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Growth by Attenuating Bone Morphogenetic Protein
Signaling via Endocytic Recycling
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Fatty acid metabolism plays an important role in brain development and function. Mutations in acyl-CoA synthetase long-chain family
member 4 (ACSL4), which converts long-chain fatty acids to acyl-CoAs, result in nonsyndromic X-linked mental retardation. ACSL4 is
highly expressed in the hippocampus, a structure critical for learning and memory. However, the underlying mechanism by which
mutations of ACSL4 lead to mental retardation remains poorly understood. We report here that dAcsl, the Drosophila ortholog of ACSL4
and ACSL3, inhibits synaptic growth by attenuating BMP signaling, a major growth-promoting pathway at neuromuscular junction
(NMJ) synapses. Specifically, dAcsl mutants exhibited NMJ overgrowth that was suppressed by reducing the doses of the BMP pathway
components, accompanied by increased levels of activated BMP receptor Thickveins (Tkv) and phosphorylated mothers against decap-
entaplegic (Mad), the effector of the BMP signaling at NMJ terminals. In addition, Rab11, a small GTPase involved in endosomal recycling,
was mislocalized in dAcsl mutant NMJs, and the membrane association of Rab11 was reduced in dAcsl mutant brains. Consistently, the
BMP receptor Tkv accumulated in early endosomes but reduced in recycling endosomes in dAcsl mutant NMJs. dAcsl was also required
for the recycling of photoreceptor rhodopsin in the eyes, implying a general role for dAcsl in regulating endocytic recycling of membrane
receptors. Importantly, expression of human ACSL4 rescued the endocytic trafficking and NMJ phenotypes of dAcsl mutants. Together,
our results reveal a novel mechanism whereby dAcsl facilitates Rab11-dependent receptor recycling and provide insights into the
pathogenesis of ACSL4-related mental retardation.
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Introduction
Mounting evidence shows that proteins involved in the synthesis
and turnover of fatty acids affect brain development and cogni-
tive functions (Najmabadi et al., 2011). Mutations in acyl-CoA
synthetase long-chain family member 4 (ACSL4) give rise to non-

syndromic X-linked mental retardation (Meloni et al., 2002).
ACSL4 belongs to a family of enzymes that converts long-chain
fatty acids to acyl-CoA esters, which serve as important interme-
diates in lipid biosynthesis and fatty acid degradation (Li et al.,
2010), and is enriched in endoplasmic reticulum (ER) (Meloni et
al., 2009), the major site for lipid biosynthesis. dAcsl, the Drosophila
ortholog of ACSL3 and ACSL4, also localizes to ER (Zhang et al.,
2009; O’Sullivan et al., 2012). ACSL4 is highly expressed in the hip-
pocampus, a structure critical for learning and memory (Cao et al.,
2000; Meloni et al., 2002), where it is required for dendritic spine
formation (Meloni et al., 2009). However, how ACSL4 regulates
neural development remains unknown.

Endocytic trafficking of membrane receptors plays an impor-
tant regulatory role in signal transduction (Sorkin and von
Zastrow, 2009). After internalization and delivery to early endo-
somes, receptors can be sorted either to late endosomes and ly-
sosomes for degradation, or back to the plasma membrane via
recycling endosomes for reuse. Distinct trafficking steps are or-
chestrated by specific GTPases (Stenmark, 2009). For example,
Rab11, which preferentially localizes to recycling endosomes,
plays an important role in protein recycling from endosomes
back to plasma membrane (Grant and Donaldson, 2009). ACSL4
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promotes endocytic degradation of epi-
dermal growth factor receptors (EGFRs)
in cultured cells (Zhang et al., 2011).
However, little is known about the role of
ACSL4 in endosomal trafficking in vivo.

At the Drosophila neuromuscular
junctions (NMJ), one of the best charac-
terized signaling pathways is the retro-
grade BMP cascade that promotes NMJ
synapse growth (Collins and DiAntonio,
2007; Fuentes-Medel and Budnik, 2010;
Bayat et al., 2011). A number of endo-
somal proteins, including Spichthyin, en-
dosomal maturation defective (Ema), and
Spinster, have been identified as negative
regulators of BMP signaling (Sweeney and
Davis, 2002; Dermaut et al., 2005; Wang et
al., 2007; Kim et al., 2010). Mutations in
these genes cause elevated BMP signaling
and overgrown NMJ synapses character-
ized by supernumerary boutons.

The in vivo functions of ACSL4 are well
conserved from Drosophila to humans, as
the phenotypes of dAcsl mutants can be
effectively rescued by expressing human
ACSL4 (Zhang et al., 2009; Liu et al.,
2011). We previously reported that dAcsl
mutants exhibit distally biased axonal
transport defects, leading to atrophic
NMJs in the posterior muscles innervated
by longer axons (Liu et al., 2011). We re-
port here that NMJ terminals in the ante-
rior muscles innervated by shorter axons are however overgrown
with upregulated BMP signaling in dAcsl mutants. Furthermore,
dAcsl mutations decrease membrane association of Rab11 and
alter the synaptic localization of Rab11. Accordingly, endocytic
recycling of the BMP receptor Tkv is impaired, and the activated
Tkv accumulates in dAcsl mutant NMJs. This study thus estab-
lishes a critical role for dAcsl in endosomal trafficking of BMP
receptor Tkv during synapse development.

Materials and Methods
Drosophila strains and genetics. Flies of either sex were cultured in standard
cornmeal media at 25°C unless otherwise indicated. w1118 was used as the
wild-type control, unless otherwise indicated. dAcsl8, dAcsl1, dAcsl05847,
dAcslKO, OK6-Gal4, P{UAS-Acsl.RNAi}, P{UAS-Acsl.715.MycC}3, and
P{UAS-ACSL4.L.Myc} were described previously (Zhang et al., 2009; Liu
et al., 2011). UAS-dAcsl-RNAi 2 (THU2816 ) was provided by Tsinghua
University RNAi Center (Ni et al., 2009). gbb4 and gbbD20 were provided
by T. Xie (Stowers Institute for Medical Research). P{UAS-GFP-myc-
2�FYVE}2 (Wucherpfennig et al., 2003) and P{UAS-Tkv.GFP} (Dudu et
al., 2006) were provided by M. González-Gaitán (University of Geneva,
Geneva, Switzerland). P{UAS::TIPF} (Tkv-InversePericam-FKBP12)
was from C. Bökel (Center for Regenerative Therapies Dresden, Dresden,
Germany) (Michel et al., 2011). P{UAS-spin.myc-EGFP}B and P{n-syb-
GAL4.S} were from G. Davis (University of California, San Francisco)
(Sweeney and Davis, 2002) and P. Verstreken (VIB Center for the
Biology of Disease, Leuven, Belgium) (Verstreken et al., 2009), re-
spectively. The following fly lines were obtained from the Bloomington
Stock Center: P{GAL4-Mhc.W}, P{GawB}elav[C155], P{GAL4}repo,
P{tubP-GAL4}LL7, witA12, witB11, tkv7, dadJ1e4, rab1193Bi, madK00237,
P{UASp-YFP.Rab5}02, and P{w[�mC]�Gal4-ninaE.GMR}12.

Immunohistochemical staining. Immunostaining of larval preparations
was performed as previously described (Liu et al., 2011). For antibody
staining of the proteins Brp, Rab11, and Bchs, larvae were fixed in

Bouin’s solution (Sigma-Aldrich) for 5 min. For other antibodies, spec-
imens were fixed in 4% paraformaldehyde for 30 – 60 min. To preserve
the YFP fluorescence of the TIPF reporter, PBS without detergent was
used for immunostaining. The primary antibodies anti-CSP (6D6,
1:500), anti-Brp (nc82; 1:50), and anti-Myc (9E10; 1:200) were from the
Developmental Studies Hybridoma Bank (DSHB) at Iowa. Other anti-
bodies used were as follows: rabbit anti-GFP (1:200; Clontech), rabbit
anti-phosphorylated MAD (1:500; P. ten Dijke, Leiden University, Le-
iden, The Netherlands) (Persson et al., 1998), mouse anti-Rab11 (1:50;
BD Biosciences), rat anti-Bchs (1:200; P. Garrity, Brandeis University,
Waltham, Massachusetts) (Khodosh et al., 2006), rabbit anti-Rab5 (1:50;
M. González-Gaitán, University of Geneva, Geneva, Switzerland)
(Wucherpfennig et al., 2003), guinea pig anti-Spinster (1:200; G. Davis,
University of California, San Francisco) (Sweeney and Davis, 2002), rab-
bit anti-Nwk (1:1000; B. Ganetzky, University of Wisconsin-Madison,
Madison, Wisconsin) (Coyle et al., 2004), and FITC-conjugated anti-
HRP (1: 200; Jackson ImmunoResearch Laboratories). The following
three antibodies were provided by H. Krämer (University of Texas
Southwestern Medical Center, Texas): rabbit anti-Avl/Syx7 (1:1000),
guinea pig anti-Dor (1:500) (Pulipparacharuvil et al., 2005), and rabbit
anti-Hook (1:1000) (Krämer and Phistry, 1996). All primary antibodies
were visualized using specific secondary antibodies conjugated to Fluor-
488, Cy3 (both at 1:1000; Invitrogen) or DyLight 649 (1:500; Jackson
ImmunoResearch Laboratories).

Imaging and data analysis. Images were collected with a Leica TCS SP5
confocal microscope using a 40�/1.25 NA oil objective and LAS AF
software or with an Olympus Fluoview FV1000 confocal microscope
using a 60�/1.42 NA oil objective and FV10-ASW software. All images
for a specific experiment were captured using identical settings for sta-
tistical comparison among different genotypes unless otherwise specified
in the figure legends. High-resolution confocal images in Figures 3, 4,
and 5 were processed with the deconvolution software AutoQuant X2
(Media Cybernetics). Brightness, contrast, and color were adjusted using
Photoshop CS3 (Adobe). Muscle 4 neuromuscular junction (NMJ4) of

Figure 1. Morphological NMJ phenotypes of dAcsl mutants. A, B, Representative confocal images of NMJ4 from abdominal
segments A3 to A6 costained with anti-HRP (green) and anti-CSP (magenta) in wild-type control (A) and dAcslKO/dAcsl05847

mutants (B). The NMJ terminals look similar across different abdominal segments of wild-type. In dAcsl mutants, however,
the NMJs innervating the anterior segment muscles (i.e., A3) with shorter axons were overgrown with more satellite boutons,
whereas those innervating the posterior segment muscles (i.e., A6) with longer axons were dystrophic. Scale bar, 10 �m. C, D,
Quantitative results of the total bouton number (C) and satellite bouton number (D). n � 18 NMJs for all genotypes. ***p � 0.001
(Student’s t test). Error bars indicate SEM.
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abdominal segments A2 and A3 was used for all fluorescence imaging
experiments, and all images were analyzed and quantified using ImageJ
(National Institutes of Health, Bethesda, Maryland). For quantification
of NMJ morphological phenotypes, individual boutons were defined ac-
cording to the discrete staining signal of anti-CSP. Satellite boutons were
defined as extensions of five or fewer small boutons emanating from the
main branch of the NMJ terminals (O’Connor-Giles et al., 2008). For
quantification of pMad, Rab11, and Tkv levels, mean fluorescence
intensities were measured within HRP-positive NMJ4s on abdominal
segments A2 and A3. To quantify the colocalization of intracellular Tkv-
GFP-positive puncta and endosomal markers at NMJ4 synapses, the
number of double-positive puncta was counted and expressed as a per-
centage of the total number of Tkv-GFP-positive puncta.

Western analysis and subcellular fractionation. For Western analysis,
third instar larval brains and adult heads were homogenized in radio-
immunoprecipitation assay buffer (50 mM Tris-HCl, 150 mM NaCl, 1%
NP-40, 0.1% SDS) with proteinase inhibitors (Calbiochem) on ice. Sam-
ples were then subjected to SDS-PAGE and immunoblotting according
to standard procedures. For subcellular fractionation, third instar larval
brains were homogenized in ice-cold homogenization buffer (10 mM

HEPES, 250 mM sucrose containing protease inhibitor mixture). The
nuclei and cell debris were pelleted by centrifugation at 1000 � g for 10
min, and the resulting supernatant was subjected to ultracentrifugation
at 100,000 � g for 2.5 h using a Beckman TLS-55 rotor to generate the
cytosol and the pellet, which was resuspended in the equal volume of
the cytosolic fraction to represent membrane fraction. Equal volumes of
the cytosol and membrane fractions were loaded on an SDS-PAGE gel
and analyzed by Western blotting. The following antibodies were used:
guinea pig anti-dAcsl (1:3000) (Zhang et al., 2009), mouse anti-syntaxin
(8C3; 1:1000, DSHB), mouse anti-Rab11 (1:1000), mouse anti-CSP

(6D6; 1:1000, DSHB), rabbit anti-Rab7 (1:
10,000) (Tanaka and Nakamura, 2008), rabbit
anti-Rab5 (1:1000, Abcam), and mouse anti-
actin (100,000, Millipore Bioscience Research
Reagents).

Electron microscopy. Electron microscopy
(EM) was performed as described previously
(Liu et al., 2011). Briefly, dissected third-instar
larvae were fixed overnight at 4°C in 1% glutar-
aldehyde plus 4% PFA in 0.1 M cacodylate buf-
fer, pH 7.4, and postfixed in 1% OsO4 in
cacodylate buffer for 90 min at room tempera-
ture. Samples were then stained in saturated
aqueous uranyl acetate for 1 h, dehydrated in
a graded acetone series, and embedded in
Spurr resin (Electron Microscopy Sciences).
Neuromuscular junction 6/7 terminals in ab-
dominal segments A2 and A3 were serially
sectioned with a Leica UC6 ultramicrotome,
stained with uranyl acetate and Sato’s lead,
and observed using a JEOL 1400 electron mi-
croscope. Large vesicles �60 nm in diameter
from �30 boutons of three wild-type and
four dAcsl05847/dAcslKO larvae were statisti-
cally analyzed.

Rh1 recycling analysis. Knockdown of dAcsl
in the eye was brought about by GMR-Gal4-
driven RNAi. Adult eyes containing exclusively
mutant cells homozygous for dAcslKO were
generated using the EGUF-hid method (Stow-
ers and Schwarz, 1999). Rh1 endocytosis and
recycling were evaluated as previously de-
scribed (Han et al., 2007; Cao et al., 2011).
Briefly, 0- to 2-d-old adult flies were collected
and exposed to bright white light (5000 Lux)
for 5 h to induce Rh1 endocytosis. Light-
exposed flies were kept in the dark for 0, 2, and
5 h for Rh1 recycling assays. Fly heads were
dissected quickly under dim red light and fixed
with 4% PFA in PBS in complete darkness, de-

hydrated with a standard acetone dehydration series, and embedded in
LR White resin. One-micrometer sections were cut across the top half of
the eye. A monoclonal antibody against Rh1 (1:50; DSHB) was used for
Rh1 labeling. Rh1 endocytosis and recycling were quantified as the num-
ber of endocytic Rh1 particles (ERPs) per rhabdomere at specific time
points after exposure to light.

Statistical analysis. All data are presented as mean � SEM. Student’s t
tests were used for statistical comparisons between two groups. Multiple
group means were compared by one-way ANOVA with Tukey tests for
post hoc pairwise comparisons. All comparisons were between a specific
genotype and the control unless otherwise indicated.

Results
dAcsl regulates NMJ development presynaptically
Our previous work showed that axonal transport is impaired and
concomitantly the growth and stability of NMJ synapses in posterior
abdominal segments (A6 and A7) are reduced in dAcsl mutants (Liu
et al., 2011). However, the NMJ synapses of the anterior abdominal
segments A2 and A3 in dAcslKO/dAcsl05847 mutants were overgrown
characterized by more boutons, particularly more satellite boutons,
defined as extensions of five or fewer small boutons emanating from
the main branch of NMJ terminals (Fig. 1) (O’Connor-Giles et al.,
2008). Wild-type larvae exhibited a relatively constant number of
total bouton and satellite boutons from the anterior (A3) to poste-
rior (A6) abdominal segments. However, the number of total bou-
tons and satellite boutons of muscle 4 NMJ (NMJ4) in dAcslKO/
dAcsl05847 mutants was significantly increased in the anterior A3 and
A4 segments but obviously decreased in the posterior A6 segment

Figure 2. dAcsl inhibits synaptic growth presynaptically. A, NMJ4 synapses of abdominal segment A3 were double-labeled with
anti-HRP (green) and anti-CSP (magenta) to reveal presynaptic membranes and synaptic vesicles, respectively. Representative
NMJ4 synapses of different genotypes are as follows: wild-type, dAcslKO/dAcsl05847, neuronal rescue by dAcsl and human ACSL4
(elav-Gal4/�; dAcslKO/dAcsl05847; UAS-dAcsl/� and elav-Gal4/�; dAcslKO/dAcsl05847; UAS-ACSL4/�), muscular rescue (dAcslKO/
dAcsl05847; Mhc-Gal4/UAS-ACSL4 ), and glial rescue by human ACSL4 (dAcslKO/dAcsl05847; repo-Gal4/UAS-ACSL4 ). Pan-neural ex-
pression of dAcsl or human ACSL4 driven by elav-Gal4 rescued the NMJ overgrowth phenotype of dAcsl mutants, but muscular and
glial expression of ACSL4 did not. Scale bar, 10 �m. B, C, Quantitative results of the total bouton number (B) and satellite bouton
number (C) in different genotypes. n � 18 for all genotypes. *p � 0.05 (one-way ANOVA with Tukey post hoc tests). ***p � 0.001
(one-way ANOVA with Tukey post hoc tests). Error bars indicate SEM.
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(Fig. 1). The NMJs in other muscles also
showed similar alterations as in muscle 4.
The weaker allelic combination dAcsl8/
dAcsl05847 had a similar but weaker
overgrowth-to-undergrowth NMJ pheno-
type compared with that in the strong hypo-
morphic dAcslKO/dAcsl05847 combinations.
This study focuses on understanding the
mechanisms by which the anterior NMJs in
segments A2 and A3 overgrow in dAcsl
mutants.

To identify the tissue-specific require-
ment of dAcsl in NMJ development, we
expressed Drosophila dAcsl and human
ACSL4 under the control of different Gal4
lines. Neuronal expression of either dAcsl
or ACSL4 by elav-Gal4 rescued the in-
creased total and satellite bouton number
in NMJ4 of the anterior dAcslKO/dAcsl05847

segments A2 and A3 (Fig. 2), whereas elav-
Gal4 alone, or muscular and glial expression
of ACSL4 driven by Mhc-Gal4 and repo-
Gal4, respectively, did not (Fig. 2). These re-
sults demonstrate that dAcsl acts specifically
in presynaptic neurons to control synaptic
growth, and this function is conserved
across species from Drosophila to humans.
Thus, we used the human ACSL4 for all sub-
sequent rescue experiments.

dAcsl inhibits synaptic growth by
attenuating BMP signaling
BMP signaling is a central growth-
promoting pathway at developing Dro-
sophila NMJs (Collins and DiAntonio,
2007; Fuentes-Medel and Budnik, 2010;
Bayat et al., 2011). The overgrown NMJs
in the anterior segments of dAcsl mutants
might be caused by upregulated BMP sig-
naling. To test this possibility, we exam-
ined genetic interactions between dAcsl
and BMP pathway components in regu-
lating synapse growth. Mutations in wish-
ful thinking (wit), which encodes a Type II
BMP receptor, resulted in a significant re-
duction in bouton number at NMJ4 (Fig.
3A,B). Similar to wit mutants, dAcsl wit
double mutants had a significantly re-
duced bouton number compared with
wild-type (Fig. 3A,B), indicating that
NMJ overgrowth in dAcsl mutants is de-
pendent on BMP signaling. Furthermore,
heterozygous mutation of wit or tkv
(which encodes a type I BMP receptor)
had no effect on NMJ growth in wild-type
background but significantly suppressed
synaptic overgrowth in dAcslKO/dAcsl05847

mutants (Fig. 3A,B). Additionally, a heterozygous mutation in
daughters against Dpp (dad), which encodes an inhibitory Smad
(Sweeney and Davis, 2002; O’Connor-Giles et al., 2008), signifi-
cantly increased bouton number in the weaker allelic combina-
tion of dAcsl8/dAcsl05847, which showed mild synaptic overgrowth
(Fig. 3A,B). We also observed robust dosage-dependent interac-

tions between dAcsl and other components of the BMP signaling
pathway, such as gbb and mad (data not shown). These data
provide compelling genetic evidence that synaptic overgrowth in
dAcsl mutants depends on the level of BMP signaling.

The Smad family transcription factor Mothers against decap-
entaplegic (Mad) is an effector of BMP signaling in Drosophila

Figure 3. Synaptic overgrowth in dAcsl mutants is caused by elevated BMP signaling. A, Confocal images of representative
NMJ4 terminals from different genotypes: w1118, dAcslKO/dAcsl05847, witA12/witB11, dAcslKO/dAcsl05847; witA12/witB11, dAcslKO/
dAcsl05847; witA12/�, dAcslKO/dAcsl05847; tkv7/�, dAcsl8/dAcsl05847, and dAcsl8/dAcsl05847; dadJ1e4/�. dAcsl; wit double mutants
exhibited dystrophic NMJs identical to those observed in wit mutants. Heterozygous witA12 or tkv7 mutations reversed the synaptic
overgrowth of dAcsl mutants. The weaker dAcsl8/dAcsl05847 mutants showed a mild increase in bouton number and satellite
bouton formation. Heterozygous dadJ1e4 mutation resulted in a significant increase in the synaptic bouton number in dAcsl8/
dAcsl05847 mutants. Scale bar, 10 �m. B, Quantifications of the total bouton number of various genotypes. n � 18 for all
genotypes. ***p � 0.001 (one-way ANOVA with Tukey post hoc tests). Error bars indicate SEM. C, NMJ4 synaptic boutons were
colabeled with anti-pMad (green) and anti-CSP (magenta) in wild-type, dAcslKO/dAcsl05847, and ubiquitous expression of human
ACSL4 in dAcsl mutant background (dAcslKO/dAcsl05847; tub-Gal4/UAS-ACSL4 ). pMad intensity was markedly increased in dAcsl
mutant NMJs, and the increased pMad intensity was completely rescued by ubiquitous expression of human ACSL4. Scale bar, 3
�m. D, A fluorescence-based reporter TIPF for activated Tkv receptors was neuronally expressed by nSyb-Gal4 in control, gbb4/
gbbD20, and dAcslKO/dAcsl05847 mutants. To preserve the YFP fluorescence of the TIPF reporter, samples were processed without
detergent. Right column images, Single confocal slices of that shown in the middle column. Arrowheads indicate TIPF puncta. Scale
bars: middle, 5 �m; right, 1 �m. E, Quantification of the level of total Tkv receptors by anti-GFP staining in different genotypes. F,
Quantification of the normalized intensity of TIPF against anti-HRP staining in different genotypes. n � 12 for each genotype.
***p � 0.001 (one-way ANOVA with Tukey post hoc tests). Error bars indicate SEM.
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motoneurons, and the level of phosphorylated Mad (pMad) at
NMJ terminals has been used as an indicator of BMP signaling
(O’Connor-Giles et al., 2008; Shi et al., 2013). pMad level was
significantly increased in the anterior NMJs of dAcsl mutants (the
relative pMad intensity was 1.00 � 0.06 for wild-type and 4.26 �
0.45 for dAcslKO/05847 mutants; p � 0.001), and this increase was
suppressed by tub-Gal4-mediated ubiquitous expression of hu-
man ACSL4 (1.98 � 0.17 for rescued mutants; p � 0.001 com-
pared with dAcsl mutants; Fig. 3C). pMad staining was also

elevated in dAcsl mutant NMJs of the pos-
terior segment A6, although in some small
posterior NMJs, pMad staining was ab-
sent (data not shown), possibly because
these NMJs underwent degeneration (Liu
et al., 2011). In light of these dosage-
sensitive interactions between dAcsl and
the BMP signaling pathway components
and the increased level of pMad in dAcsl
mutants, we conclude that the overgrown
NMJ synapses in dAcsl mutants are caused
by upregulated BMP signaling.

The level of activated BMP receptor Tkv
is elevated in dAcsl mutants
At the Drosophila NMJ, a number of mu-
tants with endocytic trafficking defects
show elevated BMP signaling and synaptic
overgrowth (Sweeney and Davis, 2002;
Wang et al., 2007; O’Connor-Giles et al.,
2008; Kim et al., 2010; Rodal et al., 2011;
Nahm et al., 2013). We hypothesized that
the elevated BMP signaling in dAcsl
mutants might be caused by trafficking
defects of BMP receptors. If so, there
might be an accumulation of activated
BMP receptors. We used the fluorescence-
based reporter Tkv-InversePericam-FKBP12
(TIPF), in which Tkv is fused to a
conformation-sensitive YFP (Michel et
al., 2011) to directly monitor the level of
phosphorylated, activated Tkv recep-
tors in NMJ synapses. The fluorescence
of the conformation-sensitive YFP in
TIPF is suppressed when Tkv receptors
are inactive, but BMP binding and sub-
sequent Tkv phosphorylation allow YFP
to adopt a fluorescent conformation
(Michel et al., 2011).

The TIPF reporter was expressed in
motoneurons under the control of the
stronger nSyb-Gal4, which allows better
visualization of the YFP signals than the
elav-Gal4 and OK6-Gal4-driven TIPF. In
wild-type animals, YFP fluorescence over-
lapping with anti-HRP signals was de-
tected at synaptic boutons (Fig. 3D). YFP
intensity at NMJ synapses was reduced in
hypomorphs of gbb, which encodes the
BMP receptor ligand glass bottom boat
(Gbb), validating the usefulness of this re-
porter in monitoring the level of activated
Tkv receptors (Fig. 3D,F). In dAcslKO/
dAcsl05847 mutants, however, the level of

activated Tkv, as measured by YFP fluorescence, was significantly
increased at NMJs in the anterior segments A2 and A3 (Fig.
3D,F). Interestingly, there were bright YFP puncta internal to the
bouton (Fig. 3D, arrowheads), as might be expected for an endo-
somal structure where the BMP receptors can maintain and even
maximize their signaling activity (Wang et al., 2007). As a con-
trol, we did not observe obvious changes in the protein levels of
the TIPF reporters in either gbb or dAcsl mutant NMJs detected
by immunostaining with anti-GFP antibodies, which recognize

Figure 4. Localization of Rab11 is altered at dAcsl NMJ synapses. A, Representative confocal images of NMJ4 from control (left)
and dAcslKO/dAcsl05847 mutants (right). YFP-Rab5 (early endosomal) and Spinster-GFP (late endosomal/lysosomal) were ex-
pressed presynaptically by elav-Gal4 (green). Neuronal membranes were labeled by anti-HRP (magenta). The staining patterns of
these endosomal markers were largely normal at dAcsl mutant NMJs. Scale bar, 5 �m. B, C, Images represent single confocal slices
of NMJ4 colabeled with anti-HRP (red), and recycling endosome markers anti-Rab11 (green) and anti-Bchs (blue) in wild-type,
dAcslKO/dAcsl05847 mutants (B), and neuronally rescued larvae (C; dAcslKO/dAcsl05847; elav-Gal4/UAS-ACSL4 ). The staining pattern
of Rab11 and Bchs was altered in dAcsl mutant boutons (B), and the alteration was fully rescued by presynaptic expression of
human ACSL4 (C). Scale bar, 3 �m. D, E, Confocal images showing the localization of Rab11 at synaptic boutons of wild-type and
dAcslKO/dAcsl05847 as related to Brp (D) and Nwk (E). Scale bar, 2 �m. F, Quantification of normalized intensity of Rab11 within the
anti–HRP-positive area. n � 18 NMJs for each genotype. ***p � 0.001 (one-way ANOVA with Tukey post hoc tests). Error bars
indicate SEM. G, Western results of larval brain extracts of wild-type and dAcslKO/dAcsl05847 detected with antibodies against
Rab11, dAcsl, and Rab7. Syntaxin and actin were used as loading controls.
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the GFP variant YFP (Fig. 3E), indicating that the increased level
of activated Tkv receptors in the mutants was not caused by
changes in the protein level of the reporter within NMJs. The
elevated TIPF signals were also observed in NMJs on the posterior
segment A6 (the relative TIPF intensity was 1.00 � 0.21 for con-
trol and 1.60 � 0.33 for dAcslKO/dAcsl05847 mutants; p � 0.001),
supporting that dAcsl inactivates BMP receptors at NMJ termi-
nals across different segments.

dAcsl regulates the distribution of Rab11 at NMJs
To unravel a possible endocytic trafficking defect in dAcsl mu-
tants, we examined various endosomal markers at NMJ termi-

nals. We first examined the distribution of YFP-Rab5 and
2xFYVE-GFP, which label early endosomes (Wucherpfennig et
al., 2003), and Spinster-GFP, which labels late endosomes/lyso-
somes (Sweeney and Davis, 2002; Dermaut et al., 2005). The
staining pattern of these markers in the anterior NMJ4 synapses
of abdominal segments A2 and A3 was similar between dAcsl
mutants and controls (Fig. 4A). Immunostaining with antibodies
against Rab5 and the late endosome markers Dor, Hook, and
Spinster also showed normal pattern at NMJ terminals of dAcsl
mutants (see below).

In contrast, the staining pattern of Rab11 is markedly altered
in dAcsl mutant NMJs. In wild-type, Rab11 was located predom-

Figure 5. dAcsl affects Tkv trafficking from early endosomes to recycling endosomes. A–C, Single-slice confocal images showing colocalization between Tkv-GFP puncta (green) and endosomal
markers (magenta): anti-Rab5 (A), anti-Rab11 (B), and anti-Hook (C) in genetically matched control (nSyb-Gal4/UAS-Tkv-GFP) and dAcsl mutants (dAcslKO UAS-Tkv-GFP/dAcsl05847 nSyb-Gal4 ). All
images were processed by deconvolution. GFP was localized to the presynaptic membrane and discrete intrabouton puncta in both control and mutant boutons. In dAcsl mutants, the percentage of
Tkv-GFP-positive puncta costained with early endosomal Rab5 was increased (A), but that with the recycling endosomal Rab11 was reduced (B). Arrowheads indicate examples of colocalization of
GFP spots with endosomal markers. Few Tkv-GFP puncta colocalized with the late endosomal Hook in both control and mutant synapses (C). Scale bar, 2 �m. D, Quantification of the percentages
of Tkv-GFP puncta positive for various endosomal markers. n � 12 animals for each genotype. ***p � 0.001 (Student’s t test). Error bars indicate SEM. E, Single-slice confocal images showing
double-staining of dAcsl-Myc (blue) with Rab11, Rab5, Dor, and Tkv-GFP (green) in NMJ boutons, defined by anti-HRP (red) staining. Motoneuron specific expression of dAcsl-Myc and Tkv-GFP was
driven by OK6-Gal4. Arrowheads indicate colocalization of dAcsl with Rab11, Rab5, and Tkv-GFP. Scale bar, 1 �m.
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inantly near the presynaptic membrane (Fig. 4B,D,E), consistent
with a previous report (Koles et al., 2012). In dAcslKO/dAcsl05847

mutant boutons, however, Rab11-positive puncta were enlarged
and displaced from the presynaptic membrane into the bouton
lumen (Fig. 4B,D,E). Similarly, Blue cheese (Bchs), an Rab11
antagonist that extensively overlaps with Rab11 at Drosophila
NMJs (Khodosh et al., 2006), also accumulated in dAcslKO/
dAcsl05847 mutant boutons (Fig. 4B). The extended presynaptic
distribution of Rab11 was completely reversed by both presynap-
tic and ubiquitous expression of human ACSL4 (Fig. 4C,F), con-
firming that the abnormal Rab11 localization is specifically
caused by dAcsl mutations. Rab11 did not colocalize with the
active zone component Bruchpilot (Brp) (Fig. 4D) and was found
adjacent but not overlapping with Nervous wreck (Nwk) (Fig.
4E), a periactive zone protein. The accumulation of Rab11, ob-
served at dAcsl NMJ terminals of different muscles in different
segments, was probably not caused by an elevated expression of
Rab11 protein, as Western analysis of larval brains showed a nor-
mal level of Rab11, as well as Rab7 protein (Fig. 4G). The altered
localization of Rab11 but not other endocytic markers indicates
that the function of recycling endosomes may be specifically im-
paired at dAcsl mutant NMJs.

dAcsl regulates endocytic trafficking of
the BMP receptor Tkv
To directly examine whether the traffick-
ing of BMP receptors at dAcsl mutant
NMJs was affected, we expressed a fully
functional Tkv-GFP fusion protein (Dudu
et al., 2006) in motor neurons. Tkv-GFP
was present both at the presynaptic mem-
brane and in puncta throughout synaptic
boutons in both controls and dAcslKO/
dAcsl05847 mutants (Fig. 5A–C), similar to
previous observations (Dudu et al., 2006;
Kim et al., 2010; Rodal et al., 2011). The
synaptic localization of Tkv-GFP-positive
puncta was analyzed by double staining
with various stage-specific endosomal
markers. In both controls and dAcsl mu-
tants, few Tkv-GFP puncta at dAcslKO/
dAcsl05847 NMJ4 of abdominal segments
A2 and A3 were positive for the late endo-
somal/lysosomal markers Dor, Hook, or
Spin (Fig. 5C,D). However, dAcsl muta-
tions increased colocalization between
Tkv-GFP and the early endosomal mark-
ers Rab5 and Avl/Syx7 (Fig. 5A,D) but
significantly decreased colocalization with
Rab11-positive recycling endosomes, even
though the distribution of Rab11 was ex-
panded at the mutant NMJs (Fig. 5B,D).
These data indicate that the trafficking of
BMP receptors from early endosomes to
recycling endosomes was specifically im-
paired in dAcsl mutants. The impaired
trafficking of Tkv receptors from early en-
dosomes to recycling endosomes is con-
sistent with the observation that the
distribution of Rab11 is specifically al-
tered at dAcsl mutant NMJs (Fig. 4).

In addition, neuronal expression of
dAcsl-Myc under the control of OK6-
Gal4, which can rescue the abnormal NMJ

morphology and distribution of Rab11 in dAcsl mutants (data
not shown), partially overlapped with Rab11, Rab5, and Tkv-
GFP (Fig. 5E) in the NMJ boutons, suggesting that dAcsl might
locally regulate the endocytic trafficking of Tkv receptors.

dAcsl genetically interacts with rab11 in attenuating BMP
signaling at NMJ synapses
The aforementioned data support a model that dAcsl attenuates
BMP signaling through facilitating Rab11-dependent BMP re-
ceptor recycling. However, whether Rab11 regulates BMP signal-
ing at Drosophila NMJs has not been previously examined. rab11
mutants exhibit synaptic overgrowth with excess satellite bou-
tons (Khodosh et al., 2006), which we confirmed (Fig. 6A,B).
Neuronal overexpression of a dominant-negative form of Rab11
driven by elav-Gal4 recapitulated the overgrown NMJs of rab11
mutants (data not shown), suggesting that Rab11 is required in
presynaptic neurons to inhibit synaptic growth. Although the
synaptic overgrowth in rab11 mutants could not be suppressed by
reducing the dose of mad or tkv by half (data not shown), rab11
mad double mutants showed undergrown NMJ synapses that
were indistinguishable from those of homozygous mad mutants
(Fig. 6A,B), suggesting that mad is downstream of rab11. In

Figure 6. dAcsl synergistically interacts with rab11 to inhibit BMP signaling. A, Representative confocal images of NMJ4 stained
with anti-HRP (green) and anti-CSP (magenta) in wild-type, rab1193Bi, madK00237, madK00237; rab1193Bi, rab1193Bi/�, dAcsl8/
dAcsl05847, dAcsl8/dAcsl05847; rab1193Bi/�, and dAcsl8/dAcsl05847; rab1193Bi mutants. rab11 mutants showed more boutons. Syn-
aptic undergrowth in rab11; mad double mutants were indistinguishable from that of mad single mutants (top). Synaptic
overgrowth in dAcsl8/dAcsl05847 mutants was enhanced by rab11 mutations (bottom). B, Quantification of the total bouton
number in the various genotypes. C, NMJ4 synaptic boutons double-labeled with anti-pMad (green) and anti-CSP (magenta) in
wild-type, rab1193Bi, dAcsl8/dAcsl05847, and dAcsl8/dAcsl05847; rab1193Bi double mutants. Scale bar, 3 �m. D, Quantification of
normalized pMad intensities at NMJ synapses of different genotypes. The number of larvae analyzed is indicated in the columns.
*p � 0.05 (one-way ANOVA with Tukey post hoc tests). **p � 0.01 (one-way ANOVA with Tukey post hoc tests). ***p � 0.001
(one-way ANOVA with Tukey post hoc tests). Error bars indicate SEM.
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agreement with the overgrown NMJs,
pMad levels were increased at rab11 syn-
apses (Fig. 6C,D). Hence, similar to dAcsl,
Rab11 inhibits NMJ growth, probably by
attenuating BMP signaling via endocytic
recycling.

We next examined genetic interactions
between dAcsl and rab11. As strong hypo-
morphic combinations of dAcslko/dAcsl05847

(dAcslko is a null allele) (Liu et al., 2011) in
conjunction with a heterozygous, hypo-
morphic rab1193Bi did not survive to wan-
dering third instar larvae, we used weaker
allelic combinations of dAcsl8/dAcsl05847

(both alleles are hypomorphic) for genetic
assays. Overgrowth of NMJs in dAcsl8/
dAcsl05847 mutantswassignificantly increased
by heterozygosity for the hypomorphic
rab1193Bi and further increased when this
mutation was homozygous, whereas hete-
rozygosity of rab1193Bi alone did not alter
NMJ growth (Fig. 6A,B). Furthermore, ho-
mozygous rab1193Bi mutation significantly
increased pMad levels in dAcsl8/dAcsl05847

NMJ synapses (Fig. 6C,D). These dosage-
dependent interactions between dAcsl and
rab11 in inhibiting synapse growth and
BMP signaling are consistent with the no-
tion that synaptic overgrowth in dAcsl mu-
tants results from compromised Rab11-dependent endosomal
recycling.

dAcsl regulates membrane association of Rab11
The altered staining pattern of Rab11 in dAcsl mutants (Figs. 4
and 5) might be caused by abnormal recycling endosomes labeled
by Rab11, mislocalized Rab11 per se, or both. To differentiate
these possibilities, we examined NMJ terminals by electron mi-
croscopy. Although various membrane organelles accumulate in
dAcsl mutant axons in a distally biased fashion because of trans-
port defects (Liu et al., 2011), we observed a normal profile of
membrane organelles in dAcsl mutant NMJ boutons of the ab-
dominal segments A2 and A3 (Fig. 7A) where axonal jams are not
apparent. Specifically, the number of large vesicles �60 nm in
diameter, which accumulate in mutants with defects in Rab11-
dependent vesicle trafficking (Li et al., 2007; Otani et al., 2011),
was normal in dAcsl mutant boutons (0.75 � 0.09 large vesicles
per �m 2 cross section of wild-type bouton and 1.23 � 0.26 large
vesicles for dAcsl mutants; p � 0.05). These results indicate that
Rab11 per se, but not recycling endosomes, may be mislocalized
in dAcsl mutant NMJs.

Rab proteins switch between an inactive GDP-bound and an
active GTP-bound form, and these changes in activity are cou-
pled to reversible association with target membranes. The mem-
brane association of Rab proteins is critical for their proper
functioning (Seabra and Wasmeier, 2004). To understand the
biochemical basis for the altered localization of Rab11 in dAcsl
mutants, we analyzed the distribution of Rab11 in membrane and
cytosol fractions of larval brain lysates by subcellular fraction-
ation followed by Western analysis. As a control, the early endo-
some protein Rab5 and the synaptic vesicle-associated protein
CSP were located mostly in the membrane fraction of both
wild-type and dAcsl mutant lysates (Fig. 7B). However, the dis-
tribution of Rab11 in membrane and cytosol fractions was signif-

icantly altered in dAcsl mutant larval brains (Fig. 7B); 60% of
Rab11 was associated with membrane in dAcsl mutant brains
compared with 80% in wild-type brains (Fig. 7C). The de-
creased membrane association of Rab11 in dAcsl mutant
brains was completely rescued by ubiquitous expression of
ACSL4 in dAcsl mutants (Fig. 7 B, C). These data indicate that
the membrane association of different Rabs is differentially
regulated by dAcsl. The reduced membrane association of
Rab11, consistent with the expanded distribution pattern of
Rab11 in dAcsl mutant NMJs (Fig. 4B), might impair the en-
docytic recycling of BMP receptors.

dAcsl promotes rhodopsin recycling in photoreceptors
To further examine whether dAcsl regulates receptor recycling
specifically at NMJ terminals and/or generally in other systems,
we used the well-established Drosophila phototransduction
model system. Drosophila phototransduction is mediated by a
prototypic GTP-binding protein-coupled receptor cascade that is
initiated by light activation of rhodopsin. Photoreceptor rhodop-
sin Rh1 undergoes activity-dependent endocytosis to drive de-
sensitization (Satoh and Ready, 2005; Han et al., 2007), and the
endocyotosed rhodopsin is either recycled back to the rhabdom-
ere membrane for resensitization or transported to lysosomes for
degradation (Han et al., 2007; Cao et al., 2011). Knocking down
of dAcsl in the eyes significantly reduced the recycling rate of
ERPs induced by light stimulation (Fig. 8A–C). Similar results
were observed when another independent RNAi line was used
and in dAcslKO mosaic eyes (Fig. 8B,C), supporting the notion
that dAcsl is required for Rh1 recycling. Western analysis revealed
that Rh1 protein levels were normal during the light stimulation
and recovery process in each genotype (Fig. 8D), suggesting that
most internalized Rh1 was recycled back to the rhabdomere. The
recycling process was Rab11-dependent, as only 29.12% of ERPs
disappeared after 2 h recovery in the adult eye expressing a

Figure 7. Membrane association of Rab11 is reduced in dAcsl mutants. A, Ultrastructure of wild-type and dAcslKO/dAcsl05847

NMJ 6/7 boutons of the abdominal segments A2 and A3. The subsynaptic reticulum (SSR) is organized into meshwork membrane
folds surrounding the presynaptic bouton. Arrowheads indicate electron dense membranes. T-bars are observed at some active
zones (asterisks). No abnormal membrane structures were observed in dAcsl mutants. Scale bar, 500 nm. B, Western results of
subcellular fractions of wild-type, dAcslKO/dAcsl05847, and ubiquitous rescue (dAcslKO/dAcsl05847; Tub-Gal4/UAS-ACSL4 ) larval
brains probed with antibodies against Rab11, Rab5, and CSP. Total proteins were fractionated into membrane-associated proteins
(M) and cytosolic proteins (C). C, Quantification of the fractions of membrane-associated and cytosol Rab11 in the larval brains. n�
3 for all genotypes. *p � 0.05 (one-way ANOVA with Tukey post hoc tests). Error bars indicate SEM.
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dominant-negative form of Rab11 induced by hs-Gal4 at adult
stage, compared with 82.5% of ERPs that disappeared after 2 h
recovery in wild-type (p � 0.001). Together, these results sup-
port that dAcsl not only facilitates the recycling of BMP receptors
at NMJs but also promotes the recycling of rhodopsin in the eye
to maintain photoreceptor sensitivity.

Discussion
Endocytosis of BMP receptors is considered to be an efficient
mechanism for limiting the amount of surface receptors (Dick-
man et al., 2006; O’Connor-Giles et al., 2008). Thus, a possible
explanation for the elevated BMP signaling in dAcsl mutants is

that dAcsl inhibits endocytosis of BMP re-
ceptors. However, we found no defect in
synaptic vesicle (SV) endocytosis as de-
tected by FM1– 43 uptake (data not
shown). Additionally, dAcsl boutons lack
the typical ultrastructural features of en-
docytic mutants, including a low density
of SVs, enlarged SVs, and an accumula-
tion of endocytic intermediates (Ver-
streken et al., 2009; Shi et al., 2013; Zhao et
al., 2013) (Fig. 7). Thus, dAcsl does not
regulate SV endocytosis, although the
possibility of a defect in receptor-
mediated endocytosis at dAcsl NMJ syn-
apses cannot be formally ruled out.

BMP signaling can also be attenuated
by targeting active receptors to lysosomes
for degradation (Sweeney and Davis,
2002; Wang et al., 2007; Kim et al., 2010).
However, in contrast to mutants with de-
fects in lysosomal degradation, which
show enlarged early or late endosomal
compartments (Dermaut et al., 2005; Kim
et al., 2010), the distribution of endo-
somal markers was normal at dAcsl NMJ
synapses (Figs. 4 and 7). Thus, endosomal
trafficking from early endosomes to lyso-
somes appears unaffected in dAcsl mutant
NMJs. Furthermore, in contrast to the
studies in cultured human cells, where
knockdown of ACSL4 results in delayed
degradation of EGFR (Zhang et al., 2011),
the Tkv protein level at dAcsl synapses
was comparable with the control (Fig.
3), suggesting that dAcsl may not affect
Tkv degradation.

Instead, multiple lines of evidence sup-
port a model in which dAcsl attenuates
BMP signaling by promoting Rab11-
dependent recycling and inactivation of
BMP receptors (Fig. 9). First, the level of
activated but not the total Tkv receptors
was increased in dAcsl NMJs (Fig. 3). In
addition, the colocalization of Tkv recep-
tors with the recycling endosome marker
Rab11 was reduced, whereas that with
early endosomal markers Rab5 and Avl/
Syx7 was increased in dAcsl mutants (Fig.
5), suggesting that the trafficking of BMP
receptors from early endosomes to recy-
cling endosomes is impaired. Second, the
localization of Rab11 at synaptic boutons

and the membrane-cytosol cycle of Rab11 in the nervous system
were altered in dAcsl mutants (Figs. 4 and 7). We speculate that
the expanded staining pattern of Rab11 at NMJs may be caused
by the increased level of cytosolic Rab11. Consistent with this
possibility, a mutated Rab5A, which lacks the membrane anchor,
completely loses endosomal localization and instead shows a cy-
tosolic and nuclear distribution in Cos-7 cells (Blümer et al.,
2013), and dissociation of Rab11 from membrane redistributes
Rab11 to the cytoplasm of CHO cells (Takahashi et al., 2007). The
membrane association of Rab proteins is mediated by multiple
interacting proteins, such as Rab escort proteins and Rab GDP-

Figure 8. dAcsl promotes recycling of endocytosed rhodopsin to the rhabdomere in adult eyes. A, Cross sections of adult
eyes from wild-type and dAcsl knockdown flies (GMR-Gal4/UAS-dAcsl RNAi 1) stained with anti-Rh1. Arrows indicate ERPs.
Only the six peripheral rhabdomeres contain Rh1. In dark-reared flies, Rh1 is mostly concentrated in the rhabdomeres.
Upon light exposure for 5 h (0 h recovery after light exposure), many ERPs were detected in the cell bodies of both wild-type
and dAcsl knockdown photoreceptors. Scale bar, 5 �m. B, Quantification of ERP numbers per rhabdomere at different
recovery time points after light exposure in wild-type, dAcsl knockdown by two independent RNAi lines driven by GMR-
Gal4, and dAcslKO photoreceptors. C, Quantification of the fraction of ERPs disappeared in 2 h recovery in different geno-
types. Three sets of independent data were averaged. ***p � 0.001 (one-way ANOVA with Tukey post hoc tests). Error bars
indicate SEM. D, Western results showed that Rh1 levels in both wild-type and dAcsl knockdown flies were constant during
the experiments. Two visual signaling proteins,PLC and the PDZ-domain scaffold protein INAD, were used as loading
controls.
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dissociation inhibitors, and by post-
translational covalent attachment of
prenyl groups to Rabs (Seabra and Was-
meier, 2004). Prenylation of Rabs leads to
a mobility change in PAGE (Detter et al.,
2000). However, the mobility of Rab11 in
polyacrylamide gels was normal (Figs. 4
and 7), suggesting that the prenylation
of Rab11 is normal in dAcsl mutants.
Thus, it is possible that a regulatory step
involved in protein–protein interac-
tions, protein–lipid interactions, or
conformational changes of Rab11 might
be altered in dAcsl mutants. Third, dAcsl
synergistically interacts with rab11 to
restrict synaptic overgrowth by attenu-
ating BMP signaling (Fig. 6). Finally,
dAcsl also promotes recycling of the
photoreceptor rhodopsin to the rhab-
domere in the eye (Fig. 8). Together,
these data indicate that dAcsl regulates
Rab11-dependent recycling and inacti-
vation of the BMP receptor Tkv in different neuronal cell
types.

How does dAcsl affect the Rab11-mediated endocytic recy-
cling of membrane receptors? ACSL4 converts long-chain fatty
acids to acyl-CoA esters. The synthetase activity of disease-
causing mutations in ACSL4 is significantly decreased (Meloni et
al., 2002; Longo et al., 2003), suggesting that reduction of the
enzyme activity of ACSL4 is responsible for the pathogenesis of
ACSL4-related mental retardation. Indeed, expression of these
mutated ACSL4 failed to rescue the mistargeting of the retinal
axons in the brains (Zhang et al., 2009), the NMJ growth defects,
and the altered Rab11 localization in dAcsl mutants (data not
shown). These data suggest that the acyl-CoA synthetase activ-
ity may be responsible for the endocytic recycling defects.
ACSL4 has a strong preference for polyunsaturated fatty acids,
such as arachidonic acid (C20:4) and eicosatetraenoic acid
(C20:5) (Kang et al., 1997; Cao et al., 1998). Reduced incor-
poration of C20:4 and C20:5 into phospholipids may change
membrane properties, such as bilayer fluidity and membrane
protein targeting (Escribá et al., 2008), and may underlie the
decreased membrane association of Rab11. The altered mem-
brane association of Rab11, but not Rab5, suggests that dAcsl
might regulate lipid composition of specific membrane com-
partments. Indeed, lipid composition specifically affects
membrane association of different Rabs (e.g., cholesterol spe-
cifically affects membrane-cytosol cycle of Rab7 but not Rab5)
(Lebrand et al., 2002). In addition to the enrichment of dAcsl
in ER, the major site for lipid biosynthesis (Zhang et al., 2009;
O’Sullivan et al., 2012), we also observed colocalization be-
tween dAcsl and Tkv-GFP, as well as the endosomal markers
Rab5 and Rab11 at NMJs (Fig. 5), indicating that dAcsl might
act locally in regulating endocytic trafficking. The exact mech-
anisms by which dAcsl regulates Rab11-mediated endocytic
recycling, however, remain to be determined.

Despite the obvious overgrowth of NMJs in the anterior
segments, the NMJs in the posterior segments were dystrophic
(Fig. 1) (Liu et al., 2011). This distinct bidirectional NMJ
phenotype in dAcsl mutants, to our knowledge, has not been
previously reported. The overgrown NMJs in the anterior seg-
ments can be readily explained by increased BMP signaling.
But how are the dystrophic NMJs in the posterior segments of

dAcsl mutants brought about? We observed that the levels of
pMad and activated Tkv receptors were increased, and the
staining pattern of Rab11 was altered in the posterior NMJs of
dAcsl mutants. Thus, the Rab11-dependent trafficking of the
BMP receptor Tkv in the posterior NMJs of dAcsl mutants was
also defective. However, as a result of the axonal transport
defects (Liu et al., 2011), the increased levels of activated Tkv
and pMad at the posterior NMJs and other retrograde cargoes
could not be efficiently transported back to the cell bodies of
motoneurons, or the anterograde transport of lipids, proteins,
and organelles to the synaptic terminals is impaired, or both,
resulting in malnourished posterior NMJs in dAcsl mutants. Consis-
tent with this scenario, it has been previously shown that the longer
the axons, the more susceptible the NMJ growth to axonal transport
defects (Hurd and Saxton, 1996). Thus, the upregulated BMP sig-
naling at NMJs across different segments and the increased suscep-
tibility of posterior NMJs to axonal transport defects may cause the
unique overgrowth-to-undergrowth phenotype of NMJs in dAcsl
mutants.

In the larval brains of dAcsl mutants, the production of deca-
pentaplegic (Dpp, a BMP-like molecule) is diminished, although
dAcsl is not intrinsically required for Dpp expression (Zhang et
al., 2009). Consistent with the Dpp reduction, the number of glial
cells and neurons is decreased, and the retinal axons are mistar-
geted in the visual cortex (Zhang et al., 2009). In contrast to the
reduced production of Dpp in the brains, we observed elevated
BMP signaling at the peripheral NMJ synapses of dAcsl mutants
(Fig. 3). Thus, dAcsl regulates BMP signaling differentially in
different cellular texts. The underlying mechanisms for the
differential regulation of BMP pathway by dAcsl await further
investigations.

In conclusion, this study provides experimental evidence im-
plicating dAcsl in synaptic development and endocytic traffick-
ing of BMP receptors via recycling endosomes and offers novel
insight into the pathogenesis of mental retardation caused by
mutations in ACSL4. Given that several genes involved in the
synthesis and turnover of long-chain fatty acids affect brain de-
velopment and cognitive function (Najmabadi et al., 2011), our
findings may also help understand the neurodevelopmental de-
fects caused by mutations in other genes involved in lipid metab-
olism pathways.

Figure 9. A model for the function of dAcsl in BMP receptor trafficking at NMJs. Upon Gbb binding, presynaptic BMP
receptors are activated on the presynaptic membrane. After endocytosis, the activated BMP receptors in the early endo-
somes are either sorted to recycling endosomes for Rab11-dependent recycling back to the presynaptic membrane or
transported to late endosomes, and finally to lysosomes for degradation. dAcsl mutations disrupt recycling of activated Tkv
from early endosomes to recycling endosomes probably by decreasing the membrane association of Rab11, leading to an
elevation of activated BMP receptors at the presynaptic membrane and in the early endosomes. Starbursts indicate BMP
receptors in phosphorylated, activated form. EE, early endosomes; LE, late endosomes; Lys, lysosome; RE, recycling
endosomes.
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