anti-Brp was greatly reduced in dAcs/ mutants. N-N", The postsynaptic marker Dig surrounding the presynaptic membrane labeled by anti-HRP staining was
also reduced in dAcs/ mutants. 00’ Images of ventral nerve cord stained with anti-cleaved caspase 3 from wild-type (0) and dAcs”***/dAcs/™® mutants (0"). P, The number of caspase 3-positive cells in the
ventral nerve cord was significantly decreased in dAcs/ mutants. n = 9 for each genotype; *p << 0.05, ***p << 0.001 by Student’s ¢ test; error bar indicates SEM.

Similarly, mutations in Drosophila exocyst components Sec5 and
Sec15 involved in the secretory pathway lead to no axonal accu-
mulations either (Murthy et al., 2003; Mehta et al., 2005). There-
fore, it is unlikely that the axonal aggregates in dAcsl mutants
result from a defect in SV targeting or fusion. Another possibility
for the aggregates is a defect in protein turnover or the formation
of membrane organelles in dAcs! mutants. However, Shen and
Ganetzky (2009) have recently reported that mutants of the au-
tophagy pathway do not show axonal aggregates. Mutants of
spinster, encoding a multipass transmembrane protein involved
in late endosome/lysosome function (Sweeney and Davis, 2002),
show accumulations of membrane structures in the soma and
NM]J synapses (Dermaut et al., 2005), but no axonal aggregates
(data not shown). Furthermore, we found that LAMP1-GFP,
RFP-Atg8, and Hrs were localized normally in both the cell bod-
ies and the NMJ terminals (data not shown), but accumulated
specifically in the axons of dAcsl mutant motoneurons (Fig. 3).
Together, it seems unlikely that the axonal aggregates in dAcsl
mutants are caused by a defect in SV targeting, protein degrada-
tion, or the formation of membrane organelles.

Four independent lines of evidence support the idea that dAcsl
primarily regulates retrograde transport of SVs. First, there was a
distally biased accumulation of aggregates, a phenotype shared by
the mutants of roadblock, which encodes a dynein-associated
protein mediating retrograde transport (Bowman et al., 1999).
Consistently, motoneurons innervating the anterior muscles
with shorter axons showed well developed NM]J synapses with
fewer axonal aggregates (data not shown). Second, immunobhis-
tochemical analysis showed that the CSP-positive aggregates in
dAcsl mutants were mostly positive for the late endosome/lyso-
some marker LAMP1 and partly positive for the autophagosome
marker Atg8. Consistently, EM analysis revealed that there were
conspicuous PLBs and MVBs in dAcsI mutant axons (Figs. 2, 3),
reminiscent of the accumulations of retrograde cargos observed
on the distal side of ligated axons (Hirokawa et al., 1990, 1991).
These data demonstrated an accumulation of mostly retrograde
organelles in dAcsl mutants. Third, the dynein subunit Dlic also
accumulated and colocalized with the CSP-positive aggregates in
dAcsl axons (Fig. 1). The limited availability of Dlic could inhibit
the retrograde transport of CSP-positive SVs. It would be inter-
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Figure8. Reduced synaptic transmission in dAcs/ mutants. A—E, Representative traces of EJPs (top panels) and mEJPs (bottom

panels) of NMJ6/7 from the abdominal segment A6 of WT (A); dAcs/%/dAcsI®*®*” (B); ubiquitous rescue (Ubi. res.), dAcs/*%/
dAcsI®>®; Tub-Gal4/UAS-ACSL4 (C); neuronal rescue (Neu. res.), elav-Gal4/+; dAcs!*®/dAcsi”®®*; UAS-ACSL4/+ (D); and muscu-
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tions that reduce levels of neutral lipids
(Zhang et al., 2009) could alter the lipid
composition of the cargo membranes,
resulting in abnormal anchorage of mo-
tors to membranous cargos. Previous
studies showed that binding of dynein-
dynactin to the acidic phospholipids
phosphatidic acid or phosphatidylinosi-
tol 4,5-bisphosphate [PtdIns(4,5)P,] in
vesicle membranes requires spectrin
kil (Muresan et al., 2001). Knockdown of

spectrin or expression of a mutated

spectrin in motoneurons caused axonal

aggregates and slowed and erratic trans-
*x port of SVs in Drosophila (Pielage et al.,
ok 2005; Lorenzo et al., 2010). It would be
interesting to test whether dAcsl and
spectrin interact in regulating axonal
transport. Alternatively, dAcsl, acting in
the first step of lipid metabolism, could
alter the levels of certain lipid-related
signaling molecules, which in turn reg-
ulate axonal transport.

lar rescue (Mus. res.), dAcsl%/dAcsI*®*; (57-Gal4/UAS-ACSL4 (E). The scales for both EJP and mEJP traces are depicted in A. F=H,

Statistical results of EJP amplitudes (F), mEJP amplitudes (G), and quantal content (H) in different genotypes (n = 10) are
presented. *p << 0.05, **p << 0.01, ***p << 0.001 by one-way ANOVA with Tukey post hoc test; error bar indicates SEM.

esting to test whether overexpression of retrograde motors such
as Dlic would rescue the axonal and synaptic defects in dAcsl
mutants. Finally, live imaging of Syt-eGFP-tagged vesicles in
motoneurons showed that the flux, velocity, and processivity of
retrograde transport were all significantly reduced in dAcsl mu-
tants (Fig. 5). Defective retrograde transport may contribute to
the distally biased accumulation of the various axonal cargos.

Axonal vesicles can associate with both anterograde kinesins
and retrograde dyneins, and anterograde and retrograde trans-
port show interdependence. Two hypotheses have been pro-
posed to explain bidirectional transport. One is the “tug-of-
war” hypothesis in which both simultaneously active
anterograde and retrograde motors move the same cargo with
different efficacy. The other is the “coordination” hypothesis in
which additional factors inhibit one of the opposing motors for
direction-selective transport (Martin et al., 1999; Gross, 2004;
Welte, 2004; Miiller et al., 2008). The unprecedented reduced
retrograde velocity concomitant with enhanced anterograde
transport of SVs in dAcsI mutants favors the model of tug-of-war,
as the coordination model predicts a transport defect in only one
direction.

How dAcsl regulates axonal transport is currently unknown.
The finding that transport of mitochondria was unaffected in
dAcsl mutants indicates that the microtubules along which mito-
chondria move and the energy supply are normal, though the
microtubules detected by anti-Futsch staining in the synaptic
terminals retract or disappear in dAcsl mutants (Fig. 7L"). There
are robust genetic interactions among motors and their interact-
ing proteins (Martin et al., 1999; Lorenzo et al., 2010). However,
we found no obvious genetic interaction between dAcsl and mo-
tor genes such as Kh, roadblock, or p150¢™“? (data not shown) in
regulating the axonal aggregates, suggesting that motors and their
interacting proteins were not substantially compromised in dAcsl
mutants. Still, there are at least two possible explanations for
the transport defects observed in dAcsl mutants. dAcsl muta-

dAcsl mutants show atrophic

NM]J synapses

Synaptic atrophy has been well docu-
mented in many mutants that show ax-
onal aggregates and transport defects (Hurd and Saxton, 1996;
Pack-Chung et al., 2007; Barkus et al., 2008; Toda et al., 2008;
Lorenzo et al., 2010). Mounting evidence establishes that axonal
transport defects lead to synapse defects, but synapse defects may
not necessarily result from transport defects. In this study, we
show that dAcsl mutants display significantly reduced synaptic
size and impaired neurotransmission, demonstrating that dAcsl
is required for synaptic growth and transmission (Figs. 6—8).
Though dAcsl is widely expressed in both presynaptic neurons
and postsynaptic muscle cells (data not shown) (Zhang et al.,
2009), it is interesting to note that dAcsl functions mainly on the
presynaptic side (Figs. 6, 8). The atrophic NMJ synapses in dAcs]
mutants are consistent with the reduced number of dendritic
spines in cultured hippocampal neurons with Acsl4 knocked
down by RNA interference (Meloni et al., 2009). Importantly, the
synaptic defects in dAcsl mutants can be fully rescued by human
ACSL4, demonstrating a conserved synaptic function between
Drosophila dAcsl and human ACSL4.

Developmental analysis revealed that the NMJ synapses grow
more slowly in early larval development and later retract in late
larval development of dAcsl mutants (Fig. 7). The synapse retrac-
tion was precisely concomitant with the rapid formation of ax-
onal aggregates (compare Figs. 7K, 4F), indicating that the
appearance of large aggregates may destabilize the developing
synapses. The synapse retraction in dAcs! mutants is different
from the synapse-dismantling process characterized by diffusion
and degradation of postsynaptic Dlg during metamorphosis (Liu
et al,, 2010). It is also different from the synapse disassembly
process characterized by presynaptic retraction while postsynap-
tic machinery remains during normal larval development (Eaton
et al., 2002). However, there are at least two similarities between
the synapse retraction in dAcsl mutants and the synapse disas-
sembly process reported previously (Eaton et al., 2002; Eaton and
Davis, 2005; Pielage et al., 2005). First, early disruption of presyn-
aptic microtubule cytoskeleton is observed in both processes.
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Second, a defect in retrograde transport of BMP signaling may be
shared by both processes. It has been well documented that a
defect in retrograde BMP signaling dramatically reduces the syn-
aptic size at Drosophila NM]Js (McCabe et al., 2003). Specifically,
blocking retrograde axonal transport by overexpression of a
dominant-negative of p150“"**Y, a component of the dynactin
complex, inhibits BMP signaling and leads to dystrophic NMJs
(McCabe et al., 2003). In addition to the dystrophic NMJs, mu-
tants in the BMP signaling pathway and the dynactin complex
also show enhanced disassembly and retraction of NM]J synapses
(Eaton et al., 2002; Eaton and Davis, 2005). It would be interest-
ing to test whether the synaptic defects in dAcsl mutants result, at
least partially, from a compromise in the BMP signaling pathway.

In summary, using a combination of confocal microscopy,
EM, live imaging, and electrophysiological analysis, we demon-
strate that dAcsl specifically regulates axonal transport of SVs,
synaptic growth, and neurotransmission. The neuronal functions
of dAcsl can be substituted by human ACSL. Thus, the power of
Drosophila genetics and the obvious phenotypes of dAcsl mutants
can be used to screen for suppressor genes or chemicals for
ACSL4-associated pathologies.
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