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Abstract

The location of proteins that contribute to synaptic function has been widely studied in vertebrate

synapses, far more than at model synapses of the genetically manipulable fruit fly, Drosophila

melanogaster . Drosophila photoreceptor terminals have been extensively exploited to

characterize the actions of synaptic genes, and their distinct and repetitive synaptic ultrastructure

is anatomically well suited for such studies. Synaptic release sites include a bipartite T-bar ribbon,

comprising a platform surmounting a pedestal. So far, little is known about the composition and

precise location of proteins at either the T-bar ribbon or its associated synaptic organelles,

knowledge of which is required to understand many details of synaptic function. We studied the

localization of candidate proteins to pre- or postsynaptic organelles, by using immuno-electron

microscopy with the pre-embedding method, after first validating immunolabeling by confocal

microscopy. We used monoclonal antibodies against Bruchpilot, epidermal growth factor receptor

pathway substrate clone 15 (EPS-15), and cysteine string protein (CSP), all raised against a fly

head homogenate, as well as sea urchin kinesin (antibody SUK4) and Discs large (DLG). All these

antibodies labeled distinct synaptic structures in photoreceptor terminals in the first optic neuropil,

the lamina, as did rabbit anti-DPAK ( Drosophila p21 activated kinase) and anti-Dynamin.

Validating reports from light microscopy, immunoreactivity to Bruchpilot localized to the edge of

the platform, and immunoreactivity to SUK4 localized to the pedestal of the T-bar ribbon. Anti-

DLG recognized the photoreceptor head of capitate projections, invaginating organelles from

surrounding glia. For synaptic vesicles, immunoreactivity to EPS-15 localized to sites of

endocytosis, and anti-CSP labeled vesicles lying close to the T-bar ribbon. These results provide

markers for synaptic sites, and a basis for further functional studies.
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INDEXING TERMS

synaptic vesicle; lamina; ribbon synapse; capitate projection; histamine

The release of neurotransmitters in the brain is both rapid and highly focal, mediated by

exocytosis at the active zones of synaptic terminals (recent reviews: Verhage and Toonen,

2007; Rizo and Rosenmund, 2008). Vesicle exocytosis in turn involves a cascade of protein-

protein interactions (Südhof, 1995; Rizo and Rosenmund, 2008) that form part of the

synaptic vesicle cycle (Südhof, 2004). The cycle is centered on the highly differentiated

structure of the active zone (Burns and Augustine, 1995), reported from conventional

electron microscopy (EM) many years ago (e.g., Akert et al., 1972) or more recently at

higher resolution by means of EM tomography (e.g., Lenzi et al., 1999; Harlow et al., 2001).

The architecture of the active zone shows many common features at the synapses of

different nervous systems, and is matched to the rate of neurotransmitter release (Zhai and

Bellen, 2004). General features include a meshwork of cytoskeleton that encompasses a

cumulus of synaptic vesicles and an electron-dense cytomatrix at the active zone (CAZ) that

lines the presynaptic plasma membrane (Peters et al., 1991; Garner et al., 2000;

Gundelfinger and tom Dieck, 2000; De Camilli et al., 2001).

Electron-dense projections of various shapes at the pre-synaptic site have been the subject of

many reports (Zhai and Bellen, 2004), and these are especially conspicuous at ribbon

synapses of the vertebrate retina, where an electron-dense organelle is specialized for vesicle

shedding (Sterling and Matthews, 2005). In the fruit fly Drosophila melanogaster , an

electron-dense presynaptic ribbon, T-shaped in cross section, occurs at many synapses in the

central nervous system (CNS) (Prokop and Meinertzhagen, 2006), and all peripheral

synapses of the compound eye’s photoreceptor terminals (Meinertzhagen and O’Neil, 1991;

Meinertzhagen and Sorra, 2001). These T-shaped presynaptic projections have for many

years been referred to as presynaptic ribbons, by comparison with the organelles in

vertebrate photoreceptors (Meinertzhagen, 1993). To unify the terminology for these

organelles at two model synapses in Drosophila , neuromuscular junctions (NMJs), and

photoreceptor synapses, we refer to them as T-bar ribbons (Prokop and Meinertzhagen,

2006).

At mammalian synapses, docking and priming of synaptic vesicles occur at the CAZ, prior

to vesicle shedding and neurotransmitter release (Garner et al., 2000). Recent studies have

identified and functionally characterized the protein components of the CAZ at conventional

synapses (reviewed in Rosenmund et al., 2003; Zhai and Bellen, 2004; Schoch and

Gundelfinger, 2006), and at the ribbon complex of vertebrate rods (tom Dieck et al., 2005).

Although knowledge of the complete protein composition of the CAZ remains incomplete,

the list includes: Munc13-1 (Brose et al., 1995), RIMs (Wang et al., 1997, 2000), ERC/

CAST (Ohtsuka et al., 2002; Wang et al., 2002), Piccolo/ Aczonin, and Bassoon (Cases-

Langhoff et al., 1996; tom Dieck et al., 1998; Wang et al., 1999). These are all thought to be

essential for the formation and function of synapses, and the proper assembly of presynaptic

structures at the active zone.
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The CAZ protein CAST (Ohtsuka et al., 2002; Wang et al., 2002) forms a ternary complex

with RIM1 and Munc13-1 by directly binding RIM1 (Ohtsuka et al., 2002). Moreover,

CAST directly binds not only to RIM1 but also to Bassoon and Piccolo, and is involved in

neurotransmitter release by directly binding these CAZ proteins (Takao-Rikitsu et al., 2004).

The gene bruchpilot , which codes for a Drosophila homologue of CAST, has recently been

cloned (Wagh et al., 2006). Its product, Bruchpilot (BRP) has been localized to the T-bar

ribbons of Drosophila NMJs (Kittel et al., 2006). It therefore seems plausible that other

homologues of mammalian synaptic proteins may also localize to Drosophila presynaptic

sites.

The differential localization of CAZ and other proteins has been widely studied at

mammalian synapses (tom Dieck et al., 2005; Deguchi-Tawarada et al., 2006), but little is

known about their localization at the synapses of other nervous systems, especially those in

Drosophila , in which the opportunity to study synaptic mutants is particularly propitious.

Drosophila is the most obvious model species because of the diversity of synaptic proteins,

the close conservation of those for the neurotransmitter release, and availability of the many

transposon insertion sites near the corresponding genes (Lloyd et al., 2000), which allow the

ready generation of synaptic mutants. These genetic advantages are allied to the distinctive

pre-synaptic ultrastructure of Drosophila synapses, especially the bipartite T-bar ribbon

(Prokop and Meinertzhagen, 2006). The latter comprises a platform, which surmounts a

pedestal (Fröhlich, 1985; Meinertzhagen and O’Neil, 1991).

Many studies report the expression of Drosophila CAZ and other synaptic proteins using

confocal microscopy, especially at larval NMJs, an easily accessible and readily visualized

glutamatergic synapse (Budnik and Ruiz-Canada, 2007). There, BRP has been localized to

the platform of the T-bar ribbon by using advanced optical imaging (Kittel et al., 2006) that

relies on the easy visualization of presynaptic boutons. Related studies on other synapses in

Drosophila are mostly lacking. A previous confocal study reveals several synaptic epitopes

in the terminals of the compound eye’s photoreceptors (Hiesinger et al., 2001), but such

studies rarely attain a resolution sufficient to differentiate the subcellular localizations, and

therefore little is known regarding the precise localization of proteins in the T-bar ribbon or

associated synaptic organelles.

To address this need, immuno-electron microscopy (immuno-EM) is required. For that

purpose, photoreceptor synapses in Drosophila are the more convenient, because a single

section of the first optic neuropil, or lamina, cuts through an array of modules, or cartridges

each containing six photoreceptor terminal profiles, to reveal many synaptic sites

(Meinertzhagen, 1996). The profiles are of the six outer photoreceptors, R1–R6

(Meinertzhagen and O’Neil, 1991) and have been extensively used to characterize the

ultrastructural phenotypes of synaptic mutants (Stowers et al., 2002; Fabian-Fine et al.,

2003).

Even though the molecular mechanisms underlying the assembly and function of T-bar

ribbons and other synaptic organelles in Drosophila are still not clear, several ribbon-

associated proteins have now been identified (Wagh et al., 2006). To gain further insight

into the molecular machinery underlying neurotransmitter release at photoreceptor synapses,
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as well as to develop a panel of markers with specific patterns of expression at synaptic

sites, we studied the localization of candidate protein components of pre-and postsynaptic

organelles, using immuno-EM with the pre-embedding method. We concentrated on

antibodies that labeled either the T-bar ribbon itself, or that displayed a complementary

pattern of labeling. Our ultimate objective was to identify at least one antibody marker for

each class of synaptic organelle, and in this report we present final data on a panel of eight

such antibodies.

MATERIALS AND METHODS

Animals

Adult wild-type Drosophila melanogaster (Oregon R) were used for immunolabeling

experiments; two lines, Drosophila GAL4 line Eaat1 -GAL4 and a UAS line UAS-

mCD8::gfp (on X) (Bloomington Stock Center, Bloomington, IN), were used to generate

green fluorescent protein (GFP) expression in lamina T1 cells. Flies were kept under a

12:12-hour light/dark cycle at 24°C and were mostly sacrificed during Zeitgeber time (ZT) 1

to ZT5.

Antibody immunogen and specificity information

We used the following primary antibodies (Table 1), obtained from the sources listed, with

tests of specificity on Drosophila tissue as given below.

Three mouse monoclonal antibodies arose in a hybridoma screen against a Drosophila head

homogenate (Hofbauer, 1991), as follows:

1. nc82, which recognizes Drosophila BRP (Kittel et al., 2006), was obtained from

Dr. E. Buchner (Lehrstuhl für Genetik und Neurobiologie, Biozentrum,

Würzburg, Germany) or from DSHB (Iowa City, IA). The specificity of nc82

against BRP protein has been demonstrated in three ways: from the expression

pattern of GFP-tagged bruchpilot driven under tissue-specific drivers, which

completely matches nc82 signals in wing discs and tracheal cells, and also in the

active zone of larval NMJ buttons (Wagh et al., 2006); from Western blots of

adult head extracts using nc82, in which the antibody recognizes two proteins of

about 190 and 170 kDa apparent size (Wagh et al., 2006); and because

immunoexpression is lost in brp mutant NMJs and rescued by expressing BRP

at NMJs in brp mutants (Kittel et al., 2006). This antibody has been widely used

to label synaptic sites in Drosophila , based largely on the pattern of labeling

demonstrated at NMJs, but its specificity is in fact mostly not complete for

synapses of the CNS outside the NMJ.

2. aa2/2, also from Dr. E. Buchner, is specific for an epitope of the EPS-15 protein,

a Drosophila homologue of epidermal growth factor receptor pathway substrate

clone 15, as revealed by the loss of immunoreactivity in a mutant for the Eps-15

gene (Hofbauer et al., 2009).

3. Anti-CSP (anti-DCSP-1 or ab49; Zinsmaier et al., 1990), obtained from Dr. K.E.

Zinsmaier (Division of Neurobiology, Arizona Research Laboratories, Tucson,
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AZ), is widely used as a synaptic protein marker. Its specificity has been

confirmed by both Western blots of wild-type head homogenate, in which the

antibody recognizes at least four different CSP isoforms at 32, 33, 34, and 36

kDa and the lack of immunolabel in a csp null mutant ( cspU1 ) (Eberle et al.,

1998).

Three other mouse monoclonal antibodies derived from different sources were also used, as

follows:

4. SUK4, from DSHB, was raised against the 130-kDa heavy chain of sea urchin

egg kinesin, and Western blotting has shown that it cross-reacts with Drosophila

embryo 116-kDa heavy chain kinesins (Ingold et al., 1988), as well as the heavy

chain of kinesins isolated from bovine brain and sea urchin egg (Ingold et al.,

1988).

5. Anti-Discs large (DLG; antibody 4F3 from DSHB), was raised against an Sma l-

Eco RV fragment that includes the second PDZ domain of DLG fused to GST

(Dr. Daniel Woods, personal communication; for the exact coding region see

Supplemental Fig. S1). It labels larval NMJs in a pattern (Parnas et al., 2001)

that is similar to that of a polyclonal anti-DLG widely used to label the

Drosophila larval NMJ; mutant dlg larvae exhibit altered expression of the latter

and striking changes in NMJ structure (Lahey et al., 1994).

6. Anti-synapsin (SYNORF1 or antibody 3C11), obtained from either Dr. E.

Buchner or DSHB, was raised against a 66-kDa 3′-fusion protein comprising a

synapsin protein 5′fragment corresponding to the nucleotide sequence 621–

1967 given in Figure 1 of Klagges et al. (1996) fused to GST; it recognizes four

or five synapsin isoforms in Western blots of fly head homogenates (Klagges et

al., 1996). The specificity has been confirmed by both Western blot and

immunohistochemistry by using a null mutant, syn79 , in which the expression of

none of the wild-type synapsin isoforms at 70–80 kDa and 143 kDa is seen

(Godenschwege et al., 2004).

Finally, two rabbit polyclonal antibodies were used, as follows:

7. Anti- Drosophila p21 activated kinase (DPAK) was provided by Dr. N. Harden

(Institute of Molecular Biology and Biochemistry, Simon Fraser University,

Vancouver, BC, Canada). It was raised against an N-terminal DPAK-GST

fusion protein containing the first 166 amino acids of DPAK (Dr. Nicholas

Harden, personal communication). The affinity-purified anti-DPAK detects a

single band of about 75 kDa in Western blots of extracts prepared from

Drosophila embryos, which is almost consistent with the predicted molecular

mass of 76 kDa for DPAK (Harden et al., 1996).

8. An antibody against Dynamin (2074) was provided by Dr. Mani Ramaswami

(University of Arizona, Tucson, AZ). It was raised against a 66-kDa fragment of

Drosophila Dynamin, lacking the N-terminal 241 amino acids (lacking the GTP-

binding domain), fused to the maltose-binding protein (MBP) (Estes et al.,

1996). In Western blots against proteins from fly head lysates, the antibody
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labels a ~ 92–94-kDa doublet, the appropriate size for the Drosophila Dynamin

(Gass et al., 1995).

In addition to the eight primary antibodies listed above, a mouse monoclonal antibody

against GFP (antibody 3E6, cat. no. A11120, Molecular Probes, Eugene, OR) was used at a

dilution of 1:200 for the purpose of enhancing GFP signals driven under the regulation of an

Eaat1 -GAL4 driver. This antibody gives no signal in wild-type Drosophila (Johard et al.,

2008) and is thus specific to the GFP transgene.

Immunofluorescence confocal microscopy

Fly heads were fixed with 4% paraformaldehyde (PFA) in 0.067 M phosphate buffer (PB;

pH 7.4) except for anti-CSP and SUK4 immunolabeling, in which case heads were fixed

with either a mixture of 3.75% acrolein and 2% PFA (anti- CSP), or 4% acrolein alone

(SUK4). After washing in 0.01 M phosphate-buffered saline (PBS; pH 7.3), the heads were

embedded in agarose and sliced at 80-µm thickness. Slices were incubated with 1% sodium

borohydride in PBS for 20 minutes at 22°C, to remove eye pigment, then in PBS containing

0.5% Triton X-100 (PBST) with 10% normal goat serum (NGS) for 1 hour at 22°C, and

finally in a primary antibody from the list in Table 1, for 2 days at 4°C.

After washing in PBST, slices were blocked in PBST with 10% NGS for 1 hour at 22°C,

and subsequently incubated overnight at 4°C in a secondary antibody (1:200). As a

secondary antibody, goat anti-mouse or -rabbit IgG conjugated to Cy3 (Jackson

ImmunoResearch, West Grove, PA), and goat anti-mouse or -rabbit IgG conjugated to Alexa

Fluor 488 (Molecular Probes) were used. Primary and secondary antibodies were diluted in

PBST containing 10% NGS. After washing in PBST and PBS, sections were mounted in

Vectashield (H-1000; Vector, Burlingame, CA) beneath # 0 coverglasses (VWR, West

Chester, PA).

Immunolabeled slices were imaged by using either a Zeiss LSM 410 confocal microscope

(Carl Zeiss, Jena, Germany) equipped with Plan Neofluar 40×/1.3 and 100×/ 1.3 oil

immersion objectives or, mostly, a Zeiss LSM 510 confocal microscope equipped with Plan

Neofluar 40×/ 1.3 and Plan Apochromat 100×/1.4 oil immersion objectives. Alexa 488

excited with an argon laser at 488 nm was viewed through a 515–565-nm band-pass filter,

and Cy3 excited with a HeNe laser at 548 nm through a 560-nm long-pass filter. Confocal

slices were acquired at a size of 1,024 ×1,024 pixels.

Pre-embedding immuno-electron microscopy

The heads of adult flies were fixed in a mixture of 3.75% acrolein and 2% PFA in 0.067 M

PB. After washing in PBS, the heads were embedded in Agarose and sliced at 80-µm

thickness. Slices were incubated with 1% sodium borohydride in PBS for 20 minutes at

22°C, then in PBS with 0.07% Triton X-100 (PBST) containing 1% bovine serum albumin

(BSA) and 10% NGS for 1 hour at 22°C, and finally in a primary antibody from the list in

Table 1, for 2 days at 4°C. After washing in PBST, slices were blocked in PBST containing

1% BSA and 10% NGS for 1 hour at 22°C, and subsequently incubated overnight at 4°C in

a 1:100 secondary anti-mouse or anti-rabbit IgG conjugated to 1.4-nm gold (Nanoprobes,

Yaphank, NY). Primary and secondary antibodies were diluted in PBST containing 1% BSA
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and 10% NGS. After washing in PBST and PBS, slices were fixed in 2% glutaraldehyde in

PBS for 10 minutes at 22°C. After fixation, tissues were washed in PBS and distilled water,

incubated in a silver enhancement solution (IntenSE™ M Silver Enhancement Kit, cat. no.

RPN491; Amersham Biosciences, Bucks, UK), briefly washed in distilled water and PBS,

and postfixed with 0.5% osmium. After dehydration, sections were embedded in Poly/Bed

812 resin (Poly-sciences, Warrington, PA). Ultrathin sections were contrasted with uranyl

acetate and lead citrate for 30 seconds each. Preparations were examined at 80 kV by using a

Tecnai 12 electron microscope (FEI, Hillsboro, OR), and images were captured by using a

Kodak Megaview II digital camera and software (AnalySIS, SIS, Münster, Germany).

Image processing and statistical analysis of immuno-EM micrographs

The size, contrast, and brightness of the images were adjusted by using Photoshop 6.0

(Adobe Systems, Tokyo, Japan) and Corel Draw 9.0 (Corel, Ottawa, ON, Canada). For

statistical examination of immunogold particles, profile areas were measured by using

software (Image J, NIH). To determine the density of silver-enhanced immunogold particles,

we counted particles that lay over an area containing profiles of the organelles of interest

and by a 20-nm corridor surrounding the profiles. This corridor allowed for inaccuracies

between the locations of the epitope and immunogold particle that arise from the maximum

combined extension of a complex comprising the primary and secondary immunoglobulin

molecule surmounted by a 5-nm gold particle (9+9+2.5=20.5 nm: Griffiths, 1993). For aa2/2

labeling, the number of enhanced gold particles was counted from nine cartridges. For anti-

DLG labeling, counts were undertaken by using five images, each of about 200 µm2 and

containing seven or eight cartridge profiles. A Student’s t-test was used for tests of statistical

significance.

RESULTS

Our analysis is based on the geometrically regular, modular organization of the visual

system in wild-type Drosophila , which originates in the pattern of innervation from the

photoreceptors of the retina. These project axons to the two outermost optic neuropils, the

lamina and medulla (Fig. 1A). In the lamina, synaptic input from R1–R6 is provided at

approximately 50 release sites per R1–R6 terminal, at so-called tetrad synapses

(Meinertzhagen and O’Neil, 1991; Meinertzhagen and Sorra, 2001). Two of the four

postsynaptic elements at each tetrad are paired spines of lamina cells L1 and L2, with the

other two being contributions from other lamina cells, to form a common postsynaptic

cluster (Fig. 1B–D). An individual cartridge comprises the six R1–R6 photoreceptor

terminals and the fixed constituency of lamina neurons these innervate, including L1 and L2

(Fig. 1C). The entire group is in turn surrounded by three epithelial glial cells (Fig. 1E)

(Meinertzhagen and O’Neil, 1991), which invaginate the terminals at capitate projections

(Fig. 1F) (Stark and Carlson, 1986), specialized organelles that are sites of vesicle

membrane endocytosis (Fabian-Fine et al., 2003). At the presynaptic active zone of each

tetrad, a T-bar ribbon comprises a pedestal surmounted by a platform decorated with

synaptic vesicles (Fig. 1G).

To examine the expression pattern of synaptic proteins at Drosophila photoreceptor

synapses, we first used confocal microscopy to validate candidate antibodies that recognize
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the lamina neuropil, and then used immuno-EM to examine the subcellular location of each

respective antigen. For all antibodies we used the pre-embedding method. This required that

we develop new protocols that could preserve ultrastructure without significant loss of the

immunosignal. The organelles of the lamina terminals of fly R1–R6 photoreceptors exhibit

various daily and circadian rhythms (Pyza and Meinertzhagen, 1997) and, insofar as protein

expression may underlie such changes, we examined flies only in the first part of their day

(ZT1–ZT5), both to avoid possible variations in protein expression levels and because our

primary aim was to characterize the subcellular locations of synaptic proteins rather than

their temporal or functional variations.

Immunofluorescence

A number of candidate antibodies (aa2/2 [anti-ESP-15], nc82 [anti-BRP], SUK4 [anti-

kinesin], and those against DLG, DPAK, Dynamin, Fasciclin II, Synapsin, Neural

Synaptobrevin, and Syntaxin) have been examined to identify those that immunolabel the

lamina neuropil (Hiesinger et al., 2001; the present study). Some of these (against CSP,

DLG, neuronal Synaptobrevin, and Syntaxin) have been previously identified by light

microscopy (Hiesinger et al., 2001; Kolodziejczyk et al., 2008). In the final selection, we

used the eight antibodies listed in Table 1. All labeled the lamina neuropil as well as the

medulla and neuropils in the brain. At high magnification, the lamina sites labeled by each

antibody differed, however, even though confocal imaging could not reveal the precise

subcellular location.

Single immunolabeling

Antibody nc82 (Hofbauer, 1991; Hofbauer et al., 2009) recognizes BRP, a Drosophila

homologue of vertebrate ELKS/CAST, a component of the vertebrate active zone (Kittel et

al., 2006). Anti-BRP has been widely used as a presynaptic marker, especially at the larval

NMJ (Budnik and Ruiz-Canada, 2007), but a more general pattern of immunoreactivity in

certain regions of the Drosophila brain has also been reported (Wagh et al., 2006).

Confirming a previous report (Wagh et al., 2006), it strongly labeled the lamina neuropil as

well as neuropils in the medulla and central brain (Fig. 2A), revealing that BRP

immunoreactivity broadly expresses throughout the Drosophila CNS. In lamina cross

sections, the signals appeared to be largely restricted to the ring of R1–R6 terminals within

the cartridge, which contain most presynaptic sites (Meinertzhagen and Sorra, 2001) and

where nc82 signal showed a punctate distribution (Fig. 2B). The counts of BRP-positive

puncta given below suggest numerically that most synaptic sites in the lamina are BRP

immunopositive.

Antibody aa2/2 recognizes a protein that co-localizes with dynamin to the peri-active zone at

NMJs (Hofbauer et al., 2009). The antigen has recently been identified as a Drosophila

homologue of EPS-15 (Hofbauer et al., 2009). Anti-EPS-15 labeled the neuropil region of

the lamina clearly, as well as the medulla and central brain neuropils (Fig. 2C). Staining

intensity was uniformly high among the different neuropils, suggesting abundant expression

of EPS-15 through the Drosophila CNS. In cross sections of the lamina, aa2/2 labeling

revealed the outlines of R1–R6 terminals. Particularly strong signals were seen at sites
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facing the interior of the cartridge, where many tetrad pre-synaptic sites and their

postsynaptic L-cell spines lie (Fig. 2D).

CSP is a presynaptic protein with homology to vertebrate synaptic proteins (Zinsmaier et al.,

1990) that seems to increase the Ca2+ sensitivity of vesicle exocytosis (Dawson-Scully et al.,

2000). It is tightly associated with membranes of synaptic vesicles, and genetic studies in

Drosophila and mice indicate that CSP is critical for regulated neurotransmitter release

(Zinsmaier et al., 1994). Anti-CSP antibody was previously shown to label neuropil regions

of the fly’s brain (Zinsmaier et al., 1990), and to exhibit a rather diffuse signal in R1–R6

terminals in the lamina (Hiesinger et al., 2001). In addition to the lamina, strong anti-CSP

signals were also detected in the medulla and central brain neuropils (Fig. 3A), implying the

abundant expression of CSP in different neuropils, as for BRP and EPS-15. As for EPS-15,

CSP immunosignal was broadly seen in the R1–R6 terminals, but appeared especially to line

the borders facing the cartridge interior, where the tetrads are most concentrated (Fig. 3B).

Antibody SUK4 is a mouse monoclonal antibody raised against the 130-kDa heavy chain of

sea urchin egg kinesin (Ingold et al., 1988). Anti-kinesin heavy chain labeled the lamina

neuropil (Fig. 3C), but the signal was both weak and diffuse. In contrast to anti-BRP

labeling, however, neuropils in the medulla and central brain were hardly labeled. In cross-

sectioned lamina cartridges, not only the profiles of R1–R6 terminals but also the

surrounding epithelial glia were labeled, leaving two profiles lacking in immunoreactivity,

probably those of the L1 and L2 axons at the cartridge axis (Fig. 3D).

The Drosophila tumor suppressor gene discs-large ( dlg ) is a member of the vertebrate

membrane-associated guanylate kinase (MAGUK) family (Woods and Bryant, 1993) that

contains the postsynaptic density protein (PSD)-95 (Thomas et al., 1997). Anti-DLG labels

synapses and has been widely used as a synaptic marker at the Drosophila larval NMJ,

where it labels both pre- and postsynaptic sites (Lahey et al., 1994; Chen and Featherstone,

2005). It is also reported to label the lamina (Kolodziejczyk et al., 2008). In our

preparations, it labeled the lamina strongly compared with the medulla and central brain

regions (Fig. 3E), suggesting abundant expression of DLG in the lamina. Lamina cross

sections exhibited a bright ring of R1–R6 terminals after immunolabeling with anti-DLG;

the signals were sharply localized to regions of the photoreceptor membrane, which

sometimes appeared to have an immunoreactive substructure (Fig. 3F). By contrast, the

interior of R1–R6 terminal profiles had little label.

DPAK is a Drosophila homologue of the serine/ threonine kinase PAK, a target of the Rho

subfamily proteins Rac and Cdc42 (Harden et al., 1996; Mentzel and Raabe, 2005) that are

important regulators of the actin cytoskeleton (Bagrodia and Cerione, 1999). DPAK

localizes most obviously to the postsynaptic side of presynaptic varicosities at Drosophila

NMJs (Sone et al., 2000; Rohr-bough et al., 2007). In the optic lobe, anti-DPAK antibody

mainly labeled the lamina neuropil, compared with which the signals in the medulla and

central brain were rather weak (Fig. 4A). In lamina cross sections the anti-DPAK signal

showed a punctate distribution (Fig. 4B). This was rather like the pattern for nc82 (anti-

BRP) labeling, relative to which DPAK immunolabeled puncta did not reveal the cartridge
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structure clearly, and appeared to be larger and fewer, and to originate in components other

than R1–R6, however (Fig. 4B).

Finally, we examined an antibody against Drosophila synapsin (SYNORF1) (Klagges et al.,

1996). Synapsins are a small family of synaptic vesicle-associated phosphoproteins that

participate in regulating neurotransmitter release (Südhof et al., 1989), although their exact

function is still controversial. SYNORF1, anti-synapsin, detects an epitope that is widely

conserved in arthropod nervous systems, and labels not only synapses in insects but also

those in crustaceans (Harzsch et al., 1999) and spiders (Fabian-Fine et al., 1999). In

Drosophila , anti-synapsin labeled the lamina as well as medulla and central brain neuropils.

Unlike other antibodies we used, however, immunosignals in the medulla and central brain

were stronger than those in the lamina (Fig. 4C), suggesting that Drosophila synapsin is

much more abundant in the medulla and brain. In lamina cross sections the signal was

spread diffusely in the ring of R1–R6 terminals but also showed a distribution of clustered

puncta and, like anti-DPAK immunolabeling, failed to reveal clear geometrical cartridge

structures (Fig. 4D).

Expression of Eaat1 -GAL4 in lamina T1 cells

We examined Eaat1 -GAL4 driver expression by means of the GAL4/UAS system, by using

UAS- mCD8::gfp as an effector line. To enhance the expression of GFP signals we

immunolabeled preparations with anti-GFP, subsequently detected by a secondary antibody

conjugated to Alexa Fluor 488, before examination by confocal microscopy. The signal

strength was otherwise too low to reveal the entire projection pattern of individual cells. In

horizontal slices of the optic lobes of Eaat1>mCD8::gfp flies, a population of neurons with

cell bodies lying in the anterior and posterior regions of the medulla cortex was labeled with

anti-GFP. These cells had axons extending across the outer chiasm before penetrating the

lamina neuropil, where they formed the basket-like terminals (Fig. 5) that are typical of T1

cells (Fischbach and Dittrich, 1989). GFP signals were also visible in some fibers

innervating the medulla neuropil as well as some cell bodies overlying the medulla, beneath

the lamina neuropil (Fig. 5). In lamina cross sections, GFP expression revealed six to seven

tiny profiles of the basket-like ending (cf. Fig. 6D) with a distribution fully compatible with

the β -processes of T1 cells identified by serial-EM (Meinertzhagen and O’Neil, 1991).

According to the morphological properties described above, we assigned the Eaat1 -GAL4-

driven GFP-expressing medulla cells to T1 cells, and their lamina terminals to T1’s basket

endings.

Double immunolabeling

The opportunities for double labeling with different combinations of the eight antibodies

were restricted, because most successful signals were generated by mouse monoclonal

antibodies. Double labeling with anti-BRP (nc82) and anti-DPAK was first performed,

however, to study the relative distributions of these two epitopes in the terminals of R1–R6,

because both antibodies are directed against synaptic proteins that had previously been

identified at the larval NMJ, and because their immunosignals showed similar distribution

patterns to each other in the lamina neuropil. With both antibodies, the signals of nc82, a

widely used presynaptic marker, lay close to those of anti-DPAK, but neither exactly
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opposite nor overlapping the latter, therefore suggesting that DPAK originates in different

organelles from those that express BRP (Fig. 6A–C). Subsequently, the subcellular

distribution of DPAK was characterized by examining Eaat1>mCD8::gfp flies. After double

immunolabeling the lamina terminals of R1–R6 in Eaat1>mCD8::gfp flies with both anti-

DPAK and anti-GFP, we found that the anti-DPAK signals localized to sites that lay

opposite and partly overlapped the distal tip of each T1 cell basket ending profile (Fig. 6D–

F).

Double-immunolabeling with anti-Dynamin, and either aa2/2 (anti-EPS-15) or anti-DLG,

was also performed to gain insight into their relative distributions. In lamina cross sections,

Dynamin and EPS-15 almost completely co-localized to the cytoplasm of the R1–R6

terminals (Fig. 6G–I). Dynamin is required for scission of newly endocytosed vesicles from

the plasma membrane (reviewed in Hinshaw, 2000). EPS-15 is considered to localize,

together with Dynamin, to the cytoplasm around the site for vesicle endocytosis, which in

R1–R6 terminals is the capitate projections (Fabian-Fine et al., 2003). In contrast, anti-

Dynamin and anti-DLG signals displayed a complementary pattern of distribution, both

being closely associated in R1–R6 terminals, but hardly overlapping within these. Dynamin

signals appeared to surround those of DLG (Fig. 6J–L).

To resolve these antigen expression sites more closely, we next developed immuno-EM

protocols for each antibody.

Immunoelectron microscopy

Of the eight antibodies that gave a clear pattern of labeling in the lamina terminals of R1–

R6, five— anti-BRP (nc82), anti-EPS-15 (aa2/2), anti-CSP, anti-kinesin (SUK4), and anti-

DLG— successfully labeled particular structures in these terminals at the EM level. Anti-

Dynamin was not tested by EM because its distribution was too widespread, whereas the

other two antibodies, antisynapsin and anti-DPAK, failed to show clear labeling at the EM

level. The most obvious reason for the reduced signal seen after immuno-EM with any

antibody is that the thinner sections include far less epitope than thicker slices viewed for

light microscopy. However, other factors— the different fixatives used for EM preparation,

which may denature some epitopes but not others, or the loss of immunosignal during the

lengthy procedure required to prepare EM specimens— affect the use of particular

antibodies. These seem to have been critical for anti-synapsin and anti-DPAK, both of which

gave a clear lamina immunofluorescence signal. In this study, for immuno-EM we tried

neither PFA alone, glutaraldehyde alone, nor a combined fixative of PFA and

glutaraldehyde. Even if not optimal for epitope preservation, fixation with acrolein gave

well-preserved tissue that was essential to see clear organelle substructure. The choice of

different fixatives may improve preservation of the epitopes for anti-synapsin and DPAK,

and may prove successful in future trials.

Two antibodies, nc82 (anti-BRP) and SUK4 (anti-kinesin), gave immunosignals that

localized to different regions of the T-bar ribbon at photoreceptor tetrads.

First, anti-BRP signals at tetrad synapses were detected at the edge of the ribbon’s platform,

usually to one side only, but never to the pedestal (Fig. 7A–C). Their presence at this site
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confirms at higher resolution a previous report using subdiffraction resolution stimulated

emission depletion (STED) fluorescence microscopy at the NMJ, where anti-BRP also

labels a similar domain around the platform edges of T-bar ribbons (Kittel et al., 2006). For

the synaptic terminals of R1–R6, our immuno-EM findings help to clarify the loss of

platforms from T-bar ribbons seen at the photoreceptor tetrads of flies in which brp is

suppressed by brp -RNAi (Wagh et al., 2006).

In contrast to anti-BRP immunolabeling, anti-kinesin (SUK4) (Fig. 7D,E) immunosignals

appeared beneath the platform of the T-bar ribbon, localized to the sides of its pedestal. Two

antibodies labeled the synaptic vesicles that surround the T-bar ribbons of the tetrad

synapses. First, the signal recognized by anti-EPS-15 (aa2/2) antibody appeared among the

vesicle pool in the cytoplasm of photoreceptor terminals, and often close to the capitate

projection (Fig. 8A–C). Most immunogold particles were at a distance that exceeded 20 nm

from the capitate projection profile, however, indicating that aa2/2 does not recognize the

actual capitate projection but rather some epitope nearby. Capitate projections are sites of

clathrin-mediated endocytosis in R1–R6 terminals (Fabian-Fine et al., 2003), and thus the

origin of the vesicle cycle, suggesting that the anti-EPS-15 epitope lay close to the origin of

newly endocytosed vesicle membrane.

Synaptic vesicles are small (about 30 nm in diameter), densely packed (about 800 vesicles

per µm3: Borycz et al., 2005; with a spacing between vesicle profiles of about 65 nm:

Fabian-Fine et al., 2003), and poorly preserved by the pre-embedding procedures we used,

however. We were therefore not able to localize the anti-EPS-15 epitope directly to the

vesicle membrane. Instead, we calculated the immunogold signal density and found that the

density of gold particles in the profiles of R1–R6 (0.97 ± 0.36 [mean ± SD] per µm2) was

higher than that in monopolar cells (0.16 ± 0.33 per µm2). The profile area of the lamina

cartridge cross section is mostly occupied by the profiles of R1–R6 terminals and the axon

profiles of the monopolar cells, and confocal images have demonstrated that EPS-15 is

strongly expressed in R1–R6, but not in the monopolar cells (Fig. 2D). For this reason, we

chose the monopolar cell profiles to compare against the R1–R6 signal density.

Furthermore, within photoreceptor terminals, most signal was located over the synaptic

vesicle pool (1.15 ± 0.35 per µm2), more than three times higher than that over the

photoreceptor membrane (0.34 ± 0.55 per µm2). Both differences were significant ( P <

0.01; t-test). Thus the anti-EPS-15 antigen is concentrated over and appears to localize to the

vesicle pool in the synaptic terminals of R1–R6.

Anti-CSP signal was detected in the cytoplasm of R1–R6 terminals very close to the

electron-dense T-bar ribbon surrounded by synaptic vesicles (Fig. 8D–F). CSP is a vesicle-

associated protein and also a potential link protein between presynaptic calcium channels

and synaptic vesicles (Mastrogiacomo et al., 1994). It is therefore not unexpected that anti-

CSP signals are located at the presynaptic active zone decorated by synaptic vesicles.

Anti-DLG signals were detected almost exclusively in the R1–R6 photoreceptor terminals

(Fig. 9A). Within the terminals, immunoreactivity was often seen close to the heads of

capitate projections, but not the stalks (Fig. 9B–E). Capitate projections are invaginations

from surrounding epithelial glia and specialized organelles for the endocytosis of vesicle
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membrane, and possibly histamine recycling (Fabian-Fine et al., 2003). They are thus sites

to produce newly endocytosed synaptic vesicles, and often lie close to the presynaptic T-bar

ribbon. Localization of immunogold particles to the heads of capitate projections was

confirmed by calculating the signal density of DLG immunoreactivity. The density at the

heads was 1.38 ± 0.45 per µm2, whereas that in other regions of the lamina was 0.15 ± 0.03

per µm2. The difference was significant ( P < 0.01; t-test). Furthermore, immunogold

particles were always located on the photoreceptor side of capitate projection head profiles,

not over the head itself. Thus the epitope appears to be associated with the photoreceptor

membrane facing the capitate projection heads, rather than with the invaginating glial cell at

their center.

Quantitative features of antibody labeling

Even with the limited panel of antibodies that gave good immunosignals in the lamina, our

immuno-EM data clearly revealed the synaptic locations of several epitopes. The signals

fail, however, to identify whether all synapses express the protein epitope or only a subset of

these. This is because the signal seen after immuno-EM is usually weak, and we may

therefore expect to label only some of the synapses that actually express the protein. Thus

even in the most favorable preparations using the nc82 antibody, only about 10% of tetrad

ribbons actually exhibited labeling at the EM level. This low frequency explains why tetrad

sites were generally never seen at which both sides of a platform of the T-bar ribbon were

labeled, even though this is predicted statistically from the combined probabilities of epitope

labeling for each side. A 10% probability of unilateral labeling would be less than a 1%

probability of a bilateral one, which is too few to detect reliably. The doubly labeled

pedestals seen with SUK4 (Fig. 7E) indicate that the T-bar ribbon is nevertheless

symmetrical.

Based on knowledge of the subcellular distribution of the epitopes gained from our immuno-

EM, it was possible to count the numbers of immunopuncta seen with confocal microscopy,

and compare these with the numbers of synaptic sites previously reported from conventional

EM (Meinertzhagen and Sorra, 2001). This comparison was undertaken for anti-BRP (nc82)

immunolabeling, and enabled us to establish whether all synaptic sites expressed BRP, or

only a small subset, possibly only the tetrads. Our EM observations indicated that only

tetrad T-bar ribbons were immunolabeled, but not other types of synapse, which are also

relatively numerous (Meinertzhagen and Sorra, 2001). Counts of BRP immunopuncta seen

in confocal serial sections of nc82-immunolabeled lamina revealed an average of 13.7 ± 1.5

per micron depth (mean± SD of the means from three 14-µm image stacks, each derived

from a different cartridge). All puncta were counted, including ones that were weakly

labeled. In contrast, a total of 480 synapses, 283 of them being tetrads, were reported from

serial-EM of an entire single wild-type cartridge (Meinertzhagen and O’Neil, 1991;

Meinertzhagen and Sorra, 2001). These were distributed through 366 60-nm-thick sections,

and thus through a depth of 22 µm. Even though the distribution of sites is not uniform

(Hauser-Holschuh, 1975; Meinertzhagen and Sorra, 2001) and section thickness not reliably

calibrated, this would lead to a prediction of 21.9 synapses per micron depth in a single

lamina cartridge, 12.9 of which are tetrads. The predicted number of tetrads per micron
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depth roughly matches that of BRP-positive fluorescent puncta (13.7) calculated from our

confocal data.

These numerical considerations thus suggest that the BRP immunopuncta could identify all

tetrad sites, or alternatively ~ 60% of synaptic sites in the lamina overall, including both

tetrads and non-tetrads. Random searches through many lamina cartridges in our immuno-

EM preparations revealed nc82-positive T-bar ribbons at tetrad synapses only, however.

This suggests that immunoreactivity to BRP was not present at non-tetrad synapses, either

because the ribbons at these sites contained too little protein to detect, or because they lack

BRP entirely. Given the structural uniformity of T-bar ribbons at different classes of lamina

synapse (Meinertzhagen and O’Neil, 1991), the latter possibility seems to us unlikely.

DISCUSSION

This study was conducted to gain further insight into the molecular machinery underlying

neurotransmitter release at Drosophila photoreceptor synapses, as well as to develop a panel

of markers to recognize synaptic sites and organelles involved in neurotransmitter release.

For this, we used antibodies against a number of proteins, chosen principally for their

favorable expression patterns as components of pre- and/or postsynaptic sites, and screened

from among a larger set of antibodies, by means of confocal microscopy. Our findings

extend those of two previous reports in particular, on expression of synaptic proteins in the

lamina (Hiesinger et al., 2001) and neurotransmitter phenotypic markers (Kolodziejczyk et

al., 2008). All the antibodies listed in Table 1 immunolabeled R1–R6 photo-receptor

terminals in the lamina, often (kinesin, DLG, and DPAK antibodies) more strongly than

neuropils of the medulla or central brain, but sometimes (anti-synapsin) more weakly.

The subcellular localizations of these antibody signals clearly differed. Even at the level of

light microscopy, some antibody signals were clearly punctate, compatible with the labeling

of synaptic sites and other focally distributed organelles. However, only immuno-EM

observations enabled us to distinguish clearly the subcellular localization of each antigen

relative to others, in locations summarized in Figure 10.

BRP and kinesin antibodies recognize different sites at the T-bar ribbon

Our findings show that antibody nc82 recognizes a restricted region at the edge of the

platform of the T-bar ribbon of photoreceptor tetrad synapses in the lamina. Its antigen,

BRP, a Drosophila homologue of the mammalian CAZ protein, CAST (Wagh et al., 2006),

is a 200-kDa coiled-coil protein. Mutant study suggested that BRP is a structural protein of

the platform of Drosophila T-bar ribbon because the platform is missing in brp mutants

(Wagh et al., 2006), consistent with our immuno-EM findings. Until now, however, even

though the subcellular localization of BRP at presynaptic active zones has been proposed

from confocal microscopy, the precise location has been elusive because of the resolution

limitation of light microscopy. A single report using STED fluorescence microscopy has

shown doughnut-shaped profiles of nc82 immunolabeling centered at active zones of

Drosophila neuromuscular synapses (Kittel et al., 2006). Synapses elsewhere, in the central

brain or visual system, have not been examined in such detail, but our finding that the nc82

antigen (BRP) is clearly located at the edge of the T-bar ribbon platform at the tetrad
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synapses of R1–R6 is consistent with these data from NMJs, and suggests that BRP may

also be a constituent of the platform of T-bar ribbons at lamina synapses in Drosophila , at

least those at tetrad synapses, whereas the expression of BRP more generally in the brain

indicates that such expression sites must be widespread, possibly at most synapses.

An epitope at the side of the pedestal of the T-bar ribbon was recognized by SUK4, a

monoclonal antibody that cross-reacts with Drosophila heavy chain kinesins (Ingold et al.,

1988). Although both BRP and kinesin heavy chain are clearly localized to the T-bar ribbon

at the EM level, the distribution patterns of these two proteins appear different in confocal

images, in which BRP signals are punctate and kinesin rather more diffuse. Kinesins are a

large family of microtubule ATPase motor proteins that direct the movement of intracellular

cargoes along microtubules to various destinations within neurons. Such widespread

expression of kinesins along the axons might be responsible for the diffuse pattern of

immunolabeling with SUK4 compared with the more localized BRP. In a possible

counterpart at mouse photoreceptors, immunoreactivity to a kinesin heterodimer, KIF3A, is

enriched at the presynaptic ribbon (Muresan et al., 1999; tom Dieck et al., 2005), although

its function there is not known. It is possible that at both these non-microtubule sites kinesin

helps to convey primed vesicles to the docking/release site at the base of presynaptic

ribbons. An alternative view proposes, however, that synaptic ribbons in vertebrate

photoreceptors serve to tether vesicles stably in mutual contact via kinesin, so that they can

fuse with each other during multivesicular release (Parsons and Sterling, 2003). So far,

however, evidence for such a mode of release at Drosophila synapses is not available.

The bipartite composition of the tetrad T-bar ribbon

A clear structural subdivision of the T-bar ribbon at photoreceptor tetrads, as well as at other

fly synapses, into a platform and pedestal (Burkhardt and Braitenberg, 1976; Fröhlich and

Meinertzhagen, 1982), has long been recognized. The specialization of the ribbon platform

arose during the course of dipteran evolution, from an ancestral form in which only the

structural counterpart of the pedestal is visible (Shaw and Meinertzhagen, 1986), and which

resembles the presynaptic ribbon at photoreceptor synapses of other insects, such as the

dragonfly (Armett-Kibel et al., 1977). The patterns of expression of two epitopes now reflect

a clear separation between pedestal and platform in the synapses of recent flies, with one

antibody (against BRP) binding at the platform and the other (against kinesin) at the

pedestal.

Presynaptic ribbons at photoreceptor synapses in the vertebrate retina also have a bipartite

composition, with separation between the protein components of the ribbon and its

underlying arciform density (tom Dieck et al., 2005). CAST, the mammalian homologue of

BRP, is localized to a complex containing the arciform density at the base of the ribbon (tom

Dieck et al., 2005; Deguchi- Tawarada et al., 2006), along with Bassoon (Brandstätter et al.,

1999) and RIM2 (tom Dieck et al., 2005; Deguchi- Tawarada et al., 2006). Piccolo, a second

binding partner of CAST, is located in the ribbon. Neither Piccolo nor Bassoon has a

Drosophila homologue, however. Thus CAST at the ribbon synapse of vertebrate

photoreceptors lies next to the presynaptic membrane. BRP in fly photoreceptors, by

contrast, despite a postulated role in promoting calcium channel clustering at the presynaptic

Hamanaka and Meinertzhagen Page 15

J Comp Neurol. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



membrane (Kittel et al., 2006), is separated from the presynaptic membrane by the height of

the pedestal of the T-bar ribbon.

DPAK localizes to sites at the T1 basket cell terminals

Anti-DPAK recognizes the Drosophila serine/threonine kinase PAK, which functions in

neurons downstream of Dock to regulate axon guidance (Hing et al., 1999; Ang et al., 2003).

It also stabilizes the organization of postsynaptic components of the NMJ, and regulates the

size of the subsynaptic reticulum (Parnas et al., 2001). Expression of DPAK at Drosophila

larval NMJs occurs at the postsynaptic membrane (Sone et al., 2000), and is therefore

membrane associated, as it is at other sites (Conder et al., 2007). At the NMJ, double-

labeling with anti-DPAK and anti-BRP, the latter recognizing the presynaptic T-bar

platform, reveals complementary patterns of expression (Wagh et al., 2006). At lamina R1–

R6 terminals, by contrast, the same double-labeling did not produce any related pattern of

expression between DPAK and BRP, and given our demonstration of BRP localization to

the platform of the presynaptic T-bar ribbon, DPAK must therefore not be located at the

postsynaptic membrane opposite such sites in the lamina. By contrast, our double-labeling

shows that DPAK clearly localizes to sites at or near the distal tips of T1 cell basket

terminals. The gnarl junctions, at which an amacrine cell process provides synaptic input to

the β -processes of T1, but with a thin insinuating glial sheet between the two elements

(Meinertzhagen and O’Neil, 1991), are the most obvious candidates for such sites. This

candidacy would suggest that DPAK could express at either pre- or postsynaptic

membranes, or possibly both. Resolution of the exact site will depend on successful

immuno-EM observation with anti-DPAK.

Anti-DLG signals localize to the heads of capitate projections

DLG is a multifunctional protein, first identified as a tumor suppressor. At the Drosophila

NMJ, the protein is present at both pre- and postsynaptic sites (Lahey et al., 1994), and is

involved in organizing the postsynaptic structure as well as regulating neurotransmitter

release (Budnik et al., 1996). At the postsynaptic membrane, DLG serves as a scaffold

protein that tethers Fasciclin II and Shaker K+ channel proteins to the muscle by directly

binding to their cytoplasmic tails (Tejedor et al., 1997; Thomas et al., 1997; Zito et al.,

1997). In addition to these roles at synapses, DLG protein functions as a critical component

of septate junctions and is also required to maintain apicobasal polarity in Drosophila

epithelia (Woods et al., 1996). Our immuno-EM now reveals that DLG proteins are located

on the photoreceptor membrane around the invaginating head of capitate projection

organelles. Expression is restricted to the head, rather than the shaft and base, which are the

identified sites of vesicle membrane endocytosis (Fabian-Fine et al., 2003). The binding we

find in our EM observations, of anti-DLG to the head of the capitate projections, offers an

explanation for the complementary signals of anti-DLG and anti-Dynamin seen in double-

labeled confocal images, because Dynamin immunosignal is likely to localize to sites for

vesicle recovery at the shaft of the capitate projections, closely adjacent to the DLG signal

on the overlying head. Although the ultrastructural specialization of the head perhaps

qualifies it to play a specific role as a synaptic organelle, for which the recycling of

histamine has previously been suggested (Fabian-Fine et al., 2003), its exact function in fact

remains unknown. Our findings now suggest that DLG may play a role in tethering proteins,
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such as an amine transporter, to the photoreceptor membrane, but confirmation of this will

first require identification of specific transporters used in histamine recycling, itself a major

challenge (Stuart et al., 2007).

We note that the location of DLG in Drosophila photoreceptor terminals bears some

similarities to the location of another scaffolding protein, PSD-95, in the mammalian retina.

There, PSD-95 is located at presynaptic sites in rod spherule and cone pedicle terminals, as

well as in one subset of the dendrites that are postsynaptic to bipolar cell terminals (Koulen

et al., 1998).

Localization of CSP and EPS-15 antigen

CSP is a membrane protein that has been evolutionarily conserved in both invertebrate and

vertebrate neurons, and is tightly associated with synaptic vesicles, critical for their

regulated release of neurotransmitter (Zinsmaier et al., 1994). At Drosophila larval NMJs,

null csp mutants reveal presynaptic defects in the formation of synaptic varicosities and

reductions in evoked neurotransmitter release (Dawson-Scully et al., 2007). CSP is also a

potential link protein between synaptic vesicles and presynaptic calcium channels, key

regulators of neurotransmitter release (Mastrogiacomo et al., 1994), and is required for a late

Ca2+-dependent step in vesicle fusion (Nie et al., 1999; Dawson-Scully et al., 2000; Graham

and Burgoyne, 2000). These findings suggest that CSP should localize close to the

presynaptic active zone, where Ca2+ channels encoded by the gene cacophony (Kawasaki et

al., 2004), that possibly correspond to particles seen from freeze-fractured faces of the

presynaptic membranes at both fly larval NMJ (Feeney et al., 1998) and adult tetrad

(Fröhlich, 1985) synapses, are arranged to allow efficient vesicle exocytosis. This

expectation is fully met by the pattern of subcellular localization revealed by our immuno-

EM observations, with immunogold signal found at and around the T-bar ribbon and at the

vesicles surrounding it. Thus the location of CSP is fully compatible with the two major

functions so far assigned to this synaptic protein, in modulating the Ca2+ sensitivity of

neurotransmitter release from Drosophila NMJs, possibly by regulating presynaptic calcium

channels at the active zone (Dawson-Scully et al., 2000); and in mediating a direct step in

vesicle exocytosis of adrenal chromaffin cells (Graham and Burgoyne, 2000).

Our data, combined with the loss of vesicles in csp mutant R1–R6 photoreceptor terminals

(Zinsmaier et al., 1994), suggest that CSP functions at photoreceptor tetrad synapses in a

manner similar to that at the larval NMJs of Drosophila .

The monoclonal antibody aa2/2 against Drosophila EPS-15 labels the periactive zone at

Drosophila larval NMJs, a region surrounding the active zone that is enriched in proteins

involved in endocytosis (Koh et al., 2004; Marie et al., 2004), co-labeling this region with

anti-Dynamin (Hofbauer et al., 2009). The same pattern of labeling was also obtained with

both antibodies in the lamina terminals of R1–R6. From our observation that Dynamin and

EPS-15 both co-localize to the cytoplasm of R1–R6 terminals, in a zone that we might

therefore also suspect is endocytotic, and that the patterns of anti-Dynamin and DLG

immunolabeling are complementary to this zone, we speculate that EPS-15 expression is

located among vesicle pools surrounding the capitate projections. Such subcellular location

of EPS-15 has been confirmed by our EM observation. The vesicles surrounding capitate
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projections represent those that are recently endocytosed from the capitate projections, and

that label with antibodies against Endophilin and Clathrin (Fabian-Fine et al., 2003).

The current study has revealed the differential subcellular localization of five proteins that

either are localized to synaptic organelles or are synapse-associated in the lamina terminals

of Drosophila R1–R6 photoreceptors. These provide an ideal model structure to study

synapses in invertebrates. Our results also provided markers for synaptic organelles, and a

basis for understanding the synaptic machinery contributing synaptic neurotransmitter

release and the vesicle recovery in the photoreceptor terminals. The markers recognizing

distinct synaptic organelles will allow investigation of their physiological changes, such as

their number and dynamic kinetics, under various physiological conditions using a light

microscope in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synaptic connections in the lamina. A: The retina (Re) is arrayed as about 750 ommatidia

(om), each containing eight photoreceptor cell neurons (R1–R8) (Ready et al., 1976). These

are of two types, an outer set of six (R1–R6), which innervate the lamina (La), establishing

an array of cartridges that corresponds to the array of ommatidia, and an inner pair (R7 and

R8), which terminate in the second neuropil, the medulla (Me). The lobula (Lo) and lobula

plate (LP) in turn lie central to these. R1–R6 of each ommatidium sort into adjacent

cartridges in the lamina. B: R1–R6 terminals provide input to the dendrites of second-order
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interneurons with cell bodies in the overlying cortex. Shown are L1 (yellow) and L2

(purple), and amacrine (am, light green) cells, but additional cells such as T1 (orange) also

exist. Clusters of four postsynaptic elements establish a tetrad at each presynaptic site

(arrowhead). They invariably contain L1 and L2, and two other contributions from a local

amacrine cell, an L3 cell, and/or epithelial glia (Nicol and Meinertzhagen, 1982). C:

Cartridge cross section. The ring of R1–R6 photoreceptor terminals surrounds the axons of

L1 and L2, separated by paired neurites of amacrine (am) and T1 cells, and other

interneurons (L4, L5, C2, and C3). Axons of R7 and R8 run alongside the cartridge.

Processes from L1 and L2, usually as paired spines, combine with those from amacrine and

L3 cells to form a common postsynaptic cluster. D: Photoreceptor tetrad synapse revealed

by electron-dense presynaptic T-bar ribbon, comprising a platform (pl) surmounting a

pedestal (pe) with nearby synaptic vesicles (sv). Capitate projections (CPs) from epithelial

glia (gl) invaginate nearby. Postsynaptic sites in L1 and L2 are marked by postsynaptic

cisternae (cs) and protein whisker filaments (w) linking the cisterna to postsynaptic

membrane (Burkhardt and Braitenberg, 1976). E: Electron micrograph of single cartridge

surrounded by epithelial glia (gl). Compare details with C. F: Enlarged image of rectangle in

E showing epithelial glia invaginating at capitate projections (CPs), that comprise a 190-nm-

diameter head (h) and stalk (st). G: Photoreceptor terminal (R1–R6) synapse upon L1 and

L2 spines (compare details with D). Capitate projection head (h) approaches within 100 nm

of tetrad ribbon decorated with synaptic vesicles (sv). Scale bar = 1 µm in E; 200 nm in F;

100 nm in G.
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Figure 2.
Immunoreactivity to nc82 (anti-BRP; A,B) and aa2/2 (anti-EPS-15; C,D) in the Drosophila

optic lobe. Single confocal sections in frontal views of the optic lobe (A,C; dorsal to the top

and medial to the right), and corresponding lamina cross sections (B,D). A: Anti-BRP

(nc82) strongly labels both the lamina and medulla as well as central brain neuropils. B: In

cross-sectioned lamina cartridges, immunonoreactive signals comprise numerous puncta

mostly in an outer ring containing R1–R6 terminals. C: Anti-EPS-15 (aa2/2) clearly labels

the lamina, medulla, and central brain neuropils, but not the overlying retina. D:
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Immunoreactive outlines of photoreceptor terminals, with the strongest signals lining sites

that face the cartridge center. E: Schematic diagram of a right optic lobe having the same

orientation as A and C, and also as panels in left columns of Figures 3 and 4. F: Schematic

diagram of cross-sectioned lamina for comparison with B and D, and also with panels in

right columns of Figures 3 and 4. CB, central brain. La, lamina; Me, medulla; Re, retina.

Scale bar = 50 µm in A,C; 5 µm in B,D.
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Figure 3.
Immunolabeling of CSP (A,B), kinesin with antibody SUK4 (C,D) and DLG (E,F) in single

confocal sections of the Drosophila optic lobe. A,C,E: Frontal plane (dorsal to the top,

medial to the right). B,D,F: Corresponding lamina cross sections. A: Anti-CSP strongly

labels the lamina, and other neuropils as well. The penetration of this antibody is restricted,

leading to the reduced signal in central regions of the lamina. B: Immuno-reactive signal is

localized within the photoreceptor terminals mostly to the faces lining the center of

cartridge, where many tetrads are located, but with some cytoplasmic signal also visible. C:
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Anti-kinesin (SUK4) labels the lamina neuropil less strongly than nc82, whereas the medulla

and central brain neuropils are hardly labeled. D: SUK4 signals in the lamina are weak and

diffuse compared with nc82 immunolabeling. Glial cells surrounding the lamina terminals of

R1–R6 are also labeled. E: Anti-DLG antibody strongly labels the neuropil in the lamina,

but less strongly the medulla and central brain. F: In the lamina, anti-DLG labeling clearly

reveals the round profiles of R1–R6 terminals, but these are ring-shaped with dark lacunae.

Some immunoreactive substructures are visible as spots or puncta (arrowheads). Scale bar =

50 µm in A,C,E; 5 µm in B,D,F.
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Figure 4.
Immunolabeling with anti-DPAK (A,B) and anti-synapsin (C,D) in the Drosophila optic

lobe. All images are single confocal sections. A,C: Frontal view of the optic lobe (dorsal to

the top and medial to the right). B,D: Cross-sectional views of the lamina neuropil. A: Anti-

DPAK hardly labeled neuropils in the medulla and central brain. The small dot-like signals

were restricted to the lamina. B: Anti-DPAK labeled restricted regions in the lamina and the

signals showed punctate distribution. C: Anti-synapsin labeled neuropils in the lamina,

medulla, and central brain. Signals in medulla and central brain neuropils were stronger than
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those in the lamina. D: In cross sections, the signals in the lamina showed punctate

distribution but did not reveal as clear cartridge structures as nc82. Scale bar = 50 µm in

A,C; 5 µm in B,D.
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Figure 5.
T1 cells visualized by Eaat1 -GAL4-driven mCD8::GFP expression. A,B: Horizontal

confocal stacks of 8 (A) and 3 (B) optical slices of lamina R1–R6 terminals, captured at 1-

µm intervals. GFP expression was enhanced by immunolabeling with anti-GFP. The anti-

GFP labeled many cell bodies in the medulla cortex the axons of which extend toward the

lamina neuropil, cross in the outer chiasm, and penetrate the lamina neuropil (A), to form

basket-shaped terminal arborizations typical of T1 cells (B). Scale bar = 50 µm in A; 20 µm

in B.

Hamanaka and Meinertzhagen Page 32

J Comp Neurol. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Drosophila R1–R6 terminals in the lamina double-immunolabeled with anti-DPAK (B,E),

and either nc82, anti-BRP (A), or Eaat1 -GAL4-driven GFP expression (D); or with anti-

dynamin (G,J) and either aa2/2, anti-EPS-15 (H), or anti-DLG (K). C,F,I,L: Corresponding

merged images. All are single 1-µm-thick confocal crossed sections. A–C: Both signals

concentrate in an area conforming to the ring of R1–R6 terminals; anti-DPAK

immunopuncta (magenta) lie close to the more numerous anti-BRP puncta (green), but

without overlap, whereas such puncta often overlap the distal tips of the basket endings of
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the T1 cells labeled by Eaat1 -GAL4-driven GFP expression (F). GFP signals are enhanced

by anti-GFP as in images in fFigure 5. G–I: Dynamin (green) and EPS-15 (aa2/2: magenta)

almost completely co-localize in the cytoplasm of R1–R6 terminals. J–L: Anti-Dynamin

(green) and anti-DLG (magenta) signals show a complementary pattern of distribution in

R1–R6 terminals, with the Dynamin expression surrounding DLG expression. Scale bar =5

µm in C (applies to A–L).
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Figure 7.
Immuno-EM subcellular localization of anti-BRP (nc82) binding (A–C), and anti-kinesin

heavy chain (SUK4) binding (D,E), in the lamina terminals of Drosophila R1–R6. A–C:
Anti-BRP (nc82) signals localize to the edge of the platform, but neither to other regions of

the platform nor, in particular, to the pedestal. D,E: Anti-kinesin (SUK4) signals localize at

sites reciprocal to those of anti-BRP, close to the pedestal of the T-bar ribbon, but not to its

platform. Arrowheads, silver-enhanced gold particles; asterisks, postsynaptic profiles of

either L1 or L2. CP, capitate projection head. Scale bar = 100 nm in A–E.
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Figure 8.
Immuno-EM subcellular location of anti-EPS-15, aa2/2 (A–C), and anti-CSP (D–F) signals

in the R1–R6 terminals of Drosophila photoreceptors. A–C: Anti-EPS-15 (aa2/2) signals

were located in the synaptic vesicle pool of photoreceptor cells close to the heads of capitate

projections (CPs). At some sites, signal was seen close to the shallow forms of these

organelles (arrow in B), which are thought to be sites of either invagination or retraction of

the deep, penetrating capitate projections. D–F: Anti-CSP signals were detected at the

Hamanaka and Meinertzhagen Page 36

J Comp Neurol. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



presynaptic T-bar ribbons decorated with synaptic vesicles. Arrowheads, silver-enhanced

gold particles; asterisks, postsynaptic profiles. m, mitochondria. Scale bar= 200 nm in A–F.
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Figure 9.
Immuno-EM subcellular location of anti-DLG binding in the R1–R6 terminals of

Drosophila photoreceptors. A: Cross section of a lamina cartridge with four sites of

immunolabeling outlined. B–E: Enlarged images of rectangles in A. Within the terminal,

anti-DLG signals localize sharply to the invaginating head of the capitate projections (CP),

which are invaginations from surrounding glia and specialized organelles often occurring

close to the T-bar ribbon. Signals were not seen in the stalk of capitate projections.

Arrowheads indicate silver-enhanced gold particles. m, mitochondria; R, photoreceptor

terminals; L1/L2, axons of L1 and L2 cells. Scale bar = 1 µm in A; 100 nm in B–E.
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Figure 10.
Subcellular locations of synaptic proteins relative to the synaptic organelles of tetrad

synapses in Drosophila R1–R6 terminals. Two epitopes are located on the T-bar ribbon:

those recognized by anti-BRP (nc82) at the edge of the platform, and by anti-kinesin

(SUK4) close to its pedestal. Three epitopes are located among the vesicle pool surrounding

the tetrad release site: Drosophila EPS-15 (aa2/2 antigen) and Dynamin in the synaptic

vesicle pool itself surrounding sites of endocytosis, capitate projections (CPs), and cysteine

string protein (CSP) close to the presynaptic membrane decorated with synaptic vesicles. A

sixth synaptic epitope, Discs large (DLG), is localized to the heads of capitate projections

close to the T-bar ribbon. am, amacrine cell; cs, cisternae; gl, epithelial glia; w, whisker.
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TABLE 1

Primary Antibodies Used

Antibody Working dilution Source of or reference to antibody Immunogen

aa2/2 1:20 (LM), 1:50 (EM) Dr. E. Buchner (Würzburg, Germany) Drosophila head homogenate

Anti-CSP 1:25 (LM), 1:100 (EM) Dr. K.E. Zinsmaier (Tucson, AZ) Drosophila head homogenate

Anti-DLG 1:50 (LM), 1:100 (EM) DSHB, Iowa City, IA DLG PDZ2 domain fused to GST

Anti-DPAK 1:2,000 (LM), 1:200 (EM) Harden et al., 1996 N-terminal DPAK fused to GST

Anti-Dynamin 1:200 (LM) Estes et al., 1996 66-kDa fragment of Drosophila dynamin fused to
MBP

Anti-synapsin 1:25 (LM), 1:25 (EM) Dr. E. Buchner (Würzburg) or DSHB Synapsin protein fused to GST

nc82 1:10 (LM), 1:50 (EM) Dr. E. Buchner (Würzburg) or DSHB Drosophila head homogenate

SUK4 1:20 (LM), 1:50 (EM) DSHB 130-kDa heavy chain of sea urchin egg kinesin

Abbreviations: EM, electron microscopy; GST, glutathione-S-transferase; LM, light microscopy; MBP, maltose-binding protein. For other
abbreviations, see list.
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