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Abstract

Mutations in the nuclear localization signal of the RNA binding protein FUS cause both 

Frontotemporal Dementia (FTD) and Amyotrophic Lateral Sclerosis (ALS). These mutations 

result in a loss of FUS from the nucleus and the formation of FUS-containing cytoplasmic 

aggregates in patients. To better understand the role of cytoplasmic FUS mislocalization in the 

pathogenesis of ALS, we identified a population of cholinergic neurons in Drosophila that 

recapitulate these pathologic hallmarks. Expression of mutant FUS or the Drosophila homolog, 

Cabeza (Caz), in class IV dendritic arborization neurons results in cytoplasmic mislocalization and 

axonal transport to presynaptic terminals. Interestingly, overexpression of FUS or Caz causes the 

progressive loss of neuronal projections, reduction of synaptic mitochondria, and the appearance 

of large calcium transients within the synapse. Additionally, we find that overexpression of mutant 

but not wild type FUS results in a reduction in presynaptic Synaptotagmin, an integral component 

of the neurotransmitter release machinery, and mutant Caz specifically disrupts axonal transport 

and induces hyperexcitability. These results suggest that FUS/Caz overexpression disrupts 

neuronal function through multiple mechanisms, and that ALS-causing mutations impair the 

transport of synaptic vesicle proteins and induce hyperexcitability.
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1. Introduction

Fused in Sarcoma (FUS) is an integral regulator of multiple aspects of RNA metabolism, 

including mRNA splicing and export, stress granule formation, and local translation (Lagier-

Tourenne et al., 2010; Yang et al., 2010). Mutations in the FUS carboxy-terminal atypical 

proline-tyrosine nuclear localization signal (PY-NLS) cause ALS, and pathogenesis is 
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thought to be a consequence of the exclusion of FUS from the nucleus and its cytoplasmic 

aggregation within neurons (Ito et al., 2010; Kwiatkowski et al., 2009; Vance et al., 2009). 

The precise mechanisms by which mutations in FUS cause neurodegeneration are unknown, 

but hypotheses include: (1) loss of FUS from the nucleus disrupting mRNA maturation 

(Zhou et al., 2013); (2) gain of FUS in the cytoplasm altering stress granule dynamics (Li et 

al., 2013); (3) cytoplasmic FUS transported along axons altering synaptic physiology 

(Schoen et al., 2015); (4) induction of the DNA damage response (Hicks et al., 2000; 

Kuroda, 2000; Qiu et al., 2014; Wang et al., 2013), and (5) a combination of these 

pathomechanisms (Shang and Huang, 2016). One challenge in distinguishing between these 

possibilities in vivo is that expression of ALS-mutant FUS in Drosophila and mouse motor 

neurons leads to overexpression in neuronal nuclei in addition to cytoplasmic 

mislocalization (Lanson et al., 2011; Machamer et al., 2014; Qiu et al., 2014). Animal 

models expressing ALS-mutant FUS that predominantly localize to the neuronal cytoplasm 

in order to allow investigation of the cytoplasmic contribution of FUS toxicity have not yet 

been generated.

Multiple studies in vertebrate models indicate that neuromuscular junction function is 

impaired during the preclinical stage of ALS (Moloney et al., 2014). For example, 

overexpression of human FUSP525L or superoxide dismutase 1 (SOD1) with the G93A 

mutation results in loss of neuromuscular junctions before motor neuron death (Lalancette-

Hebert et al., 2016; Rocha et al., 2013). Knockdown or overexpression of mutant FUS 

results in hyperexcitability and a reduction in the amplitude of synaptic transmission in 

zebrafish (Armstrong and Drapeau, 2013). The mechanisms by which FUS alters synaptic 

activity are not well understood, but several lines of evidence indicate that FUS and other 

RNA binding proteins implicated in ALS including TDP-43 regulate the expression of 

proteins essential for synaptic transmission. FUS enhances the stability of GluA1 mRNA by 

binding the 3’ UTR to promote AMPA receptor function (Udagawa et al., 2015). 

Furthermore, mutations in the Drosophila homolog of TDP-43, tbph, result in reduced levels 

of the synaptic voltage-gated calcium channel, Cacophony (Chang et al., 2013).

Drosophila has been a useful model for investigating the pathogenic mechanisms underlying 

ALS caused by mutations in FUS (Lanson et al., 2011; Machamer et al., 2014; Wang et al., 

2011). Importantly, FUS is functionally conserved in Drosophila, as human FUS expression 

in neurons fully rescues lethality and locomotor dysfunction associated with null mutations 

of the Drosophila homolog Caz (Wang et al., 2011). Overexpression of FUS in Drosophila 

motor neurons alters neuromuscular junctions , impairs motor activity (Chen et al., 2011), 

and disrupts axonal transport of mitochondria (Chen et al., 2016). However, interpretation of 

these studies is confounded by the observation that in these models, ALS-causing mutant 

FUS still predominantly localizes to the nucleus of motor neurons, with only modest 

mislocalization into the cytoplasm (Lanson et al., 2011; Machamer et al., 2014). The 

absence of significant mislocalization in these models underscores the conclusion that we 

and others have previously come to: toxicity of FUS expression in Drosophila motor neurons 

is largely independent of ALS-causing mutations, but rather, FUS toxicity correlates most 

strongly with expression level (Lo Piccolo et al., 2017; Machamer et al., 2014). Furthermore, 

FUS-associated toxicity in Drosophila overexpression models is dependent on the nuclear 

rather than cytoplasmic localization of FUS (Jäckel et al., 2015), and overexpression of 
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nuclear FUS is sufficient to induce neuronal death in vitro (Suzuki and Matsuoka, 2015). 

Thus, identifying a population of neurons in a genetically and experimentally tractable 

model system that have the hallmark mislocalization of mutant FUS seen in patients may 

help understand the pathogenesis of ALS caused by FUS mutations.

2. Results

In many FUS ALS models, including Drosophila motor neuron overexpression models, 

disease-associated mutations in the NLS do not result in the loss of FUS from the nucleus 

(Machamer et al., 2014; Qiu et al., 2014; Sharma et al., 2016a; Zhou et al., 2013). In an 

attempt to generate a new model of FUS ALS/FTD that recapitulates the pathophysiology 

seen in patients, we sought to identify a neuronal population in which NLS mutations cause 

FUS to be lost from the nucleus and mislocalize to the cytoplasm by overexpressing 

flag(FL)-tagged FUSP525L with the panneuronal C155-GAL4 driver (Lin and Goodman, 

1994). We identified neurons in the larval body wall in which FUSP525L severely 

mislocalizes to the cytoplasm, and based on the multidendritic appearance and body wall 

localization, we hypothesized that these cells were class IV dendritic arborization (da) 

neurons. Indeed, FUSWT localizes to the nucleus of da neurons in third instar larvae when 

overexpressed with the da-specific ppk-GAL4 driver (Figure 1A) (Ainsley et al., 2003; 

Zhong et al., 2010) , whereas FUSP525L is predominantly mislocalized to the cytoplasm 

(Figure 1B). Importantly, these transgenic lines were developed using site-directed insertion 

to eliminate unequal expression due to position effects seen when transgenic lines are 

generated by random insertion (Wang et al., 2011). Equivalent expression of mRNA and 

protein has previously been confirmed for these transgenic lines (Machamer et al., 2014). 

Thus, the mislocalization of FUSP525L to the cytoplasm is a consequence of the P525L 

mutation in the NLS and not differential expression levels.

Although FUS is believed to be expressed in all neurons (Andersson et al., 2008), we 

confirmed that Drosophila FUS (Caz) is endogenously expressed in da neurons by staining 

for animals expressing FL-tagged Caz under the control of endogenous Caz enhancer 

elements (Wang et al., 2011), and find that Caz is expressed in da neurons and localizes to 

the nucleus (Figure 1C). Next, we tested if mutations in caz homologous to ALS-causing 

mutations in FUS can also result in the mislocalization of Caz into the cytoplasm. 

Transgenic CazWT primarily localizes to the nucleus (Figure 1D), whereas CazP398L 

primarily localizes to the cytoplasm (Figure 1E). We quantified the extent of mislocalization 

by scoring the localization of FUS using the following scale: (0): exclusively nuclear 

staining, (1): primarily nuclear with faint cytoplasmic staining, (2): strong cytoplasmic 

staining weaker than nuclear staining, and (3): strong cytoplasmic staining greater than 

nuclear staining (Figure 1F-G). Given the dramatic difference in subcellular localization 

between wild type and mutant FUS and Caz in da neurons, we reasoned that da neurons are 

a good model to determine the contribution of mislocalized cytoplasmic FUS to neuronal 

toxicity caused by ALS-associated mutations.

In addition to nuclear and cytoplasmic localization, mutant FUS has been localized to 

synapses (Belly et al., 2005; Schoen et al., 2015). Thus, we determined whether mutant FUS 

in the cytoplasm of da neurons was constrained to the cell soma or if it also localizes to 
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neuronal processes. da neurons are nociceptive sensory neurons whose cell bodies and large 

dendritic fields are located between the cuticle and epithelial cells lining the body wall 

(Grueber et al., 2002; Im and Galko, 2012). Their dendritic fields tile into non-overlapping 

domains that correlate with the sensory fields for each neuron. da neurons extend axonal 

projections to the ventral ganglion where they form synapses that participate in the pain 

evoked escape responses (Zhong et al., 2010). We find that FUSP525L and CazP398L localize 

to these synaptic projections (Figure 2A arrows), whereas FUSWT and CazWT are not 

detectable at the synapse.

These results suggest that mutant FUS and Caz are actively transported along the axon to the 

synapse.

To test this, we expressed either RFP-FUSWT or RFP-FUSR524S in da neurons and 

performed live imaging of the larval body wall. Similar to what is seen with FL-FUSP525L 

and FL-CazP398L, red fluorescent protein-tagged FUSR524S (RFP-FUSR524S) (Chen et al., 

2011) is enriched in synapses (Figure 2B) and dendrites (Figure 2C), whereas wildtype 

FUS is barely detectable at synaptic projections (Figure 2B) and undetectable in dendrites 

(Figure 2C). FUSR524S is actively transported to the synaptic projections (Figure 2D and 
supplemental movie 1) and within dendrites (Supplemental movie 3). The mean run 

velocity of RFP-FUSR524S undergoing anterograde axonal transport is 1.45 +/− 0.14 μm/s, 

suggesting a fast axonal transport mechanism. Additionally, we find that similar RFP-

FUSR524S punctae, both static and mobile, are localized to synaptic projections 

(Supplemental movie 2). These data suggest that mutant but not wild type FUS granules are 

transported to the synapse in da neurons.

To determine the consequences of FUS and Caz overexpression and/or mutant 

mislocalization on da neuron structure and function, we coexpressed the plasma membrane 

marker CD8-GFP with FUSWT, FUSP525L, CazWT or CazP398L (Figure 3A) and measured 

the branching complexity of the large dendritic fields of da neurons using a Sholl analysis 

(Sholl, 1953) (Figure 3B). Both FUSWT and FUSP525L result in the loss of dendritic 

branching, but there is no significant difference between FUSWT and FUSP525L. Likewise, 

the expression of CazWT or CazP398L results a severe reduction in dendritic branching, but 

no difference is seen between CazWT and CazP398L. These data suggest that FUS-mediated 

dendrite toxicity in da neurons is independent of the presence of ALS-linked mutations.

We next tested whether ALS-linked mutations in FUS and Caz cause degeneration of 

synaptic terminals by measuring the volume of bilateral segmental synaptic projections 

within the ventral ganglion defined by the plasma membrane marker CD8-GFP. In control 

animals, the synaptic projections of da neurons form a ladder-like pattern with fairly uniform 

fluorescence intensity (Figure 4A). Expression of FUSP525L and FUSWT minimally reduces 

synaptic projection volume (Figure 4B, C, F) but leads to synaptic mistargeting defects to 

regions outside of the synaptic region (arrowheads, Figure 4B). In contrast, expression of 

both CazWT and CazP398L results in severe disruption of the synaptic architecture in addition 

to a reduction in projection volume, most significantly in projections from distal segments 

(A6-A8) (Figure 4A, D, E, F). Many of the proximal projections (A2-A4) in animals 

expressing CazWT, and to a lesser degree CazP398L, are characterized by the complete loss of 

Machamer et al. Page 4

Brain Res. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normal appearing projections and the appearance of clusters of large round swellings (inset 

arrowheads). To determine if the effects of FUS and Caz expression are due to early 

developmental defects or represent degeneration after normal early development, we imaged 

ventral ganglia from larvae at 72, 96, or 120 hours after egg laying (AEL), corresponding to 

early, mid, and late third instar larval stages. All animals expressing transgenic FUS and Caz 

had largely normal synaptic projections at 72 hours AEL, but display a progressive loss of 

fluorescence at 96 and 120 hours (Supplemental Figure 1). This phenotype is most severe 

for CazWT and CazP398L expressing animals, which display significant fragmentation of 

synaptic projections. These data indicate that overexpression of FUS or Caz leads to a 

progressive loss of both axonal and dendritic neuronal projections.

To investigate the mechanisms underlying the loss of dendritic arbors and synaptic 

projections of da neurons, we examined the microtubule cytoskeleton by coexpressing 

tubulin-GFP with FUSWT, FUSP525L, CazWT or CazP398L. In control animals, the intensity 

of tubulin-GFP appears mostly uniform throughout distal axons and synaptic termini with 

periodic punctae (Figure 5A, inset arrow). We find that the microtubule cytoskeleton in 

FUS-expressing neurons appears largely normal within the terminal projections, though the 

projections display a less uniform morphology than controls (Figure 5A-C). In contrast, in 

CazWT and CazP398L expressing neurons, large accumulations of tubulin-GFP are seen in 

many synaptic termini, with some displaying intense tubulin-GFP signal on the periphery 

(Figure 5D-F), likely representing microtubule loops known to form within synaptic 

swellings (Roos et al., 2000). These morphological abnormalities are consistent with the 

large bulbous swellings seen when Caz is coexpressed with CD8-GFP (Figure 4D-E, 
arrows). These findings suggest that Caz overexpression disrupts the synaptic terminal 

cytoskeleton independent of its subcellular localization.

FUS expression has previously been reported to disrupt axonal transport in motor neurons 

(Chen et al., 2016). The observation that projections from neurons located in distal segments 

expressing CazWT and CazP398L display more significant morphological alterations than 

neurons located in proximal segments (Figure 4D-F) and the severe disruption of 

microtubule cytoskeletons in synaptic projections suggests transgenic FUS expression may 

also impair axonal transport in da neurons. To determine if the cytoplasmic mislocalization 

of FUSP525L or CazP398L disrupts axonal transport, we measured the number of “axonal 

jams” (Lloyd et al., 2012) in da neurons by staining for the synaptic vesicle protein Cysteine 

string protein (CSP) (Rozas et al., 2012) in animals coexpressing CD8-GFP and FUSWT, 

FUSP525L, CazWT, or CazP398L. We find that overexpressing CazP398L, but not CazWT, 

FUSWT or FUSP525L results in the consistent formation of large axonal swellings containing 

CSP (Figure 6A, B). As FUSP525L and CazP398L undergo aberrant axonal transport, we 

determined if CazP398L was a component of these axonal jams by coexpressing 

fluorescently-tagged Synaptotagmin (Syt-GFP) with FUSWT, FUSP525L, CazWT, or 

CazP398L in da neurons (Figure 6C). We find CazP398L localizes to axonal jams containing 

Syt-GFP, but no such colocalization is seen with FUSWT, FUSP525L, or CazWT. Together, 

these data suggest that CazP398L, but not CazWT, disrupts axonal transport of synaptic 

vesicles.
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We next measured synaptic Syt-GFP levels in animals coexpressing FUSWT, FUSP525L, 

CazWT or CazP398L (Figure 7A, B), and we observe a large reduction in Syt in the synapses 

of da neurons overexpressing either CazWT or CazP398L. Interestingly, we find that the 

expression of FUSP525L but not FUSWT results in a significant reduction of Syt in da neuron 

synapses (Figure 7A, B), suggesting that FUSP525L disrupts the delivery of Syt to synapses. 

These data indicate that ALS-causing mutations in FUS and Caz impair the transport of 

synaptic vesicle proteins. Additionally, to determine if ALS-causing mutations in FUS also 

impair the transport of other components of the synapse essential for neuronal function, we 

coexpressed GFP targeted to mitochondria (mito-GFP) with FUSWT, FUSP525L, CazWT or 

CazP398L and found that overexpression of CazWT or CazP398L, and to a lesser extent, 

FUSWT or FUSP525L resulted in a reduction in synaptic mitochondria (Figure 7C, D). 

Alterations in mitochondria are not restricted to the synaptic terminals as larger 

mitochondria and/or collections of mitochondria are observed in the axons of animals 

expressing FUSWT, FUSP525L, CazWT or CazP398L (Supplemental Figure 2). 

Synaptotagmin is the calcium sensor responsible for synaptic vesicle fusion (Huang et al., 

2011), and synaptic mitochondria provide energy for normal synaptic transmission and 

buffering internal Ca2+ (Vos et al., 2010), suggesting that synaptic transmission may be 

altered in FUS/Caz-expressing da neurons.

To determine if FUS/Caz expression in da neurons alters synaptic activity, we coexpressed 

the genetically-encoded calcium sensor GCAMP5 (myr-GCAMP5) (Akerboom et al., 2012) 

and RFP (CD4-tdTomato) with FUSWT, FUSP525L, CazWT, or CazP398L in da neurons and 

performed time-lapse imaging of the synaptic projections from segment A5 or A6 to 

measure changes in local calcium concentration (Figure 8A). Expression of FUSWT, 

FUSP525L, CazWT, or CazP398L results in large calcium transients not seen in control animals 

(Figure 8B, D). Local increases in calcium concentration were restrained to subdomains of 

the synaptic projections and their associated axons (Supplemental Figure 3, arrow), 

indicating that these transients are likely mediated by voltage-gated calcium channel 

activation by action potentials formed in the soma or axon initial segment. Additionally, 

expression of CazP398L, FUSWT or FUSP525L but not CazWT results in a significant increase 

in the frequency of observed calcium transients in synaptic projections (Figure 8C). We next 

determined if transgenic expression increased the average Ca2+ concentration within the 

terminal by measuring the average GCAMP and RFP fluorescence intensity (Figure 8E). 

We normalized the GCAMP fluorescence to RFP fluorescence to control for any differences 

in GCAMP expression. We find no significant difference between the average GCAMP 

fluorescence between the control and animals expressing CazWT, CazP398L, FUSWT or 

FUSP525L. Together, these data indicate that FUS/Caz expression increases the frequency 

and/or amplitude of presynaptic calcium transients without changing baseline calcium 

levels.

3. Discussion

The majority of ALS and FTD cases show a common feature: the loss of the soluble form of 

one or more RNA binding proteins (i.e. TDP-43, FUS, hnRNP2A/B, or hnRNP1) from the 

nucleus and the appearance of aggregates of these proteins in the cytoplasm (Kapeli et al., 

2017) . Although in vitro models of FUS-ALS have recapitulated robust mislocalization of 
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FUS to the cytoplasm (Ichiyanagi et al., 2016; Scaramuzzino et al., 2013), in many in vivo 

models, mutant FUS has failed to significantly mislocalize to the cytoplasm (Huang et al., 

2011; Sharma et al., 2016b; Verbeeck et al., 2012). Here, we describe a Drosophila model of 

FUS-mediated neurodegeneration that reproduces the pathogenic changes in FUS 

localization seen in the neurons of ALS patients. Drosophila da neurons are cholinergic 

sensory neurons that have stereotyped development of neuronal projections that have been 

extensively used to study neuronal development and function (Jan and Jan, 2010) in addition 

to neurodegeneration (Lee et al., 2011), due to their morphological complexity, experimental 

accessibility and genetic tractability.

By expressing wild-type or mutant forms of FUS in da neurons, we identified changes in 

neuronal physiology and function that were mutation-specific as well as those that are 

mutation-independent. FUS has previously been implicated in modulating synaptic function, 

but its mechanism of action in this regard is not known (Schoen et al., 2015; Sephton et al., 

2014). In our study, mutations in the NLS of FUS and Caz cause their mislocalization to the 

cytoplasm and transport to synaptic terminals. As a consequence, mutant FUS/Caz impairs 

axonal transport of synaptic vesicle proteins, thus reducing the level of Synaptotagmin, a key 

component of the presynaptic release machinery. Disruption of axonal transport has been 

identified in multiple models of ALS and other neurodegenerative diseases, but whether it’s 

a causative factor, a participating pathogenic mechanism, or a consequence of 

neurodegeneration remains unclear (Baldwin et al., 2016; Bilsland et al., 2010; De Vos et al., 

2008; Marinkovic et al., 2012). Overexpression of FUS has previously been shown to disrupt 

transport of mitochondria in Drosophila motor neurons (Chen et al., 2016), with the most 

severe disruption seen in mutant FUS-expressing animals. Similarly, we see a loss of 

synaptic mitochondria in da neurons expressing FUS/Caz.

FUS could be impairing synaptic transmission through several mechanisms. Increased 

transport of FUS into neuronal processes may alter the local concentration of synaptic 

transcripts and thus disrupt local translation, or increased concentrations of FUS in neuronal 

process may induce the formation of stress granules, which could alter local translation or 

sequester proteins essential for normal function.

Alternatively, the changes in synaptic physiology could be downstream of changes in the cell 

body and dendrites. Axonal hyperexcitability is observed in ALS patients (Bostock et al., 

1995; Kanai et al., 2006; Vucic and Kiernan, 2006), and neuronal hyperactivity in ALS 

patients correlates with disease severity (Kanai et al., 2006). FUS may increase the 

excitability of neurons by altering the concentration and content of channels required for 

proper neuronal physiology within the axon or cell body. This is supported by our findings 

that da neurons overexpressing CazP398L but not CazWT are hyperexcitable as measured by 

calcium transient frequency.

Although we propose that a genetic model that incorporates ALS-causing mutations is likely 

to be the most faithful to disease pathogenesis, the effects of wild type FUS/Caz 

overexpression are likely also relevant. Indeed, rare cases of ALS are caused by increased 

FUS expression as a result of mutations in 3’ untranslated regulatory elements resulting in 

aberrant FUS aggregation and stress granule formation (Sabatelli et al., 2013). In our 
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studies, the most striking consequence of FUS/Caz overexpression was the appearance of 

calcium transients within the axons and synaptic termini of da neurons. Loss of the 

Drosophila homolog of TDP-43, tbph, reduces the voltage-gated calcium channel cacophony 

in motor neurons (Chang et al., 2013) suggesting that FUS expression may also regulate 

Ca2+ levels by controlling calcium channel expression. Alternatively, mitochondria are 

important for buffering synaptic Ca2+, and the loss of synaptic mitochondria function results 

in calcium transients of significantly larger amplitudes (Xing and Wu, 2018). Consistent 

with these studies, Caz expression results in both the loss of synaptic mitochondria and the 

appearance of large calcium transients. Ca2+ microdomains can regulate calcium sensitive 

kinases and phosphatases that control cytoskeleton dynamics in growth cones and mature 

presynaptic and postsynaptic compartments (Bodaleo and Gonzalez-Billault, 2016; 

Gasperini et al., 2017; Merriam et al., 2013). The loss of synaptic complexity and altered 

microtubule dynamics suggest a pathological cascade in which FUS expression impairs the 

function of mitochondria, reducing presynaptic Ca2+ buffering and altering cytoskeletal 

dynamics leading to disrupted synaptic morphology. It’s intriguing that both nuclear and 

cytoplasmic FUS/Caz lead to similar degenerative phenotypes, and we postulate that this is 

due to FUS-mediated sequestration of critical proteins or RNAs that shuttle with FUS 

through the nuclear pore.

We believe that da neurons can be used to identify important changes to neuronal physiology 

that are disrupted by FUS mislocalization into the cytoplasm and synapses. da neurons have 

discrete subcellular compartments, and cell bodies and dendrites are localized in the body 

wall whereas synapses are localized to the ventral ganglion. These properties make da 

neurons amenable to novel compartment-specific imaging and biochemical experiments. 

However, as with any model, there are limitations, such as the fact that da neurons are 

sensory neurons rather than motor neurons and any larval model is unable to distinguish 

developmental defects from those resulting from neurodegeneration. Nonethtelss, given their 

imaging accessibility and genetic tractability, this model is amenable to further studies to 

identify mechanisms of altered neuronal cell biology and physiology.

4. Experimental Procedure

4.1 Fly Genetics and rearing.

Flies were raised at 25 °C on yeast supplemented standard molasses-based food. 

Experiments utilized the following transgenes from the indicated stock lines or sources: ppk-

GAL4 (BL 32078), UAS-CD8-GFP (BL 31290), UAS-Syt-GFP (BL 6925), UAS-mitoGFP 

(BL8442), UAS-CD4-tdTomato (BL 35837), UAS-myrGCAMP5 (Mark Wu), UAS-FL-

CazWT, UAS-FL-CazP398L, UAS-FL-FUSWT, UAS-FL-FUSP525L (Brian McCabe), UAS-

FUSWT-RFP, UAS-FUSP525L-RFP (Jane Wu). Unless otherwise stated, the genetic 

background of the various transgenes, w1118 (BL 5905) was used for controls.

4.2 Immunohistochemistry

Immunohistochemistry experiments followed previously published protocols (Brent et al., 

2009) with a few changes. Briefly, wandering 3rd instar larvae were cut and pinned open in 0 

mM Ca2+ HL3, but no internal organs were removed. Animals were immediately fixed in 
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4% PFA in PBS for 20 minutes. Larvae were then rinsed with PBS 3 times over 5 minutes. 

While in PBS, the internal organs of the larvae were removed, with the exception of the 

CNS, segmental nerves, and body wall musculature. Animals were incubated in block 

solution (PBS, 0.1% Triton-X-100, 5% fetal goat serum) for 30 minutes to 1 hr with rotation 

at room temperature. Larvae were then incubated with antibodies at the indicated 

concentration in block solution for 2 hr with rotation at room temperature or overnight at 

4 °C. Antibody solution was quickly rinsed off 3 times with PBS-T (PBS, 0.1% Triton-

X-100), and then washed with rotation 3 times for 20 minutes each wash. Samples were then 

incubated in secondary antibody solution at the indicated concentration in block with 

rotation for 2 hours at room temperature or overnight at 4 °C. Samples were rinsed 3 times 

with PBS-T and then washed 3 times with rotation for 20 minutes each wash. Samples were 

prepared on microscope slides using vectashield as a mountant and sealed with nail polish. 

Antibodies were used at the following concentrations: mouse anti-GFP (Molecular Probes, 

1:250), mouse anti-Flag (Sigma: M2, 1:250), goat anti-HRP-Dylight 549 (Jackson 

Immunoresearch, 1:500), mouse anti-CSP (DSHB, 1:250). Secondary antibodies used were 

goat anti-mouse Alexafluor 488 (Jackson Immunoresearch, 1:250) and goat anti-mouse 

Alexafluor 568 (Jackson Immunoresearch, 1:250).

4.3 Confocal microscopy and image analyses.

Imaging of endogenous fluorescence and antibody staining of fixed samples was performed 

on either a Zeiss LSM 510 or LSM 800 laser scanning confocal microscope using a 20x, 

40x, or 63x objective. Sholl analysis of da neuron dendritic branching was performed on 

animals expressing CD8-GFP under the control of the ppk-GAL4 driver. ImageJ was used to 

create a mask of concentric circles with radii of 25 to 350 μm increasing in 25 μm 

increments around the centroid of da type IV neuron cell bodies from segment A4. The 

number of dendritic branches crossing each concentric circle was counted from 4 animals 

for the stated genotypes. For quantification of the volume of da neuron synaptic projections, 

Imaris was used to segment voxels based on signal intensity into three-dimensional surfaces 

(surface creation tool). For many animals, contiguous volumes were formed consisting of 

projections from multiple segments. In such cases, projection volumes of neighboring 

segments were separated using the surface cutting tool. The total volume of projections to 

each segmental target was then quantified. For Syt quantification, the level of Syt was 

determined by measuring the total fluorescence within the synaptic projections using surface 

segmentation. To quantify mitochondria loss from synaptic projections, total mitochondria 

area was calculated in imageJ by measuring the ROI area produced from thresholding mito-

GFP fluorescence of maximum projections images.

4.4 Active transport of FUS.

To characterize the transport of FUS in DA IV neurons, we expressed RFP-FUSWT and 

RFP-FUSR524S using the ppk-GAL4 driver. Wandering third instar larvae were dissected in 

0 mM Ca2+ HL3 on a sylgard cube. The cube was inverted onto a WillCo 35 mM glass 

bottom dish and excess HL3 was wicked away with a kimwipe. FUS transport was imaged 

in medial segmental projections (A4-A6) and the corresponding segmental nerves using a 

Zeiss Axioscope. For axonal transport, images were captured every 2.7 s. The velocity of 

transporting vesicles was determined in imagej by measuring the average velocity of vesicles 
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during transport runs uninterrupted by pauses or reversals. Values are given in velocity +/− 

SEM.

4.5 Calcium imaging.

Third instar larvae expressing myrGCAMP5 with the ppk-GAL4 driver were dissected on a 

sylgard imaging cube in 1.0 mM Ca2+ HL3. The cube was inverted onto a WillCo 35 mM 

glass bottom dish and imaged using a Zeiss Axioscope inverted epifluorescent microscope. 

GCAMP fluorescence from presynaptic terminals of da neurons localized to segment A5 or 

A6 was collected under LED illumination. For representative time-lapse movies and images 

used for the determination of maximum Ca2+ transient amplitude, RFP (CD4-tdTomato) and 

GCAMP images were acquired at ~0.75 frames per second.

Measurement of GCAMP transient frequency and transient dynamics were per were 

performed on time-lapse images sequences acquired at ~3.3 frames per second for 60 s. All 

images were analyzed in ImageJ. To determine the maximum transient amplitude and to 

measure transient dynamics, GCAMP fluorescence was measured in an ROI of 2 um 

diameter placed over synaptic areas that demonstrated large changes in intensity. Transient 

frequency was counted from a single hemisegment synaptic projection by eye. To compare 

the relative average calcium concentration between the given genotypes, 5–10 images were 

acquired of individual hemisegment projections in animals coexpressing myrGCAMP5 and 

CD4-tdTomato. These images were averaged, background fluorescence was measured from 

nonsynaptic area and subtracted from each channel. GCAMP fluorescence values were 

normalized expression level by dividing by RFP fluorescence values. Values calculated from 

individual animals were normalized to the average of the control values and expressed as 

percent of control.

4.6 Statistical Analysis.

For figure 1, a one-way ANOVA with Dunn’s multiple comparison posttest was used to 

determine statistical significance. For figures 3, 4, and 7, two-way ANOVAs with Bonferroni 

multiple comparison post-tests were used to determine statistical significance. For figure 6 

and 8, one-way ANOVAs with Bonferroni multiple comparison posttests were used to 

determine statistical significance. For all figure except figure 1, the following pairs were 

tested: control and FL-FUSWT; control and FL-FUSP525L; control and FL-CazWT; control 

and FL-CazP398L; FL-FUSWT and FL-FUSP525L; FL-CazWT and FL-CazP398L. In two-way 

ANOVA’s *’s refer to statistical significance versus control and #’s refer to statistical 

significance versus wildtype overexpression. ***p<0.001, **p<0.01, *p<0.05.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A Drosophila model of ALS in cholinergic neurons is described

• ALS-mutant FUS and Cabeza are mislocalized to the cytoplasm in da neurons

• FUS overexpression impairs axonal transport and alters synaptic structure

• FUS overexpression increases amplitude and frequency of calcium transients
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Figure 1: ALS causing mutations in FUS and Caz cause cytoplasmic mislocalization in dendritic 
arborization neurons.
(A) FUSWT or (B) FUSP525L was expressed in da neurons using the ppk-GAL4 driver. Flag 

(FL)-tagged, wild-type FUS(FUSWT) localizes primarily to the nucleus, whereas, FL-

FUSP525L accumulates in the cytoplasm. (C) Endogenous Caz localizes to da neuron nuclei 

using a transgenic line that expresses FL-Caz under the control of its endogenous enhancer 

elements. (D) FL-CazWT and (E) FL-CazP398L were expressed using ppk-GAL4, and FL-

CazWT localizes primarily to the nucleus whereas FL-CazP398L localizes to the cytoplasm. 

Transgenic FUS/Caz was visualized with an anti-Flag antibody and neuronal plasma 
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membrane was visualized through transgenic expression of CD8-GFP in (A,B,D, and E) or 

by staining with anti-HRP antibody (Bashaw, 2010) in (C). The nucleus was visualized with 

TOPRO staining. (F) The nuclear/cytosplasmic distribution of transgenic FUS/Caz was 

quantified using the following scale: (0): exclusively nuclear staining, (1): primarily nuclear 

with faint cytoplasmic staining, (2): strong cytoplasmic staining weaker than nuclear 

staining, (3): strong cytoplasmic staining greater than nuclear staining and the average 

values were quantified in (G). N = 60–66 neurons total from 3 animals for each genotype. 

***p<0.001. Statistical significance determined by one-way ANOVA with Dunn’s multiple 

comparison posttest.
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Figure 2: Mutant FUS and Caz are transported to synaptic projections
(A) FUSP525L and CazP398L expressed with ppk-GAL4 localize to synaptic projections of da 

neurons in third instar larvae (arrows), but neither FUSWT nor CazWT are detected within 

projections. RFP-FUSR524S and RFP-FUSWT were expressed with ppk-GAL4, and RFP-

FUSR524S is highly enriched in the synaptic projections of da neurons (B), whereas RFP-

FUSWT is barely detectable. RFP-FUSR524S but not RFP-FUSWT localizes to da neuron 

dendrites (C), and RFP-FUSR524S transports via active axonal transport (D arrows), but 

RFP-FUSWT is not detectable within axons. The speed of axonal transport was calculated 

from the average run speed from 5 different vesicles to be 1.45 +/− 0.14 μm/s.
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Figure 3: Overexpression of FUS and Caz result in simplified dendritic branching.
(A-E) Plasma membrane marker CD8-GFP was expressed with FUSWT, FUSP525L, CazWT, 

CazP398L or alone (control) in da neurons using the ppk-GAL4 driver, and the dendritic 

branching complexity was measured using Sholl analysis. (F) FUSWT or FUSP525L 

expression reduces branching complexity of the dendritic network compared to control, with 

the greatest effect seen on the distal dendritic branches. Expression of CazWT or CazP398L 

results in a severe loss of dendritic branching complexity. N = 8 animals for each genotype. 

*p<0.05, **p<0.01, ***p<0.001. Statistical significance determined by two-way ANOVA 

with Bonferroni multiple comparison posttests.
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Figure 4: Overexpression of FUS and Caz result in the loss of synaptic projections.
(A) Plasma membrane marker CD8-GFP (A) was coexpressed with (B) FUSWT, (C) 

FUSP525L, (D) CazWT, or (E) CazP398L with ppk-GAL4, and the synaptic projections of da 

neurons from the abdominal segments A2-A8 in third instar larvae were imaged. Middle 

panels are enlargements of proximal segment A2, whereas lower panels are enlargements of 

distal segment A8. Arrows show aberrant projections. (F) The size of the synaptic 

projections of da neurons from abdominal segments A2-A8 in third instar larvae were 

measured using volumetric analysis with Imaris. CazWT or CazP398L expression results in a 
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severe loss of synaptic projections. N = 8 animals for each genotype. *p<0.05, **p<0.01, 

***p<0.001. Statistical significance determined by two-way ANOVA with Bonferroni 

multiple comparison posttests.
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Figure 5: FUS overexpression disrupts the synaptic microtubule cytoskeleton.
(A) Tubulin-GFP was expressed either alone (A) control, or with (B)FUSWT, (C) FUSP525L, 

(D) CazWT, or (E) CazP398L using ppk-GAL4 and the synaptic projections of da neurons in 

third instar larvae were imaged. Middle panels show enlargements of proximal (A2) synaptic 

projections, and lower panels show distal (A8) projections. In control, FUSWT, and 

FUSP525L expressing neurons, tubulin-GFP appears homogenously distributed within the 

projections, with sporadic puncta present (A, arrow). In animals expressing CazWT or 

CazP398L, tubulin-GFP is abnormally distributed, with instances of locally intense staining 
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around the periphery of round varicosities (D,E arrows). (F) Magnification of projections 

indicated by arrows in D and E.
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Figure 6: Mutant FUS disrupts transport of synaptic vesicle proteins to synaptic projections.
(A) Cysteine string protein (CSP) was stained for segmental nerves of third instar larvae 

expressing CD8-GFP alone (control), or coexpressed with FUSWT, FUSP525L, CazWT, or 

CazP398L using ppk-GAL4. The number of axonal swellings containing CSP aggregations 

was measured (B). CazP398L display significant CSP accumulations in segmental nerves 

consistent with axonal jams, whereas CazWT, FUSWT, and FUSP525L do not display axonal 

swellings with CSP accumulations. N = 5–6 animals for each genotype. (C) Syt-GFP was 

expressed alone (control) or with FUSWT, FUSP525L, CazWT, or CazP398L using ppk-GAL4. 

Transgenic FUS and Caz were visualized in segmental nerves by staining for the FL epitope 

tag. CazP398L accumulates with Syt-GFP in axonal swellings, but no swellings are present in 

FUSWT, FUSP525L, or CazWT expressing animals. ***p<0.001 Statistical significance 

determined by one-way ANOVA with Bonferroni multiple comparison posttests.
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Figure 7: FUS reduces the level of synaptic Synaptotagmin and mitochondria.
(A) Syt-GFP was expressed alone in controls and with FUSWT, FUSP525L, CazWT, or 

CazP398L using the ppk-GAL4 driver and the amount of Syt-GFP was quantified in synaptic 

projections of da neurons in third instar larvae using Imaris volumetric analysis (B). 

Expression of FUSP525L results in the loss of Syt-GFP from synaptic projections, but 

expression of FUSWT does not. Expression of either CazWT or CazP398L results in a severe 

loss of Syt-GFP. N = 4. (C) Mito-GFP was expressed alone (controls) or with FUSWT, 

FUSP525L, CazWT, or CazP398L using the ppk-GAL4 and the mitochondria in synaptic 
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projections of third instar larvae da neurons were imaged. Expression of either CazWT or 

CazP398L and to a lesser extent FUSWT or FUSP525L reduces synaptic terminal 

mitochondria . N = 4–6 animals for each genotype. *p<0.05, **p<0.01, ***p<0.001 vs 

control. #p<0.05, ##p<0.01, ###p<0.001 vs FUSWT overexpression. Statistical significance 

determined by two-way ANOVA with Bonferroni multiple comparison posttests.
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Figure 8: FUS alters the frequency and amplitude of synaptic calcium transients.
mryGCAMP5 and CD4-tdTomato were expressed in control animals or with FUSWT, 

FUSP525L, CazWT, or CazP398L using ppk-GAL4, and Ca2+ transients were recorded from 

single hemisegment projection fields of da neurons from A5 or A6 in third instar larvae (A). 

Color scales for each image sequence are indicated to the right of the sequence. (B) 

Representative changes in normalized fluorescence localized to a 2 μm ROI during a 20 s 

period. Control animals display small fluctuations of GCAMP intensity over the imaging 

period, whereas large transients are seen in FUSWT, FUSP525L, CazWT, or CazP398L 

expressing neurons. (C) The frequency of Ca2+ transients was determined by counting the 

number of GCAMP transients over a 60 second period in projection fields corresponding to 

hemisegment A5 or A6. Synaptic projections from animals expressing FUSWT or CazP398L 

have a higher frequency of Ca2+ transients than controls. N = 11–18 animals for each 

genotype. (D) Fluorescence was measure for a single 2 μm diameter ROI and the largest 

ΔF/F of a continuous increase in fluorescence over a 105 second period was calculated. 

Synaptic projections from animals expressing FUSWT, FUSP525L, or CazP398L have 

significantly larger Ca2+ transients than controls. N = 12–16 animals for each genotype. (E) 

Average normalized GCAMP fluorescence was calculated by dividing GCAMP fluorescence 

by RFP fluorescence of synaptic projections calculated from 5–10 images per synapse. 

Background fluorescence intensity was measured and subtracted from signal intensity for 

both channels before normalization. N = 12–16 animals for each genotype. *p<0.05, 
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**p<0.01. Statistical significance determined by one-way ANOVA with Bonferroni multiple 

comparison posttests.
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