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C9orf72 Dipeptide Repeats Cause Selective Neurodegeneration
and Cell-Autonomous Excitotoxicity in Drosophila
Glutamatergic Neurons
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The arginine-rich dipeptide repeats (DPRs) are highly toxic products from the C9orf72 repeat expansion mutations, which are the most
common causes of familial amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). However, the effects of DPRs in the
synaptic regulation and excitotoxicity remain elusive, and how they contribute to the development of FTD is primarily unknown. By
expressing DPRs with different toxicity strength in various neuronal populations in a Drosophila model, we unexpectedly found that
Glycine-Arginine/Proline-Arginine (GR/PR) with 36 repeats could lead to neurodegenerative phenotypes only when they were expressed
in glutamatergic neurons, including motor neurons. We detected increased extracellular glutamate and intracellular calcium levels in
GR/PR-expressing larval ventral nerve cord and/or adult brain, accompanied by significant increase of synaptic boutons and active zones
in larval neuromuscular junctions. Inhibiting the vesicular glutamate transporter expression or blocking the NMDA receptor in presyn-
aptic glutamatergic motor neurons could effectively rescue the motor deficits and shortened life span caused by poly GR/PR, thus
indicating a cell-autonomous excitotoxicity mechanism. Therefore, our results have revealed a novel mode of synaptic regulation by
arginine-rich C9 DPRs expressed at more physiologically relevant toxicity levels and provided a mechanism that could contribute to the
development of C9-related ALS and FTD.
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Introduction
Hexanucleotide repeat expansion in the C9orf72 (C9) gene is the
most common mutation causing familial amyotrophic lateral

sclerosis (ALS) and frontotemporal dementia (FTD; DeJesus-
Hernandez et al., 2011; Renton et al., 2011). Numerous studies
have been conducted to understand the biological consequences
of the C9 repeat expansion, and three major pathogenic outcomes
have become consensus, namely the generation of toxic dipeptide
repeats (DPRs), the formation of RNA foci, and the loss of C9 gene
functions (Gendron and Petrucelli, 2018). Recent studies have also
demonstrated that arginine-rich DPRs (poly Glycine-Arginine/
Proline-Arginine (GR/PR)) are one of the major sources of neuro-
toxicity (Kwon et al., 2014; Mizielinska et al., 2014; Tran et al., 2015).
GR/PR could target nucleopore complexes and affect the nuclear–
cytoplasmic trafficking of RNA and proteins (Freibaum et al., 2015;
Jovicic et al., 2015; Zhang et al., 2015; Boeynaems et al., 2016; Shi et
al., 2017). In addition, poly GR/PR interact with stress granule com-
ponents and affect the formation and dynamics of stress granules
(Tao et al., 2015; Lee et al., 2016; Lin et al., 2016; Boeynaems et al.,
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Significance Statement

C9orf72 dipeptide repeats (DPRs) are key toxic species causing ALS/FTD, but their roles in synaptic regulation and excitotoxicity
are unclear. Using C9orf72 DPRs with various toxicity strength, we have found that the arginine-rich DPRs cause selective degen-
eration in Drosophila glutamatergic neurons and revealed an NMDA receptor-dependent cell-autonomous excitotoxicity mecha-
nism. Therefore, this study has advanced our understanding of C9orf72 DPR functions in synaptic regulation and excitotoxicity
and provided a new mechanism that could contribute to the development of C9-related ALS and FTD.
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2017; Markmiller et al., 2018). Therefore, the gradual accumulation
of those highly toxic DPRs, even at very low levels, could render
neurons vulnerable.

Synaptic dysfunction usually occurs before pathological
changes in many neurodegenerative diseases (Cleveland and
Rothstein, 2001; Selkoe, 2002; Raymond et al., 2011; Picconi et
al., 2012), and altered excitotoxicity is a key mechanism contrib-
uting to motor neuron degeneration in ALS (Rothstein et al.,
1990; Taylor et al., 2016). In fact, riluzole, one of the two Food
and Drug Administration-approved drugs for ALS, blocks gluta-
mate transmission (Bensimon et al., 1994). Whether C9 repeat
expansion products can affect the synaptic function or excitotox-
icity is not entirely clear (Starr and Sattler, 2018). Mouse models
with bacterial artificial chromosome containing human C9 re-
peat expansion did not show consistent change of synaptic struc-
ture or denervation of the cholinergic neuromuscular junctions
(NMJs; O’Rourke et al., 2015; Peters et al., 2015; Liu et al., 2016).
In Drosophila models, overexpression of C9 repeat expansion
with RNA and/or protein products in glutamatergic motor neu-
rons caused NMJ structure damage (Freibaum et al., 2015; Perry
et al., 2017). As most of these models produce highly toxic C9
constructs leading to pupal lethality, the effects of C9 repeat ex-
pansion products at more physiological expression levels are un-
known. The roles of C9 repeat expansion in excitotoxicity are
gradually being recognized. A few studies suggested increased
expression of glutamate receptors in C9 patient-derived induced
pluripotent stem cells (iPSCs) motor neurons (Donnelly et al.,
2013; Selvaraj et al., 2018; Shi et al., 2018). Furthermore, the
splicing of EAAT2 could be affected by C9 DPR (Kwon et al.,
2014) and lead to decreased glutamate uptake by astrocytes and
increased excitotoxicity in motor neurons (Shi et al., 2018). How-
ever, most of the studies on C9 repeat expansion products have
been focused on the survival and function of motor neurons, and
the contribution of those toxic products to neurons affected in
FTD, such as excitatory spindle neurons, is unknown.

Drosophila is a valuable and popular model to study C9
repeat expansion toxicity (Xu et al., 2013; Mizielinska et al.,
2014; Freibaum et al., 2015; Zhang et al., 2015; Lee et al., 2016).
In many of Drosophila studies, compound eyes were used as an
efficient system to study neurotoxicity and to identify genetic
suppressors of C9 toxicity. However, this system may not suf-
ficiently reflect the roles of C9 repeat expansion products in
the CNS. In this study, we aimed to evaluate the effects of C9
mutations in various neuronal populations in Drosophila
CNS. We focused on C9 DPRs as they have emerged as key
toxic C9 repeat expansion species and assessed the effects of
DPRs at various toxicity strengths. Surprisingly, we found se-
lective neurotoxicity of arginine-rich DPRs in glutamatergic
neurons. We also uncovered that cell-autonomous excitotox-
icity in glutamatergic neurons was the culprit.

Materials and Methods
Fly stocks and the generation of new Drosophila transgenic lines. UAS-DPR
transgenic flies and DPR constructs were described previously (Mizielin-
ska et al., 2014). To generate the transgenic flies with UAS-GFP-DPRs,
DPR constructs were subcloned first into pEGFP-C1 and then into
pUASTattB vector for expression in flies. Transgenic fly lines were
generated by phiC31-integrase-mediated, site-directed insertion into
the 25C6 locus. The embryo injection was performed at the Drosoph-
ila core facility at Shanghai Institutes for Biological Sciences.
W[1118], GMR-Gal4, ElavC155-Gal4, ChAT-Gal4, and UAS-mCD8::
GFP were kind gifts from Dr. Fude Huang (Shanghai Advanced Re-
search Institute, Shanghai, China). UAS-GCaMP6S was generously
provided by Dr. Aike Guo (Institute of Neuroscience, Chinese Academy of Sci-

ences). w[*]; P{w[�mW.hs]�GawB}D42 (BDSC catalog #8816, RRID:
BDSC_8816), w[*]; P{w[�mC]�ple-GAL4.F}3 (BDSC catalog #8848, RRID:
BDSC_8848), w[1118]; P{w[�mW.hs]�GawB}vGlut[OK371] (BDSC catalog
#26160, RRID:BDSC_26160), P{w[�mC]�Gad1-GAL4.3.098}2/CyO (BDSC
catalog #51630, RRID:BDSC_51630), y1 w*; P{CCAP-GAL4.P}16/CyO (BDSC
catalog #25685, RRID:BDSC_25685), w[*]; P{y[�t7.7] w[�mC]�
vGlut-GAL80.V}attP40/CyO; TM6B, Tb[1]/TM3, Sb[1] (BDSC catalog
#58448, RRID:BDSC_58448), w[1118]; PBac{y[�mDint2] w[�mC]�
20XUAS-iGluSnFR.A184L}VK00005 (BDSC catalog #59613, RRID:
BDSC_59613), y1 sc* v1; P{TRiP.HMS02011}attP2 (BDSC catalog #40845,
RRID:BDSC_40845), y1 sc* v1; P{TRiP.HMS02175}attP40 (BDSC catalog
#40927, RRID:BDSC_40927), y[1] v[1]; P{y[�t7.7] v[�t1.8]�TRiP.JF01961}
attP2 (BDSC catalog #25941, RRID:BDSC_25941), and w1118; P{UAS-poly-
GR.PO-100}attP40 (BDSC catalog #58696, RRID:BDSC_58696) were
obtained from Bloomington Drosophila Stock Center (BDSC). All
flies were maintained at 24°C on a 12 h light/dark cycle at 60% hu-
midity on a standard medium.

Climbing assay. Briefly, 10 male flies aged 7 d were transferred to the
testing vials. Flies were tapped down to the bottom of the vials, and the
videos of the climbing behavior were recorded. The height of each fly at
5 s was determined. A total of three trials were performed for each vial,
and the mean height for flies in each vial was calculated. At least three
vials were used for each genotype.

Life span assay. Flies were collected 5 d after eclosion and transferred to
tubes at a density of 20 flies per vial. Every 5 d, the flies were moved to
fresh vials, and the number of dead flies was scored. At least three vials
were used for each genotype.

Immunoblotting, immunohistochemistry, and imaging. Twenty-five
male fly heads per genotype were collected after incubation in nitro-
gen liquid and homogenized in RIPA lysis buffer. The procedures for
Western blot were described previously (Wang et al., 2016). Antibod-
ies used included anti-vesicular glutamate transporter (vGlut; kindly
provided by Dr. Aaron DiAntonio; Daniels et al., 2008), �-tubulin
antibody (1:3000, Abmart), and HRP-conjugated secondary antibod-
ies (Jackson ImmunoResearch Laboratories).

Wandering third instar larvae and adult brain were dissected in PBS
and fixed with either 4% paraformaldehyde or Bouin’s fixative solution
(for NMJ staining) for 25 min. After fixation, the samples were washed
with 0.3% Triton X-100 in PBS (PBST), followed by blocking and anti-
body incubation using PBST with 5% BSA as diluent. The primary anti-
bodies used included the following: chicken anti-GFP (1:500, catalog
#A10262, Thermo Fisher Scientific; RRID:AB_2534023), rabbit anti-
tyrosine hydroxylase (1:400, catalog #AB152, Millipore; RRID:
AB_390204), mouse anti-discs large 1 (DLG 1; 1:100, catalog #4F3 anti-
discs large, Developmental Studies Hybridoma Bank (DSHB); RRID:
AB_528203), rabbit anti-vGlut (1:1000), and mouse anti-bruchpilot
(Brp; 1:200, catalog #nc82, DSHB; RRID:AB_2314866). After primary

Table 1. The pupal viability of flies with DPRs expressed in various neuronal types

Pan-neuronal Motor neuron
Glutamatergic
neuron

Elav C155-Gal4 D42-Gal4 vGlut-Gal4

� � � � � �

GA36 Viable Viable Viable Viable Viable Viable
GR36 Lethal Lethal Lethal Lethal Lethal Lethal
PA36 Viable Viable Viable Viable Viable Viable
PR36 Viable Viable Viable Viable Viable Viable

Dopaminergic
neuron Cholinergic neuron GABAergic neuron

TH-Gal4 ChAT-Gal4 Gad1-Gal4

� � � � � �

GA36 Viable Viable Viable Viable Viable Viable
GR36 Viable Viable Viable Viable Viable Viable
PA36 Viable Viable Viable Viable Viable Viable
PR36 Viable Viable Viable Viable Viable Viable
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antibody incubation at 4°C overnight, Cy3-conjugated anti-HRP (1:500,
catalog #123-165-021, Jackson ImmunoResearch Laboratories; RRID:
AB_2338959) or fluorescent-labeled secondary antibodies (1:500, In-
vitrogen) were used for 2 h at room temperature. Images were acquired
with a confocal microscope and processed with Fiji software (Fiji;
RRID:SCR_002285).

Glutamate and calcium live imaging. For in vivo imaging, first instar
larvae were immobilized by embedding them in halocarbon oil under a
cover glass. For ex vivo imaging, larval ventral nerve cord and male adult
brain were dissected in extracellular solution [6.0193 g/L NaCl, 0.2237
g/L KCl, 1.146 g/L N-tris(hydroxymethyl)methyl-2-aminoethanesul-
fonic acid (TES), 2.7384 g/L trehalose, 1.8016 g/L glucose, 2.1843 g/L

NaHCO3, 0.12 g/L NaH2PO4, 0.2205 g/L CaCl2, 0.3808 g/L MgCl2 in
double-distilled H2O (ddH2O), pH 7.3] and embedded in Agarose
L.M.P. After gelation, the samples were immersed in extracellular solu-
tion, followed by imaging with a water objective (Olympus). After scan-
ning the whole sample at z-axis, the middle plane was identified for
long-term live imaging (30 s).

Quantitative PCR analysis. Twenty fly heads were collected and homoge-
nized in Trizol reagent (Invitrogen) for RNA extraction. For quantitative
PCR, 1 �g of RNA was reverse transcribed (Takara), followed by PCR am-
plification with SYBR green (CFX-connector, Bio-Rad). Gene expression
data were calculated by the delta–delta Ct method. GAPDH was used as
reference control. The sequences of all the primers are available upon request.

Figure 1. PR36 causes selective neuronal death in motor neurons but not in dopaminergic neurons. A, B, The effects of motor neuron-expressed PA36 or PR36 on climbing and life span. Male,
control (CTRL) genotype: D42-Gal4/�. Mean � SEM, n � 3 tubes, one-way ANOVA. C, Representative images showing the loss of motor neurons expressing PR36 at indicated ages. As reliable
antibodies for DPRs or for Drosophila motor neurons were not available, D42�mCD8::GFP was used to label the motor neuron population. Note that PR36 caused motor neuron loss when compared
with the control PA36, and the neuronal loss progressed with aging. Decreased fluorescent intensity at antennal lobe (indicated by the dashed lines), a neuropil of motor neurons, was observed in
PR36-expressing flies. The images were taken under identical parameters including the equivalent value of laser intensity, gain, offset, and pinhole and were shown as Z-stack projection. D, The
quantification of the fluorescence in antennal lobe. Mean � SEM, n � 4 male flies, two-way ANOVA. E, F, PR36 failed to cause neuronal loss in dopaminergic neurons in 30-d-old flies. Dopaminergic
neurons in posterior brain were labeled with an anti-tyrosine hydroxylase (TH) antibody. Circles indicate protocerebral posterior lateral 1 (PPL1) clusters of TH-positive neurons. The quantification
of the PPL1 TH-positive neurons is shown in F. Mean � SEM, n � 9 male flies for each genotype, unpaired t test.
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Drug treatment. Memantine hydrochloride (Sigma) was dissolved in
ddH2O and added to a final concentration of 10 �M drug in standard fly
food. The feeding was started from larval stage.

Experimental design and statistical analysis. The n number and gender
of flies used in this study were described in the corresponding figure
legends or methods. Most of the data were obtained by objective mea-
sures, such as mRNA gene expression by qPCR, fly life span. Fly motor
function was assessed using objective video recording. Confocal images
were analyzed by Fiji software (Fiji; RRID:SCR_002285). Quantification

for Western blot was performed by Quantity One 1-D Analysis Software
(Bio-Rad; RRID:SCR_014280). The statistical methods were demon-
strated in corresponding figure legends. Data analysis was performed by
using GraphPad Prism (GraphPad Software; RRID:SCR_002798). p �
0.05 was considered as a significant change.

Results
To characterize the neurotoxicity of C9orf72 DPRs in the CNS in
detail, we use the Gal4-UAS system (Brand and Perrimon, 1993)

Figure 2. Expression of GFP-GR36 in glutamatergic motor neurons causes neurodegenerative phenotypes. A, Eye phenotypes caused by GFP-DPR expression under the control of GMR-Gal4.
B, C, Life span and climbing ability of the wild-type flies and flies with motor neuron-specific expression of GFP-GR36 or GFP-PR36. Male, control genotype: D42-Gal4/�. Mean � SEM, n � 3 tubes
for each genotype, one-way ANOVA. D, E, Life span and climbing assays for flies with indicated genotype. Male, control genotype: UAS-GFP-GR36/�. Mean � SEM, n � 3 tubes for each genotype,
one-way ANOVA. CTRL, Control.

Figure 3. Suppressing the expression of GFP-GR36 in glutamatergic neurons blocks the toxicity. Expression of Gal80 in glutamatergic neurons rescued the GFP-GR36-caused climbing deficits (A)
and shortened life span (B). Female, control genotype: Elav C155-Gal4/�. Mean � SEM, n � 3 tubes for each genotype, one-way ANOVA.
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Figure 4. PR36 expression increases levels of extracellular glutamate and intracellular calcium. A, In vivo long-term imaging of first instar larvae with pan-neuronal expression of iGlusnFR showed
the glutamate wave along ventral nerve cord (VNC) while larva was crawling. Arrows indicate the signals of the iGlusnFR sensor. B, Ex vivo imaging of adult brains before or after 5 mM glutamate
treatment. C, D, Representative images showing the signals of iGluSnFR in ventral nerve cord of third instar larvae with the indicated genotype. Dashed rectangles indicate the quantification areas.
The quantifications are shown in D. Mean � SEM, n � 7 individual larvae, unpaired t test. E, F, Representative images showing the signals of iGluSnFR in adult brain with the indicated genotype.
The dashed areas indicate the quantification areas. The quantifications are shown in F. Mean � SEM, n � 4 male flies, unpaired t test. G, H, Z-projection images of calcium signals in glutamatergic
neurons of adult brain with the indicated genotype. The dashed areas indicate the quantification areas. The quantifications are shown in H. Mean � SEM, n � 6 male flies for PA36 and n � 8 male
flies for PR36, unpaired t test.
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to express the 36-repeat arginine or alanine-rich DPRs (Mizielin-
ska et al., 2014) in various neuronal populations. Surprisingly,
GR36 or PR36 did not cause any neurotoxicity in dopaminergic,
cholinergic, or GABAergic neurons (Table 1). In contrast, the
expression of GR36 using a pan-neuron, motor neuron, or glu-
tamatergic neuron-specific driver led to pupal lethality. The tox-
icity of PR36 was weaker than that of GR36 as PR36-expressing
flies could survive till adulthood, but with impaired motor func-
tion and shortened life span (Fig. 1A,B). Reducing the expression
level of GR36 by lowering the culturing temperature produced a
few viable flies (data not shown). Since Drosophila motor neu-
rons are mostly glutamatergic (Mahr and Aberle, 2006; Sanyal,
2009), the phenotypes in GR36 and PR36-expressing flies sug-
gested that glutamatergic motor neurons were selectively vulner-
able to DPR toxicity.

We then directly assessed the effect of PR36 on motor neuron
survival by coexpressing PR36 or PA36 with a membrane-bound
GFP (mCD8::GFP) for easy visualization. PR36 expression
caused a clear decrease in the number of GFP-labeled motor

Movie 1. Time-lapse imaging of intact first instar larva. Pan-
neuronal expression of iGlusnFR showed the synchronized propagation
of glutamate signal with body wall movements.

Movie 2. Time-lapse imaging of ex vivo Drosophila brain before or
after glutamate treatment. The fluorescence of iGlusnFR showed robust
elevation after adding glutamate with the final concentration at 5 mM.

Movie 3. Time-lapse imaging of ex vivo ventral nerve cord of PA36-
expressing third instar larva. Please note that the fluorescence was tran-
siently increased in local areas, indicating local firings.

Movie 4. Time-lapse imaging of ex vivo ventral nerve cord of PR36-
expressing third instar larva. Please note that the fluorescence was tran-
siently increased in local areas, indicating local firings.
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Figure 5. Arginine-containing DPRs increase the number of synaptic boutons and active zones in larval neuromuscular junctions. A, The expression of genes involved in glutamate synthesis and
trafficking were not changed in arginine-rich DPR-expressing flies. Male, control genotype: D42-Gal4/�. Mean � SEM, n � 3 independent experiments for each genotype, one-way ANOVA.
B, C, The protein level of vGlut was not affected by PR36. Quantifications are shown in C. Mean � SEM, n � 3 independent experiments, unpaired t test. D, Representative (Figure legend continues.)
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neurons as well as reduced fluorescence intensity at antennal lobe
with aging (Fig. 1C,D), indicating neurodegeneration. In con-
trast, the expression of PR36 in TH� dopaminergic neurons did
not cause any cell loss (Fig. 1E,F).

To better evaluate the effects of various DPR constructs and
monitor their expression patterns, we tagged DPR constructs
with GFP and made new fly lines expressing each GFP-DPR at the
identical insertion site. The equal expression of the various con-
structs in the brain was validated by immunoblotting (data not
shown). The expression of GFP-GR36 or GFP-PR36 in the eyes
reproduced the general degenerative phenotypes seen in flies ex-
pressing untagged DPRs, though with lower toxicity (Fig. 2A). By
evaluating various degenerative phenotypes (degeneration in the
eyes, survival curve, and climbing ability; Fig. 2A–C), we found
the following toxicity ranking: GR36�GFP-GR36�PR36�GFP-
PR36. Furthermore, consistent with the motor neuron loss in
PR36-expressing flies (Fig. 1C,D), GFP-GR36 caused the loss
of vGlut neurons (data not shown). We then conducted life span
and climbing assays using flies expressing GFP-GR36 at various
neuronal populations. Consistent with selective toxicity of
arginine-rich DPR in glutamatergic motor neurons (Table 1),
only the motor neuron-expressing GFP-GR36 led to significant
shortened life span and reduced climbing ability (Fig. 2D,E).

To further validate the selective toxicity of arginine-rich DPRs
in glutamatergic neurons, we used a pan-neuronal Elav driver to
express GFP-GR36 and vGlut-driven Gal80 (Lee and Luo, 1999)
to specifically inhibit the expression of GFP-GR36 in glutamater-
gic neurons. Whereas pan-neuronal expression of GFP-GR36
caused reduced climbing ability and significantly shortened life
span, blocking its expression in glutamatergic neurons almost
completely rescued the deficits (Fig. 3). Together, our studies
revealed a selective toxicity of arginine-rich DPRs in glutamater-
gic neurons in Drosophila.

Given the selective toxicity seen in glutamatergic neurons, we
examined whether glutamate release could be altered by the ex-
pression of arginine-rich DPRs in vGlut� neurons using the
intensity-based glutamate-sensing fluorescent reporter (iGlusnFR)
system (Marvin et al., 2013; Stork et al., 2014). In this system,
membrane-bound expression of glutamate-specific sensor de-
tects extracellular glutamate and triggers green fluorescence. The
efficacy of the system was validated using in vivo and ex vivo
approaches (Fig. 4A,B; Movies 1, 2). In both ventral nerve cord of
third instar larvae and the adult brains of flies coexpressing PR36
and the iGluSnFR sensor in the glutamatergic neurons, there was
a significant increase of extracellular glutamate content (Fig. 4C–
F). The glutamate signals also appeared to be dynamic (Movies 3,
4). Furthermore, we detected an increased intracellular calcium
level using GCaMP6s (Fig. 4G,H). Therefore, the expression of
PR36 in Drosophila glutamatergic neurons led to increased glu-
tamate release from these cells and elevated intracellular calcium
levels, suggesting excitotoxicity.

To investigate the underlying mechanism, we first examined
the expression of proteins involved in glutamate transport and
production. The mRNA expression of vGlut, GOT1, Gdh, and
GLS did not show meaningful change in arginine-rich DPR-
expressing flies (Fig. 5A), and there was no change for vGlut
protein (Fig. 5B,C). As Drosophila NMJ is an ideal model for
glutamatergic synapse, we examined the synaptic structures at
muscle 4 in larvae using specific presynaptic markers HRP and
vGlut and postsynaptic marker DLG 1. Expression of GR36,
PR36, or GFP-GR36 (data not shown) in the glutamatergic neu-
rons leads to a clear increase of the number of synaptic boutons
(Fig. 5D,E) and active zones (Fig. 5F,G). As increased abundance
of active zones is highly associated with increased presynaptic
vesicle release (Cooper et al., 1995, 1996), the altered synaptic
structure at NMJ supported the observation of elevated gluta-
mate release in PR36-expressing flies.

A recent study reported loss of synaptic structure at the NMJ
in Drosophila expressing GR100 (Perry et al., 2017). Given the
apparent discrepancy, we expressed the highly toxic, pupal-lethal
GR100 in glutamatergic neurons, and examined the synaptic
structures. Consistent with the study by Perry et al. (2017), the
vGlut-Gal4-driven GR100 caused a significant decrease in the
number of active zones (Fig. 6). Therefore, high-repeat number
DPR species may cause neurodegeneration via a mechanism in-
volving synaptic degeneration, whereas low-repeat number and
moderately toxic DPR species could cause overgrowth of synaptic
structures and increased glutamate excitotoxicity.

As we have observed degeneration of glutamatergic motor
neurons (Fig. 1C), we tested whether modulating the glutamate
signaling in these neurons could block the GR36-induced toxic-
ity. Silencing the expression of vGlut in motor neurons using
either of the two RNAi lines almost completely reversed the
climbing deficits and shortened life span caused by motor
neuron-expressed GFP-GR36, indicating that the toxicity re-
quires glutamate release (Fig. 7A,B). Since we have detected in-
creased intracellular calcium in PR36-expressing glutamatergic
neurons (Fig. 4G,H), and that calcium-permeable NMDA recep-
tors could be expressed at presynaptic terminals to act as autore-
ceptors to regulate neurotransmitter release (Bouvier et al.,
2015), we examined whether presynaptic NMDA receptors may
be involved in the toxicity. Silencing of NMDA receptor 1 in
motor neurons mainly reversed shortened life span (Fig. 7B).
Furthermore, treating flies with NMDA receptor antagonist me-
mantine (Reisberg et al., 2003) or reducing the overall expression
of NMDA receptor with a heterozygous mutant line could signif-
icantly extend the life span of flies expressing GFP-GR36 in glu-
tamatergic neurons (Fig. 7C). Feeding larvae with memantine
could also increase male pupae-to-adult viability (Table 2). To-
gether, our results suggested that arginine-rich DPRs could cause
cell-autonomous excitotoxicity by increasing glutamate release
and triggering the activation of NMDA receptors in glutamater-
gic neurons.

Discussion
In this study, by taking advantage of various genetic tools avail-
able for Drosophila studies, we have found that arginine-rich
DPRs cause selective degeneration in Drosophila glutamatergic
neurons and revealed altered synaptic structures, increased glu-
tamate release, and presynaptic NMDA receptor-dependent glu-
tamate excitotoxicity as the main culprit.

Excitotoxicity is considered one of the major mechanisms for
motor neuron degeneration in ALS (Rothstein et al., 1990; Taylor
et al., 2016). In mammals, the degeneration of motor neurons is

4

(Figure legend continued.) images of muscle 4 NMJ synaptic boutons at abdominal segment
A3 labeled with two presynaptic markers (HRP and vGlut) and postsynaptic marker DLG 1.
E, Quantification of the number of total synaptic boutons per NMJ in muscle 4. Mean � SEM;
n � 8 larvae for wild type, GA36 or GR36; n � 6 larvae for PR36; one-way ANOVA. F, Repre-
sentative muscle 4 NMJs of the abdominal segment A3 double-stained with Brp and HRP. a, a�,
a�, and a� are magnified images of the rectangle areas with the indicated genotype; each
punctate indicates one active zone. G, Quantification of the number of total active zones per
NMJ in muscle 4. Mean�SEM; n�7 larvae for wild type, GA36, or PR36; n�6 larvae for GR36;
one-way ANOVA.
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Figure 6. GR100 causes decreased number of active zones. A, B, Confocal images of muscle 4 NMJs double-stained with Brp and HRP. The magnified images of the rectangle areas are shown in
B. Control genotype: vGlut-Gal4/�. C, Quantification of the total number of active zones per NMJ in muscle 4. Mean � SEM, n � 7 larvae, unpaired t test.
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commonly considered a noncell-autonomous event caused by
the loss of glial glutamate transporter or altered expression of
AMPA receptors (Cleveland and Rothstein, 2001). Recent studies
using C9 patient-derived iPSCs motor neurons showed increased
susceptibility of these neurons to glutamate toxicity, likely con-
tributed by AMPA receptor activation (Donnelly et al., 2013;
Selvaraj et al., 2018; Shi et al., 2018) and/or decreased glutamate
uptake by astrocytes (Shi et al., 2018). Interestingly, in our in vivo
model of C9 DPRs, we have found that a presynaptic cell-
autonomous mechanism in glutamatergic neurons contributes
to the neurodegenerative phenotypes. The expression of poly
GR36 or PR36 in Drosophila glutamatergic neurons would
lead to altered synaptic structures and increased extracellular
glutamate and cause selective degeneration in an NMDA
receptor-dependent manner. Although NMDA receptors were
best characterized as a postsynaptic component to relay excit-
atory potentials, mounting evidence has shown that presynap-
tic NMDA receptors are widely present in the CNS (Bouvier et al.,
2015). At excitatory terminals, NMDA receptors could be acti-
vated by glutamate released from axon terminals as autoreceptors
to increase calcium influx and to further regulate neurotransmit-
ter release and excitotoxicity (Suárez et al., 2005; Bouvier et al.,
2015). Our results support a model whereby C9 DPRs could stim-
ulate synapses’ overgrowth, promote glutamate release, and acti-
vate presynaptic NMDA receptors to exacerbate excitotoxicity.
This glutamatergic neuron-specific mechanism would be partic-
ularly relevant to C9 ALS and FTD, as increased glutamate release
from DPR-expressing excitatory neurons could cause excitotox-
icity not only to postsynaptic neurons (including motor neu-
rons), but also to presynaptic neurons in a cell-autonomous
manner. This mechanism may contribute to the cortical hyper-
excitability in ALS and FTD patients with C9orf72 mutations
(Geevasinga et al., 2015; Schanz et al., 2016).

It is intriguing that we have only observed neurotoxic pheno-
types when poly GR/PR were expressed in vGlut� motor neu-
rons, as DPRs have been reported to affect general mechanisms
such as nuclear– cytoplasmic transportation or stress granule dy-
namics (Taylor et al., 2016). Previous genetic screening to iden-
tify the functional modifiers of C9 DPRs in Drosophila were
usually performed in compound eyes and may involve expression
of highly toxic long repeats that cause pupal lethality (Freibaum
et al., 2015; Zhang et al., 2015; Boeynaems et al., 2016). Therefore,
these general mechanisms may be more relevant to cellular con-
ditions with highly toxic DPR species, either the ones with long
repeats or those expressed at an elevated level. By using multiple
viable fly lines expressing moderate- to medium-level toxicity, we
have reproducibly observed glutamatergic-selective neurotoxic-
ity. Therefore, the mechanism we have discovered would reflect
the biological effects of poly GR/PR at more physiological levels
or moderate toxicity. In fact, when we expressed the pupal-lethal
GR100 in glutamatergic neurons, instead of overgrowth of syn-
aptic structures as seen in the NMJ of GR36-expressing larvae, we
have observed loss of the active zones. The increased excitotoxic-
ity could be an early event during C9 DPR-induced neurotoxic-
ity, eventually leading to synapse and axon degeneration with
aging. Consistent with this notion, in PR36-expressing glutama-
tergic motor neurons of adult flies, we have seen increased loss of
neuronal projection to antennal lobe with aging (Fig. 1C,D), in-
dicating axon degeneration. It is also worth noting that prior
studies using 30 GGGGCC repeats have reported a decreased
number of active zones (Zhang et al., 2015; Celona et al., 2017).
As these repeats could produce an unknown combination of
DPRs and even RNA species, it would be reasonable to observe a
stronger mixed effect on active zone. However, it would be diffi-
cult to assess the individual effects of DPRs in those models. In
contrast, our current study provides new evidence to understand
the direct roles of C9 DPRs in the regulation of synaptic signaling.

The pathogenic mechanisms for C9orf72 products are com-
plicated because of the unusual production of RNA and various
proteins species (Haeusler et al., 2016; Freibaum and Taylor,
2017; Gendron and Petrucelli, 2018; Starr and Sattler, 2018).
Most likely, the variety of symptoms exhibited in patients carry-
ing C9 mutations are the combination of several factors caused by
C9 repeat expansion. In this study, we used Drosophila CNS as a
simplified tool to evaluate the effects of C9 DPRs in the brain.
Our findings showing the novel regulation of glutamate release

Figure 7. Inhibition of glutamate excitotoxicity prevents GFP-GR36-caused neurodegenerative phenotypes. A, Silencing the expression of vGlut in motor neurons by using two independent RNAi
lines prevented GFP-GR36-caused motor defects. Male, control genotype: D42-Gal4/�. Mean � SEM, n � 3 tubes for each genotype, one-way ANOVA. B, The life span of flies with silenced vGlut
or NMDA receptor in motor neurons. Male, control genotype: D42-Gal4/�, n � 3 tubes for each genotype. C, The life span of GFP-GR36-expressing flies with or without NMDA receptor antagonist
memantine treatment or with the mutation-caused reduced NMDAR level. Female, control genotype: vGlut-Gal4/�, n � 3 tubes for each genotype.

Table 2. The effects of memantine on pupae formation and development in
GFP-GR36-expressing flies

Treatment
Pupae
formation

Pupae-to-adult
viability

vGlut-Gal4 � UAS-GFP-GR36 Control 63 � Lethal
� 24 of 63 (39.7%)

Memantine (10 �M) 67 � 18 of 67 (26.7%)
� 29 of 67 (40.3%)

Bold labels the beneficial effects.
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by poly GR/PR and the cell-autonomous excitotoxicity of DPR-
expressing glutamatergic neurons would expand the current un-
derstanding of the functions of C9 products. Given the gradual
recognition of arginine-rich DPRs as key toxic C9 products, their
effects on glutamate signaling and the potential synergistic effect
with RNA species on synaptic function warrant further examina-
tion in mammalian models of C9 DPRs in the future.

As riluzole targets glutamate signaling, our study provides
additional evidence to support the combined use of riluzole and
memantine, especially for ALS/FTD patients with C9 mutations.
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