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A systematic forward genetic Drosophila screen for electroretinogram mutants lacking synaptic transients identified the fuseless ( fusl)
gene, which encodes a predicted eight-pass transmembrane protein in the presynaptic membrane. Null fusl mutants display �75%
reduction in evoked synaptic transmission but, conversely, an approximately threefold increase in the frequency and amplitude of
spontaneous synaptic vesicle fusion events. These neurotransmission defects are rescued by a wild-type fusl transgene targeted only to
the presynaptic cell, demonstrating a strictly presynaptic requirement for Fusl function. Defects in FM dye turnover at the synapse show
a severely impaired exo-endo synaptic vesicle cycling pool. Consistently, ultrastructural analyses reveal accumulated vesicles arrested in
clustered and docked pools at presynaptic active zones. In the absence of Fusl, calcium-dependent neurotransmitter release is dramati-
cally compromised and there is little enhancement of synaptic efficacy with elevated external Ca 2� concentrations. These defects are
causally linked with severe loss of the Cacophony voltage-gated Ca 2� channels, which fail to localize normally at presynaptic active zone
domains in the absence of Fusl. These data indicate that Fusl regulates assembly of the presynaptic active zone Ca 2� channel domains
required for efficient coupling of the Ca 2� influx and synaptic vesicle exocytosis during neurotransmission.
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Introduction
The calcium influx triggering neurotransmission occurs via
voltage-gated calcium channels clustered at presynaptic active
zones. Vesicular exocytosis is driven by the rapid (�1 ms) eleva-
tion of calcium concentration (�1000-fold) within the presyn-
aptic bouton (Dodge and Rahamimoff, 1967). High [Ca 2�] mi-
crodomains are generated by the opening of calcium channels
directly tethered to docked synaptic vesicles, poised to fuse with
the presynaptic membrane (Del Castillo and Katz, 1954; Katz and
Miledi, 1965; Llinas et al., 1992; Horrigan and Bookman, 1994;
Becherer et al., 2003; Demuro and Parker, 2006). Any disruption
of these localized Ca 2� spikes significantly impairs vesicle exocy-
tosis to interfere with the efficacy of basal synaptic transmission
as well as Ca 2�-dependent modulation.

Biochemical and genetic approaches have led to the identifi-

cation of presynaptic proteins linking Ca 2� dynamics with the
synaptic vesicle (SV) cycle (Chen et al., 2001; Farsad and De
Camilli, 2002; Rizo and Sudhof, 2002; Khvotchev et al., 2003;
Takamori et al., 2006). Drosophila genetic screens have made
important contributions to our understanding of this Ca 2�-
driven machinery. A screen for defective courtship identified mu-
tants in cacophony (cac), encoding a Ca 2� channel �1 subunit,
which exhibit reduced synaptic efficacy (Von Schilcher, 1976;
Kawasaki et al., 2000, 2004; Xing et al., 2005). A screen for defec-
tive locomotion identified mutants in frequenin ( freq) (NCS-1),
encoding an EF-hand Ca 2� sensor, which exhibits reduced
Ca 2�-dependent exocytosis and facilitation (Pongs, 1993;
Bourne et al., 2001; Wang et al., 2001; Pan et al., 2002; Tsujimoto
et al., 2002; Sippy et al., 2003). Drosophila mutants of synaptotag-
min I, an integral SV Ca 2�-binding protein, display �75% re-
duced evoked neurotransmitter release and elevated spontaneous
SV fusion, which helped establish the hypothesis that Synapto-
tagmin acts as a Ca 2� sensor synchronizing fast exocytosis
(Littleton et al., 1993; Broadie et al., 1994; DiAntonio and
Schwarz, 1994; Geppert et al., 1994; Yoshihara and Littleton,
2002). Mutants in Drosophila unc-13, a protein with C2 and C1
domains, display blocked SV fusion and arrested docked SVs at
active zones, which helped establish the hypothesis that UNC-13
regulates SV priming (Aravamudan et al., 1999; Aravamudan and
Broadie, 2003; Speese et al., 2003).

To identify new synaptic components, we performed Dro-
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sophila screens isolating synaptic mutants in the visual system
using electroretinogram recordings (Pak, 1975; Burg et al., 1993).
Because photoreceptor synapses are intractable for functional as-
says, detailed analyses were performed at the accessible neuro-
muscular junction (NMJ). The fuseless ( fusl) mutants display
dramatically impaired transmission at both photoreceptor and
NMJ synapses. Neurotransmission defects are rescued by tar-
geted presynaptic expression of a fusl transgene, confirming gene
identity and specific presynaptic requirement. The fuseless gene
encodes a predicted eight-pass transmembrane protein of the
presynaptic membrane, which regulates the localization of Ca-
cophony Ca 2� channels to presynaptic active zones. Consistent
with the loss of the Ca 2� trigger for SV exocytosis, fusl mutants
show a severe reduction in SV cycling, as measured via lipophilic
dye imaging, and a great elevation in the number of SVs clustered
around active zones and docked with the presynaptic membrane
poised for fusion, as shown by ultrastructural analyses. These
data demonstrate that Fusl functions in the presynaptic mem-
brane to facilitate localized expression of Ca 2� channels in active
zone domains and that this activity is required for efficient syn-
aptic vesicle exocytosis.

Materials and Methods
Second chromosome mutagenesis scheme. The second chromosome mu-
tagenesis was done with an Oregon-R (OR) wild-type stock isogenized
for the second chromosome and a dominant temperature-sensitive lethal
mutation on the second chromosome, DTS-2 (Suzuki and Procunier,
1969). Wild-type males were fed 25 mM ethyl methane sulfonate (EMS)
in 1% sucrose for 18 h (Ohnishi, 1977) and mated to virgin females
carrying the DTS-2 second chromosome over the second chromosome
balancer, SM5, marked with Curly (Cy) (Lindsley and Zimm, 1992) (see
Fig. 1 A). From the offspring of this cross, males carrying the mu-
tagenized second chromosome over DTS-2 were selected and single-male
mated to virgin females of the DTS-2/SM5 Cy stock. Raising the temper-
ature to 29°C killed DTS-2-carrying offspring of this cross (see Fig. 1 A,
F2), and the only surviving offspring were those carrying the mu-
tagenized second chromosome over the SM5 balancer. Mating flies inter
SE generated offspring that are either homozygous or heterozygous for
the mutagenized second chromosome (see Fig. 1 A, F3). These flies were
tested directly for mutant phenotypes by ERG recording (see Fig. 1 B).
For recessive mutations, heterozygotes, which could be distinguished
from homozygotes from the presence of Cy in the balancer chromosome,
served as internal wild-type controls. Each line resulting from separate
single-male mating in the P2 cross was considered a potential indepen-
dent mutagenesis event. Lines that displayed mutant phenotypes for at
least three generations were made homozygous and kept as mutant
alleles.

Microarray analysis: RNA isolation, gene chip hybridization, and statis-
tics. Three independent replicate RNA samples (�5 �g) were prepared
from isolated heads of each of the three fusl alleles and wild-type controls.
Total RNA was extracted with the RNeasy Mini kit (Qiagen, Valencia,
CA). Each RNA sample was checked for quality and concentration by 1%
agarose-formaldehyde gel separation and a spectral scan in the 210 –230
nm region. The Affymetrix (Santa Clara, CA) Drosophila genome array (Af-
fymetrix GeneChip) version 2.0 was used in this work based on Drosophila
Genome Annotation release 3.1 (released in 2003, Flybase; each chip con-
tains 18,800 probe sets). The Purdue Genomics Core Facility processed the
samples according to the Affymetrix protocol (http://www.affymetrix.com/
Auth/support/downloads/manuals/expression_s2_manual.pdf). Briefly,
from total RNA, mRNA was reverse transcribed to cDNA, and the resulting
cDNA used to generate amplified biotin-labeled cRNA. cRNA was frag-
mented by heating and hybridized to the chip. An ANOVA was used to
statistically test for differences in mRNA steady-state levels between mutants
and the control using normalized data (Craig et al., 2003). It is necessary to
adjust the type I error rate to accommodate multiple testing issues, using
both the false discovery rate approach (Benjamini and Hochberg, 1995) and
Holm’s sequential Bonferroni correction procedure (Holm, 1979). The sig-

nificance level was chosen as 0.05. Genes falling within the mapped chromo-
somal limits of fusl were first identified. Statistical analysis of the microarray
data provided the log-fold change in expression along with SDs and the p
value detected by probe sets corresponding to each gene. Candidate genes
were identified as those with the largest log-fold changes (in absolute value)
and with the lowest p values. For sequencing candidate genes, primers were
designed for several overlapping fragments encompassing the entire mRNA.
RT-PCRs were done with the Qiagen Onestep RT-PCR kit and PCR frag-
ments were electrophoresed on a 1% agarose gel and purified using the
QIA-quick Gel Extraction kit (Qiagen). Each purified PCR fragment was
paired with its own primers in separate sequencing reactions to determine
both forward and reverse cDNA sequences.

Validation of gene identification: RNA interference. Double-stranded
RNA was used to knock down the CG14021 gene by direct injection into
the embryo (Lam and Thummel, 2000). Nonhomologous regions of
CG14021 were identified; one such region being nucleotides 1227–1748
(accession number NM164640). First-strand cDNA was synthesized us-
ing Superscript III (Invitrogen, Carlsbad, CA) with oligo-dT primer. The
template DNA for transcription reaction was amplified by PCR and used
for the transcription reaction to synthesize the desired double-stranded
RNA fragments (T7 RNA polymerase reaction kit; Ambion, Austin, TX).
The synthesized RNA fragments were precipitated, washed with 70%
EtOH, and, after briefly air drying, dissolved into injection buffer (5 mM

KCl, 0.1 mM Na2PO4, pH 6.8) at 5 �M concentration for injection.
Validation of gene identification: cDNA and genomic rescue. The cDNA

rescue construct used the GAL4-pUAST modular expression system
(Brand and Perrimon, 1993). The enhanced green fluorescent protein
(eGFP) coding sequence was fused to the CG14021 sequence in the con-
struct for ready visualization of the gene product. CG14021 cDNA was
generated using Superscript III reverse transciptase (Invitrogen) from
total wild-type RNA. The CG14021 coding sequence (accession number
NM164640; 857..2215) was amplified using PFU DNA polymerase
(Stratagene, La Jolla, CA). The PCR product was subcloned into T-easy
vector (Promega, Madison, WI) and cloned into the pP{UAST} vector at
the EcoRI cloning site. The eGFP coding sequence was amplified by PCR
using pIRES2-EGFP plasmid DNA as template, and the eGFP tag was
fused in-frame at the C terminus of the CG14021 coding sequence using
the BglII and KpnI sites. Transgenic flies carrying the pP{UAST} vector
were generated by injection of the vector into w1118; fusl1 mutant em-
bryos. To activate the target sequence, these flies were crossed to those
expressing GAL4 driven by either the Rh1 promoter for photoreceptor-
specific expression or the elav promoter for neuron-specific expression.
CG14021-eGFP fusion genes were used in genomic rescue constructs to
enable localization of the CG14021 protein in transformants. The
CG14021 gene encodes two transcripts RA and RB, generated by alterna-
tive splicing of the first intron (see Fig. 2 B). The coding sequence is the
same, but the noncoding first exons are located at two different locations
several kilobases upstream of the coding sequence. Therefore, two differ-
ent genomic constructs were generated corresponding to the two differ-
ent transcripts. Immediately upstream of the smaller RA transcript is a 2
kb promoter region containing the TATA box, the insect transcription
initiation site, and the 11 bp conserved sequence for photoreceptor cell
expression. For the larger RB transcript, the promoter was taken to be the
�1 kb region between the CG14021 gene and the neighboring upstream
gene CG12512. The sequences used were, in Flybase nucleotide coordi-
nate units, 2L:5,330,871..5,338,053 for the smaller transcript and 2L:
5,330,871..5,339,224 for the larger transcript (see Fig. 2 B). Each of these
sequences, from which the stop codons and 3�-untranslated regions had
already been removed, was amplified in several fragments by PCR, lin-
earized and cloned into the PstI and NotI sites of a modified pP{UAST}
vector. The pP{UAST} vector was modified by removing the UAS pro-
moter and cloning the eGFP coding sequence into its KpnI and XbaI
cloning sites. Each of the two CG14021 genomic sequences was cloned
into the modified vector to generate a vector containing in-frame fusion
of eGFP coding sequence at the C-terminal end of the CG14021 genomic
sequence. The two vectors along with fusl mutants were sent out to Rain-
bow Transgenic Flies (Newbury Park, CA) for generation of transgenic
flies.

Fuseless antibody generation. A synthetic peptide corresponding to
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amino acid residues AMASFLIGGLGHFFF was used for immunization,
and injected into two rabbits, following standard immunization proto-
cols (Open Biosystems, Huntsville, AL). For epitope preservation, these
antibodies work best with brief Bouin’s (picric acid) fixative (15 min).
The antibodies were used at a dilution of 1:100 in PBS–Triton X-100
(TX-100)–BSA, at which the concentration of TX-100 was 1% and BSA
was 2%. Antibodies were incubated overnight (12 h) at 4°C. The second-
ary antibody Alexa Fluor 546 goat anti-rabbit (Invitrogen) was used at a
dilution of 1:200 for 2 h at room temperature (RT).

Frozen cryosectioning of the visual system. The sectioning of Drosophila
heads was done as described previously (Melzig et al., 1998). Heads from
young adults were fixed for 2.5 h in an ice-cold solution containing 4%
1-ethyl-3,3-dimethylamino-propyl carbodi-imide (Sigma-Aldrich, St.
Louis, MO) in 67 mM phosphate buffer, pH 7.4, and then washed over-
night in 22.5% sucrose in PBS (130 mM NaCl, 7 mM Na2HPO4, and 3 mM

NaH2PO4, pH 7.4). The heads were then embedded on small cryostat
chucks with 18% carboxymethyl-cellulose, shock frozen in melting ni-
trogen, and sectioned at 10 �m thickness on a cryostat microtome. The
sections were blocked for 30 min in PBST (PBS, 0.05% Triton X-100/4%
BSA) and incubated in anti-fusl antiserum in PBS (diluted 1:100) con-
taining 4% BSA overnight at 4°C. After three PBST washes, specimens
were incubated for 2 h at room temperature in goat anti-rabbit IgG
labeled with Alexa Fluor 488 (Invitrogen) diluted 1:200 with PBS con-
taining 4% BSA. Specimens were washed three times in PBST, mounted
with ProLong Gold Antifade Reagents (Invitrogen), and viewed on a
Bio-Rad (Hercules, CA) MRC1024 confocal microscope (60�, 1.4 nu-
merical aperture lens; Nikon, Tokyo, Japan) using the Bio-Rad Laser-
Sharp software. Acquired images were processed with Image J and Pho-
toshop 7.0.

Immunohistochemistry at the neuromuscular junction. Wandering third
instar larvae were dissected in standard Drosophila saline, fixed for 15
min in Bouin’s fixative, washed for 30 min in PBS–TX-100, and stained
with the primary antibodies for 4 h at RT. Presynaptic NMJ terminals
were visualized with Texas Red-conjugated anti-horseradish peroxidase
(HRP) (1:200; Invitrogen), which recognizes a neuronal membrane
epitope. Staining of synaptic vesicles was done with Synaptotagmin I
antibody (anti-rabbit; 1:500; gift from Dr. Hugo Bellen, Baylor College of
Medicine, Houston, TX). Postsynaptic glutamate receptors were visual-
ized using GluRIIA antibody (8B4D2; anti-mouse; 1:10; University of
Iowa Developmental Studies Hybridoma Bank, Iowa City, IA). Second-
ary antibodies were Alexa 488 and Alexa 633 (1:200; Invitrogen) incu-
bated for 2 h at RT. All images were taken on an upright Carl Zeiss (Jena,
Germany) 510-Meta confocal microscope.

Electrophysiology: electroretinogram and intracellular recordings. Elec-
troretinograms (ERGs) were recorded as previously described (Larivee et
al., 1981). A 300 W halogen lamp (OSRAM, Munich, Germany) was used
to generate light stimuli, which were delivered to the eye using a light
guide (see Fig. 1 B). Orange stimuli were generated by interposing a
Corning (Corning, NY) CS2-73 filter in the light path. The stimulus
intensity was attenuated in log-unit steps using Kodak (Rochester, NY)
neutral density filters. Orange stimuli were used because they generate
larger on-/off-transients than white light stimuli. The unattenuated in-
tensity at the level of the eye was 830 �W/cm 2. Both the recording and
ground electrodes were filled with Hoyle’s solution. The ground elec-
trode was inserted into the head and the recording electrode was inserted
through the cornea into the photoreceptor layer. The fly was dark-
adapted for 2 min before each stimulus, and all recordings were per-
formed at 25°C. Intracellular recordings were performed essentially as
described by Johnson and Pak (1986). Briefly, a small cut was made on
the head so as to cover a portion of the cornea and a part of the head. The
cut was immediately sealed with vacuum grease to prevent fluid loss.
Both the recording and ground electrodes were inserted through the cut
with the recording electrode tip placed within the photoreceptor layer
and the ground electrode tip very close to the photoreceptor layer. The
recording electrode, filled with 2 M KCl, had a resistance of 25–50 �. The
light source and the filters were the same as in ERG recordings. Signals
were sampled at 2 kHz with an analog-to-digital converter, and the data
were acquired and analyzed with Axoscope software (Molecular Devices,
Sunnyvale, CA).

Electrophysiology: two electrode voltage-clamp recordings. Electrophysi-
ology at the wandering third instar NMJ was done using standard two
electrode voltage-clamp (TEVC) techniques as described previously (Ro-
hrbough et al., 1999). In brief, larvae were raised at 25°C and dissected
dorsally in modified Drosophila saline containing additional sucrose (34
mM) and 5 mM trehalose to prevent muscle vacuolization and to mimic
conditions of the natural hemolymph as described (Stewart et al., 1994).
Saline contained the following (in mM): 128 NaCl, 2 KCl, 4 MgCl2, 5
trehalose, 70 sucrose, and 5 HEPES, and received appropriate volumes of
100 mM Ca2Cl stock solution to make the [Ca 2�] indicated. Larvae were
secured on sylgard-coated coverslips using surgical glue (Liquid Suture,
Allentown, PA). Evoked excitatory junctional currents (EJCs) were stim-
ulated with a glass suction electrode on the appropriate segmental nerve
at a suprathreshold voltage level. Glutamate iontophoresis was per-
formed as previously described (Featherstone et al., 2005). Briefly, gluta-
mate (100 mM; pH 9) was pressure ejected from a small diameter (10 �m)
glass pipette and glutamate-gated currents recorded in TEVC. All current
recordings were done in voltage-clamped muscle (Vhold � 	60 mV) on
muscle 6 (segment A3) with Axoclamp 200B (Molecular Devices) and
analyzed with Clampex 7.0 software.

FM-143 dye imaging. Dye imaging studies were performed as de-
scribed previously (Trotta et al., 2004). Briefly, wandering third instar
animals were dissected in 1.8 mM Ca 2� standard saline. Preparations
were incubated with FM1-43 (10 �M; Invitrogen) for 2 min in high [K �]
saline (90 mM [NaCl] reduced to 50 mM) at RT. Preparations were then
washed in buffered 0 mM Ca 2� saline for 2 min. Images were acquired on
a Carl Zeiss 510-Meta confocal microscope. The mean pixel fluorescence
at individual NMJ boutons was determined using ImageQuant software
(GE Healthcare, Little Chalfont, Buckinghamshire, UK). The mean pixel
intensity of at least five single boutons was averaged for each NMJ, and
two NMJs per animal were then averaged to generate a single data point.
The vesicle cycle was stimulated again using the high [K �], as above but
without FM1-43, for 2 min to unload FM1-43 dye from the NMJ boutons
and provide a measure of exocytosis efficacy. The degree of unloading
was quantified in the same manner as that of the loading procedure.
FM1-43 dye loading was also assayed using electrical motor nerve stim-
ulation as previously described (Dermaut et al., 2005). In brief, the nerve
was stimulated with a glass suction electrode at 30 Hz for 5 min with 10
�M FM1-43 in the bath. Preparations were then washed in buffered 0 mM

Ca 2� saline for 2 min. Loading was quantified using average mean pixel
intensity per bouton as above.

Electron microscopy: ultrastructural analysis. Mutant ( fusl1;fusl1 and
fusl1/Df) and control (wild-type OR-R and �/Df) wandering third instar
larvae were fixed, sectioned, and visualized in parallel using standard
transmission electron microscopic (TEM) techniques, as reported previ-
ously (Featherstone et al., 2001). Briefly, animals were dissected in 0.05 M

PBS and placed in 2.0% glutaraldehyde for 15 min, replaced with fresh
2.0% glutaraldehyde for 1 h. Preparations were washed in PBS (three
times), transferred to 1% OsO4 in distilled water (dH2O) for 2 h, and
washed in dH2O (three times). Preparations were stained en bloc in 1%
aqueous uranyl acetate for 1 h, washed in dH2O (three times), dehy-
drated through an EtOH series (30 –100%), passed through propylene
oxide, transferred to a 1:1 Araldite:propylene oxide mixture, and embed-
ded in Araldite media. Ultrathin serial sections (50 – 60 nm) were ob-
tained on a Leica (Wetzlar, Germany) UCT Ultracut microtome and
transferred to Formvar-coated grids. Grids were examined on a Phillips
CM10 TEM equipped with an AMT 2 mega pixel camera. Four animals
from each genotype were processed. NMJs were sectioned, and profiles
for each identified type I synaptic bouton were quantified in a section
containing only a single prominent electron-dense active zone (AZ)
T-bar. Synaptic vesicles in the “clustered” pool were defined as those
�250 nm of the AZ T-bar. Docked vesicles were defined as those �0.5
vesicle diameter (�20 nm) of the electron-dense plasma membrane at
the AZ. Quantified measurements were made using Image J. Bouton and
mitochondria area, number of docked, clustered, and total vesicles, and
vesicle density (corrected for mitochondria area) were scored for each
profile. Mean quantified parameters were statistically compared using
the Mann–Whitney test, and presentation images were processed in
Adobe Photoshop.
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Immunoelectron microscopy. Wandering third instar larvae carrying
the fusl-GFP transgene in the fusl1/fusl1 null background were dissected
and fixed as described above. Preparations were then processed through
an anti-GFP immunocytochemical protocol to localize the Fusl fusion
protein. Briefly, preparations were rinsed in PBS for 10 min, and then
taken through a graded methanol series (50% for 10 min, 70% for 30
min) and embedded in LR White (1:1 LR White:fresh absolute EtOH, 30
min; 2:1 LR White:fresh absolute EtOH, 30 min; pure LR White, 1 h).
Samples were changed to fresh LR White and let stand overnight while
agitated. Samples were then embedded in fresh LR White in flat-
bottomed capsules (Ted Pella, Redding, CA; catalog #133-P) with a disk
of Aclar plastic (Ted Pella; catalog #10501-10) used to make an optically

clear surface at the bottom, and a square of
Parafilm placed over the top, and sealed with a
cap from a BEEM capsule (K. McDonald, per-
sonal communication). Using a staining plate
(Electron Microscopy Sciences, Hatfield, PA;
catalog #71568), grids with 100 nm sections
were placed into 40 �l of blocking buffer for 30
min. Wells from the next row were filled with a
commercial anti-GFP antibody (Abcam, Cam-
bridge, MA) in blocking buffer, and grids were
transferred and incubated from 1 h to overnight
in different trials. Grids were then rinsed in
PBS-Tween for 2 min, rinsed in PBS (four
times; 2 min each), and incubated in secondary
antibody in blocking buffer for 1–2 h. Grids
were poststained with uranyl acetate and lead
citrate for 3 min, and then imaged as for regular
electron microscopy. NMJ boutons were exam-
ined with a Phillips CM10 TEM equipped with
an AMT 2 mega pixel camera, and images were
processed in Adobe Photoshop.

Elav; UAS-Cac-GFP imaging and electrophys-
iology. To quantitatively assess voltage-gated
calcium channels at the NMJ, the UAS-Cac-
GFP transgenic line (kindly provided by Dr.
Richard Ordway, Pennsylvania State Univer-
sity, University Park, PA) was crossed into con-
trol and fuseless null mutant backgrounds. The
UAS-Cac-GFP transgene was then driven spe-
cifically in the motor neuron presynaptic termi-
nal by crossing in the pan-neuronal elav GAL4
driver (Andrews et al., 2002; Trotta et al., 2004).
Wandering third instars were dissected in mod-
ified Drosophila saline, as above. A NMJ was
identified and type I boutons examined by con-
focal microscopy. TEVC was performed on
controls (elav-GAL4;UAS-Cac-GFP in a wild-
type background) and mutants ( fusl1/fusl1;
elav-GAL4;UAS-Cac-GFP) as described above.

Results
Isolation of synaptic mutants by
electroretinogram recording
An EMS chemical mutagenesis for synap-
tic mutants was performed targeting the
second chromosome, which contains
�36% of the Drosophila genome (Fig.
1A). Males carrying an EMS-mutagenized
second chromosome were singly mated in
a second generation cross to isolate differ-
ent strains. The dominant temperature-
sensitive 2 (DTS2) mutation was used to
select for the mutagenized second chro-
mosome over balancer chromosome
among F2 offspring (Fig. 1A). Crossing in-
ter SE produced F3 generation homozy-

gous second chromosome mutants that were screened as adults
for defects in synaptic transmission in the visual system.

The mutant screen was performed by direct ERG recording as
diagramed in Figure 1B. The ERG is a light-evoked, extracellu-
larly recorded mass response of the eye consisting of contribu-
tions from several different types of cells. During light stimula-
tion, lights-on and lights-off ERG transients represent synaptic
transmission in the visual system. From our screen, 16 mutant
complementation groups on the second chromosome were iden-
tified based on grossly abnormal ERG responses. The majority of

Figure 1. Phototransduction mutagenesis identifies a novel mutant specifically defective in synaptic transmission. A, Second
chromosome mutagenesis scheme. EMS mutagenized males were single-mated in a second generation cross to track each mutant
line independently. The DTS-2 mutation allowed only animals carrying the mutagenized second chromosome over balancer to
survive among F2 offspring. Crossing inter SE produced offspring (F3) that are either homozygous or heterozygous for the mu-
tagenized second chromosome. These animals were screened by ERG recording. B, Diagram of ERG recording. The fly was mounted
in low-melting-point wax, with a recording electrode in the cornea and a reference electrode in head. The light stimulus (300 W
halogen lamp) was led to eye using an optical light guide. C, The fusl mutants show a specific loss of ERG synaptic transients.
Representative ERG traces (left) elicited from WT and fusl using 2 s orange light stimuli. Responses at three different light
intensities are shown superimposed. Synaptic on- and off-transients are absent in fusl mutants. Right, Peak ERG and synaptic
on-transient amplitudes (as defined in the left image) plotted against stimulus intensity for WT (N � 8) and fusl (N � 9). Error
bars indicate SEM. D, Representative photoreceptor intracellular recordings from WT and fusl, shown superimposed. The receptor
potentials have indistinguishable amplitudes (WT, 23.8 
 2.7 mV; fusl, 22.5 
 2.1 mV) and time (N � 7). However, the fusl
response is slowly decaying: WT has completely returned to baseline [9.8
0.9 s (N�7) after stimulus termination], whereas the
mutant response still displays a 2.0 
 0.8 mV (N � 7) depolarization (arrow).
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these mutants impact the phototransduc-
tion pathway directly (for review, see Pak,
1975, 1995; Pak and Leung, 2003). How-
ever, a “transientless” ERG phenotype
characterized six mutant complementa-
tion groups, indicating a specific impair-
ment in synaptic transmission. The fuseless
( fusl) complementation group was one of
these six, with two mutant alleles identi-
fied in the ERG screen and an additional
allele obtained from John Merriam’s
group at University of California, Los An-
geles (Los Angeles, CA) (Markow and
Merriam, 1977).

Fuseless is required for synaptic
transmission in the visual system
The ERG consists of a corneal-negative
(downward), sustained component and
two transient components at lights-on and
lights-off (Fig. 1C). The sustained compo-
nent reflects the summed phototransduc-
tion responses of photoreceptors. The on-
and off-transients arise from the lamina to
which the majority class of photoreceptors
(R1– 6) synapse (for review, see Buchner,
1991; Pak, 1995). The on-transient, in par-
ticular, corresponds directly to the re-
sponses of laminar neurons to input from
photoreceptors R1– 6. As shown in Figure
1C, the sustained photoreceptor compo-
nent of fusl mutants is normal in both am-
plitude and duration, but the synaptic on-/
off-transients present in the wild-type
control are absent in fusl mutants. The
peak amplitude of the phototransduction
component and the synaptic on-transient
were quantified and plotted as a function
of the stimulus intensity (Fig. 1C, right).
The fusl mutants display normal ampli-
tude phototransduction responses at all
stimulus intensities, but lack any detect-
able synaptic responses over the entire intensity range. Intracel-
lular recordings from photoreceptors confirmed the normal am-
plitude and duration of photoreceptor potentials (Fig. 1D).
However, the photoreceptor potential in fusl mutants displayed
an aberrant, slowly decaying component (Fig. 1D). This depolar-
izing tail phenotype was specific to fusl mutants because a similar
slowly decaying tail was not observed in other transientless syn-
aptic mutant complementation groups. However, the slowly de-
caying tail does not detectably affect the amplitude and waveform
of the photoreceptor potential during the period of light
stimulus.

Genomic and microarray analyses identify the fuseless gene
Deficiency mapping showed that fusl is uncovered by deficiency
Df(2L)Exel6012 and is covered (complemented) by deficiency
Df(2L)cl7, localizing the fusl gene between the left breakpoint of
Exel6012 and the left breakpoint of cl7 (Fig. 2A). Exel6012 break-
points were defined at the molecular level, and the molecular
coordinate of its left breakpoint is 2L:5,303,145. The left break-
point of deficiency cl7 is defined by the location of the nompC
gene, which is either deleted or disrupted by c17. According to

Affymetrix Drosophila microarray annotation, there are nine
genes within the interval defined by these two breakpoints.

To identify the candidate fusl gene in the mapped interval,
microarray analyses were performed on fusl mutants to screen for
genes with altered mRNA levels. Microarrays were performed on
the three alleles of fusl along with appropriate wild-type controls
(data not shown). Of the nine genes in the mapped interval, the
CG14021 gene displayed the most significant changes in mRNA
levels for all three fusl mutant alleles. Specifically, the probe set for
CG14021 detected log-fold changes of 	0.593 ( p � 0), 	0.895
( p � 0), and 	0.559 ( p � 3.8 � 10	15) in the three fusl alleles.
Another gene in this interval, cype, also had low p values although
log-fold changes were only moderate. The log-fold changes and p
values for this gene were 	0.352 ( p � 0), 	0.459 ( p � 0), and
�0.208 ( p � 0). A third gene, vri, also had a fairly high log-fold
change with a p value of zero, but only in a single fusl allele
(	0.680; p � 0). Log-fold changes were low (0.26 and 	0.28)
and p values were high (3 � 10	13 and 1.5 � 10	6) in the other
two fusl alleles. The microarray analyses therefore revealed two
candidate fusl genes, CG14021 and cype.

To distinguish between these two candidate genes, we se-

Figure 2. Maps of the fusl genomic region, gene, and gene product. A, The mutant genomic region. The fusl mutation is
uncovered by the Df(2L)Exel6012 deficiency (top line), but complemented by Df(2L)cl7 (second line). The third line indicates
cytogenetic boundaries and the fourth line shows the nucleotide coordinates. B, The CG14021 gene and its gene products. The
gene generates two transcripts (RA, RB) by alternative splicing that differ in the location of the noncoding first exon but contain
identical coding sequence. Untranslated regions are shown in gray. The predicted protein is 453 aa and contains eight predicted
transmembrane domains. Mutations found in the coding regions of CG14021 in three characterized fusl alleles are shown at the
bottom. C, Related proteins from multiple species were used to construct the phylogenetic tree. Protein sequences are identified
from top to bottom by species, protein name, function (if known), and accession numbers, as follows: Apis, Apis mellifera
(XM_623675.2); Tribolium, Tribolium castaneum (XM_968828.1); Anoph, Anopheles gambiae (XM_317156.2); D. mel., Drosophila
melanogaster CG14021 (NM_135079.4); D. pseudo, Drosophila pseudoobscura (XM_001356784.1); Cym G, Klebsiella oxytoca,
cyclodextrin transport (Q48397); Wzx, Escherichia coli, transbilayer movement of a trisaccharide-lipid intermediate (P27834); Shi
A, Escherichia coli, shikimate transporter (P76350); YF62, Methanococcus jannaschii, putative membrane protein (Q58957); Sialin,
Homo sapiens, transport of sialic acid in lysosomes (Q9UGH0).
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quenced both in all three fusl alleles. Sequencing revealed no
mutations in the cype gene in any of the three mutant alleles. The
CG14021 gene, however, was found to carry stop codons in all
three alleles (Fig. 2B). Two of the allelic mutants turned out to be
identical with a nonsense mutation (TGT3TGA) that termi-
nates the protein at Cys(89). This allele is now designated fusl1.
The other allele ( fusl2) also carries a nonsense mutation
(TGG3TAG) that truncates the protein at Trp(167). In addi-
tion, it carried a missense mutation (CTC3CAC), which results
in a Leu(34)His change. Identification of these mutations
strongly indicated that CG14021 is the fuseless gene and that these
mutations are responsible for the mutant phenotypes. Subse-
quent RNAi and transgenic rescue experiments (see below) con-
firmed that CG14021 is the fuseless gene.

Fuseless is a predicted eight-pass transmembrane transporter
The fuseless (CG14021) gene encodes two transcripts, RA and RB,
which differ in the first noncoding exons (and promoters) lo-
cated at two different locations (Fig. 2B). Upstream of the RA
transcript is a �2 kb promoter region containing the TATA box,
transcription initiation site, and the consensus 11 bp conserved
sequence for photoreceptor expression, suggesting that the RA
isoform is expressed in photoreceptors. The coding sequences of
the two fusl transcripts are identical and encode a protein of 453
aa, with eight predicted transmembrane regions, characteristic of
a transporter (Fig. 2B). This is a novel protein derived from an-
notated genome sequences, and its function is not known. The
most salient feature of the predicted protein is the presence of
eight transmembrane domains (Fig. 2B). BLAST searches reveal
that proteins most closely related to Fusl have been identified in
several insect species (Apis mellifera, Anopheles gambiae, Dro-
sophila pseudoobscura, Tribolium castaneum) (Fig. 2C). These
proteins share 36% (Anopheles) to 81% (D. pseudoobscura)
amino acid identity (51– 87% similarity) with the Fusl protein.
Moreover, all four proteins share with Fusl the eight transmem-
brane domains at conserved locations. The Anopheles protein
differs from the others slightly by having a ninth transmembrane
domain at its C terminus. All of these proteins are novel and their
function is unknown. The phylogenetic relationship between
these proteins is shown in Figure 2C. Other proteins identified in
BLAST searches shared with fuseless �21 and �39% amino acid
identity and similarity, respectively. Among these, the five pro-
teins with the highest amino acid identity, and of comparable size
to Fusl, are included in the phylogeny tree in Figure 2C. All of
these proteins for which functions are known act as transmem-
brane transporters for various substrates. Indeed, four of the five
proteins included in the phylogeny tree are known transporters,
whereas the function is not known for the fifth protein (Fig. 2C).
Thus, the eight transmembrane domains and the known trans-
porter function of related proteins both suggest that the Fusl
protein likely functions as a transmembrane transporter.

Fuseless is a presynaptic plasma membrane protein in visual
system and NMJ
The above evidence suggests that Fusl in a multipass transmem-
brane protein required in the visual system for photoreceptor
synaptic transmission. To test the predicted cellular distribution
of the Fusl protein in the visual system, we generated a specific
anti-Fusl peptide antibody (see Materials and Methods). In
whole-mount preparations (Fig. 3A), anti-Fusl immunoreactiv-
ity labels the retinal photoreceptors, revealed with colabeling
with the neuronal membrane epitope marker anti-HRP. To assay
Fusl localization more precisely, frozen sections were made of the

visual system. Staining with the Fusl antibody reveals expression
in the retina, lamina, and medulla (Fig. 3B). Photoreceptor label-
ing is consistent with plasma membrane localization, with Fusl
colocalizing with the membrane anti-HRP epitope. In the lamina
and medulla, Fusl has a highly punctate expression pattern, con-
sistent with synaptic localization (Fig. 3C). These results suggest
that Fusl is an integral protein of the plasma membrane and may
be enriched in synaptic termini.

The larval neuromuscular synaptic system has the best-
characterized structure and molecular architecture in Drosophila,
and was therefore used to study and synaptic expression and
function of the Fusl protein in additional detail. Fusl expression
was assayed at three levels: (1) with anti-Fusl antibody, (2) with a
fusl-GFP transgene that rescues fusl mutant phenotypes (see be-
low), and (3) at ultrastructural resolution with immunogold elec-
tron microscopy. Confocal imaging was used to examine the ex-
pression of antibodies raised against the native Fusl protein (Fig.
4A–C). Anti-Fusl immunoreactivity is detectable only in the ner-
vous system, without expression in other tissues, suggesting that
Fusl is a neural-specific protein (Fig. 4A). This expression is lost
in the fusl1 mutant, confirming that this allele is a protein null and
demonstrating the specificity of the antibody (Fig. 4B). Fusl is
highly expressed within both the presynaptic nerve and in the

Figure 3. Fusl protein expression in the visual system. A, Whole-mount preparation of the
adult Drosophila eye, colabeled with anti-Fuseless (green; left) and anti-HRP (red; right), a
neuronal plasma membrane marker. Scale bar, 200 �m. B, C, Cryosections of the adult visual
system colabeled with anti-Fusl (green; left) and actin phalloidin (red; right). The sections
shows retina, lamina, and medulla, as indicated. Scale bars: B, C, left, 50 �m; C, right, 25 �m.
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plasma membrane surrounding boutons
at the NMJ (Fig. 4A,B). The protein is very
weakly or undetectably expressed in neu-
ronal soma or proximal processes within
the CNS (data not shown). Within the
nerve and presynaptic NMJ arbors, Fusl
colocalizes nearly identically with the pre-
synaptic plasma membrane marker anti-
HRP (Fig. 4B,C). In high-magnification
images of synaptic boutons, Fusl appears
clearly membrane-associated and re-
stricted to the outermost periphery of the
bouton. Indeed, Fusl appears to localize
more tightly with the plasma membrane
than the classic membrane marker anti-
HRP (Fig. 4C), consistent with its being an
integral plasma membrane protein. The
distribution of EGFP-tagged-fuseless
shows an identical pattern, with the pro-
tein concentrated in NMJ synaptic bou-
tons and highly enriched at the plasma
membrane of the bouton periphery (Fig.
4D). Both techniques show that Fusl is not
restricted to active zones, or to any type of
localized membrane domain, but rather
shows a general presynaptic neuronal
membrane localization. To examine Fusl
localization as precisely as possible, immu-
noelectron microscopy was next used to
image the EGFP-tagged-fuseless (Fig. 4E).
Ultrastructurally, the Fusl protein was
found to be restricted to the extreme pe-
riphery of synaptic boutons and to be
membrane associated, consistent with
confocal imaging and protein predictions.
The gold label was observed within and
immediately adjacent to the presynaptic
plasma membrane (Fig. 4E, arrows) but
was also observed associated with vesicle
membranes within �250 nm of the
plasma membrane (Fig. 4E, top). The Fusl
protein was observed in close association
with presynaptic active zones, but it was
not restricted to active zones and showed a
general presynaptic membrane distribu-
tion. This imaging is consistent with a
plasma membrane localized protein
(Lnenicka et al., 2006) and also consistent with the eight-pass
transmembrane structure of the Fusl protein (Fig. 2B).

Impaired presynaptic function may arise from many causes,
including defects in the architectural or molecular differentiation
of the presynaptic terminal. To test these possibilities, NMJ struc-
ture and molecular composition were systematically compared
between fusl null mutants and controls (Fig. 4) (data not shown).
The fusl mutant does not show any detectable defects in the gross
architecture of the neuromusculature, with normal motor nerve
trajectories, normal muscle anatomy and normally placed and
differentiated NMJs. NMJ structure was examined using anti-
HRP labeling to reveal the presynaptic neuronal membrane. No
defects were observed in NMJ placement, size, branching, or syn-
aptic bouton formation (Fig. 4B). No detectable differences were
observed in fusl null mutants in the localization, area, or mean
fluorescence intensities of presynaptic markers, such as the inte-

gral synaptic vesicle protein Synaptotagmin 1, or postsynaptic
glutamate receptors (data not shown). These data show that Fusl
is not required for synaptic morphogenesis or the gross molecu-
lar differentiation of presynaptic and postsynaptic
compartments.

Fuseless regulates glutamatergic synapse function
The larval glutamatergic NMJ synapse is by far the best-defined
model synapse in the Drosophila system, and was therefore used
to systematically characterize the role of Fusl in synaptic mecha-
nisms. Any significant impairment in larval NMJ function should
first be revealed by compromised coordination and/or locomo-
tion. Two larval behavioral assays were conducted to assess coor-
dination (eating pharyngeal movements) and locomotion (body
wall contractions) (Fig. 5A). All fusl mutant alleles showed a clear
and obvious impairment in both of these behaviors compared

Figure 4. Fusl protein localizes in the presynaptic plasma membrane. A, Very low magnification image of the neuromuscula-
ture. Anti-Fusl immunoreactivity observed only in presynaptic nerve and NMJ synapses. Scale bar, 200 �m. B, Low magnification
images of Fusl staining within a single NMJ synaptic arbor. Neuronal membranes labeled with anti-HRP (green) compared with
anti-Fusl (red). The WT control is show on top, and the fusl1; fusl1 mutant on the bottom. Scale bar, 20 �m. C, High magnification
images of individual NMJ synaptic boutons in control (left) and mutant (right). Fusl is restricted to the plasma membrane. Scale
bar, 2 �m. D, The transgenic Fusl-GFP fusion protein colocalizes with anti-HRP in synaptic boutons, revealing a peripheral, plasma
membrane associated localization. Scale bar, 2 �m. E, Fusl-GFP distribution by immuno-EM. Anti-GFP with an electron-dense
gold (15 nm immunogold) label visualized by TEM. Gold label (arrows) observed in and immediately adjacent to the presynaptic
plasma membrane (PM) in the NMJ bouton. Scale bar, 50 nm.
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with controls. The homozygous fusl1 and fusl2 mutants, and the
heterozygous fusl1/Df mutants, all exhibit a highly significant re-
duction in pharyngeal movements and locomotor body wall con-
tractions ( p � 0.001; N � 10 animals for each genotype), com-
pared with both wild-type (WT) and �/Df controls (Fig. 5A).
Similar behavioral defects have been described as defining a syn-
aptic impairment (Xing et al., 2005).

To directly assess synaptic function of
the larval NMJ, basal neurotransmission
assays were done on fuseless mutants and
controls, with both evoked EJCs and spon-
taneous miniature EJCs (mEJCs) mea-
sured in the TEVC configuration (Fig.
5B,C). Evoked transmission assays were
done in 0.5 mM extracellular [Ca 2�], to
reveal changes in basal synaptic function
most clearly (Rohrbough et al., 1999;
Zhang et al., 2001; Trotta et al., 2004). At a
stimulation frequency of 0.5 Hz, control
animals exhibited a mean EJC amplitude
of 69.5 
 4.9 nA, whereas all fusl mutants
showed a similar, highly significant de-
crease in EJC amplitude: 19.1 
 3.5 nA
( fusl1), 21.3 
 3.9 nA ( fusl2), and 18.2 

4.0 nA ( fusl1/Df) ( p � 0.001; N � 12 for
all genotypes) (Fig. 5B). These results
show that Fusl plays an important facilita-
tory function in synaptic transmission.

To assay spontaneous vesicle fusion in
the absence of evoked synaptic transmis-
sion, mEJCs were recorded in the presence
of TTX in the same 0.5 mM [Ca 2�]. Sur-
prisingly, all fusl mutants showed a signif-
icant increase in both the amplitude and
frequency of mEJC fusion events (Fig. 5C,
sample traces at left). The mEJC amplitude
was elevated nearly threefold in the ab-
sence of fusl function; in controls, mEJC
amplitude was 0.7 
 0.4 nA (WT) and
0.6 
 0.2 nA (�/Df), whereas in mutants
mEJC amplitude was 2.5 
 0.4 nA ( fusl1),
2.3 
 0.3 nA ( fusl2), and 2.46 
 0.21
( fusl1/Df) ( p � 0.001; N � 10 animals for
all genotypes) (Fig. 5C, middle). The
mEJC frequency was more than doubled
in the absence of fusl function; in controls,
mEJC frequency was 3.6 
 0.5 Hz (WT)
and 3.2 
 0.6 Hz (�/Df), whereas in mu-
tants mEJC frequency was 8.2 
 0.23
( fusl1), 7.9 
 0.36 ( fusl2), and 8.0 
 0.43
( fusl1/Df) ( p � 0.001; N � 10 animals for
all genotypes) (Fig. 5C, right). These data
show that loss of fusl function dramatically
reduces evoked neurotransmission effi-
cacy, while increasing the size and rate of
spontaneous synaptic vesicle fusion
events.

The similarity in fusl1, fusl2, and
fusl1/Df quantified phenotypes suggest
that both fusl1 and fusl2 represent the null
mutant condition, consistent with the se-
quenced stop mutations in CG14021 (Fig.
2B). RNAi against CG14021 and trans-

genic expression of the wild-type CG14021 gene were addition-
ally used to confirm the fusl gene identity (Fig. 5D). When EJC
amplitudes were measured, as above, CG14021 RNAi injected
animals had a similar phenotype to fusl1 mutants: 17.4 
 1.57 nA
( fusl1) compared with 19.2 
 1.89 nA (RNAi) ( p � 0.001 to WT;
N � 10 animals for both genotypes). As a control, mock-injected
animals had robust EJCs, indistinguishable from WT (Fig. 5D,

Figure 5. Loss of Fusl critical impairs movement and NMJ synaptic function. A, Defective larval movement in fusl mutants.
Movements were quantified over a 1 min period for both pharynx contraction (left) and body wall peristalsis (right). All fusl
mutants (open bars) display significantly reduced movements compared with both controls (hatched bars). p � 0.001; N � 10
animals for all genotypes shown. B, Impaired NMJ synaptic transmission in fusl mutants. Representative traces of EJCs (left),
evoked by 0.5 Hz motor nerve stimulation in control and fusl mutant. Current recordings were made in TEVC mode at 	60 mV
from muscle 6 (segment 3). Right, Quantified mean EJC amplitude for controls (hatched bars) and mutants (open bars). p�0.001;
N � 10 animals for each genotype. C, Mutants display increased spontaneous neurotransmission events. Representative mEJCs
(left) traces in control (top), mutant (middle), and mutant with one copy of wild-type fusl transgene (bottom). The fusl mutant
displays a higher frequency of mEJCs with obviously elevated amplitudes. Quantification of mEJCs reveals a threefold increase in
mean mEJC amplitude (left) and more than twofold increase in mean mEJC frequency (right). p � 0.001; N � 10 animals for all
genotypes. D, RNAi knockdown of CG14021 mimics the fusl mutant transmission defect, and targeted presynaptic expression of a
wild-type CG14021 transgene rescues the fusl mutant transmission defect. Representative EJC traces (left) from WT control,
dsRNAi injected animal, and presynaptic transgenic rescue of fusl mutant (elav-GAL4; UAS-CG14021 in the fusl1/fusl1 back-
ground). Right, Quantification of mean EJC amplitude in controls (hatched bars), mock and dsRNAi injected animals, fusl mutant
alone and with transgenic CG14021 rescue. Sample size of 10 animals for all genotypes represented ( p � 0.001). Error bars
indicate SEM.
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right). A wild-type copy of UAS-CG14021
driven by the neuronal GAL4-elav in the
fusl1 homozygous null mutant back-
ground completely rescued the synaptic
transmission defect (Fig. 5D, “rescue”
sample trace on the left). The transgenic
rescue animals showed average EJC ampli-
tudes of 66.1 
 1.0 nA, comparable with
the controls (Fig. 5D, right). The elevated
mEJC amplitude and frequency were sim-
ilarly rescued on presynaptic expression of
the wild-type fusl transgene (Fig. 5C, bot-
tom trace). Controls showed average
mEJC amplitude of 0.62 
 0.3 nA and fre-
quency of 3.4 
 0.7 Hz, and fusl mutants
with one copy of the wild-type gene ex-
pressed presynaptically displayed a similar
0.7 
 0.4 nA amplitude and 3.9 
 0.9 Hz
amplitude ( p � 0.05; N � 10 animals for
both genotypes). Note that full rescue of
evoked and spontaneous transmission is
achieved by driving the fusl gene only in
the presynaptic cell. Thus, these data con-
firm the fusl gene identity and also demon-
strate a specific presynaptic requirement
for the Fusl protein.

Fuseless regulates the synaptic vesicle
cycle and vesicle exocytosis
Fuseless in the presynaptic membrane reg-
ulates neurotransmission efficacy, predict-
ing defective neurotransmitter release. To
investigate the size and cycling dynamics
of the endo-exo SV pool, the lipophilic flu-
orescent dye FM1-43 was used to image
endocytosis and exocytosis (Fig. 6) (Ku-
romi and Kidokoro, 2000; Fergestad and
Broadie, 2001; Trotta et al., 2004). Larval
NMJ preparations were exposed to
FM1-43 in the presence of 90 mM [K�] saline, which depolarizes
the nerve terminal and induces rapid vesicular cycling. Prepara-
tions were then washed and imaged in buffered 0 mM [Ca 2�]
saline to halt SV cycling. A second high [K�] depolarization was
used in the absence of FM1-43 to assess dye unloading by SV
exocytosis. Representative images of loaded and unloaded NMJ
arbors are shown in Figure 5A. Mean fluorescent intensities were
quantified after both FM1-43 loading and unloading. After load-
ing, control boutons displayed mean fluorescent values of
172.1 
 5.9 (WT) and 165.3 
 5.3 (�/Df), whereas fusl mutants
showed significantly reduced loading; 122 
 5.2 ( fusl1), 112.1 

4.8 ( fusl2), and 115.0 
 5.7 ( fusl1/Df) ( p � 0.01; N � 10 animals
for each genotype) (Fig. 6B, left “load”). This phenotype indi-
cates a decrease in the cycling rate or size of the exo-endo SV pool,
consistent with presynaptic impairment of neurotransmission
(Kuromi and Kidokoro, 2000). After unloading, controls dis-
played a reduction of FM1-43 fluorescence of �90%, whereas the
fusl mutants showed a high FM1-43 dye retention and a specifi-
cally compromised ability to unload (Fig. 6A). The mean values
after unloading for the controls was 15.4 
 4.6 (WT) and 19.3 

5.7 (�/Df), whereas the mutants showed more than fivefold
higher values of 114.0 
 5.6 ( fusl1), 103.1 
 4.7 ( fusl2), and
109.2 
 5.7 ( fusl1/Df) ( p � 0.001; N � 10 animals for all geno-
types) (Fig. 6B, right “unload”). These data indicate that SV cy-

cling is impaired in fusl mutants, with a particularly severe defect
in SV exocytosis.

To examine synaptic vesicles directly, we used electron mi-
croscopy to quantify SV number and distribution within presyn-
aptic boutons (Fig. 7). The overall synaptic ultrastructure ap-
peared normal in fusl null mutants (Fig. 7A). Presynaptic
boutons were of normal size, contained the expected array of
organelles, and displayed well differentiated presynaptic and
postsynaptic membrane profiles. Controls had bouton areas of
4.9 
 0.6 (WT) and 3.7 
 0.4 (�/Df), whereas mutants had areas
of 3.9 
 0.4 ( fusl1) and 4.7 
 0.5 ( fusl1/Df) ( p � 0.4; N � 4
animals, �20 boutons for each genotype). Likewise, presynaptic
active zones appeared well differentiated, with a normal ultra-
structural appearance (Fig. 7B). Synaptic vesicles appeared the
same size in mutant and controls. In contrast, loss of Fusl results
in striking differences from control in SV populations, with a
dramatic elevation of vesicle number throughout the bouton
(Fig. 7A) and specifically clustered around presynaptic active
zones (Fig. 7B). In fusl mutants, the SV number was more than
doubled as quantified by counting the number of total vesicles in
each NMJ profile; the SV number in controls was 199 
 19.0
(WT; N � 21) and 184.5 
 27.1 (�/Df; N � 20), whereas the SV
number in mutants was 422 
 53.4 ( fusl1; N � 17) and 475 

69.4 ( fusl1/Df; N � 16) ( p � 0.001) (Fig. 6C). In terms of vesicle

Figure 6. Lipophilic dye imaging of the synaptic vesicle cycle reveals a significant impairment in the endo-exo cycling pool in
fusl mutants. A, Representative images of the NMJ synapse after FM1-43 loading and unloading. Preparations were incubated for
2 min in 90 mM [K �] saline to depolarize the synapse in the presence of FM1-43, washed in Ca 2�-free saline to arrest SV cycling,
and then imaged for the endocytosed dye (load). Synapses were then again depolarized for 2 min in 90 mM [K �] saline in the
absence of FM1-43, washed in Ca 2�-free saline, and then imaged for the loss of dye via exocytosis (unload). Scale bar, 20 �m. B,
Quantification of FM1-43 fluorescence intensity in NMJ boutons after dye loading and unloading. Null fusl mutants display a
significant impairment of endo-exo cycling ( p � 0.01), with a dramatic reduction in dye exocytosis ( p � 0.001). Sample size: 10
animals, 20 NMJs per genotype. Error bars indicate SEM.
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density (in square micrometers), the numbers were 49.6 
 4.5
(WT) and 54.9 
 6.9 (�/Df) for controls, and more than doubled
density in mutants at 132 
 16.9 ( fusl1) and 103 
 10.8 ( fusl1/
Df). There was a parallel increase in the number of synaptic ves-
icles clustered (�250 nm) around individual active zones; in con-
trols, the clustered SV number was 17.0 
 0.9 (WT; N � 21) and
16.8 
 0.8 (�/Df; N � 20), whereas in mutants it was 25.5 
 1.6
( fusl1; N � 17) and 23.4 
 1.4 ( fusl1/Df; N � 20) ( p � 0.001)
(Fig. 7C). Likewise, the number of SVs physically docked at the
presynaptic active zone densities was very significantly increased

in fusl mutants. In controls, the number of
docked vesicles was 2.0 
 0.2 (WT; N �
21) and 2.0 
 0.1 (�/Df; N � 20), and it
increased in mutants to 3.8 
 0.4 ( fusl1;
N � 17) and 3.1 
 0.2 ( fusl1/Df; N � 20).
These defects are characteristic in known
SV fusion mutants (Richmond and
Broadie, 2002; Kidokoro, 2003; Huang et
al. 2006) and indicative of an impairment
in SV exocytosis.

Loss of Fusl causes [Ca 2�] insensitivity
during neurotransmission
To further examine the cause of Ca 2�-
dependent transmission impairments in
the absence of fuseless, we assayed the ef-
fect of external [Ca 2�] on transmission
amplitude (Fig. 8). Stimulation-evoked
EJCs were compared over a range of
[Ca 2�] from 0.2 to 1.8 mM. Figure 7A
shows sample traces of wild-type controls
and fusl1 mutants at 0.2, 0.4, and 1.0 mM

[Ca 2�]. At the low end of this range (0.2
mM [Ca 2�]), fusl mutants display a mean
EJC amplitude of 7.2 
 5.4 nA compared
with control amplitude of 11.1 
 4.6 nA
(Fig. 8A). At the higher end (1.0 mM

[Ca 2�]), fusl mutants had a mean EJC am-
plitude of 18.7 
 4.2 nA ( fusl1) compared
with 110 
 4.9 nA in control (Fig. 8A).
Thus, over this [Ca 2�] range, the ampli-
tude of the control EJC increased 10-fold,
whereas the mutant increased only 2-fold.
These data suggest an impairment in the
Ca 2� influx trigger driving synaptic vesicle
exocytosis.

EJC amplitudes are graphed as a func-
tion of external [Ca 2�] in Figure 8B. In
lower external calcium (�1.0 mM),
[Ca 2�] primarily limits EJC transmission
and a sharp rise in EJC amplitudes occurs
in the control compared with fusl mutants.
At higher [Ca 2�] (�1.0 mM), transmis-
sion strength is no longer solely limited by
[Ca 2�], but mean EJC amplitude in con-
trols continues to increase with increasing
[Ca 2�] (Fig. 8B). In contrast, in fusl mu-
tants there is very little Ca 2�-dependent
increase in EJC amplitude as a function of
increasing external [Ca 2�] (Fig. 8B).
These data indicate a remarkable reduc-
tion in the sensitivity of basal neurotrans-
mission strength to external [Ca 2�] in the

absence of Fusl function. Given the presynaptic membrane local-
ization of the Fusl protein, these functional defects are most con-
sistent with impaired Ca 2� influx.

Presynaptic calcium channel localization depends on Fuseless
One explanation for the functional defects in fusl mutants could
be loss or functional misregulation of presynaptic Ca 2� channels.
The Drosophila NMJ contains a single, well characterized voltage-
gated Ca 2� channel, with the pore-forming �1 subunit encoded
by cacophony (cac) (Von Schilcher, 1976; Kawasaki et al., 2000,

Figure 7. Ultrastructural analyses reveal accumulation of clustered and docked synaptic vesicles at presynaptic active zones in
fusl mutant. A, Representative TEM images of WT control (left) and fusl mutant (right) NMJ boutons. The mutant has normal
bouton size, morphology, and postsynaptic subsynaptic reticulum. Normal active zones are visible in both panels as electron-
dense synaptic membranes and T-bars. Null fusl mutant synapses display an obvious increase of synaptic vesicles throughout the
terminal. Scale bar, 250 nm. B, High magnification images of active zones. In control animals (left), the clustered area (250 nm
radius from T-bar center) has �15 vesicles localized around the T-bar and �2 docked vesicles (white arrowheads) contacting the
presynaptic plasma membrane adjacent to the T-bar. In fusl mutants (right), there is a dense aggregation of clustered vesicles and
clear increase in the number of docked vesicles. Scale bar, 50 nm. C, Quantitative analysis of ultrastructural phenotypes, including
total vesicle number, clustered vesicle number (�250 nm from T-bar), vesicle density, and docked vesicle number (�20 nm from
AZ). The white bars represent control animals, and the black bars represent mutant animals. The bouton profile sample size is�17
for each parameter; four animals were assayed for each genotype. Significance is indicated as follows: ***p � 0.001. Error bars
indicate SEM.
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2004; Xing et al., 2005). To examine these calcium channels, we
used a UAS-Cac-GFP fusion protein driven with presynaptic
elav-GAL4, which has previously been used to document the
tight, punctate localization of Cacophony Ca 2� channels at pre-
synaptic active zones (Kawasaki et al., 2004). This transgenic re-
porter was crossed into the control and fusl1 null backgrounds,
with Cac-GFP expression analyzed using confocal microscopy
(Fig. 9).

In agreement with previous reports, we found that Cac-GFP
localizes to a number of discrete punctate active zone domains in
presynaptic NMJ boutons (Fig. 9A). In striking contrast, Cac-
GFP is dramatically reduced in fusl mutants; the overall expres-
sion level is much lower and the punctate Cac-GFP domains are
only barely distinguishable (Fig. 9A, right). These Ca 2� channels
were quantified by counting the number of Cac-GFP puncta per

bouton and by calculating the mean density (Fig. 8B, left), as well
as by measuring the fluorescence intensity throughout synaptic
boutons and calculating the mean intensity per unit area (Fig. 9B,
right). The number of Cac-GFP puncta in fusl mutants is very
significantly ( p � 0.0001; N � 10 animals, 20 NMJs and 100
boutons per genotype) reduced compared with control (control,
4.9 
 2.4; fusl1, 0.3 
 0.1) (Fig. 9B). In most boutons within a
mutant NMJ arbor, there were no detectable Ca 2� channel do-
mains and those observed were very faint. Because this assay

Figure 8. Loss of the Ca 2� sensitivity of neurotransmission. A, Representative EJC records
from fusl mutants (top row) and WT controls (bottom row) in a range of external [Ca 2�] as
follows: 0.2 mM (left), 0.5 mM (center), and 1.0 mM (right). Null fusl mutants display insensitivity
to increasing [Ca 2�], with only small increases in EJC amplitude. B, Quantification of EJC am-
plitude as a function of [Ca 2�]. Mean EJC amplitudes are shown for 0.2, 0.4, 1.0, and 1.8 mM

[Ca 2�] for two controls (WT, Df/�) and two mutants ( fusl1, fusl1/Df). Sample size: 10 animals
per genotype for each data point. Error bars indicate SEM.

Figure 9. Presynaptic voltage-gated Ca 2� channels lost in fusl mutants. A transgenic line of
the Cacophony �-1 pore subunit of the presynaptic voltage-gated Ca 2� channel fused to GFP
(UAS-Cac-GFP) driven by the elav-GAL4 neural driver in the presynaptic NMJ terminal in the
control or fusl1 null backgrounds. A, Representative images of control (left) and fusl1 mutant
(right) expressing Cac-GFP. Low magnification images of the NMJ (top) and high magnification
images of synaptic boutons (bottom). Scale bars: Top, 20 �m; bottom, 2 �m. B, Quantitation of
the number of Cac-GFP puncta (left) and the Cac-GFP fluorescent intensity density (right).
Control and mutant are very highly significantly different (***p � 0.0001). C, Representative
EJC traces of elav-GAL4; UAS-Cac-GFP in a wild-type background (control), a fusl1 homozygous
background ( fusl1, Cac-GFP), and the fusl1 mutant alone ( fusl1). Right, Quantification of mean
EJC amplitudes. There was no significant difference between fusl1, Cac-GFP, and fusl1 mutants,
but there was a significant p � 0.0001 difference between mutants and control. N � 10
animals for each genotype. Error bars indicate SEM.
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method is somewhat subjective, the mean fluorescence intensity
of Cac-GFP was next assessed by outlining synaptic boutons and
measuring the average density of the fluorescent signal in con-
trols and mutants. Control synaptic terminals had a mean Cac-
GFP density of 10.4 
 3.4, whereas fusl null terminals had a
10-fold lower density of 1.7 
 0.9 ( fusl1) (Fig. 9B, right) ( p �
0.0001; N � 10 animals, 20 NMJs and 100 boutons per genotype).
These results show that Fusl plays a critical role in the localized
expression of the Cacophony voltage-gated Ca 2� channels in
presynaptic boutons and specifically in the formation of active
zone domains.

Driving UAS-Cac-GFP in neurons represents an overexpres-
sion condition, with terminals containing the native Cacophony
voltage-gated Ca 2� channels as well as the introduced fusion
protein, which is known to be functional (Kawasaki et al., 2004).
Because fusl mutants show a defect in Ca 2� channel expression
(Fig. 8A), this overexpression condition could provide some res-
cue of the neurotransmission phenotype. To test this possibility,
electrophysiology was used to compare basal EJC amplitudes in
the control and experimental lines. Representative traces (left)
and the quantified mean EJC amplitudes (right) are shown in
Figure 9C. Overexpression of the Cacophony Ca 2� channel was
unable to detectably rescue the fuseless evoked transmission de-
fect (control, 62.1 
 4.2 nA; fusl1, 18.6 
 3.2 nA; fusl1, Cac-GFP,
20.2 
 3.9 nA) (Fig. 9C) ( p � 0.0001 between mutants and
control; N � 10 animals per genotype). These data show that Fusl
is required for presynaptic localization of voltage-gated Ca 2�

channels.

Discussion
Using an unbiased, forward genetic screen for synaptic dysfunc-
tion mutants in the Drosophila visual system, we identified a new
presynaptic integral membrane protein with a critical function in
regulating active zone voltage-gated Ca 2� channels and thus the
Ca 2� trigger driving the synaptic vesicle fusion underlying neu-
rotransmission. The Fuseless protein is a predicted eight-pass
transmembrane protein whose closest known human homolog is
the transmembrane protein Sialin, a transporter belonging to a
group of anion/cation symporters (Wreden et al., 2005; Yarovaya
et al., 2005). The monosaccharide sialic acid cleaved from sialo-
glycoconguates is exported across membranes by the Sialin trans-
porter (Morin et al., 2004). Two inherited diseases occur when
the sialin gene is mutated: infantile sialic acid storage disease and
Salla disease, which are characterized by severe CNS defects in-
cluding mental retardation (Verheijen et al., 1999; Morin et al.,
2004). The modification of cell surface proteins by addition of
sialic acid is known to regulate critical neuronal processes includ-
ing intercellular adhesion and signaling (Kiss and Rougon, 1997).
In Drosophila, fuseless mutations profoundly disrupt synaptic
transmission, both at central, histaminergic photoreceptor syn-
apses and at peripheral, glutamatergic NMJ synapses, indicating a
conserved, critical function in multiple classes of chemical syn-
apse. The requirement for the Fusl protein can be supplied with
expression targeted only to the presynaptic side, indicating a
function in transmitter release. Functional defects in fusl mutants
are similar to those found in the Ca 2� channel mutant cacophony
(Kawasaki et al., 2000; Xing et al., 2005). Other mechanistic de-
fects also suggest a disrupted Ca 2�-trigger for exocytosis, includ-
ing reduced FM1-43 and SV cycling. Consistently, the Fusl pro-
tein strongly regulates Cacophony Ca 2� channel localization to
presynaptic active zones. Together, these results indicate that for-
mation of active zone Ca 2� channel domains is the primary role
of Fuseless in controlling neurotransmission strength.

Fuseless regulates neurotransmitter release to control
transmission strength
Loss of Fuseless protein results in a range of synaptic dysfunction
phenotypes that appear to be mechanistically linked to disrup-
tion of presynaptic Ca 2� dynamics. Mutant synapses display a
strong reduction in evoked neurotransmitter release over a wide
range of external calcium concentrations. In low [Ca 2�], normal
synapses display a log-linear dependence of transmitter release
on [Ca 2�] (Dodge and Rahamimoff, 1967), but fusl null synapses
display only a small increase in transmission amplitude even with
large changes in external [Ca 2�], indicating a fundamental defect
in Ca 2� influx dependent secretion (Zucker, 1993, 1996). In con-
trast, fusl mutants exhibit elevated spontaneous vesicle fusion
frequency and amplitude, which are both rescued by targeted
presynaptic expression of the wild-type fusl gene, indicating ele-
vated secretion under nonstimulated conditions (Deitcher et al.,
1998; Yoshihara et al., 2000; Trotta et al., 2004). The increased
mEJC amplitude may reflect an increased incidence of synchro-
nous spontaneous fusion events, although summation events are
evident in only a small subset of currents. It appears unlikely that
either increased SV glutamate content (Daniels et al., 2004) or
compensatory upregulation in postsynaptic glutamate receptor
density (DiAntonio et al., 1999) are involved, because vesicle size
appears normal in ultrastructural studies and glutamate receptor
expression/function are not detectably altered in fusl null mu-
tants. The increased incidence of spontaneous vesicle fusion
events is consistent the elevated number of vesicles docked at
presynaptic active zones. It is widely believed that fusion proba-
bility is a function, in part, of the number of docked, fusion-
competent vesicles.

Fuseless regulates presynaptic active zone calcium
channel domains
The calcium concentration in the nerve terminal at rest is as-
toundingly low, providing the necessary canvas for the action
potential-driven spike of calcium influx to drive rapid vesicle
exocytosis (Katz and Miledi, 1968, 1970; Llinas et al., 1976). The
Fuseless protein plays a critical role in the presynaptic localiza-
tion of voltage-gated Ca 2� channels, as revealed by assaying the
cacophony-encoded �1 pore subunit, which directly mediates
Ca 2� influx. In mammals, the binding of the target soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(tSNARE) Syntaxin to presynaptic Ca 2� channels led to the iden-
tification of the SYNPRINT interaction domain within P/Q and
N type channel subunits (Sheng et al., 1998). The SYNPRINT
domain is thought to physically tether the Ca 2� channel to Syn-
taxin to help mediate the localized, rapid coupling of Ca 2� influx
to vesicle fusion (Mochida et al., 1996; Sheng et al., 1998), and
also bidirectionally regulate the activity of the channels (Wu et al.,
1999). In Drosophila, the cacophony Ca 2� channel triggers similar
fast neurotransmitter release (Kawasaki et al., 2000), but no se-
quence homologous to SYNPRINT has been identified (Wu et al.,
1999; Littleton and Ganetzky, 2000), suggesting another mecha-
nism for coupling Ca 2� influx to the fusion of docked vesicles
(Kawasaki et al., 2002). In vertebrates, the calcium channel �1
subunit has been demonstrated to regulate channel dynamics
including activation/inactivation rates, and also directly interacts
with Synaptotagmin and other proteins involved in Ca 2�-
dependent vesicle fusion (Hille, 2001). Interestingly, the �1 sub-
unit has also been demonstrated to bind extracellular laminins,
and facilitate the organization of presynaptic active zones (Nish-
imune et al., 2004). It follows, then, that significant loss of the �1
subunit predicts underdeveloped active zones and significant re-
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duction in transmitter exocytosis (Kittel et al., 2006; Wagh et al.,
2006).

In all characterized synapses, calcium channels cluster at pre-
synaptic active zones, where they form a tight spatial association
with synaptic vesicles docked and ready for fusion (Mochida et
al., 1996; Sheng et al., 1998; Wu et al., 1999; Nishimune et al.,
2004). In the absence of Fusl protein, ultrastructurally normal
active zones form, but fail to cluster Ca 2� channels. It has been
recently reported that reduction in Ca 2� channel density or func-
tion can contribute to disorganized active zones (Nishimune et
al., 2004; Kittel et al., 2006; Wagh et al., 2006) and a reduction in
active zone formation (Kittel et al., 2006; Wagh et al., 2006). In
particular, it has been proposed that the Drosophila Bruchpilot
protein stabilizes the formation of active zones by triggering the
integration of active zone components and specifically Cacoph-
ony Ca 2� channels. The bruchpilot mutants show reduced Ca 2�

channel clustering, density, and localization, and reduced vesic-
ular release probability (Kittel et al., 2006; Wagh et al., 2006).
Likewise, in fuseless mutants, loss of Ca 2� channels, and Ca 2�

channel local function, is proposed to be the primary defect in
coupling Ca 2� influx to vesicle exocytosis, leading to the ob-
served disruption in vesicle release probability.

Null fuseless mutants have an increased number of vesicles
clustered and docked at the presynaptic density. These pheno-
types are consistent with direct disruption of Ca 2�-triggered ves-
icle exocytosis. Similar vesicle accumulation characterizes
syntaxin1A, dunc-13, comatose, and rolling blackout mutants, for
example, each of which has a specific exocytosis deficit (Broadie
et al., 1995; Kawasaki et al., 1998; Littleton et al., 1998; Aravamu-
dan et al., 1999; Kidokoro, 2003; Huang et al., 2006). It has been
shown that a specific block in SV exocytosis leads to a secondary
accumulation of vesicles in pools upstream of the presynaptic
membrane. FM dye studies complement the ultrastructural anal-
yses. As is expected for any defect in the SV cycle, there is a
decrease in the overall rate of endo-exo cycling in fusl mutants. In
addition, there is a particularly severe defect in acute FM dye
release in the absence of Fusl function, consistent with a specific
defect in SV exocytosis. We attribute these fusl mutant defects
wholly to the loss of the appropriate Ca 2� influx trigger to signal
release of otherwise fusion-competent vesicles.

Conclusion and future directions
Together, this study strongly supports a mechanistic role for the
Fusl protein in regulating the voltage-gated Ca 2� channels that
trigger synaptic vesicle fusion. In the absence of this regulation,
active zone Ca 2� channels domains fail to form or be properly
organized. Transmission is severely impaired but certainly not
eliminated, indicating that Fusl facilitates Ca 2� channel domain
assembly, but is not absolutely required. Ultrastructurally nor-
mal active zones persist in the complete absence of Fusl but lack
the localized Ca 2� trigger for vesicle exocytosis and therefore
only inefficiently manage neurotransmitter release. One possible
role for the Fusl protein might be to serve as a direct interacting
partner with the Ca 2� channel to enable its correct trafficking
and/or localized maintenance at the active zone (Ambudkar,
2007). Fusl is not restricted to active zone domains, like the Ca 2�

channel, but rather shows a diffuse presynaptic plasma mem-
brane localization, similar to the tSNARE Syntaxin. Tests for di-
rect association between Fusl and Cac channels have so far been
inconclusive. Another model, consistent with the predicted
transmembrane transporter function, is that Fusl might regulate
the presynaptic environment in a way that facilitates Ca 2� chan-
nel localization. Arguing for this model, the closest human se-

quence homolog, Sialin, transports sialic acid (Wreden et al.,
2005; Yarovaya et al., 2005). This modified sugar group is a com-
ponent of transmembrane glycoproteins, typically as the terminal
residue of cell surface oligosaccharides. Misregulation of this
cargo transport could be easily envisioned to cause defects in
Ca 2� channel trafficking and/or maintenance during presynaptic
active zone assembly. Future work will examine the molecular
function of the Fuseless protein by attempting to determine
whether it functions in synaptic glycosylation, perhaps as a trans-
membrane transporter, as predicted, and, if so, the exact nature
of the transported cargo and its effects on synaptogenesis.
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