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Role of BMP receptor traffic in synaptic growth 
defects in an ALS model

ABSTRACT  TAR DNA-binding protein 43 (TDP-43) is genetically and functionally linked to 
amyotrophic lateral sclerosis (ALS) and regulates transcription, splicing, and transport of 
thousands of RNA targets that function in diverse cellular pathways. In ALS, pathologically 
altered TDP-43 is believed to lead to disease by toxic gain-of-function effects on RNA me-
tabolism, as well as by sequestering endogenous TDP-43 and causing its loss of function. 
However, it is unclear which of the numerous cellular processes disrupted downstream of 
TDP-43 dysfunction lead to neurodegeneration. Here we found that both loss and gain of 
function of TDP-43 in Drosophila cause a reduction of synaptic growth–promoting bone mor-
phogenic protein (BMP) signaling at the neuromuscular junction (NMJ). Further, we observed 
a shift of BMP receptors from early to recycling endosomes and increased mobility of BMP 
receptor–containing compartments at the NMJ. Inhibition of the recycling endosome GTPase 
Rab11 partially rescued TDP-43–induced defects in BMP receptor dynamics and distribution 
and suppressed BMP signaling, synaptic growth, and larval crawling defects. Our results indi-
cate that defects in receptor traffic lead to neuronal dysfunction downstream of TDP-43 
misregulation and that rerouting receptor traffic may be a viable strategy for rescuing 
neurological impairment.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenera-
tive disease arising from the death of upper and lower motor neu-
rons and can be sporadic or inherited (Robberecht and Philips, 
2013). One dominantly inheritable form of ALS is coupled with fron-
totemporal dementia (FTD) and is caused by aggregation-prone 
mutations in the RNA-associated protein TAR DNA-binding protein 

43 (TDP-43; Kabashi et al., 2008; Rutherford et al., 2008; Sreedharan 
et al., 2008). Aggregates of wild-type TDP-43 are also found in spo-
radic ALS, suggesting a common underlying biology (Neumann 
et al., 2006). Mutant or pathologically altered wild-type TDP-43 may 
cause neurodegeneration both by sequestering endogenous TDP-
43 away from its normal site of action in the nucleus and causing 
gain-of-function misregulation of cellular RNAs (Robberecht and 
Philips, 2013).

TDP-43 regulates a vast number of downstream RNA targets in 
both healthy and diseased neurons, making it difficult to identify the 
critical perturbation(s) that lead to disease (Polymenidou et  al., 
2011; Sephton et al., 2011; Tollervey et al., 2011). An alternative 
strategy is to take a “bottom-up” approach by defining disease-
causing cellular defects downstream of TDP-43 and devising strate-
gies to redirect these processes to a healthy state. Two primary lines 
of evidence suggest that altered endocytic traffic of neuronal growth 
factor receptors, leading to changes in their signaling capacity, 
could be a critical defect in ALS. First, growth factor signaling (in 
neurotrophin, insulin-like growth factor 1 [IGF-1], and vascular endo-
thelial growth factor [VEGF] pathways) is required for motor neuron 
survival and is misregulated in ALS, leading to a switch from prosur-
vival to proapoptotic signaling (Gould and Oppenheim, 2010; Tovar 
et al., 2014). Second, mutations in components of the membrane 
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Kim and Marques, 2012; Deshpande and 
Rodal, 2015). Neuronal Wit, Tkv, and Sax 
also regulate a separate, Gbb-independent 
pool of phosphorylated Mad (pMad), which 
remains localized to synapses and stabilizes 
postsynaptic type A glutamate receptors 
(Sulkowski et  al., 2016). Previous work 
showed that BMP signaling from early endo-
somes can be attenuated by either recycling 
BMP receptors to the cell surface or target-
ing them for endolysosomal degradation 
(Deshpande and Rodal, 2015). Indeed, 
modest shifts in endosomal distribution of 
BMP receptors at the NMJ can dramatically 
alter both synaptic and nuclear pMad accu-
mulation and synaptic growth (Rodal et al., 
2011; Liu et  al., 2014; West et  al., 2015), 
similar to endocytic regulation of mammalian 
neuronal trophic factor signaling (Cosker 
and Segal, 2014).

Drosophila is also particularly well suited 
for studying TDP-43–induced neurodegen-
eration (for review, see Casci and Pandey, 
2015). Overexpression or loss of TDP-43 
leads to motor neuron–autonomous defects 
in larval NMJ growth, motor function, and 
adult lifespan (Feiguin et al., 2009; Li et al., 
2010; Estes et  al., 2011; Godena et  al., 
2011; Lin et  al., 2011; Wang et  al., 2011; 
Diaper et al., 2013; Miskiewicz et al., 2014). 
Here we study the relationship between 
synaptic growth signaling and membrane 
traffic in both gain-of-function and loss-of-
function Drosophila TDP-43 models.

RESULTS
Misexpression of TDP-43 in Drosophila 
motor neurons impairs synaptic growth
To examine the relationship between mem-
brane traffic and synaptic growth signaling 
upon TDP-43 misregulation, we first selected 
gain-of-function and loss-of-function Droso­
phila models of TDP-43. We used the binary 

GAL4/UAS system to compare expression levels and lifespan pheno-
types for previously generated human TDP-43 (hTDP-43) overexpres-
sion transgenes (Figure 1, A and B; Lu et al., 2009; Hanson et al., 2010). 
Strongly overexpressing lines and either ubiquitous or motor neuron–
specific loss of the Drosophila TDP-43 homologue tbph both caused 
lethality within a few days of eclosion (Feiguin et al., 2009). We se-
lected one of these strongly overexpressing lines as a gain-of-function 
model to compare with tbph loss-of-function mutants.

To test the effects of gain and loss of TDP-43 on synaptic growth 
in Drosophila, we examined NMJ morphology in third-instar larvae. 
As previously reported for both human and Drosophila TDP-43 
(Li et  al., 2010; Lin et  al., 2011), motor neuron overexpression of 
hTDP-43 caused a reduction in bouton number, an increase in the 
proportion of small (<2 μm) boutons along the main NMJ axis, a de-
crease in overall NMJ area, and a decrease in the length of the lon-
gest NMJ branch (Figure 1, C–G). Although we found no significant 
change in total bouton number or branch length on muscle 4 in tbph-
null larvae (Feiguin et al., 2009), we observed a significant decrease in 
NMJ area and an increase in the proportion of small (<2 μm) boutons 

traffic machinery are linked to multiple human neurodegenerative 
diseases, including ALS (Schreij et  al., 2016), suggesting that 
intracellular transport is an important point of cellular dysfunction 
and a potential target for therapeutic intervention.

The Drosophila larval neuromuscular junction (NMJ) provides a 
powerful biological system in which to probe how neurons use 
membrane trafficking to manipulate trophic signals (Deshpande and 
Rodal, 2015). During larval development, a bone morphogenetic 
protein (BMP) pathway controls synaptic function and the morpho-
logical expansion of NMJ arbors (Marques and Zhang, 2006). In this 
pathway, the muscle-derived BMP ligand glass bottom boat (Gbb) 
binds to its coreceptors Wishful Thinking (Wit), Thickveins (Tkv), and 
Saxophone (Sax) on the motor neuron, and this complex is internal-
ized into signaling endosomes. These activated BMP receptors con-
trol local cytoskeletal remodeling via LIM kinase (Eaton and Davis, 
2005; Piccioli and Littleton, 2014) and phosphorylate the R-SMAD 
Mothers Against Decapentaplegic (Mad), which enters the motor 
neuron nucleus to activate the transcription of genes that promote 
synaptic growth, transmission, and homeostasis (Ball et al., 2010; 

FIGURE 1:  Misregulation of TDP-43 leads to defects in synaptic growth. (A) Comparison of 
hTDP-43–overexpression models. Immunoblot from adult heads showing panneuronal (Appl-
GAL4)-driven expression levels of previously reported UAS-hTDP-43 lines. Expression levels 
were not altered by inclusion of an additional UAS transgene (UAS-lacZ). (B) Lifespan assays for 
Appl-GAL4–driven UAS-hTDP-43 lines. Only strongly overexpressing lines produced significant 
defects in lifespan similar to the tbph null (Feiguin et al., 2009). Control is w1118. (C) NMJ 
morphology in TDP-43–misexpressing larvae. Representative maximum intensity projections 
of muscle 4 NMJs. Arrows indicate representative small boutons; scale bar, 10 μm. 
(D) Quantification of mean type Ib bouton number and main axis (excluding satellite) bouton 
number ± SEM (E) Quantification of mean fraction of boutons <2 μm in diameter/total main axis 
boutons ± SEM (F) Quantification of mean α-HRP–positive type 1b NMJ area ± SEM. 
(G) Quantification of mean length of longest NMJ branch. Statistical significance was calculated 
using Kruskal–Wallis tests (D) or by one-way ANOVA (E–G). n is the number of NMJs.
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this phenotype is not due to second-site 
mutations on the tbph∆23 chromosome 
(Figure 1, C–G). Taken together, our results 
indicate that both gain and loss of TDP-43 
lead to synaptic growth defects and TDP-43 
overexpression may cause more deleterious 
effects at the NMJ than with tbph loss of 
function, perhaps due to dose effects of 
overexpression (Figure 1, A and B) or toxic 
gain-of-function disruption of TDP-43 
targets.

Reductions in bouton number and size 
are characteristics of reduced BMP signaling 
at the NMJ (Aberle et  al., 2002; Marques 
et al., 2002; McCabe et al., 2003; Rawson 
et al., 2003; Choi et al., 2014). Indeed, we 
found that pMad was dramatically reduced 
at both hTDP-43–overexpressing and tbph 
loss-of-function NMJs (Figure 2A), consis-
tent with reduced synaptic BMP signaling. 
To test whether TDP-43 misexpression af-
fects nuclear BMP signaling, we examined 
pMad intensity in a subset of motor neuron 
cell bodies defined by the transcription fac-
tor even-skipped (eve; Landgraf et al., 1999) 
and found no significant difference between 
controls and TDP-43–misexpressing larvae 
(Figure 2B). We next examined a BMP tran-
scriptional reporter consisting of a green 
fluorescent protein (GFP) insertion into an 
intron of target of wit (twit), a BMP transcrip-
tional target (Kim and Marques, 2012; 
Sulkowski et al., 2016). Mean Twit::GFP lev-
els were not changed in eve-positive motor 
neuron nuclei, and the distribution of 
Twit::GFP intensities in these nuclei was not 
significantly different between control and 
TDP-43–overexpressing larvae (Figure 2C). 
Finally, endogenous wit, tkv, and twit RNA 
levels and Wit protein levels were not sig-
nificantly reduced in larval brains upon ei-
ther overexpression or loss of function of 
TDP-43 (Figure 2D). By contrast, an early 
nonsense mutation in the BMP receptor wit 
(Marques et al., 2002) caused a significant 
increase in Tkv RNA and a decrease in both 
wit and twit RNAs, as well as loss of full-
length Wit protein (Figure 2D), suggesting 
that TDP-43 misexpression does not simply 
phenocopy loss of BMP receptors. Thus 
TDP-43 misexpression strongly reduces syn-
aptic BMP signaling but has no detectable 
effect in our assays on nuclear BMP signal-
ing or BMP receptor transcript levels.

We next tested for genetic interactions 
between TDP-43 and the BMP pathway. We 
first examined whether BMP signaling 
could be restored in TDP-43–overexpress-
ing NMJs by mutating the negative regula-

tor daughters against decapentaplegic (dad), which antagonizes 
Mad. Loss-of-function mutations in dad cause synaptic overgrowth 
(Sweeney and Davis, 2002), and we found that they suppressed 

FIGURE 2:  Misregulation of TDP-43 leads to defects in BMP signaling. (A) pMad levels are 
reduced at TDP-43–misexpressing NMJs. Images show representative maximum intensity 
projections of muscle 4 NMJs. Scale bar, 5 μm. Graph shows mean NMJ pMad intensity ± SEM 
per NMJ. n is the number of NMJs. (B) pMad levels are not significantly altered in TDP-43–
misexpressing motor neuron cell bodies. Images show representative maximum intensity 
projections of ventral nerve cords. Scale bar, 20 μm. Quantification shows mean pMad/eve ratio 
± SEM. n is the number of animals. (C) Expression of a twit reporter is not significantly altered in 
TDP-43–misexpressing motor neuron cell bodies. Images show representative maximum 
intensity projections of ventral nerve cords. Scale bar, 20 μm. Quantification shows mean pMad/
eve ratio ± SEM per animal. Top, quantification of mean pMad or Twit::GFP normalized to the 
motor neuron marker eve. Bottom, histogram of Twit::GFP/eve intensity distributions. n is the 
number of animals. (D) Left, misexpression of hTDP-43 does not affect mRNA levels of the BMP 
receptors wit or tkv or the BMP target twit in larval brains. Graph depicts mean qPCR log fold 
change (relative to rpl32) normalized to wild type ± SD. Statistical significance was calculated 
separately for each primer set. Right, misexpression of hTDP-43 does not affect Wit protein 
levels. Image shows representative immunoblot of larval brain lysates. Statistical significance 
was calculated using one-way ANOVA (A), Kruskal–Wallis tests (B, D), or two-way ANOVA 
(C, bottom) and Student’s t tests (C, right)

(Figure 1, C–G). Larvae heterozygous for tbph∆23 and a chromosomal 
deficiency deleting the tbph locus exhibited a similar increase in the 
proportion of small boutons to tbph∆23 homozygotes, indicating that 
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2008), it significantly suppressed the in-
creased proportion of small boutons in TDP-
43–overexpressing NMJs (Figure 3F). These 
results suggest that synaptic growth defects 
caused by TDP-43 misexpression arise at 
least in part from loss of BMP signaling.

Altered TDP-43 levels disrupt BMP 
receptor endosomal localization but 
not axonal transport
Neuronal growth factor signaling is heavily 
dependent on intracellular trafficking. Long-
range axonal transport is required to con-
duct trophic signals from the nerve terminal 
to the cell body, whereas local endosomal 
trafficking of signaling complexes at the 
synapse modulates the intensity and dura-
tion of signaling (Cosker and Segal, 2014; 
Deshpande and Rodal, 2015). To test 
whether TDP-43 misexpression altered ei-
ther local or axonal trafficking of BMP recep-
tors, we generated transgenic flies express-
ing Tkv-mCherry under the control of the 
GAL4/UAS system. Neuronally driven Tkv-
mCherry did not affect bouton number and 
localized similarly to a previously character-
ized rescuing Tkv-GFP transgene (Dudu 
et  al., 2006; Figure 4A), suggesting that 
these expression levels and the mCherry tag 
do not disrupt synaptic growth.

We initially examined fast axonal trans-
port, which is a common point of dysfunc-
tion in neurodegenerative disease (Maday 
et al., 2014), including in Drosophila models 
(Torroja et  al., 1999; Gunawardena and 
Goldstein, 2001; Gunawardena et al., 2003; 
Fuger et al., 2012; Lloyd et al., 2012; Kang 
et al., 2014; Butzlaff et al., 2015). Motor neu-
ron–driven Tkv-mCherry exhibited rapid bidi-
rectional axonal transport, with occasional 
particle stalls and reversals, and few station-
ary particles (Figure 4B). On hTDP-43 overex-
pression, we observed a small but significant 
increase in the rate of retrograde transport of 
Tkv-mCherry (Figure 4C), whereas both over-
expression and tbph loss of function caused a 
small decrease in mean Tkv-mCherry stall du-
ration (Figure 4D). Anterograde transport of 
Tkv-mCherry was not altered in either hTDP-
43–overexpressing or tbph loss-of-function 
animals. These subtle phenotypes indicate 
modestly enhanced rather than grossly dis-
rupted traffic and suggest that altered axonal 
transport of BMP receptors is unlikely to ac-
count for the reduction in BMP signaling and 
synaptic growth that we observed. This 
prompted us to examine local intracellular 
transport defects as the underlying cause.

To test whether endosomal trafficking of BMP receptors might 
lead to signaling defects caused by TDP-43 misexpression, we next 
examined the subcellular localization of Tkv at the NMJ (Figure 5, 
A–D). We found that the fraction of Tkv-mCherry puncta colocalizing 

FIGURE 3:  TDP-43 genetically interacts with the BMP pathway. (A) hTDP-43-induced synaptic 
growth defects are rescued by mutation of dad. Representative maximum intensity projections 
of muscle 4 NMJs. Scale bar, 20 μm. (B) Quantification of mean type Ib bouton number and main 
axis (excluding satellite) bouton number ± SEM. (C) Quantification of mean α-HRP–positive type 
1b NMJ area ± SEM. (D) Quantification of mean length of longest NMJ branch ± SEM. 
(E) Heterozygosity for dad suppresses the TDP-43–induced increase in small-bouton ratio. 
Quantification of mean fraction of boutons <2 μm in diameter/total main axis boutons ± SEM. 
(B–E) Wild-type and hTDP-43 controls are identical to Figure 6, B–D. Statistical significance was 
calculated using Kruskal–Wallis tests (B–D) or one-way ANOVA (E). n is the number of NMJs.

hTDP-43–induced undergrowth, including bouton number, NMJ 
area, and NMJ branch length (Figure 3, A–D). Finally, whereas re-
moving one copy of dad had little effect on NMJ morphology in 
otherwise wild-type NMJs (Figure 3, B–D; O’Connor-Giles et al., 
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account for misregulation of BMP signaling 
(Figure 5, D and H). Thus overexpression or 
underexpression of TDP-43 induced a spe-
cific shift of Tkv from early endosomes, 
which are signaling permissive, to recycling 
compartments, which are signaling nonper-
missive (Rodal et al., 2011; Liu et al., 2014; 
West et al., 2015), in accordance with synap-
tic growth and BMP signaling phenotypes 
(Figures 1, C–E, and 2A).

Inhibition of Rab11 rescues TDP-43–
induced synaptic growth and motor 
defects
We next considered whether rerouting of 
BMP receptors, via manipulation of the recy-
cling compartment, might suppress the syn-
aptic growth signaling and motor defects 
caused by TDP-43 misregulation. We fo-
cused on our TDP-43 overexpression model 
because it is cell autonomous to the neuron 
and produced a more severe synaptic growth 
phenotype than the tbph mutant. Previous 
reports showed that loss or inhibition of 
Rab11 in otherwise wild-type larvae leads to 
excessive synaptic growth by altering BMP 
signaling (Khodosh et  al., 2006; Liu et  al., 
2014). We found that the TDP-43–induced 
synaptic growth defect (including bouton 
number and NMJ area) was partially sup-
pressed by a dominant-negative mutant of 
Rab11 (Rab11DN; Figure 6, A–D) without any 
changes in hTDP-43 overexpression levels 
(Figure 6E). Further, Rab11DN significantly 
rescued synaptic pMad levels in both hTDP-
43–overexpressing and tbph loss-of-function 
animals (Figure 6F). Thus Rab11-mediated 
suppression of Tkv traffic and synaptic growth 
correlated with restored BMP signaling.

We next asked whether other synaptic growth–promoting mu-
tants affecting membrane traffic could suppress TDP-43–induced 
defects. We previously showed that a dominant-active mutant of 
Snx16 (Snx163A) traps activated BMP receptors (TkvQ199D) at early en-
dosomes, promoting synaptic growth and elevating pMad levels 
(Rodal et al., 2011). In contrast to Rab11DN suppression of TDP-43 
phenotypes, we found that larvae coexpressing Snx163A, TkvQ199D, 
and hTDP-43 exhibited indistinguishable synaptic undergrowth from 
larvae overexpressing hTDP-43 alone (Figure 6, A and B). Similarly, 
inhibition of Rab5 using a dominant-negative mutant failed to rescue 
TDP-43–induced NMJ morphology defects (Figure 6, A and B). These 
results indicate that rescue of synaptic growth defects is specific to 
manipulation of Rab11.

TDP-43 affects the expression, splicing, transport, stability, and 
translation of a host of RNA targets, many of which could contrib-
ute to the membrane traffic and growth factor signaling defects 
that we observed. One particular TDP-43 target that could be rel-
evant is the microtubule-associate protein Futsch, which is re-
quired for synaptic growth and is regulated by both TDP-43 and 
BMP signaling (Roos et  al., 2000; Godena et  al., 2011; Coyne 
et al., 2014). However, Rab11DN did not restore reduced Futsch 
levels in TDP-43–overexpressing larvae (Figure 6G) despite rescu-
ing synaptic growth defects, indicating that Rab11DN suppresses 

FIGURE 4:  TDP-43 misexpression does not cause strong defects in axonal transport of 
Tkv-containing particles. (A) Tkv-mCherry colocalizes at the NMJ with a previously described 
rescuing Tkv-GFP transgene (Dudu et al., 2006). Left, representative maximum intensity 
projection of confocal Z-stack. Scale bar, 5 μm. Tkv-mCherry expression does not affect synaptic 
growth. Right, mean bouton number on muscle 6/7 ± SEM; n is the number of NMJs. 
(B) Representative kymograph of Vglut>Tkv-mCherry axonal transport. Scale bar, 10 μm. 
(C) Quantification of mean particle velocity. Data represent mean particle velocity/axon imaged 
per animal ± SEM. n is the number of animals. (D) Quantification of mean stall length (for stalls 
>3 s). Data represent mean stall duration ± SEM. n is the number of stalls. Wild type: Vglut-
GAL4/w or Y; UAS-Tkv-mCherry/+ (seven animals; 16 axons; 505 retrograde particles; 505 
anterograde particles; 111 stalls). tbph∆23: Vglut-GAL4/w or Y; tbph∆23 UAS-Tkv-mCherry/tbph∆23 
(seven animals; 16 axons; 492 retrograde particles; 437 anterograde particles; 136 stalls). 
Vglut>hTDP-43: Vglut-GAL4/w or Y; UAS-Tkv-mCherry/+; UAS-TDP-43-IIId/+ (eight animals; 
16 axons; 411 retrograde particles; 326 anterograde particles; 208 stalls). Statistical significance 
was calculated using Student’s t test (A) or Kruskal–Wallis test (C, D).

with Rab5-positive early endosomes was markedly reduced in larvae 
overexpressing or underexpressing TDP-43 (Figure 5E). Further, 
we observed a concomitant increase in the fraction of Tkv puncta 
colocalizing with Rab11-positive recycling endosomes (Figure 5E). 
Overexpression of hTDP43 also caused a decrease in colocalization 
of Tkv with the early/late endosome marker SNX16-GFP (Rodal 
et al., 2011), whereas loss of tbph slightly increased SNX16 colocal-
ization (Figure 5E). These results again suggest that more severe de-
fects arise from gain than from loss of function of TDP-43. We cor-
roborated our colocalization results by measuring Pearson’s r for 
Tkv-mCherry and GFP-Rab5 (which was most suitable for this analy-
sis due its high signal-to-noise ratio) and found a similar TDP-43–in-
duced decrease in overlap (Figure 5F). Of note, mean levels of Tkv 
at the NMJ were unaffected by TDP-43 misexpression, suggesting 
that Tkv is not simply targeted for endolysosomal degradation in 
these NMJs (Figure 5G). To test whether the shift of Tkv from early to 
recycling endosomes was similar to a previously observed TDP-43–
induced general disruption in autophagosome–lysosome traffic in 
mammalian cells and in Drosophila fat body and heads (Xia et al., 
2016), we examined the expression and localization of the autoph-
agy marker Atg8-GFP with Tkv-mCherry. Atg8-GFP was not altered 
in NMJs upon overexpression of TDP-43, suggesting that a general 
up-regulation of the autolysosomal pathway in NMJs is unlikely to 
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Rab11DN reroutes BMP receptor traffic
To better understand how Rab11DN rescues synaptic defects caused 
by TDP-43 misexpression, we asked whether traffic of Tkv had been 
rerouted. Surprisingly, motor neuron expression of Rab11DN did not 

TDP-43–induced defects via a Futsch-independent pathway. Thus 
further work is required to determine which of many TDP-43 tar-
gets (or combination of targets) could lead to BMP receptor traf-
ficking defects.

FIGURE 5:  TDP-43 misexpression shifts Tkv localization from early to recycling endosomes. (A–D) NMJs expressing 
Tkv-mCherry and (A) endogenously tagged GFP-Rab5 (Fabrowski et al., 2013), (B) UAS-SNX16-GFP, (C) stained for 
endogenous Rab11, or (D) UAS-Atg8-GFP. Representative maximum intensity projections of muscle 4 NMJs. Arrows 
indicate colocalizing puncta; scale bars, 5 μm. (E) Mean percentage of colocalizing puncta/NMJ ± SEM. (F) Mean 
Pearson’s r ± SEM for GFP-Rab5 and Tkv-mCherry within the presynaptic terminal. Rab5 levels were not altered by 
TDP-43 misexpression (mean pixel intensity/μm ± SEM. Rab5: control, 45.4 ± 4.3; tbph∆23, 37.7 ± 3.6; hTDP43, 52.6 ± 
3.6). (G) Tkv levels are not affected by TDP-43 misexpression. Mean NMJ Tkv intensity ± SEM for α-Rab11 data set.  
(H) NMJ autophagy is not induced by TDP-43 misexpression. Mean NMJ ATG8-GFP and Tkv intensities ± SEM. n is the 
number of NMJs. Statistical significance was calculated using one-way ANOVA (E–G) or Mann–Whitney tests (H).
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FIGURE 6:  Manipulating Rab11 restores TDP-43–induced defects in synaptic growth and BMP signaling. (A) Rab11DN 
partially suppresses TDP-43–induced synaptic growth defects. Representative maximum intensity projections of 
α-HRP–labeled muscle 4 NMJs. Scale bar, 20 μm. (B) Quantification of mean type Ib bouton number and main axis 
(excluding satellite) bouton number ± SEM. (C) Quantification of mean α-HRP–positive type 1b NMJ area ± SEM.  
(D) Quantification of mean length of longest NMJ branch ± SEM. (E) TDP-43 overexpression levels are not affected by 
Rab11DN. Image shows representative immunoblot from 10 larval brains/genotype. Graph shows mean TDP-43/tubulin 
intensity ± SEM from three independent experiments. (F) Rab11DN suppresses TDP-43–induced BMP signaling defects. 
Images show representative sum intensity projections of confocal stacks. Blue outlines represent α-HRP–positive area. 
Scale bar, 5 μm. Graph shows quantification of mean NMJ pMad intensity ± SEM. (G) Rab11DN does not rescue reduced 
Futsch levels in hTDP-43-expressing NMJs. Top, representative maximum intensity projections of confocal stacks. Scale 
bar, 10 μm. Bottom, Mean α-Futsch intensity ± SEM. For B–D, wild-type and hTDP-43 controls are identical to those in 
Figure 3. Statistical significance was calculated using Kruskal–Wallis (B–G) or Mann–Whitney tests (E). n is the number 
of NMJs.
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riched in the terminal bouton of the NMJ ar-
bor. This enrichment was significantly reduced 
in TDP-43–overexpressing larvae and rescued 
in larvae coexpressing TDP-43 and Rab11DN 
(Figure 7C), whereas mean Tkv-mCherry levels 
were unchanged (Figure 7D). Thus Rab11DN 
rescues the TDP-43–induced defect of Tkv re-
distribution away from terminal boutons.

To explore how manipulating Rab11 
might restore the distribution of Tkv, we char-
acterized the behavior of Tkv-mCherry com-
partments at the NMJ by live imaging (Figure 
7, E–G). In wild-type NMJs, Tkv-mCherry 
particles exhibited small movements within a 
single bouton but rarely moved longer dis-
tances (>10 μm) between adjacent boutons 
(Figure 7, E and G, and Supplemental Movie 
S1). By contrast, TDP-43–overexpressing 
NMJs exhibited significantly more-frequent 
long-range bidirectional movements of Tkv-
mCherry (Figure 7, E and G, and Supplemen-
tal Movie S1). This increased mobility was 
suppressed upon coexpression of Rab11DN 
(Figure 7, E and G, and Supplemental Movie 
S1). We were unable to test directly whether 
the fast-moving Tkv-mCherry compartment 
corresponded directly to the Rab11 com-
partment because GAL4/UAS-driven GFP-
Rab11 is largely cytosolic (Rodal et al., 2011). 
However, SNX16-GFP puncta did not 
change mobility upon TDP-43 overexpression 
(Figure 7, F and G), suggesting that increased 
mobility is not a general phenotype for all 
compartments. Thus the mobility of the Tkv-
positive compartment regulates its distribu-
tion among boutons, and enrichment in the 
terminal bouton correlates with increased 
levels of BMP signaling.

Rab11DN suppresses TDP-43–induced 
motor defects
Finally, we tested whether manipulation of 
Rab11 could suppress motor defects in lar-
vae misexpressing TDP-43. Both overex-
pression of hTDP43 and loss of tbph result in 
strongly reduced rates of larval crawling 
(Figure 8, A and B), as previously described 
(Feiguin et al., 2009; Li et al., 2010; Lin et al., 
2011; Diaper et al., 2013). Rab11DN partially 
rescued the larval crawling defects that arise 
from TDP-43 overexpression, whereas coex-
pression of Snx163A and TkvQ199D did not 
suppress these larval crawling defects 
(Figure 8, A and B). Of importance, loss of 
dad rescued hTDP-43-overexpression–in-
duced larval crawling defects at a similar 
level to Rab11DN (Figure 8B). This suggests 

that the component of the crawling defect that is due to loss of BMP 
signaling can be restored by Rab11 manipulation. Finally, Rab11DN 
rescued larval crawling defects in tbph loss-of-function larvae (Figure 
8B), suggesting that both gain and loss of function of TDP-43 are 
sensitive to Rab11 manipulation.

restore the fraction of colocalizing Tkv-mCherry– and GFP-Rab5–posi-
tive early endosomes in TDP-43–overexpressing NMJs (Figure 7, A and 
B), even though it partially rescued BMP signaling defects (Figure 6). 
Instead, Rab11DN altered the spatial distribution of Tkv-mCherry puncta 
within the nerve terminal. In wild-type NMJs, Tkv-mCherry was en-

FIGURE 7:  Rab11DN reroutes BMP receptor traffic at the NMJ. (A) Representative maximum 
intensity projections of muscle 4 NMJs expressing Tkv-mCherry and an endogenously tagged 
GFP-Rab5. Scale bar, 5 μm. (B) Rab11DN does not restore Tkv-Rab5 colocalization. Mean 
percentage of colocalizing puncta ±SEM. (C) Rab11DN rescues Tkv enrichment in terminal 
boutons. Mean terminal bouton intensity/total NMJ intensity ± SEM. (D) Rab11DN does not affect 
Tkv levels. Mean NMJ Tkv-mCherry intensity ± SEM. (E, F) Rab11DN suppresses TDP-43–induced 
Tkv mobility defects at the NMJ. TDP-43 has no effect on Snx16 mobility. Representative 
kymographs from time-lapse series of a single confocal slice of a muscle 4 NMJ. Scale bar, 
10 μm. (G) Quantification of compartment mobility. Mean mobile particle index ± SEM; n is the 
number of NMJs (B–D) or animals (G). Control genotypes: (A–G) Vglut-GAL4/w or Y; UAS-Tkv-
mCherry/+; (F) Vglut-GAL4/w or Y; UAS-Snx16-GFP/+. Statistical significance was calculated 
using one-way ANOVA (B–D, G) or Mann–Whitney tests (G). Also see Supplemental Movie S1.
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velopment (Romano et al., 2014), suggesting that it may acutely control 
BMP signaling rather than regulating a developmental function.

Where in the BMP signaling cascade does TDP-43 act? We found 
that the activating BMP receptor mutant TkvQ199D failed to rescue 
TDP-43-induced synaptic growth defects, suggesting that they occur 
downstream of receptor activation. Further, TDP-43 misregulation 
strongly disrupted synaptic BMP signaling but not nuclear BMP sig-
naling. These synaptic growth– and synapse-specific pMad pheno-
types are reminiscent of mutants in importin-β11, which localizes to 
synapses and is believed to retain a locally active BMP signal (Hi-
gashi-Kovtun et al., 2010). However, synaptic pMad signaling can be 
uncoupled from synaptic growth (Sulkowski et al., 2016), leaving un-
certain the precise aspect of BMP pathway in which TDP-43 or 
importin-β11 act. Finally, we found that loss-of-function mutants in 
dad, a negative regulator of Mad, suppressed TDP-43-induced re-
ductions in NMJ growth, suggesting that signaling defects occur 
upstream of Mad. Thus our experiments indicate that the point of 
pathological TDP-43 action lies between receptor activation and 
dad, at the level of intracellular traffic of the BMP receptors.

To test this hypothesis more specifically, we examined the traffic 
of the BMP receptor Tkv. We did not detect strong differences in 
axonal transport of Tkv upon TDP-43 misexpression in motor neu-
rons. By contrast, a recent report found alterations in mitochondrial 
and dense-core vesicle axonal traffic in TDP-43–misexpressing pep-
tidergic neurons in Drosophila, suggesting that axonal transport de-
fects may be cargo or neuron-type specific (Baldwin et al., 2016). We 
did find significant defects in the endosomal localization, transport, 
and distribution of Tkv at the NMJ, correlating with TDP-43–induced 
reduction in BMP signaling. Finally, Rab11-dependent rerouting of 
BMP receptor traffic partially restored synaptic BMP signaling. Thus 
our data suggest a model in which TDP-43 perturbs BMP signaling 
by disrupting endocytic transport of synaptic BMP receptors.

TDP-43–induced endosomal trafficking defects impair 
BMP signaling
Previous studies showed that traffic through the recycling compart-
ment is required to attenuate BMP signaling, as mutants affecting 
this recycling pathway (e.g., rab8, rab11, dASCL) produce synaptic 
overgrowth and accumulation of BMP receptors in early endosomes 
(Khodosh et al., 2006; Liu et al., 2014; West et al., 2015). We found 
that misregulation of TDP-43 caused the converse effect: a shift of 
BMP receptors from early to recycling endosomes, together with a 
loss of BMP signaling. Although previous reports suggested that 
TDP-43 misexpression can induce global dysregulation of endolyso-
somal traffic by increasing autophagolysosome pathway function 
(Xia et al., 2016), we did not observe this effect in NMJs. Further, 
increased autophagy in NMJs was previously reported to produce 
synaptic overgrowth rather than undergrowth (Shen and Ganetzky, 
2009). Thus the trafficking defect we observed may be specific to 
the early-recycling endosome pathway. Finally, our data showing 
that dad mutants can rescue TDP-43–induced synaptic undergrowth 
suggest that altered BMP signaling plays a significant role in defects 
arising from altered recycling endosome traffic. However, the possi-
bility remains that other signaling pathways previously shown to be 
regulated by recycling endosome traffic (e.g., JNK signaling; West 
et al., 2015) make additional contributions to TDP-43 phenotypes.

Our results show that neuronal expression of a dominant-nega-
tive mutant of Rab11 partially rescues TDP-43–induced BMP signal-
ing, synaptic growth, and larval crawling defects. This nucleotide 
binding–defective mutant sequesters Rab11 regulators and effec-
tors that control multiple facets of recycling endosome function, 
including motor-driven transport, endosome tubulation, and cargo 

DISCUSSION
In this study, we found that misexpression of the ALS gene TDP-43 
impairs synaptic growth and BMP signaling at the Drosophila larval 
NMJ. These growth defects correlate with altered endosomal local-
ization, distribution, and mobility of BMP receptors and occur with-
out receptor degradation or defects in long-range axonal transport. 
By genetically rerouting the recycling pathway, we were able to sup-
press TDP-43–induced defects in synaptic growth, BMP signaling, 
BMP receptor traffic, and larval crawling. These results pinpoint a 
likely cellular location of growth factor signaling defects in the TDP-
43 ALS model and thus identify a new potential target of therapeu-
tic intervention to restore signaling to a healthy state.

TDP-43 misexpression inhibits BMP signaling
The cellular mechanisms underlying ALS-associated growth factor sig-
naling defects and their connection to motor neuron dysfunction have 
been elusive (Gould and Oppenheim, 2010; Tovar et al., 2014). Using 
Drosophila TDP-43 models, we found that disrupted NMJ growth and 
motor neuron function correlate with reduced BMP signaling and that 
restoring BMP signaling (either genetically using dad mutants or by re-
routing traffic of BMP receptors) partially rescues defects in synaptic 
growth and larval crawling. BMP signaling is required early in larval de-
velopment to drive synaptic growth and continuously throughout larval 
development to support synaptic function (Berke et al., 2013). Similarly, 
tbph is required for synaptic growth and function throughout larval de-

FIGURE 8:  Rab11DN suppresses TDP-43-induced larval crawling 
defects. (A) Representative traces show larval displacement in a 2-min 
recording window. (B) Quantification of mean larval displacement per 
second ± SEM. Statistical significance was calculated using one-way 
ANOVA. n is the number of animals.
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that regulate BMP signaling are similar to those that control ALS-
implicated neurotrophin, IGF-1, and VEGF signaling pathways in 
mammals (Horowitz and Seerapu, 2012; Cosker and Segal, 2014; 
Morcavallo et al., 2014). Second, consistent with our observations for 
TDP-43–induced endosomal defects, early and recycling endosomes 
are sites of action for many ALS/FTD-linked genes, including Alsin, 
CHMP2B, UBQLN2, OPTN, and C9ORF72 (Devon et  al., 2006; 
Hadano et  al., 2006; Urwin et  al., 2010; Farg et  al., 2014; Osaka 
et al., 2015). Third, spinal cord neurons from C9ORF72 or sporadic 
ALS patients display an aberrant accumulation of early and recycling 
endosome markers (Farg et al., 2014; Sanhueza et al., 2015), sug-
gesting that endosomal dysfunction is a common denominator in 
ALS. Thus our results indicate that rerouting receptor traffic by ma-
nipulating the endosomal machinery may be an effective strategy to 
restore growth factor signaling and motor neuron function in ALS.

MATERIALS AND METHODS 
Drosophila strains
UAS-Tkv-mCherry constructs were generated from the Tkv-RD 
splice isoform using Gateway technology (Invitrogen, Carlsbad, CA) 
in pBI-UASC-mCherry (based on Wang et  al., 2011) and injected 
into flies (Genetic Services, Cambridge, MA) using Φc381 recombi-
nase at the Attp40 locus (Ni et al., 2008). Previously described fly 
stocks include UAS-Tkv-GFP (Dudu et al., 2006), UAS-SNX16-GFP 
and UAS-SNX163A-GFP (Rodal et  al., 2011), UAS-TkvQ199D (TkvB3; 
Hoodless et al., 1996), GFP-Rab5KI (Fabrowski et al., 2013), tbph∆23 
(Feiguin et al., 2009), Rab11DN (Rab11N124I; Satoh et al., 2005), and 
Vglut-GAL4(X) (Daniels et  al., 2008). UAS-TDP-43 lines have also 
been previously described: TDP-43-IIA (Lu et  al., 2009) was ob-
tained from Fen-Biao Gao (University of Massachusetts Medical 
School, Worcester, MA). Lines TDP-43-IIb (TDP-43-L1 from Hanson 
et al., 2010), TDP-43-IIIa (TDP-43-L2 from Hanson et al., 2010), and 
TDP-43-IIIc (TDP-43-L3 from Hanson et  al., 2010) were obtained 
from Randal Tibbetts (University of Wisconsin, Madison, WI). TDP-
43-IIIc contains two P element insertions and was backcrossed five 
times to white flies to isolate TDP43-IIIb and TDP43-IIId. We used 
TDP-43-IIId for all remaining experiments. All other stocks (Appl-
GAL4, Df(2R)BSC610 [used in-trans to tbph∆23], dadJ1E4, Mi{MIC}twit 
[MI06552], witA12, and witB11) were obtained from the Bloomington 
Drosophila Stock Center (Bloomington, IN).

Real-time PCR
Total RNA was isolated from larval brains using RNeasy Mini RNA 
isolation kit (Qiagen, Valencia, CA). All RNA samples were treated 
with DNase I (Invitrogen) to remove genomic DNA contamination, 
and purified with RNeasy columns to remove any traces of DNase 
enzyme or buffer. cDNA was prepared from 200 ng of total RNA 
using Superscript III reverse transcriptase and random primers 
(Invitrogen) from four independent larval brain samples (25 brains 
each) for each genotype. Real-time quantitative PCR (qPCR) was 
performed using following primer sets. For tkv: forward, TCCAA-
GATCATGCAGGAGTG, and reverse, TGGGCACATCGATTAGA-
CAG. For twit: forward, ACAAATCAGATCCCGTGGAG, and 
reverse, AATGGATGCACCTGCTAAGG. For wit: forward, TCT-
GACAATGCGAACTCCAC, and reverse, TCATGCTCCAAGCAA
GACAG. For rpl32: forward, ATCGGTTACGGATCGAACAA, and 
reverse, GACAATCTCCTTGCGCTTCT. The qPCRs were set up in 
triplicate for each of the two cDNA samples for each gene, using 
SYBR advantage qPCR premix (Clontech, Mountain View, CA), and 
run for 40 cycles (Tm = 60°C) on a Rotor-gene thermocycler. Fold 
changes in expression levels were calculated by the 2−∆∆CT method 
using rpl32 as a reference gene. Graphs depict mean log fold 

sorting (Pasqualato et al., 2004). Our investigation of the Rab11DN 
suppression mechanism sheds light on the specific aspect of recy-
cling endosome traffic that may be critical for TDP-43 phenotypes. 
We found that the ability of Rab11DN to rescue TDP-43–induced 
defects occurred without shifting BMP receptor localization back to 
early endosomes. Instead, Rab11DN specifically rescued defects in 
NMJ mobility and enrichment of Tkv in terminal boutons. These re-
sults suggest one of two possibilities. 1) Reduced early endosome 
localization of Tkv upon TDP-43 misexpression is merely correlated 
and not causative of synaptic growth defects. However, this model 
is inconsistent with many previous findings showing that early endo-
somal BMP receptors promote signaling. 2) Rab11DN suppresses 
synaptic growth defects by bypassing the need for early endosome 
localization of Tkv. In the second model, Rab11DN-induced accumu-
lation of the Tkv compartment in terminal boutons might be suffi-
cient to drive partial BMP signaling, which opens up interesting new 
questions about how BMP receptor distribution affects synaptic 
growth and function. In fact, previous studies showed that the 
strength of synaptic transmission follows a BMP receptor–depen-
dent gradient, from weak transmission in proximal boutons to strong 
transmission in terminal boutons (Guerrero et al., 2005; Ball et al., 
2015). Future studies are required to test whether Tkv enrichment in 
terminal boutons participates in modulating transmission and 
whether TDP-43–dependent motor neuron dysfunction arises in 
part from misregulation of the transmission gradient.

Our study also sheds light on the mechanisms of Tkv NMJ distri-
bution. Until now, studies of BMP receptor trafficking at the NMJ 
have relied on imaging endosomal compartments in fixed tissue. By 
using live imaging, we found that the dynamics of receptors may 
play an important role in both their distribution and signaling levels. 
We found that loss of terminal bouton accumulation correlates with 
rapid movements of Tkv-positive compartments at the NMJ and 
that Rab11DN suppresses these rapid dynamics, restoring terminal 
bouton enrichment and BMP signaling. This aberrant mobility of the 
Tkv compartment is analogous to the normal trafficking pattern of 
dense-core vesicles, which are supplied evenly to boutons by a “cir-
culate-and-capture” mechanism by which vesicles are first delivered 
to the terminal bouton and then distributed by recycling and spo-
radic capture throughout the nerve terminal (Wong et  al., 2012). 
Our results suggest that Tkv-positive compartments, which normally 
accumulate in terminal boutons, convert into a more mobile dense-
core vesicle–like trafficking pattern upon TDP-43 overexpression, 
resulting in redistribution among all boutons. In the future, it will be 
important to test whether receptor transport dynamics and distribu-
tion are points of regulation for growth factor signaling in healthy 
neurons in response to developmental cues or neuronal activity.

One other question that remains to be answered is which of the 
many cellular RNAs downstream of TDP-43 misexpression leads to 
the defects in receptor traffic through recycling compartments. Our 
study suggests that TDP-43 targets controlling early and recycling 
endosome traffic and dynamics should be considered as strong can-
didates for further investigation.

Implications for human neurological disease
To date, there are no treatments that halt or reverse ALS. Growth 
factor signaling pathways may be compelling therapeutic targets, 
particularly if methods can be found to modify their activities locally 
and specifically, for example, at the level of intracellular traffic of their 
receptors. Our results define endosomal traffic of BMP receptors as 
a point of dysfunction in Drosophila TDP-43 model of ALS, and sev-
eral lines of evidence suggest that this is a promising target for 
treating human disease. First, endosomal trafficking mechanisms 
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change ± SD for four biological replicates for each genotype, nor-
malized to control (Vglut/w).

Antibodies
The antibodies α-Cpx (Troy Littleton, MIT, Cambridge, MA; Huntwork 
and Littleton, 2007) and α-phospho-Mad (PS1; Peter ten Dijke, 
Leiden University Medical Center, Leiden, Netherlands; Dan 
Vasiliauskas, Susan Morton, Tom Jessell, and Ed Laufer, Columbia 
University Medical Center, New York, NY; Persson et al., 1998) have 
been described previously. α-Rab11 antibodies were obtained from 
BD Biosciences, San Jose, CA (clone 47; Khodosh et al., 2006), α-
TDP-43 antibodies (10782-2-AP) from Proteintech, Rosemont, IL, and 
α-tubulin antibodies (clone B-5-1-2) from Sigma-Aldrich, St. Louis, 
MO. Rhodamine Red-X– and Alexa 647-conjugated α–horseradish 
peroxidase (HRP) antibodies were obtained from Jackson Immu-
noResearch, West Grove, PA. α-Dlg (4F3), α-Futsch (22c10), α-Wit 
(23C7), α-actin (JLA20), α-eve (2B8), and α-synapsin (3C11) antibod-
ies were obtained from the Developmental Studies Hybridoma Bank 
(University of Iowa, Iowa City, IA). Secondary antibodies for imaging 
were conjugated to Dylight 488 or Rhodamine Red-X (Jackson 
ImmunoResearch). Immunoblots were imaged using infrared dye–
conjugated secondary antibodies (Rockland Immunochemicals, 
Pottstown, PA) on a LI-COR Odyssey device.

Immunohistochemistry and analysis of NMJ morphology
For analysis of NMJ morphology and protein localization at the NMJ, 
flies were cultured at low density at 25ºC. Control genotypes were 
Vglut-GAL4/w or Y. Wandering third-instar larvae were dissected in 
calcium-free HL3.1 saline (Feng et al., 2004) and fixed for 30 min in 
HL3.1 containing 4% formaldehyde (Sigma-Aldrich) before antibody 
staining. For live imaging, wandering third-instar larvae were dis-
sected in room temperature HL3.1, leaving the CNS and axons intact. 
Segmental nerve bundles were imaged in a single confocal slice 
∼100 μm from the ventral ganglion at 2 frames/s. Focus was main-
tained manually during imaging, and larvae were imaged for a maxi-
mum of 45 min after dissection. All samples were imaged using a 
spinning-disk confocal system consisting of a Nikon Ni-E upright mi-
croscope, a Yokogawa CSU-W1 spinning-disk head, and an Andor 
iXon 897U electron-multiplying charge-coupled device camera. Fixed 
samples were imaged using 40× (numerical aperture [NA] 1.3), 60× 
(NA 1.4), or 100× (NA 1.4) oil immersion objectives. Live samples were 
imaged using a 60× (NA 1.0) water immersion objective.

Image analyses
All image analysis was performed in ImageJ. For quantification of 
signal intensity, measurements were made from sum intensity 
projections of confocal stacks, except for Twit::GFP/eve measure-
ments, which were made from single confocal slices at the widest 
diameter of the motor neuron nucleus. Muscle or ventral ganglion 
background mean intensity was subtracted from neuronal measure-
ments. For NMJs, mean intensities were measured within α-HRP–
positive NMJs on muscle 4, segments A2–A4. For ventral ganglion, 
mean pMad intensities were measured within masks created by 
thresholding between 24 and 50 eve-positive nuclei/brain. Mean 
Twit::GFP/eve intensities were measured within masks created 
by manually tracing the cell bodies and nuclei of between 24 and 
57 cells with eve-positive nuclei per brain.

Colocalization between Tkv and endosomal markers was ana-
lyzed from each slice of a Z-series from fixed muscle 4 NMJs. The 
total number of Tkv-mCherry puncta/NMJ and the number of Tkv 
puncta colocalized with the indicated markers were scored manu-
ally. Pearson’s r was calculated from each slice of this Z-series using 

the ImageJ Coloc-2 plug-in (Bolte and Cordelieres, 2006). Masks 
were created using thresholded Tkv-mCherry signal smoothed with 
a Gaussian blur of 2 pixels.

For analysis of NMJ morphology, α-HRP– and α-Dlg–labeled 
NMJs on muscle 4, segments A2–A4, or muscle 6/7, segment A3, 
were selected for analysis in ImageJ from two-dimensional projec-
tions of confocal stacks. Only type Ib innervation, delineated by ex-
tensive postsynaptic α-Dlg staining, was quantified. Main axis bou-
tons were defined as all boutons excluding satellite boutons (strings 
of five or more boutons extending from the main axis of the NMJ). 
Only these main NMJ axis boutons were used for small-bouton ratio 
measurements. For NMJ branch length, each branch was measured 
from the point the axon entered into the muscle to its distal tip, us-
ing the segmented line tool in ImageJ, and the length of the longest 
branch was recorded. For NMJ area measurements, α-HRP signal 
from type 1b boutons (excluding regions of axon without NMJ bou-
tons) was manually outlined.

For axonal transport quantification, a kymograph was generated 
using the ImageJ reslice tool by drawing a straight line from the 
proximal to the distal end of the in-focus region of the axon bundle. 
Particle speed was determined from these stacks by measuring the 
anterograde or retrograde displacement of particles over time. Stall 
duration was measured only for particles that stopped for at least 3 s 
and resumed movement within the recording interval. To avoid 
overrepresenting or underrepresenting axons with different in-focus 
lengths and best represent any animal-to-animal variance, particle 
velocities and stall durations were averaged per axon per animal.

For NMJ transport, type 1b synapses on muscle 4, segments 
A2–A3, were imaged at 2 frames/s in a single confocal slice, as be-
fore. A kymograph was generated from the longest NMJ branch in 
the imaging plane, beginning at the distal bouton of the NMJ and 
terminating at the axon entry point into the muscle. These kymo-
graphs ranged from 27 to 124 μm in length over 147–180.5 s in 
time. Particle motility index was defined as number of particles ex-
hibiting >10-μm movements/number total particles per micrometer 
NMJ length per second and was averaged across 1–4 NMJs/animal; 
n in bar graphs is the number of animals.

Lifespan and crawling assays
To measure adult lifespan, 10–20 newly eclosed flies/vial (male and 
female) were incubated at 25ºC and transferred every 3–5 d to fresh 
vials. The number of surviving flies was recorded daily. To measure 
larval crawling speed, wandering third-instar larvae were briefly 
washed with distilled H2O and placed in the center of a 35-mm Petri 
dish of 2% agar (Genesee, San Diego, CA). Crawling behavior was 
recorded for 3 min at 2 frames/s using the time-lapse function of an 
iPhone 5 (Apple, Cupertino, CA). To account for the time required 
for acclimation, the first 30 s of the movie was excluded from the 
analysis. Total distance crawled and crawling speed were calculated 
using the manual tracking tool in ImageJ. Larvae from three inde-
pendent crosses were analyzed for each genotype.

Statistical analyses
All errors shown are mean ± SEM. Statistical significance was calcu-
lated using GraphPad Prism software using one-way analysis of vari-
ance (ANOVA) followed by multiple Tukey’s comparisons (one-way 
ANOVA), Kruskal–Wallis tests followed by multiple Dunn compari-
sons (Kruskal–Wallis), Student’s t tests, Mann–Whitney tests, or two-
way ANOVA with Sidak’s multiple comparisons (two-way ANOVA), 
as indicated in figure legends. *p < 0.05, **p < 0.01, and ***p < 
0.001. Comparisons are to the leftmost genotype in each bar graph, 
unless indicated otherwise by horizontal bars.
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