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Endophilin Promotes a Late Step in Endocytosis at Glial
Invaginations in Drosophila Photoreceptor Terminals
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Retrieval of synaptic vesicles from the membrane of neurons is crucial to maintain normal rates of neurotransmitter release. Photore-
ceptor terminals of the fly’s eye release neurotransmitter in a tonic manner. They therefore rely heavily on vesicle regeneration. Null
mutations in endophilin (endo) block clathrin-mediated endocytosis at the Drosophila neuromuscular junction, where previous analysis
of hypomorphic mutations has suggested a function for Endophilin (Endo) before vesicle fission, during membrane bending. Here, at fly
photoreceptor synapses, we show that Endo is localized to synaptic vesicles at sites of endocytosis that are glial invaginations called
capitate projections, and that when the photoreceptor synapses lack Endo they are impaired in their ability to release neurotransmitter.
Detailed ultrastructural analysis of endo null mutant photoreceptor synapses fails to reveal a defect at early stages of vesicle reformation
but, instead, reveals an accumulation of clusters of electron-dense, apparently nonfunctional, late endocytotic vesicles. Using dynamin;
endo double-mutant photoreceptors, we provide further evidence that ultimately the function of Endophilin is required late in endocy-
tosis, allowing vesicles to progress through the synaptic vesicle cycle.
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Introduction

In neurons, evidence exists for at least two pathways of synaptic
vesicle regeneration (Slepnev and De Camilli, 2000; Jarousse and
Kelly, 2001; Kjaerulff et al., 2002; Aravanis et al., 2003; Gandhi
and Stevens, 2003). In so-called “kiss-and-run,” synaptic vesicles
expel their contents but do not collapse into the presynaptic
membrane (Ceccarelli et al., 1973; Fesce and Meldolesi, 1999;
Verstreken et al., 2002). In clathrin-mediated endocytosis, syn-
aptic vesicles collapse completely in the presynaptic membrane
and reform during events that dimple and shape the membrane.
Kinetic studies of both pathways in different neuron types suggest
that kiss-and-run prevails under low-frequency stimulation, aug-
mented by clathrin-mediated endocytosis during high-frequency
stimulation (Ceccarelli et al., 1973; Heuser and Reese, 1973; Pal-
frey and Artalejo, 1998; Sun et al., 2002; Verstreken et al., 2002).
Neurons are also reported to modify their release characteristics
and mode of vesicle regeneration under altered stimulation con-
ditions (Zakharenko et al., 2002).
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The molecular requirements for each of these pathways in-
clude the action of the GTPase dynamin, which is required to
separate synaptic vesicles attached to the presynaptic membrane
and is implicated in both kiss-and-run and clathrin-mediated
endocytosis (Artalejo et al.,, 1995; Verstreken et al., 2002). In
contrast, numerous proteins have been proposed to function ex-
clusively in the clathrin-mediated pathway (Zhang and Ra-
maswami, 1999). Despite evidence for the cooperative action of
these proteins, further dissection of their functions in vivo is re-
quired to gain a better understanding of how synaptic vesicles
form and eventually reenter the functional vesicle pool within an
intact nerve terminal.

The formation of new vesicles in clathrin-mediated endocy-
tosis comprises various stages. During the “early stages,” the pla-
nar membrane bends to form a shallow, hemispherical, clathrin-
coated pit. Subsequently, in “mid-endocytotic stages,” a deeply
invaginating coated pit forms, constricted at its neck. Finally dur-
ing “late stages” of endocytosis, the newly formed vesicle sepa-
rates from the membrane and is uncoated before reentering the
functional vesicle pool. As used in this study, endocytosis is taken
to include all of these events, and in vivo and in vitro studies
implicate requirements for specific proteins at each of these
stages (Gonzalez-Gaitan and Jickle, 1997; Cremona et al., 1999;
Simpson et al., 1999; Hill et al., 2001; Guichet et al., 2002).

One protein required for clathrin-mediated endocytosis is En-
dophilin A (Endo), an SH3 domain protein that harbors lyso-
phosphatidic acid acyl transferase (LPAAT) activity (Schmidt et
al., 1999; Guichet et al., 2002). By virtue of its enzymatic activity,
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Endo has been proposed to act during early- and mid-
endocytotic stages of endocytosis. By converting lysophospha-
tidic acid into the more bulky phosphatidic acid, LPAAT has been
proposed to induce inward negative membrane curvature to
form a new vesicle (Scales and Scheller, 1999; Schmidt et al.,
1999). In vivo analysis of endophilin (endo) hypomorphic muta-
tions in Drosophila supports this idea, because mid-stage endo-
cytotic shallow pits accumulate at the membrane of neuromus-
cular junctions (NMJs) (Guichet et al., 2002). Similarly, injecting
Endo-SH3 antibodies into lamprey synapses leads to an accumu-
lation of early and mid-stage endocytotic structures, as well as of
some deeply invaginating coated pits (Ringstad et al., 1999).
Hence, Endo may aid in the transit from early to mid stages of
synaptic vesicle endocytosis.

Here we present evidence that, in Drosophila photoreceptors,
Endo plays no obvious role during membrane bending during
early endocytosis, but rather that loss of Endo function leads to an
accumulation of late endocytotic vesicles. In addition, our anal-
ysis reveals that clathrin-mediated endocytosis in Drosophila
photoreceptor terminals occurs at specific sites of glial invagina-
tion, which possibly couple endocytosis with neurotransmitter
reuptake.

Materials and Methods

Drosophila strains and genetics. For this study, we used the w; endo’ null
allele, the w; endo® hypomorphic allele, and the temperature-sensitive
shi*! allele (Verstreken et al., 2002). yw; FRT82B endo’ was reported
previously (Verstreken et al., 2002). yw; eyFLP2 glas-lacZ; FRT82B
w cI3R/TM3Sbwas crossed to yw; FRT82B endo’ to create flies with eyes
homozygous for endo’ (Newsome et al., 2000). Expression of wild-type
Endo in homozygous mutant endo’ eyes was achieved by crossing yw;
eyGAL4 UAS-FLP; FRT82 GMR-hid 3R CL3R to yw; FRTS82B endo’
(Stower and Schwarz, 1999). The endo’ P-element insertion is an EP
P-element with upstream activating sequence (UAS) sites in the correct
orientation for expression of wild-type endo (Verstreken et al., 2002). yw
shi*!/Y; eyFLP5; FRT82B endo'/FRT82B w™ cI3R male flies with double-
mutant eyes were generated by crossing yw shi”'; FRT82B w™ cI3R/TM3Sb
virgins to yw/Y; eyFLP5; FRTS2B endo’/TM3Sb males. These two stocks were
generated by standard genetics. The control used for experiments performed
with homozygous endo’ eyes was yw eyFLP2 glas-lacZ; FRT82B w™ cI3R/
FRT82B. For experiments on flies with double-mutant eyes, similar flies at
the permissive temperature were used as controls as well as shi"’ flies treated
identically to flies with double-mutant eyes (see below).

Immunocytochemistry and adult retina preparation. Immunocyto-
chemistry on adult whole-mounted brains was performed as described
(Hiesinger et al., 2001). Anti-Endo (GP69) (Verstreken et al., 2002) was
used at 1:500, anti-cysteine string protein (CSP) (Zinsmaier et al., 1994)
at 1:200, anti-synaptobrevin (Syb) (Wu et al., 1999) at 1:200, anti-Ras
opposite (ROP) (Harrison et al., 1994) at 1:500, and 24B10 (Zipursky et
al,, 1984) at 1:50. Fluorescent secondary antibodies were from Jackson
ImmunoResearch (West Grove, PA) and were used at 1:250. Images were
captured with a Zeiss 510 confocal microscope and processed with Amira
2.2 or 2.3 (TGS) and Photoshop 7 (Adobe).

Electrophysiology and phototaxis assay. Electroretinograms (ERGs)
from flies immobilized with nail polish (Top Speed, Revlon) were re-
corded with a fine glass pipette filled with 3 M NaCl placed on the corneal
surface of the fly’s eye. The reference electrode was inserted into the
thorax. Light flashes of 1 sec were delivered from a 150 W halogen lamp
(Volpi), and field potential recordings were digitized and stored on a PC
using Clampex software. Ten flies with mutant eyes and 10 with control
eyes were used to record 30 ERG traces, and the amplitudes of the “on”
and “off” transients as well as the sustained negative component were
analyzed using Clampfit.

A countercurrent phototaxis apparatus (Benzer, 1973) equipped with
seven vials was used to determine whether flies exhibited phototaxis. The
light source was a 60 W fluorescent light bulb (GE Lighting). Flies, 10
groups of 20 with mutant eyes and 10 groups of 20 with control eyes (hdc
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as a negative control and yw eyFLP; FRT82B w™" cI3R/FRT82B as a posi-
tive control) were loaded in the apparatus and allowed to walk seven
consecutive times toward light during 10 sec.

We should point out that in this work we used the eyFLP technique to
create homozygous endo’ eyes (Newsome et al., 2000), whereas Rikhy et
al. (2002) used a modified version of the EGUFhid technique (Stower and
Schwarz, 1999). The technique used by Rikhy et al. (2002) eliminates
nonhomozygous mutant cells after differentiation of the cell types in the
eye disc (Stower and Schwarz, 1999) and leads to homozygous eyes with
disrupted morphology. This roughening may sensitize the genetic back-
ground leading to reduced phototaxis reported in Rikhy et al. (2002),
whereas we report here that flies with endo’ mutant eyes, created with the
eyFLP technique, display normal phototaxis.

Fly head fractionation and Western blot analysis. Canton-S fly head
homogenates were prepared as described previously (Schulze et al.,
1995). Homogenates were fractionated by 0.2 M/0.4 M sucrose step cen-
trifugation (Schulze et al., 1995). In Figure 2, “input” was fly head ho-
mogenate, “cytosol” was the supernatant material that failed to enter the
0.2 M sucrose layer, and “vesicles” was the material at the interface be-
tween the 0.2 and 0.4 M layers (Schulze et al., 1995). Proteins in the
fractions were separated by SDS-PAGE and transferred to nitrocellulose.
Fifteen micrograms of total protein were loaded per lane. To detect an-
tigens on the blots, primary antibodies were used as follows: anti-Endo
1:5000, anti-Drab3 1:1000 (Schulze et al., 1995), and anti-Syb (R29)
1:5000. Secondary HRP-conjugated antibodies (Jackson ImmunoRe-
search) were used at 1:5000; bands were visualized by enhanced chemi-
luminescence (NEN).

Conventional electron microscopy. Twenty-four-hours-old flies with
endo’ mutant eyes and control flies were fixed under constant Ganzfeld
illumination comprising an array of light-emitting diodes within a spher-
ical chamber (Kral and Meinertzhagen, 1989). Fixation was for 2 hr at
23°C in 2.5% of glutaraldehyde and paraformaldehyde in 0.1 M cacody-
late buffer, pH 7.3, containing 7 mm CaCl,, followed by postfixation in
2% OsO, (1 hr at 4°C), all as described previously (Meinertzhagen,
1996). Preparations were examined at 60 or 80 kV using Philips 201C or
Tecnai 12 electron microscopes.

Postembedding immunogold labeling for electron microscopy. Canton-S
flies were dissected in 0.1 M phosphate buffer (PB), pH 7.4, with 4%
paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid (Somo-
gyi and Takagi, 1982), soaked in PB for 15 min, and then immersed in
0.125 ™ triethanolamine hydrochloride in PB for 30 min to quench un-
reacted aldehydes. Heads were cryoprotected for >2 hr in increasing
concentrations of glycerol in PB up to 30% and then impact frozen on a
polished copper mirror at —193°C (Leica MM80) and, using a Leica
automatic freeze-substitution system (AFS), freeze-substituted in meth-
anol with 0.5% uranyl acetate for 24 hr at —85°C. Specimens were sub-
sequently rinsed in methanol, and the temperature was then raised to
—50°C before infiltration and embedment in Lowicryl HM 20 (Agar
Scientific) as described previously (Fabian-Fine et al., 2001). The resin
was polymerized at —50°C using UV light, and ultrathin sections (50 nm)
were collected on Pioloform-coated single-slot nickel grids. For uniform
treatment, all sections were mounted on grids using a support plate
(Leica Microsystems). Sections were soaked in PB for 30 min and incu-
bated in blocking medium (BM) (1% BSA, 10% fetal calf serum in PB)
for 30 min at 23°C. Anti-Endo (GP69) was used at 1:100 overnight at 4°C,
1 hrat 37°C, and overnight again at 4°C. Polyclonal anti-clathrin (Sigma,
St. Louis, MO) was used at 1:50 overnight at 4°C. Sections were then
rinsed thoroughly in PB and incubated in BM at 37°C for 30 min. Sec-
ondary antibodies conjugated to 10 nm gold particles (Jackson Immu-
noResearch) applied for 4 hr at 37°C were used at 1:100 for Endophilin
labeling and at 1:50 for clathrin labeling. Preparations were washed in
BM, in PB, and finally in double-distilled water. Sections were contrasted
with uranyl acetate (4 min) and Reynold’s lead citrate (2 min) as de-
scribed previously (Meinertzhagen, 1996).

Specificity of labeling for Endo was confirmed by the absence of im-
munolabeling in preparations from which primary anti-Endo was omit-
ted. The specificity of anti-Endo (GP69) was demonstrated previously
(Verstreken et al., 2002). The specificity of anti-clathrin (Sigma) was
tested by Western blot analysis and labeling of tissue. At the NM]J, label-
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ing with this anti-clathrin antibody reveals pre-
synaptic enrichment (Zhang et al., 1998). To
demonstrate the specificity of this antibody
more directly, anti-clathrin antibodies were
first preadsorbed overnight at 4°C againsta 178
kDa protein corresponding to clathrin heavy
chain, from fly head extract. Subsequently con-
trol preparations were incubated with this pre-
absorbed antibody. Specific labeling was absent
in these preparations.

Quantitative analysis of electron microscopic
images. We made single-blind counts of synap-
tic organelles in single-section profiles of pho-
toreceptor terminals in all genotypes examined
(Meinertzhagen and O’Neil, 1991). We next
counted the following organelle profiles: 30 nm
synaptic vesicles, T-shaped presynaptic ribbons
at tetrad synapses, and capitate projections. Us-
ing previous criteria (Pyza and Meinertzhagen,
1997; Rybak and Meinertzhagen, 1997), the lat-
ter were counted as shallow (with a head invag-
inating not more than half its diameter), single
(penetrating, with a single head profile; see Fig.
7E), and multiple (penetrating, with more than
one head; see Fig. 7F). The perimeters and
cross-sectional areas of terminal profiles were
measured with software (NIH Image). Tests for
statistical significance in organelle counts were
first made by an unweighted means ANOVA,
followed by a Tukey honestly significant differ-
ence (HSD) test, using software (Systat 5.2.1).

We evaluated the distribution of 207 (anti-
clathrin) and 89 (anti-Endophilin) immuno-
gold particles from 10 and 16 micrographs, re-
spectively, containing both particle clusters and
wide areas with only occasional particles. We
counted particles in two categories, either asso-
ciated with membrane, for which we desig-
nated a border of 60 nm, two synaptic vesicle
diameters (Meinertzhagen and O’Neil, 1991),
or in the cytoplasm. Membrane-associated par-
ticles were either close to capitate projections or
to the plasmalemma. Those in the cytoplasm
occurred at lower densities, which we calcu-
lated from measurements of the membrane pe-
rimeter and cross-sectional area of the photo-
receptor terminals. The correct attribution of
particles to capitate projection or plasma-
lemma was made difficult by the complex ge-
ometry of the former, because in any one sec-
tion capitate projection heads are rarely
connected to the plasmalemma by a stalk. Thus
some plasmalemma-associated particles prob-
ably belong to capitate projection stalks lying
just in front of or behind the section plane. To
test the significance of differences in distribu-
tion, we used an unweighted means ANOVA, followed by a Tukey HSD
test, as above. Comparisons were made on the subcounts of particles in
each category made on individual micrographs.

Synaptic vesicle depletion-recovery assay. The functional vesicle pool in
endo’ mutant eyes was depleted by exposing flies with double-mutant
eyes (shi"'; endo") to the restrictive temperature (29°C) for shi”' to block
synaptic vesicle recovery. Returning flies to the permissive temperature
(18°C) restores the function of dynamin but not Endo. We allowed flies
to recover for various times at the permissive temperature and then
processed their eyes for electron microscopy (EM) (see Fig. 8A).

We performed the following set of experiments on flies with shi*"’;
endo’ eyes as well as on shi™ flies (as a control). Flies were exposed for 15
min to 29°C in normal room light and then (1) fixed at 29°C before

Figure1.
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a-Endo

Localization of Endo in photoreceptor terminals. A, Schematic representation of the optic lobe neuropiles in Drosoph-
ila.R, Photoreceptor cell; La, lamina; Me, medulla; Lo, lobula; Lp, lobular plate. An array of photoreceptors (gray) project axons that
terminate in the lamina, R1-R6, or medulla, R7 and 8. B, Three-dimensional volume rendering of half a lamina labeled with
anti-Endophilin (green) and anti-Synaptobrevin (red). Cartridges comprising R1-R6 terminals that innervate lamina monopolar
cells are immunoreactive for both Endo and Syb (overlap: orange/yellow). Note, however, that Endo is also present in unidentified
cells of the lamina cortex surrounding the cartridges. C, Schematic of a single cartridge, box in B, containing six photoreceptor
terminals (R1-R6; orange), surrounding lamina monopolar cells L1 and L2 (blue). In endo” mutant eyes created by the ey-FLP
technique, almost allR1—-R6 are mutant. D—F, Colocalization of synaptic markers (magenta) with Endo in lamina cartridges, shown
as single confocal images from deconvolved three-dimensional datasets. D, CSP and Endo extensively colocalize; however, Endo-
positive CSP negative puncta exist (arrowhead). £, Double-labeling for ROP and Endo; £, double-labeling for Syb and Endo. Endo
and Syb overlap, although not entirely (F, arrowhead).

processing for EM, (2) shifted to 18°C for an additional 15 min and
finally fixed at 18°C for EM, and (3) shifted to 18°C for 30 min and finally
fixed at 18°C for EM. As another control, (4) shi*’endo’ flies were held at
18°C and fixed at 18°C for EM.

Results

Endophilin is present in photoreceptor terminals

To study the role of Endo in endocytosis we have used the pho-
toreceptors of the fly’s eye. The Drosophila eye consists of ~800
ommatidia, each containing eight photoreceptors, R1-R8. Six of
these, R1-R6, emit axons that terminate and synapse in the first
optic neuropile, the lamina (Fig. 1A). The axons of R7 and R8
synapse in the second optic neuropile, the medulla. In the lamina,
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Figure2. Subcellular distribution of Endo. A—C, Protein extracts collected from various sub-
cellular fractions from fly heads (see Materials and Methods) were resolved on polyacrylamide
gels and transferred to nitrocellulose and probed for the presence of Endo (4), Syb (B), and
DRab3 ( (). Details on fractions loaded in lanes 1-3 (input, cytosol, vesicles) are in Materials and
Methods. Endo appears in the vesicle and membrane fraction but is almost absent from the
cytosolic fraction.

the terminals of photoreceptors R1-R6 sort precisely into lamina
cartridges (Fig. 1 B) so that each cartridge receives six terminals
that originate from different ommatidia (Fig. 1C) (Braitenberg,
1967). Each cartridge is surrounded by three epithelial glial cells
(Meinertzhagen and O’Neil, 1991); hence the fly’s eye harbors a
highly organized set of synaptic contacts allowing us to assess
readily morphological and ultrastructural defects in mutant pho-
toreceptor terminals.

To determine whether Endo is present in the terminals of
R1-R6, we dissected laminas from control flies and labeled them
with anti-Endo (Verstreken et al., 2002) and monoclonal anti-
body (mAb) 24B10, which is specific to photoreceptor cell mem-
branes (Zipursky et al., 1984). Double labeling with 24B10 and
Endo antibodies indicated that Endo colocalized extensively with
24B10-positive regions and is associated with lamina cartridges
(data not shown), suggesting that Endo is present at photorecep-
tor terminals.

To determine more precisely the localization of Endo within
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Figure3. EMimmunogold labeling of Endo in wild-type photoreceptor terminals. Immuno-
gold particles labeling Endo localize to capitate projections, invaginations from the surrounding
epithelial glial cells. A-J, Gold particles marked by arrows are located at the heads of capitate
projections (A, CP). Particles marked by arrowheads are on vesicles close to capitate projections.
K-N, Particles are also detected along the penetrating shafts of capitate projections (double
arrowhead). Scale bars, 0.2 um.

the lamina cartridges, we double labeled laminas with anti-Endo
and various synaptic markers. Confocal stacks of such immuno-
labeled preparations were scanned, and the three-dimensional
datasets were deconvolved using previously established algo-
rithms (Hiesinger et al., 2001). Endophilin was enriched in lam-
ina cartridges and, along with synaptic markers such as the
vesicle-associated proteins neuronal Syb (Fig. 1B,F) (Wu et al,,
1999) and CSP (Fig. 1 D) (Zinsmaier et al., 1994), localized to the
photoreceptor synaptic terminals. Endo did not entirely colocal-
ize with CSP and Syb and was also found in compartments within



10736 - J. Neurosci., November 19, 2003 - 23(33):10732-10744

the terminal that were devoid of either of these vesicle markers
(Fig. 1). Likewise, Endo mostly colocalized with ROP, a cytosolic
protein at the nerve terminal (Fig. 1 E) (Harrison et al., 1994).
Hence, these data suggest that Endo is localized to specific com-
partments within the photoreceptor terminals.

Endophilin is present on synaptic vesicles

To further assess the subcellular localization of Endo, we frac-
tionated fly heads to enrich the synaptic vesicle and cytosolic
proteins (Schulze et al., 1995). The fractions were separated by
SDS-PAGE and transferred to nitrocellulose. To test the purity of
the fractions, we probed the blots with antibodies that recognize
various neuronal markers (Fig. 2A—C). Immunoreactivity to the
synaptic vesicle marker Syb (Deitcher et al., 1998) was found in
the synaptic vesicle-enriched fraction but not in the cytosolic
fraction (Fig. 2 B), whereas the synaptic vesicle cycle regulatory
protein DRab3 (Schulze et al., 1995) was detected both in the
cytosol fraction and in the vesicle-enriched fractions (Fig. 2C).
When a blot was probed with anti-Endo antibody, an antigen at
41 kDa was recognized (Fig. 2 A, input, lane 1) that corresponded
to the predicted molecular weight of EndoA (Guichet et al., 2002;
Rikhy et al., 2002; Verstreken et al., 2002). Endo was present in
the vesicle-enriched fraction (Fig. 2, vesicles, lane 3) and was not
prominent in the cytosolic fraction (Fig. 2, cytosol, lane 2). The
synaptic vesicle-enriched fraction probably contained some
membrane contaminants (Schulze et al., 1995), so that although
we cannot exclude Endo as having some membrane association,
our data nevertheless indicate that at the synapse Endo is associ-
ated with vesicles.

Endo and clathrin colocalize near sites of glial invagination
To determine the ultrastructural localization of Endo within
photoreceptor terminals in the lamina, we performed immuno-
gold labeling (Fig. 3). Localization of Endo within the presynaptic
photoreceptor terminal profiles was confined to areas on or near
sites at which the photoreceptor synaptic terminals are invagi-
nated by epithelial glial cells (Fig. 3). Such invaginations form
characteristic stalked organelles called capitate projections (Fig.
3A), but they are still of unknown function (Trujillo-Cenoéz,
1965; Stark and Carlson, 1986). Endo labeling was detected near
the heads of the capitate projections (Fig. 3A—I), possibly associ-
ated with synaptic vesicles, and was present at the membrane of
the capitate projection (Fig. 3A-I), where it was particularly con-
vincing at the actual head (Fig. 3E-G). Label was seen at the heads
of both types of capitate projection head: shallow (Fig. 3B) and
invaginating (Fig. 3C). Finally, gold labeling was detected along
the shaft of the capitate projection (Fig. 3K—N) as well as close to
the surrounding plasma membrane (Fig. 3A). The distribution of
gold particles was assessed from their density over or near the
capitate projections, the plasma membrane, and the cytoplasm
(see Materials and Methods). The density of particles was 21.9 *
18.0/um? for the capitate projections, 8.8 * 6.2/um? for the
plasma membrane, and 1.85.* 1.43/um? for the cytoplasm
(mean = SD; n = 16). The density over the capitate projections
was significantly greater than that over the membrane (p =
0.0114) and the cytoplasm ( p = 0.0013). Hence, in photorecep-
tor terminals, our data from both fractionation assays and immu-
nogold labeling indicate that Endo is localized primarily to syn-
aptic vesicles that are close to capitate projections or localized to
the membrane covering the capitate projections themselves.
Endophilin is essential for clathrin-mediated endocytosis
(Ringstad et al., 1999; Gad et al., 2000; Verstreken et al., 2002). To
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Figure4. EMimmunogold labeling of clathrin heavy chain in wild-type photoreceptor ter-
minals. A/, Anti-clathrin immunogold particles often distribute close to capitate projections
(arrowheads). Particles are also found in association with capitate projections themselves (arrows),
and some also localize to the plasma membrane (4, B, open arrowheads). Scale bars, 0.2 m.

correlate the ultrastructural localization of Endo with that of
clathrin in photoreceptor terminals, we also immunolabeled
lamina ultrathin sections with anti-clathrin heavy-chain antibod-
ies (Fig. 4). Interestingly, labeling with anti-clathrin antibodies
showed a pattern similar to that of Endo. clathrin labeling was
apparent at and near capitate projections (Fig. 4A-I); however,
unlike Endo, clathrin immunolabeling was more widespread in
the terminal and more prominent along the plasma membrane of
the photoreceptor terminal profile (Fig. 4 A, B). The distribution
of gold particles assessed as for anti-clathrin immunolabeling
revealed that the density of particles was 62 = 25.5/um? for the
capitate projections, 17.7 = 13.7/wm? for the plasma membrane,
and 11.0 =+ 5.6/um? for the cytoplasm (mean = SD; n = 10). The
density over the capitate projections was significantly greater
than the other two (p < 0.001). The localization of these two
endocytotic markers at sites of glial invagination into capitate
projections suggests a role for capitate projections in clathrin-
mediated retrieval of synaptic vesicles and indicates the existence
of specific endocytotic zones in the photoreceptor terminals of
Drosophila.
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endo mutations impair the synaptic function

of photoreceptors

endo null mutations cause homozygous lethality. To study the
function of Endo in the adult fly photoreceptor cells, we have
used the eyFLP technique (Newsome et al., 2000) to create ho-
mozygous mutant endo’ photoreceptor cells in heterozygous
flies. Eyes that lack Endo develop normally (Fig. 5A,B). Sections
through the retina show a normal organization of the rhab-
domeres, the photosensitive organelles in Drosophila photore-
ceptors (Fig. 5C,D). These data demonstrate that Endo A, unlike
other proteins involved in clathrin-mediated endocytosis, such as
a-adaptin (Berdnik et al., 2002; P. Verstreken and H. J. Bellen,
unpublished observations) or dynamin (Poodry et al., 1973), is
not required for development of the Drosophila eye.

Within their cartridges in the lamina, the terminals of RI-R6
provide synaptic input to a set of lamina cells, in particular the
large lamina monopolar cells L1 and L2, which they contact in a
stereotyped manner (Meinertzhagen and O’Neil, 1991). The ax-
ons of photoreceptors R7 and R8, on the other hand, project to
the distal layers of the medulla (Fischbach and Dittrich, 1989)
(Fig. 1A-C). To investigate whether Endophilin is involved in
axon growth and pathfinding, target recognition, or gross synap-
tic development, we have labeled photoreceptor cell membranes
with mAb 24B10, a photoreceptor-specific membrane marker,
and visualized the axon projection patterns and synaptic contacts
in the lamina and medulla of control and endo’ mutant eyes.
Mutant R8 and R7 photoreceptors form normal synapses in the
correct layers of the medulla (Fig. 5E,F). Mutant R1-R6 also
form morphologically normal synaptic contacts in the lamina. To
determine whether the sorting of the photoreceptors R1-R6 into
lamina cartridges is normal in endo’ mutants, we counted the
number of their terminals per cartridge in EM images of control
and endo' mutant laminas. We did not find a difference in the
number of terminals per cartridge in endo’ mutant eyes com-
pared with controls (Fig. 5G,H ). Hence, Endo is not involved in
axon pathfinding or in growth cone target recognition in the
visual system of Drosophila.

Previous work has shown that at the NM]J of endo null larvae
(endo’ and endo™*), synaptic function is impaired (Verstreken et
al., 2002). We tested whether Endophilin is also involved in the
synaptic vesicle cycle in photoreceptors by recording ERGs from
control and endo’ mutant eyes and by testing the ability of the fly
to exhibit phototaxis. The ERG records the light-evoked depolar-
ization and subsequent hyperpolarization of the photoreceptor
membrane as a sustained negative response (Heisenberg, 1971),
thus indicating the presence of a normal phototransduction cas-
cade. In addition, at the beginning and end of the light flash, the
on and off transients of the ERG also report the responses of
postsynaptic cells during photoreceptor neurotransmission in
the lamina that have been attributed to the main targets of R1—
R6, the monopolar lamina cells L1 and L2 (Coombe, 1986). In
response to a light flash, the photoreceptors in control and endo’
mutant eyes depolarize in a similar manner; however, the on and
off transients are severely reduced or absent in endo’ mutants
(Fig. 6A,B), in agreement with data reported by Rikhy et al.
(2002). This defect is specific to endo because expression of wild-
type endo in endo’ mutant photoreceptors leads to complete res-
toration of the on and off transients (Fig. 6 A, EGUF; FRT82B
endo"). The fact that several mutations that impair synaptic en-
docytosis in the Drosophila eye also lack light-evoked on and off
transients, for example stn (Homyk and Pye, 1989), shi (Kelly,
1974; Chen and Stark, 1993; Sanyal et al., 2001), and syt (Littleton
et al., 2001), is consistent with the ERG defect in endo’ mutants
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__FRT82B FRT82B endo

Figure 5.  Endo does not affect eye development. A, B, External morphology of compound
eyes that are almost entirely homozygous for either a control chromosome arm (A) or mutant
forendo’ (B). Control yw eyFLP; FRT82B/FRT82Bclw™* ( A) and endo” mutant yw eyFLP; FRT82B
endo’/FRT828 c/ w* (B) have an indistinguishable external appearance to their eyes. Red
patches are remaining heterozygous or homozygous nonmutant tissue, whereas homozygous
endo’ eye tissue is white. G, D, Semithin plastic sections through the retinas of control () and
endo” mutant ( D) eyes show normal numbers of photoreceptors in each ommatidium in mutant
eyes. Six outer rhabdomeres and one of the two central rhabdomeres are visible in each omma-
tidial cross section. Rarely a photoreceptor is missing from ommatidia in endo” mutant eyes (D,
arrowhead). £, F, Projection patterns of the R7 and R8 control ( £) and endo” mutant ( F) photo-
receptors into the optic lobe revealed by 24B10. The terminals of R7 and R8 beneath endo’
mutant eyes ( F) appear as ordered as those beneath control ( £) and wild-type (Hiesinger et al.,
1999) eyes. La, Lamina; Me, medulla. G, H, EM cross-sections of control ( G) and endo” mutant
(H) lamina cartridges. The organization of the mutant cartridge shows no obvious differences
from that of a control cartridge. The profiles of R1-R6 as well as of their chief lamina cell targets,
L1and L2, are indicated in H. Scale bar, 1 m.
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also arising from a defect in the synaptic
vesicle cycle, likely synaptic vesicle endo-
cytosis. On the other hand, the transients
of the ERGs not only result from light-
evoked transmission in the lamina, but
should also reflect the synchrony of that
transmission; it is not clear how reliably
the transients can be expected to reveal
greatly reduced or desynchronized trans-
mission, especially in mutants such as
endo’ from which the complete lack of
transients is not invariable.

To test whether flies with endo’ mutant
eyes have normal vision, we examined
phototaxis using a countercurrent photo-
taxis assay (Benzer, 1973). Flies are loaded
into a tube with a light source on one side
and allowed to walk toward the light for 10
sec. Flies that exhibited positive photo-
taxis were separated from those that did
not, and all flies were retested in seven
consecutive trials. In this assay, control
flies preferentially walk toward the light
(Fig. 6 C); however, flies that lack histidine
decarboxylase and are therefore deficient
in the production of histamine (Burg et
al., 1993), a neurotransmitter of fly photo-
receptors (Hardie, 1987), fail to exhibit
normal phototaxis (Fig. 6C). Flies with
endo’ mutant eyes behave like control flies
in this phototaxis assay. A phototaxis assay
reported by Rikhy et al. (2002) also on flies
with endo’ mutant eyes showed, by con-
trast, that endo’ partially impairs photo-
taxic behavior. Although both studies use
the Benzer (1973) countercurrent assay
method, there are many reasons why the
conditions of the two assays could have
differed, for example in the light intensity
chosen. Furthermore, the genetic back-
ground differs between our flies (see Mate-
rials and Methods). Moreover, we report the
number of individual positive phototaxis
choices, whereas Rikhy et al. (2002) report a
single combined phototaxis index. Even so,
our data and those of Rikhy et al. (2002) sug-
gest that despite the almost complete lack of
on and off transients, neurotransmitter re-
lease in tonically active photoreceptors is not
blocked totally (Fig. 6 A), in agreement with
previous findings at the NMJ (Verstreken et
al., 2002).

Synaptic vesicles in endo mutant terminals cluster and appear

darker than in nonmutant controls
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Figure6. Endoisrequired fornormal synaptic function of Drosophila photoreceptors but not for vision. A, B, ERGs recorded from
flies with control eyes ( yw eyFLP; FRT82B/FRT82B dl w™ labeled “FRT82B") show a normal sustained negative component (~10
mV) in response to a light flash and transients at lights on and lights off, respectively (B, open arrowheads; first recording in the
right panel). Likewise, when wild-type Endo protein is expressed in endo” mutant eyes (EGUF; FRT82B endo’/FRT82B cl GMR-hid
w labeled “FGUF; FRT82Bendo’”), on and off transients are present, as normal (B, open arrowheads, second recording in the right
panel). Expression of wild-type Endo is achieved by expression of GAL4 from the eye promoter (EGUF). This GAL4 can bind to the
UAS sitesatthe 3” end of the endo” EP P element and activate transcription of endo (Verstreken etal., 2002). lllustrated in the third
recording of the right panelin B, however, ERGs from endo” mutant eyes ( yw eyFLP; FRT82B endo’/FRT82Bclw* labeled “FRT82B
endo™) either have severely reduced on and off transients in a few recordings or lack them in most others. The light-evoked
depolarization of the photoreceptor cell bodies, the sustained negative response to a light flash (Heisenberg, 1971), by contrast, is
normal. Amplitudes for the ERG transients shown in A, n = 10 for each genotype, show statistically significant differences ( p <
0.007; t test). C, Countercurrent phototaxis assays performed on control FRT82B flies, on hdc™**™ flies lacking neurotransmitter,
and onflies with endo” mutant eyes. Values reveal the mean proportion of positive phototaxis in five groups each of 20 flies for each
genotype. Flies with endo” mutant eyes exhibit phototaxis identical to controls, unlike flies that lack neurotransmitter (hdc’**™°).
(Error bars represent SEM; n = 5.)

that synaptic vesicles in endo’ terminals appeared more electron
dense on their surface (Fig. 7C,D), were mostly found in clusters
(Fig. 7C-F), and appeared to be spaced more closely within the

To study the function of Endo in greater detail, we investigated
the synaptic ultrastructure of R1-R6 photoreceptor terminals in
the lamina by EM and quantified several features (Table 1). In
endo” eyes, homozygous mutant photoreceptors innervate lam-
ina cells to form a cartridge of normal composition (Fig. 5G,H).
Synaptic vesicles in control nonmutant terminals of RI-R6 were
pale and dispersed (Fig. 7A,B, Table 1). Compared with these
controls, the most striking feature of mutant photoreceptors was

clusters. These features were all borne out quantitatively (Fig.
7G,H) and were visible to naive observers. To be confident that
clustered vesicles in mutant terminals did not appear to have an
increased electron density through a simple overall difference in
the contrast of the micrograph, we normalized their density to
that of vesicles at the active zone (Fig. 7G). Interestingly, such
vesicle clusters in endo mutant photoreceptor terminals appeared
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Table 1. Organelle counts in single endo’ and double-mutant shi*";endo’ photoreceptor terminals

15min 30 min 30 min
18°C 18°C 18°C 29°C 29°C 15min at18°C at18°C at 18°C
Control endo’ shi®":endo”  shi®’ shi*"-endo’ at 18°Cshi®’  shi®":endo’ shits! shi*":endo’
Vesicles/area (m ~—2) 4024 =3.03 5236 = 24.69 4155482 249190 1096 +3.49 37.80 = 9.44 4852 = 22.69 4232+ 11.92 43.13 = 12.90
Vesicle diameter (m) 0.033 = 0.0034 0.030 == 0.0013 0.030 == 0.0013 0.045 == 0.0029 0.039 = 0.0018
Tetrad active zones/perimeter
(um™) 0.077 =0.02 0.077 =0.04 0.033+=0.06 0.077 =0.02 0.075*0.03 0.077 = 0.04 0.098 = 0.04  0.086 = 0.04  0.040 = 0.04
(apitate projections/perimeter
Single head (p,m’1) 069*019 079*=010 052*+0.19 078005 034011 0.72 £0.19 0.40 = 0.21 0.76 = 0.24 0.75 = 0.08
Shallow invaginations (um ") 0.03 +0.04  0.04 =001 002+002 011005 004=001 009005 003002 010005 003+ 0.01
Multiple heads (Lm ") 0.02*+0.02 001*002 000=*001 004£002 001*+001 005+002 002=*002 003=*=002 0.04 =005
Membrane sheets/perimeter
(;Lm_1) 0.12 £0.21 0.83 =0.07 1.00 =0.00 0.00 =0.00 0.60 = 0.26 0.00 = 0.00 0.03 = 0.05
Endocytisis on capitates/perimeter
(um™7) 0.08 =0.08 0.06+008 0710011 007 %007 027 =018 0.6 =006 033 *0.11

mostly to coincide with the immunogold localization of Endo in
wild-type photoreceptor terminals, at capitate projections (Figs.
3, 7C,D). The size of the cluster and the normal proximity of
capitate projections to the photoreceptor terminal synapses
meant that all three were closely grouped. Although the distribu-
tion of vesicles in endo’ mutant terminals was altered, neither
their total number nor their overall packing density in the cross
section differed significantly from that in control terminals.
Hence the distribution and appearance of synaptic vesicles is
skewed in endo’ mutant photoreceptor terminals.

To test whether ultrastructural defects can also be observed
when Endo protein levels are severely reduced but not absent, we
created flies with homozygous mutant eyes for an endo hypomor-
phic allele, endo’ (Verstreken et al., 2002). Although we observed
differences in the appearance and distribution of synaptic vesicles
in endo’ null mutant photoreceptors, when we analyzed the ul-
trastructure of R1-R6 terminals in flies with homozygous mutant
endo” eyes no obvious vesicle phenotype was apparent, nor did we
detect any other obvious ultrastructural defect. Similarly, hypo-
morphic alleles such as endo’® (Guichet et al., 2002) or endo’
(Verstreken et al., 2002) or partial rescue of the endo’ null allele
by expressing wild-type Endo protein (Rikhy et al., 2002) all re-
veal much weaker phenotypes than endo null alleles at the NMJ.
These data indicate that the complete removal of Endo is required
to reveal clearly its function in vivo.

Given that Endo has been localized by immunogold in pho-
toreceptor terminals to the capitate projections, we next consid-
ered the possibility that Endo may play a role in the biogenesis or
invagination of capitate projections. From counts of all capitate
projection profiles in control and endo’ mutant terminals, how-
ever, we found no statistically significant differences in either the
number or size of capitate projections between control and endo’
mutant terminals (Table 1). Moreover, counts of active zones, the
tetrad synapses (Meinertzhagen and O’Neil, 1991; Meinertzha-
gen and Sorra, 2001), in control and mutant terminals, also did
not show a difference (Table 1). Thus, the loss of Endo function
seems not to directly affect either the sites of exocytosis or the
capitate projections.

Epistatic relations between dynamin and Endophilin
Depletion—reformation assay

To study the function of Endo during synaptic vesicle recovery,
we next created flies with endo’ mutant photoreceptors in which
we could block the synaptic vesicle cycle temporarily, allowing us
to deplete the synaptic terminals of functional, releasable vesicles.

To do this, we created eyes that were double-mutant for endo’
and shi*'. shi*! encodes a temperature-sensitive mutation in dy-
namin, which is essential for vesicle fission from the plasma
membrane. At the restrictive temperature (29°C) all synaptic ves-
icle recycling is blocked in shi"*’, whereas at the permissive tem-
perature (18°C) endocytosis can proceed (Kosaka and Ikeda,
1983; Chen etal., 1991). Hence, when shi”’; endo’ double-mutant
terminals were brought to the restrictive temperature in the light
(15 min at 29°C), functional vesicles were depleted. When these
depleted double-mutant shi'; endo’ terminals were then brought
back to the permissive temperature, we could follow the effects of the
lack of Endo function during the recovery of the vesicles from endo-
cytotic blockade (Fig. 8 A). We monitored the recovery of these dou-
ble-mutant terminals by EM after various times (light: 0, 15, or 30
min) at the permissive temperature (Figs. 8—10). Data from double-
mutant photoreceptor terminals were then compared with data
from shi®’ single-mutant terminals subjected to the same paradigm.
Capitate projections proliferate during recovery from an
endocytotic block

As shi*';endo’ mutant photoreceptors recovered from exposure
to the restrictive temperature, they exhibited altered numbers of
capitate projections compared with shi”’ photoreceptor termi-
nals. At the restrictive temperature, the number of capitate pro-
jections in double-mutant terminals was unchanged compared
with those in shi”’;endo’ control animals at the permissive tem-
perature or with those in shi*' flies at the restrictive temperature
(Fig. 9A). During a 30 min recovery phase at 18°C, however, the
number of capitate projections in shi*’;endo’ terminals increased
compared with shi®’ or shi*’;endo’ terminals at the permissive
temperature (Fig. 94, Table 1). Thus, it appears that when endo-
cytosis is induced by the release of functional vesicles in shi®'
terminals recovering from endocytotic blockade, the number of
capitate projections also increases, either by an increased rate of
invagination or by a decreased rate of evagination, thus support-

ing a role for capitate projections in synaptic endocytosis.

Membrane uptake at synapses requires components of
clathrin-mediated endocytosis

At least two morphologically distinct pathways for presynaptic
membrane recovery have been observed at photoreceptor termi-
nals in Drosophila (Koenig and Ikeda, 1996). One occurs away
from the active zone and likely represents classical clathrin-
mediated endocytosis. The other occurs close to the active zone
and is marked morphologically by the appearance of membrane
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Figure 7.  Synaptic vesicles cluster and are electron-dense in endo’ mutant terminals. A-D,
EMimages of R1-R6 terminal profiles (Rin (). Scale bar, 0.5 pm. 4, B, Control FRT82B terminals
( yw eyFLP; FRT82B/FRT828 dl w*”. Synaptic vesicles appear more diffuse than in endo’ termi-
nals ( yw eyFLP; FRT82B/FRT828 d w™). , D, Homozygous mutant FRT82B endo’ terminals.
Synaptic vesicle clusters are marked by arrows. Note that clusters appear at or close to capitate
projections (CP in D), invaginations from the epithelial glia, and that tetrad synapses (arrow-
heads) also lie nearby. £, £, Enlarged view of electron-dense synaptic vesicle clusters (arrow-
heads) adjacent to profiles of capitate projections (CP), single-headed (£) or multiple-headed
(F), in endo” mutant terminals. Note the even spacing of vesicle profiles within cluster. Scale
bar: (inF)E, F,0.2 um. G, Normalized synaptic vesicle electron density, measured by calculating
the ratio between the average pixel intensity of vesicles in clusters and the average pixel inten-
sity of vesicles associated with the tetrad active zone (n = 15 terminals for both endo’ and
control eyes). H, Mean nearest-neighbor spacing between vesicles in endo’ terminals and con-
trols differs significantly; p = 0.0024 (t test).

sheets that arise from the base of the T-shaped presynaptic rib-
bon. These represent the first sites of reinternalization of vesicle
membrane, endocytotic invaginations of the plasmalemma (“cis-
ternae”) (Koenig and Tkeda, 1996) that fail to pinch off in shi*’
held at the restrictive temperature. To determine the possible role
of Endo in the uptake of membrane associated with the active
zone, we counted the number of membrane sheets (Figs. 8D,
inset, 9B) emerging from active zones in shi*’;endo’ and shi*’
control photoreceptor terminals after exposure to the restrictive
temperature. In shi"';endo’ double-mutant terminals, some
membrane sheets already existed during exposure to the restric-
tive temperature (data not shown), and they persisted for a pe-
riod of up to 30 min during the recovery at 18°C (Fig. 9B, Table

1). These data suggest that membrane uptake and vesicle refor-
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mation from such sheets at the active zone depend on the func-
tion of Endo and likely occur via a clathrin-mediated pathway.

Lack of Endophilin leads to accumulation of postfission vesicles
To determine which fraction of the vesicle pool in shi*';endo’
mutant R1-R6 terminals is functional, we exposed flies to 29°C
for 15 min and assessed the extent of vesicle depletion (Table 1).
Although shi®' terminals at the restrictive temperature were al-
most completely depleted of synaptic vesicles (Figs. 8 B, 9C), their

depletion in shi*Lendo’ terminals was much less severe, with sur-

viving vesicles forming more densely packed clusters than in shi*’
single-mutant terminals (Figs. 8 D, 9C). Their packing density in
shi"!;endo’ terminals at the restrictive temperature was in turn
approximately four times less than in control terminals. The re-
maining vesicles in shi*';endo’ double-mutant terminals exposed
to high temperature, in addition to being clustered, also appeared
electron dense (Fig. 8C), reminiscent of the clustered vesicles in
endo’ single-mutant terminals (Figs. 7C-F, 8 D, E). Such dark ves-
icles were not observed in shi” at the restrictive temperature (Fig.
8B,C) (data not shown) (Koenig and Ikeda, 1996). Hence, the
lack of Endo in double-mutant terminals created a pool of vesi-
cles that would normally be depleted by loss of shi function at
restrictive temperatures. Apparently the vesicles that persist in
shi*"sendo’ terminals differed in some qualitative way from nor-
mal synaptic vesicles, not allowing them to reenter the synaptic
vesicle cycle and be released at restrictive temperatures (Fig.
8D,E).

Capitate projections are sites of endocytosis

To locate sites of endocytosis in the photoreceptor terminal, we
examined in detail the occurrence of endocytotic structures in
shi®! terminals during recovery from the restrictive temperature.
We observed several late-stage omega structures and clathrin-
coated collared pits with or without short stalks that emerged
from the plasma membrane. Interestingly, these structures quite
often occurred along the stalks of capitate projections (Fig.
10A, B, Table 1). To test whether the formation of these endocy-
totic structures was blocked by additional removal of Endo func-
tion, we also examined flies with eyes double mutant for shi"*’ and
endo’ in our vesicle depletion—reformation assay. Significantly,
during recovery from endocytotic blockade, endocytotic struc-
tures similar to those observed in shi"*’ recovering terminals were
also observed in the double-mutant terminals, suggesting that
Endo does not play a role in the formation of these endocytotic
structures (Fig. 10C,D). Strikingly, however, these endocytotic
structures again often occurred along the stalks of the capitate
projections (Figs. 8 D, inset, 10C,D). Together with the previous
observations, these data indicate that capitate projections are sites
of endocytosis in photoreceptor terminals (Fig. 11).

Discussion

During intense stimulation of a neuron, numerous synaptic ves-
icles fuse with the presynaptic membrane. To maintain synaptic
transmission, neurons regenerate fusion-competent synaptic
vesicles at the nerve terminal (Zhang and Ramaswami, 1999).
Mechanisms of endocytotic retrieval have mostly been examined
at the synapses of spiking neurons, such as mouse hippocampal
neurons and the motor neurons of vertebrates and invertebrates
such as Caenorhabditis elegans and Drosophila (Bellen, 1999).
Much less attention has been given to vesicle retrieval mecha-
nisms in nonspiking neurons (Roberts and Bush, 1981), such as
Drosophila photoreceptors. In these neurons the quantity of neu-
rotransmitter released is sensitive to small changes in presynaptic
membrane potential (Rao-Mirotznik et al., 1995), and transmit-
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Figure8. Vesicle reformation in shi®’; endo’ double-mutant terminals. A, Experimental plan. Flies with sh”; endo” double-
mutant and shi®’ single-mutant eyes were shifted to the restrictive temperature for 15 min (— 15— 0) to deplete synaptic vesicles
(see Results for details and Materials and Methods for genotypes). They were then shifted back to the permissive temperature,
revealing at 0, 15, and 30 min the surviving defects in endocytosis in the absence of Endo function, for comparison with terminals
of shi®"; endo’ flies kept at the permissive temperature. B—F, Examples of terminals during recovery from exposure to the
restrictive temperature in single-mutant shi®” either dark-exposed at 29°C (B) or after 30 min recovery at 18°C from previous
exposure to 29°C ( (), and in double-mutant shi®’; endo’ either at 29°C ( D) or 18°C after 30 min recovery from 29°C (£). Membrane
sheet in B, enlarged in the top right-hand panel (arrow), arises from the pedestal of a presynaptic T-bar ribbon (arrowhead).
Synaptic vesicle profiles (arrow) are enlarged from recovering shi’ terminal ( () in the middle right-hand panel, and an endocy-
totic profile (arrowhead) is enlarged from recovering shi®’; endo’ terminal ( £) in the bottom right-hand panel.
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Figure 9.  Time course of recovery from exposure to the restrictive temperature among organelle populations in shi®’ and

shi";endo’ terminals. A, During recovery from exposure to the restrictive temperature, the number of capitate projectionsin shi*’;
endo’ terminals increases; differences are significant after 15 min ( p = 0.036; ttest) of recovery, but lose significance after 30 min
(p =0.072; ttest). We counted different morphological forms of capitate profiles (those with shallow, single, and multiple heads,
which are thought to constitute the sequence for organelle formation and regression). B, Membrane sheets emerging from near
the pedestal of the T-bar ribbon, probably representing endocytosis from that site (Koenig and lkeda, 1996), persisted longer in
shi'; endo’ exposed to the restrictive temperature than in shi®’ single-mutant terminals. ¢, More synaptic vesicles survive in
shi®’; endo” mutant terminals that are exposed to the restrictive temperature than in shi®’ single-mutant terminals.
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ter is released in a tonic manner (Juusola
et al, 1996). Although the molecular
mechanisms of endocytosis in the synaptic
terminals of Drosophila photoreceptors
have been studied in only a few mutants
(Koenig and Ikeda, 1996; Littleton et al.,
2001; Chang et al., 2002), the visual system
in Drosophila is ideally suited to study such
questions. Not only is it amenable to ge-
netic manipulation through the creation
of whole-eye mosaics (Stower and
Schwarz, 1999; Newsome et al., 2000), but
its modular organization is also well suited
to detailed ultrastructural analyses (Mein-
ertzhagen and O’Neil, 1991; Koenig and
Tkeda, 1996; Meinertzhagen, 1996).

Endo function is required to promote
the progression of newly internalized
vesicles in the synaptic vesicle cycle
Interfering with Endo function at live syn-
apses has demonstrated the essential role
of Endo during endocytosis of synaptic
vesicles. Even so, the exact function of
Endo remains controversial. Biochemical
analyses and vesicle reformation assays
have suggested a role for the protein dur-
ing endocytosis via LPAAT activity, in the
transition from shallow to deeply invagi-
nated pits, possibly by modifying lipid
structure (Scales and Scheller, 1999;
Schmidt et al., 1999; Hill et al., 2001). Fur-
ther support for a role of Endo during
membrane bending has been suggested
from analyses of endo hypomorphic alleles
at the Drosophila NMJ and from injection
experiments in the lamprey. At the Dro-
sophila NM]J, although partial loss of endo
function in hypomorphic alleles such as
endo'® does not dramatically reduce total
vesicle number, shallow pits accumulate
along the plasma membrane (Guichet et
al., 2002). Furthermore, when Endo anti-
bodies, which probably disrupt some of
the functions of Endo, are injected in ton-
ically stimulated lamprey synapses, accu-
mulations of shallow and more deeply in-
vaginating coated pits are observed
(Ringstad etal., 1999). These data are con-
sistent with an early role of Endo in
clathrin-mediated endocytosis. It is un-
likely, however, that all endo function is
completely removed in any of these assays,
which may therefore not necessarily reveal
the exact function of Endo during vesicle
retrieval. The importance of LPAAT activ-
ity, in particular, remains controversial.
Although Endo binds and tubulates mem-
branes in vitro, this property is indepen-
dent of the enzymatic activity of Endo
(Farsad et al., 2001).

Other injection experiments suggest an
additional function for Endo at the lam-
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Figure 10.  Endocytotic profiles form on the stalks of capitate projections in shi®’ mutant

terminals recovering from exposure to the restrictive temperature. A, B, Profiles of new vesicles
(B, arrowhead) endocytosing from capitate projections (A, CP) in terminals from shi®' flies held
previously at 29°Cand then for 15 min at 18°C. Endocytotic profiles appear along stalks as well
asin nearby plasmalemma (A, small arrowheads). C, D, Profiles of vesicles (double arrowheads)
arising from stalks of capitate projections (€, CP) in double-mutant shi*; endo terminals re-
covering from previous exposure to the restrictive temperature. Vesicles often arise from paired
locations as seeninlongitudinal ( () sections of the stalk. Ina cross section of the stalk (D, arrow),
an extended endocytotic profile is surmounted by a vesicle (open arrowhead) that appears to be
coated (inset). Note that free vesicles are electron-dense and that they persist during exposure
of shi®’ endo’ to the restrictive temperature, whereas in shi®’ terminals (C, D), vesicles do not
remain coated (Koenig and lkeda, 1996). Scale bar, 0.2 um.

prey synapse. When peptides that are thought to interfere with
the SH3 domain interactions of Endo are injected into lamprey
synapses, an accumulation of free, coated vesicles, with fewer
earlier endocytotic intermediates, is observed (Gad et al., 2000).
These data indicate that Endo functions at a late endocytotic step
to promote vesicle uncoating; however, in these experiments only
the Endo SH3 domain interactions were perturbed. Possible ad-
ditional functions of Endo, for example those responsible for an
early role in endocytosis, encoded by different parts of the pro-
tein, were probably left intact. As a result, the exact role of Endo in
synaptic vesicle endocytosis remains unclear, because none of the
reported assays removed all Endo function.

The data that we present here from an endo null mutant dem-
onstrate that Endo is not essential during early endocytotic stages
to bend and shape the synaptic membrane into a new vesicle.
Rather, the data indicate that the function of Endo is required to
promote the normal progression of newly internalized vesicles
through the synaptic vesicle cycle. First, loss of Endo function
compromises the synaptic-vesicle cycle, eliminating or reducing
the on and off transients of the ERG (Rikhy et al., 2002). Second,
ultrastructural analysis of endo’ mutant R1-R6 terminals reveals
the accumulation of late endocytotic electron-dense vesicles,
which appear in clusters. Third, when shi*!; endo! terminals are
shifted to restrictive temperatures in the light, significant num-
bers of nonfunctional vesicles remain and do not enter the syn-
aptic vesicle cycle. Fourth, when shi; endo’ terminals recover
from endocytotic blockade at the permissive temperature,
electron-dense vesicles bud from the membrane surrounding
capitate projections, leading to the formation of the dark vesicle

clusters. Such vesicle clusters are also observed in shi"’ single-
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Figure 11.  Endophilin is required for endocytosis, which occurs at glial invaginations in
synaptic terminals of photoreceptors. Clathrin-coated vesicles can form on stalks of capitate
projections (CP), which are invaginations of epithelial glia into the synaptic terminals of photo-
receptor cells (PR). Newly endocytosed vesicles transform into electron-dense vesicles that are
then recycled and pumped with neurotransmitter to become functional vesicles. The function of
Endophilin is ultimately essential for newly internalized vesicles to progress into the synaptic
vesicle cycle. Endo may be required to modify lipid composition to allow progression in the
vesicle cycle or may be essential to recruit components of the uncoating machinery at an earlier
stage of vesicle endocytosis.

mutant terminals in flies that are shifted from the restrictive tem-
perature and allowed to recover at the permissive temperature
(Koenig and Tkeda, 1999), although the vesicles in that case in
shi®! are not electron dense. We therefore propose that in fly
photoreceptor terminals Endo is not essential to depress the
membrane into a deeply invaginating coated pit during early
steps of endocytosis, nor does Endo appear essential for vesicle
fission. Instead, our data chiefly support peptide injection exper-
iments that interfere with Endo-SH3 function in lamprey syn-
apses (Gad et al., 2000) and suggest that Endo function is ulti-
mately required to promote the progression of newly internalized
vesicles (Fig. 11). This idea is further supported by the ability of
Endo to bind the protein Synaptojanin, which is also implicated
in uncoating synaptic vesicles (Cremona et al., 1999; Nonet et al.,
1999).

In summary, we find that Endo is not required for normal
development of the Drosophila eye, a process that requires the
interplay of numerous developmental pathways (Hsiung and
Moses, 2002). In addition, the function of Endo is dispensable for
axon outgrowth and target recognition. Endo is required, on the
other hand, for synaptic vesicles to progress through the synaptic
vesicle cycle. In addition, our data indicate that Endo performs
this function at or around sites of glial invagination, which we
propose are major centers for endocytosis in Drosophila photo-
receptor terminals (Fig. 11.).

Capitate projections are sites of clathrin-mediated
endocytosis in photoreceptor terminals

Our findings shed light on glial invaginations into photoreceptor
terminals called capitate projections (Stark and Carlson, 1986).
These are proposed synaptic organelles (Pyza and Meinertzha-
gen, 1997) and are known to be dynamic, capable of changing
number within ~10 min (Brandstitter and Meinertzhagen, 1995;
Rybak and Meinertzhagen, 1997), but otherwise lack any re-
ported function. Our observations now allow us to propose a
particular role for these structures in clathrin-mediated endocy-
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tosis. First, immuno-EM with anti-Endo and anti-clathrin shows
that both of these markers of clathrin-mediated endocytosis are
enriched at vesicles and membranes associated with capitate pro-
jections. Second, in endo’ mutant photoreceptor terminals,
electron-dense vesicles cluster near the capitate projections.
Third, when clathrin-mediated endocytosis is blocked, the num-
ber of capitate projections per terminal increases. Finally, during
recovery from endocytotic blockade in shi”’; endo’ eyes, deeply
invaginating coated pits are observed on the stalks of capitate
projections. Hence, we propose that these glial invaginations, the
capitate projections, play a prominent role in clathrin-mediated
endocytotic vesicle retrieval (Fig. 11). It is therefore interesting
that at the frog NM]J, endocytotic intermediates at the presynaptic
membrane have also been observed in association with glial cell
processes extending into the motor nerve terminal (Heuser and
Reese, 1973).

Glia are also implicated in the clearance of transmitter from
the synaptic cleft and in transmitter reuptake by the presynaptic
terminal (Schousboe and Hertz, 1981; Steinhduser and Gallo,
1996; Palmada and Centelles, 1998). Likewise, epithelial glia sur-
rounding photoreceptor terminals in the lamina could be involved
in transmitter re-uptake into the terminals. The epithelial glia ex-
press Ebony (Richardt et al., 2002), a major enzyme for the metab-
olism of released histamine (Borycz et al., 2002), which thus may
clear transmitter from the cleft. We propose that in addition to their
role in endocytosis, capitate projections may also aid in the transport
of neurotransmitter back into the photoreceptor terminal, thereby
linking at a single site the function of vesicle recovery from the mem-
brane with transmitter recycling. In this context, it may be relevant
that mutants of ebony and tan, which together regulate histamine
metabolism (Borycz et al., 2002), have altered numbers of capitate
projections (Meinertzhagen and Wang, 1997).

Flies with endo’ mutant eyes can still see

Although their on and off ERG transients are essentially absent,
flies with endo’ mutant eyes are still not blind. Our evidence does not
allow us to suggest that their vision is normal, only that phototaxis
choice behavior under the conditions of our assay does not differ
from controls. We have not examined the light intensity threshold
for such behavior or the many other tests of visual behavior (Heisen-
berg and Wolf, 1984) that could be examined. It is therefore inter-
esting that under different conditions and using a different genetic
background, Rikhy et al. (2002) report that flies with endo’ mutant
eyes, although not behaving as well as controls in a light-choice test,
were also not entirely blind. Thus, our data as well as theirs indicate
that at least some neurotransmitter release from endo’ photorecep-
tors must persist to give rise to signals in the lamina; even if these may
be amplified at more central synapses in the visual pathway, they are
sufficient to endow the flies with phototactic behavior. This persis-
tent release must occur despite the loss of the ERG transients and
implies that some regeneration of fusion-competent vesicles still
proceeds in the absence of Endo function. Two mechanisms may
exist to achieve this in endo’ mutant photoreceptors. Either residual
endocytosis and minute rates of regenerating fusion-competent ves-
icles, sufficient for the fly to detect light, or alternative modes of
synaptic vesicle regeneration that do not require Endo persist in
endo’ mutant terminals. Given previous findings on endo’ mutant
NMJs (Kjaerulff et al., 2002; Marte, 2002; Verstreken et al., 2002), it
seems likely that in the fly’s eye, too, a fast vesicle retrieval pathway
operates to ensure the regeneration of fusion-competent vesicles.
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