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The development of the adult visual system of Drosophila 
requires the establishment of precise retinotopic connec- 
tions between retinal photoreceptor cell axons and their syn- 
aptic partners in the optic lobe of the brain. To assess the 
role of axon-axon interactions in retinal axon guidance, we 
used genetic methods to disrupt the normal spatiotemporal 
order of retinal axon ingrowth. We examined retinal’ axon 
projections to the developing first optic ganglion, the lamina, 
in two mutants in which reduced numbers of ommatidia de- 
velop in the eye imaginal disk. We find that in the developing 
lamina of these mutants, sine oculis and Ellipse, retinal ax- 
ons project to proper dorsoventral positions despite the ab- 
sence of the usual array of neighboring retinal axons. In a 
second approach, we examined animals that were somatic 
mosaics for the mutation, glass. In g/ass- animals, retinal 
axons project aberrantly and the larval optic nerve is absent. 
We find that in the developing lamina of glass mosaic ani- 
mals, wild-type retinal axons project to proper dorsoventral 
positions despite the misrouted projections of neighboring 
glass- retinal axons. In addition, wild-type retinal axons pro- 
ject normally in the absence of the larval optic nerve, indi- 
cating that the latter is not an essential pioneer for retinal 
axon navigation. Our observations support the proposal that 
axon fascicles can make at least some pathfinding decisions 
independently of other retinal axon fascicles. We suggest 
that positional guidance cues that might label axon pathways 
and target destinations contribute to retinotopic pattern for- 
mation in the Drosophila visual system. 
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How the visual system achieves its precise and orderly pattern 
of interconnecting neurons has long been in question. Possible 
mechanisms include chemoaffinity (Sperry, 1963) which pro- 
poses that target neurons bear chemical labels selectively rec- 
ognized by the appropriate retinal axons, and morphogenetic 
assembly (Gaze, 1960; Horder and Martin, 1978; Bodick and 
Levinthal, 1980; Grant and Rubin, 1980), in which the proper 
assembly of unlabeled neuronal components is specified by a 
defined spatial and temporal order of retinal axon outgrowth 
(reviewed in Cowan and Hunt, 1985; Udin and Fawcett, 1988). 
In the vertebrate visual system, there is strong support from in 
vitro experiments for a role of positional signaling molecules in 
retinal axon navigation (e.g., Bonhoeffer and Huf, 1982; Viel- 
metter and Stuermer, 1989; Stahl et al., 1990; see also Stirling, 
199 1). Additionally, a number of studies, particularly in inver- 
tebrates, suggest that a defined morphogenetic order of retinal 
axon outgrowth might play a central role in the development 
of retinotopic connectivity (e.g., Meinertzhagen, 1974; Ander- 
son, 1978; Bunt et al., 1978; Macagno, 1978; Stuermer and 
Easter, 1984). 

The Drosophila visual system offers a unique opportunity to 
examine the cellular and molecular events underlying axon guid- 
ance. The compound eye is organized into approximately 800 
ommatidial units, each containing eight photoreceptor neurons 
(R-cells; reviewed in Strausfeld, 1976). The six outer photore- 
ceptors, Rl-R6, synapse to target neurons in the first optic 
ganglion, the lamina. The two central photoreceptors, R7 and 
R8, terminate in different layers of the medulla ganglion. Within 
these optic ganglia, photoreceptor axons connect to target neu- 
rons in a precise retinotopic array (Ramon y Cajal and Sanchez 
y Sanchez, 19 15; Tmjillo-Cenoz and Melamed, 1966; Braiten- 
berg, 1967; Horridge and Meinertzhagen, 1970; Fischbach and 
Dittrich, 1989; reviewed in Strausfeld, 1976). 

The development of this precise connection pattern begins in 
the third larval instar as photoreceptor neurons differentiate in 
the eye imaginal disk epithelium (Ready et al., 1976; Tomlinson 
and Ready, 1987; Tomlinson, 1988; Rubin, 1989) and send 
their axons into the developing optic ganglia of the brain (Fig. 
1; Meinertzhagen, 1973; Trujillo-Cenoz and Melamed, 1973). 
Photoreceptor growth cones traverse long distances and make 
a number of stereotypic pathfinding decisions en route to their 
specific target destinations. The eight axons of a developing 
ommatidium bundle together into a fascicle that exits the pos- 
terior of the eye disk and traverses an epithelial tube (the optic 
stalk) alongside of the larval optic nerve (Meinertzhagen, 1973; 
Trujillo-Cenoz and Melamed, 1973) a component of the larval 



visual system (Bolwig, 1946). After exiting the optic stalk, retinal 
fascicles grow along the lateral surface of the brain until reaching 
specific positions, from which they dive toward their respective 
target destinations at the medial border of the developing lamina 
(Fig. 1B). Though the Rl-R6 axons terminate here, the R7 and 
R8 axons continue their growth toward target destinations in 
the developing medulla. In both ofthese target areas, the arriving 
axons project to relative positions that correspond retinotopi- 
tally to the positions of their origin in the eye disk epithelium. 

We have sought to address the importance of two different 
possible mechanisms for retinal axon guidance in Drosophila. 
Retinal axons might be guided to their target destinations on 
the basis of the timing of axon outgrowth and interactions with 
other retinal axon fascicles. In Drosophila, as in a number of 
other organisms, a developmental role for selective interactions 
between axon fascicles is well documented (e.g., Goodman et 
al., 1984; Grenningloh et al., 199 1). Given the strict spatiotem- 
poral order of retinal axon outgrowth in the Drosophila visual 
system (Meinertzhagen, 1973, 1974; Trujillo-Cen6z and Me- 
lamed, 1973; Tomlinson and Ready, 1987; see Results for de- 
tails), a growing fascicle could find its proper destination by 
following the fascicle from a nearby, more mature ommatidium. 
Because of the one-to-one order of the retinotopic map, this 
neighboring fascicle would project to a target position imme- 
diately adjacent to the proper destination for the new fascicle. 
An alternative mechanism for retinal axon guidance is that ret- 
inal axons make their pathfinding choices independently of one 
another, responding autonomously to guidance cues that label 
the appropriate paths and target sites. 

This issue was long ago addressed in the retinotectal systems 
of lower vertebrates by approaches that included ablating var- 
ious sections of the retina (Attardi and Sperry, 1963; Sperry, 
1963; reviewed in Cowan and Hunt, 1985). Despite the absence 
of the normal array of neighboring retinal axons, remaining 
retinal ganglion cells are found to send their axons to roughly 
the correct target locales, leaving unoccupied the positions of 
the missing axons. These observations argued in favor of a 
mechanism involving chemoaffinity in the early formation of 
the retinotectal projection in these systems. However, analogous 
experiments performed in the small crustacean Daphnia (Ma- 
cagno, 1978) and the locust Schistocerca (Anderson, 1978) sug- 
gest that the timing of axon outgrowth and axon-axon inter- 
actions may play a more central role in invertebrate visual 
systems (see Discussion for details). 

To assess the importance of the spatiotemporal order of ret- 
inal axon outgrowth for retinal axon guidance in Drosophila, 
we examined two mutants, sine oculis (so; Milani, as referenced 
in Lindsley and Zimm, 1992) and Ellipse (Elp; Grell, as refer- 
enced in Lindsley and Zimm, 1992; Baker and Rubin, 1989), 
in which the number of ommatidia in the developing retina is 
reduced. In so and Elp larvae, we asked whether retinal axons 
project to appropriate lamina target positions despite the ab- 
sence of the normal array of neighboring axons. In a second 
approach, we examined animals mosaic for the mutation glass 
(gl). In larvae lacking the function of the gZ gene, retinal axons 
navigate aberrantly (Selleck and Steller, 1991) and the larval 
optic nerve is absent (Moses et al., 1989). In mosaic larvae, we 
determined whether wild-type retinal axons navigate normally, 
unlike their misrouted gl- neighbors. Our observations support 
the proposal that axon fascicles can make at least some path- 
finding decisions independently of their neighbors. This suggests 
that positional guidance cues that label axon pathways and target 
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Figure 1. Structure of the developing adult visual system. A, Lateral 
view of the eye imaginal disk (ed), optic stalk (OS), and brain (br) in the 
late third instar larval stage. The eye disk shows four ommatidia (solid 
circles) of the approximately 500 developing ommatidia present at this 
stage. The eight R-cells of each developing ommatidium send their 
axonal projections together in a fascicle (solid he) through the optic 
stalk alongside of the larval optic nerve (ion) into the developing lamina 
(the crescent-shaped region, la). The larval optic nerve dives medially 
near a set of two or three cells, the OLPs (alp; Tix et al., 1989a), located 
on the dorsoventral midline at the posterior margin of the developing 
lamina. The two older developing ommatidia in ventral locations at the 
posterior of the eye disk send their projections to corresponding ventral 
positions at the posterior of the developing lamina. The two ommatidia 
in dorsal positions in the anterior of the eye disk fjust posterior of the 
morphogenetic furrow; darkly shaded area labeled mf) send their pro- 
jections to corresponding dorsal positions at the anterior of the devel- 
oping lamina. ad, antenna1 disk. B, Horizontal view of the structures 
shown in A. Three developing ommatidia distributed along the anter- 
oposterior axis in the eye disk (ed) are shown sending projections to 
corresponding positions in the developing lamina (la). The Rl-R6 axons 
terminate (RI-6ter) in the medial epithelial cell layer of the lamina, 
while the R7 and R8 axons (R7/8) project deeper to specific target sites 
in the developing medulla (med). In A, anterior (ant) is left, dorsal (dor) 
up. In B, anterior (ant) is left, lateral (Zat) up. 

destinations may contribute to retinotopic pattern formation in 
the Drosophila visual system. 

Materials and Methods 
Drosophila strains and culture. Strains harboring P[gl+( 1 Okb. Sal), ry+] 
and the g160J mutation were obtained from K. Moses (USC) and G. M. 
Rubin (UC Berkeley). The ElpB1 stock was obtained from N. Baker 
(AECOM). All fly strains were grown on standard cornmeal medium 
(Cline, 1978) at 18°C or 25°C. Egg collections were performed as de- 
scribed by Ashbumer (1989). 

Generation of glass somatic mosaics. glass somatic mosaics were gen- 
erated by inducing the somatic loss of a glass+ P-element transgene 
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(Moses et al., 1989) in a strain homozygous for a gZ null mutation, g160J 
(Moses et al., 1989). Females of the strain P[gZ+( 10kb. Sal), ry+]; g1601 
were crossed to g160J, P[ry +, A2-3]99B males. The P[ty+, A2-3]99B in- 
sertion (La&i et al., 1986; Robertson et al., 1988) provides a constitutive 
source of P transposase in the soma of the offspring, which excises the 
glass+ element in some cells, resulting in mitotic clones of g160J tissue. 

Zmmunohistochemistry. For immunohistochemistry, the larval CNS 
and attached imaginal disk epithelia were dissected from climbing late 
third instar larvae and fixed in 4% paraformaldehyde (pH 7.4) overnight 
at 4°C. After several washes in PBT (130 mM NaCl, 7 mM Na,HPO,, 
3 mM NaH,PO,, 0.3% Triton X-100, pH 7.4), the tissues were blocked 
for 30 min in BSTN [BSS (Ashburner, 1989) containing 10% filtered 
goat serum (GIBCO), 0.3% Triton X- 1001. Incubation with monoclonal 
antibody (mAb) 24BlO (Fujita et al., 1982; monoclonal supernatant 
diluted 1:3 in BSTN) overnight at 4°C with slow shaking was followed 
by four washes (20 min each) in PBT. After blocking with BSTN as 
before, the samples were incubated with secondary antibody [either 
RITC-conjugated goat anti-mouse IgG or HRP-conjugated goat anti- 
mouse IgG (Bio-Rad) diluted 1:lOO in BSTN] overnight at 4°C and 
washed as before. For double labeling with mAb 24B 10 and anti-HRP 
(Jan and Jan, 1982), fluorescein isothiocyanate (PITC)-conjugated goat 
anti-HRP (Cappel) was included along with the rhodamine isothio- 
cyanate (RITC)-conjugated goat anti-mouse (Cappel) secondary. Sam- 
ples to be viewed by FITC or RITC epifluorescence were mounted in 
70% glycerol, 0.1% phenylenediamine in PBS (Johnson and Araujo, 
198 1). Samples reacted with the HRP-conjugated secondary antibody 
were stained using diaminobenzidine as described by Steller et al. (1987). 

Axonal tracing with the carbocyanine dyes DiZ and DiO. Following 
dissection in PBS. the CNS and attached imaainal disk enithelia were 
incubated for 30 min at 22°C in 150 U/ml collagenase type VII (Sigma) 
in PBS. This removes the peripodial membrane surrounding the eye 
disk and brain to permit access of l,l’-dioctadecyl-3,3,3’,3’-tetrame- 
thylindocarbocyanine perchlorate (DiI) and 3,3’-dioctadecyloxacarbo- 
cyanine perchlorate (DiO) (Molecular Probes) crystals to neuronal mem- 
branes. The tissue was gently transferred to a tube containing 4% 
paraformaldehyde fixative (pH 7.4) and incubated overnight at 4°C. 
After several washes in PBS, the tissue was stored in PBS at 4°C for 
several days. DiI and DiO crystals, ground fine between two glass slides, 
were applied with a pulled capillary glass needle to the basal surface of 
the eye disk submersed in PBS. The dye was allowed to diffuse along 
neuronal membranes for 24 hr at room temperature in PBS (as described 
by Godement et al., 1987), after which the tissues were mounted in PBS 
for examination bv confocal microscopy. 

Lineage tracing with TRZTC-dextk. Tetramethylrhodamine iso- 
thiocvanate (TRITCMextran IMW 10.000. lvsine fixable (D- 18 17): 
Molecular Probes] was dissolved at 106 mgimi in 5 mM KCl, O.lmG 
phosphate buffer pH 6.8. Syncytial (l-3 hr) embryos were collected 
from rj+06 adults, dechorionated, and mounted for injection as previ- 
ously described (Ashbumer, 1989). The dextran label was distributed 
along the anteroposterior axis in the posterior two-thirds ofthe embryo. 
It quickly diffused throughout the embryo. Survival of injected embryos 
was unusually low (about 10%) suggesting that the TRITC-dextran is 
somewhat toxic. Labeled animals were reared at 18°C in the dark until 
late third instar. After dissection, the larval CNS and attached imaginal 
tissues were fixed in 4% naraformaldehvde. stained with anti-HRP, and 
mounted for examination by confocal microscopy in 70% glycerol, 6.1% 
phenylenediamine (Johnson and Araujo, 198 1) in PBS. 

Confocal microscopy. Specimens were viewed under a Bio-Rad MRC- 
600 confocal microscope equipped with a krypton/argon laser. Pluo- 
rescein and rhodamine fluorescence was detected using the BHS and 
YHS filter blocks, respectively. DiI fluorescence was detected with the 
YHS filter block while the BHS filter block detected both DiI and DiO. 
For each picture, approximately 30 images were collected, Kalman- 
averaged, and when appropriate, subjected to edge-sharpening routines 
(using the Bio-Rad SOM software). 

Results 
Retinotopic pattern of R-cell projections in the brain of a wild- 
type larva 
A progression of R-cell differentiation and ommatidial assembly 
sweeps posterior to anterior across the eye disk epithelium dur- 
ing the third larval instar and early pupal stages (Fig. 1; Ready 
et al., 1976; Tomlinson, 1988; Ready, 1989; Rubin, 1989). The 
anterior boundary of this progression is marked by the mor- 
phogenetic furrow, an indentation running from dorsal to ven- 
tral across the disk that delineates the onset of R-cell neuronal 
development and the formation of ommatidial cell clusters. 
Each dorsoventral row of developing ommatidia thus differs in 
age, with older rows toward the posterior of the disk. The num- 
ber of ommatidia that develop in a dorsoventral row increases 
from several at the posterior margin to about 30 at the anter- 
oposterior midline and decreases to several at the anterior mar- 
gin of the disk. 

R-cell axonogenesis begins immediately posterior of the mor- 
phogenetic furrow concomitant with R-cell neuronal differen- 
tiation (Tomlinson and Ready, 1987). Axon fascicles from a 
given dorsoventral row exit the eye disk, traverse the optic stalk, 
and enter the brain at about the same time. The first row of 
axon fascicles, derived from the posterior of the eye disk, oc- 
cupies the most posterior row of target positions in the devel- 
oping lamina (Fig. lA,B, Meinertzhagen, 1973; Trujillo-Cenbz 
and Melamed, 1973). Each additional dorsoventral row of axon 
fascicles occupies the next available, more anterior row of target 
positions. Within each row, the dorsoventral order of retinal 
fascicles in the lamina target area appears to correspond in one- 
to-one fashion with the relative order of their cell bodies in the 
eye disk. 

In previous anatomical studies of the larval brain, the retinal 
axon projection pattern has been elucidated by the serial re- 
construction of electron micrographs. A more convenient ap- 
proach is to use antibody-staining and dye-tracing methods to 
label ommatidia and retinal axons differentially according to 
their developmental age and retinotopic position. We resolved 
these labeled axons’ paths by confocal laser fluorescence mi- 
croscopy. Photoreceptor cell bodies and axons, including those 
of the larval optic nerve, are specifically labeled by mAb 24B 10 
(Fig. 2A; Fujita et al., 1982; Zipursky et al., 1984). Shown in 
Figure 2B is a whole-mount stained with both mAb 24B 10 (red 
fluorescence) and anti-HRP (green fluorescence) and examined 
by confocal microscopy. Anti-HRP appears to label all neurons 
in Drosophila (Jan and Jan, 1982) including photoreceptor cells. 
Because the HRP antigens are expressed in differentiating R-cells 
approximately 9 hr before the 24BlO antigen (also known as 
chaoptin; Zipursky et al., 1984; growth at 25”C), the most an- 
terior (youngest) six or seven rows of ommatidia are labeled by 
anti-HRP only. By using these antibodies together, it is possible 
to visualize the relative organization of young and old retinal 
axons in the optic stalk and brain. 

Figure 2. Retinotopic organization of photoreceptor axons in the optic stalk and brain. All views, with the exception of F, are from the lateral 
perspective. A, Photoreceptor cells and their axons are shown labeled with mAb 24BlO (brown staining, Fujita et al., 1982) in a late third instar 
larval eye disk and brain. Retinal axons project through the optic stalk (OS) alongside the larval optic nerve (ion) and terminate in retinotopic order 
in the developing lamina (la) and medulla (out of the focal plane). An arrowhead indicates the position of the morphogenetic furrow. B, As in A, 
but labeled with both mAb 24BlO (redfluorescence) and anti-HRP (greenfluorescence) and viewed by confocal laser microscopy. Anti-HRP, which 
detects all neurons (Jan and Jan, 1982) stains R-cells and their axons about 9 hr earlier in their development than mAb 24BlO. The most anterior 
six or seven rows of ommatidia are therefore labeled by anti-HRP only (not all anterior ommatidia are in the focal plane). The double-labeled 
bellow) rows at the posterior of the eye disk send their axon fascicles to the posterior region of the developing lamina. An arrowhead indicates the 
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position of the morphogenetic furrow. C, Optical section through the lateral region of the optic stalk. Centrally located older (@low) retinal fascicles 
are surrounded on either side by younger (green) fascicles labeled by Anti-HRP only. D, A slightly deeper focal plane than in C, showing only 
younger retinal fascicles in the medial region of the stalk and their tracts over the lateral surface of the brain to anterior, dorsal, and ventral positions 
within the developing lamina. E, A high-resolution view of the optic stalk in the focal plane shown in C. Individual fascicles, each containing the 
eight retinal axons of a single ommatidial unit, can be seen running in essentially parallel tracts through the stalk. Younger (green) fascicles occupy 
dorsal and ventral positions. Unstained gaps (like the one marked by the arrow) contain glial cells (data not shown). F, Transverse optical section 
through the optic stalk (an anterior view) showing retinal fascicles in transverse section. A fascicle appears as a single spot. Older ofellow) fascicles 
form a bundle on the lateral inner surface of the stalk membrane. Each new dorsoventral row of retinal fascicles adds concentrically at the periphery 
of the growing bundle. G, An optical section through the developing lamina, deeper than those shown in C and D. Retinal fascicles are seen in 
transverse section as they dive toward the medial border of the lamina where Rl-R6 terminate. The larval optic nerve is centrally located at the 
posterior margin adjacent to the OLPs, which are stained only by anti-HRP (position marked by arrow). Older beZ[ow) fascicles pass through the 
posterior of the developing lamina. Each successive (younger) dorsoventral row of retinal fascicles occupies the next available set of more anterior 
positions. The most anterior row is indicated by open arrowheads. In A-D and G, anterior is at the left, dorsal at the top. In E anterior is at the 
top, dorsal at the right. In F, lateral is at the left, dorsal at the top. Scale bars: A, 25 pm for A and B, C, 25 pm for C, D, and G, E, 5 pm for E 
and F. 
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Figure 3. Retinal axon tracing using the hpophihc dyes DiI and DiO. 
Retinal axons originating at dorsal or ventral positions within the eye 
disk were traced to their targets in the brain by labeling with the lipo- 
philic dyes DiI and DiO. A, Developing ommatidia were labeled with 
DiI (yellow fluorescence) in the dorsal region of the eye disk (ed) and 
with DiO (green fluorescence) in the ventral region of the eye disk (see 
Materials and Methods for details). Labeled specimens were viewed 
from the lateral perspective by confocal laser microscopy. Dorsal and 
ventral retinal cell axons take, respectively, dorsal and ventral tracts 
through the optic stalk (OS) and enter respectively dorsal or ventral 
regions of the developing lamina in the brain (br). B, In a deeper (more 
medial) focal plane through the sample shown in A, the DiI (dorsal) and 
DiO (ventral) labeled retinal axons are seen in transverse section as they 
pass through the developing lamina. In A and B, an arrow marks the 
dorsoventral midline. Anterior is toward the left, dorsal up. Scale bar, 

The retinal axon fascicles are resolved in considerable detail 
by confocal laser microscopy (Fig. 2%G). In the optic stalk, the 
older retinal axons (stained yellow by the combination of both 
antibodies) form a cylindrical bundle apposing the inner lateral 
surface of the stalk membrane (Fig. 2C-F). Younger axon fas- 
cicles, labeled by anti-HRP only, surround the older fascicles 
on the dorsal, ventral, and medial sides. Retinal fascicles tra- 
verse the stalk well-ordered with respect to one another, rarely 

Figure 4. The OLP cells are a landmark for the dorsoventral midline 
of the developing lamina. To map retinal axon projections along the 
dorsoventral axis of the developing lamina, we used the OLP cells (Tix 
et al., 1989a) as a landmark for the dorsoventral midline. In samples 
stained with anti-HRP, we observed a group of two or three cells with 
characteristic punctate staining on the posterior margin of the devel- 
oping lamina at the dorsoventral midline (see, e.g., Fig. 7AJ). Axons 
from these cells project medially, alongside of the larval optic nerve as 
it passes through the lamina toward the developing medulla. To confirm 
that these cells are indeed the OLP cells, we used a lineage tracer dye, 
TRITC-dextran, to label them specifically. The OLPs do not divide 
during the larval stages (Tix et al., 1989a) and thus retain the dextran 
tracer. A, A lateral view of the late third instar eye disk and brain after 
injection of TRITC-dextran (red) into the syncytial embryo and sub- 
sequent labeling with anti-HRP (green). The OLP cells are stained yellow 
by the combination of both labels (arrow). B, A deeper optical section 
through the developing lamina (lateral perspective) showing the position 
of the OLP cells (arrow) with respect to the retinal axon fascicles. In A 
and B, anterior is toward the left, dorsal is up. In A, the brain is rotated 
slightly clockwise). Scale bars, 25 pm. 

crossing over (Fig. 2E). In the brain, the older axon fascicles 
fan out in the posterior region of the developing lamina (Fig. 
2B,C) while the younger fascicles occupy more anterior posi- 
tions, or spread along the brain’s lateral surface toward more 
dorsal and ventral positions (Fig. 20). From these retinotopi- 
tally specific positions, the fascicles dive medially through the 
lamina (Fig. 2G) toward the lateral border of the developing 
medulla. In the focal plane shown in Figure 2G, the fascicles 
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within the developing lamina are viewed in transverse section, 
appearing as single spots. The oldest fascicles, which label most 
intensely with mAb 24B10, are found in the central posterior 
region of the target area. Successively younger fascicle rows 
occupy more anterior positions. We have confirmed these ob- 
servations by examining the relative organization of retinal ax- 
ons using two other markers with temporally specific expression 
patterns: the antigen detected by mAb 22ClO (Fujita et al., 1982) 
and a gl promoter-1ucZ gene construct (construct C, Moses and 
Rubin, 1991; data not shown). 

To examine the relative organization of R-cell projections 
along the dorsoventral axis, we used the lipophilic dyes DiO 
and DiI (Sims et al., 1974, Honig and Hume, 1986; Godement 
et al., 1987) to trace retinal axons from specific positions in the 
eye disk to their target positions in the developing lamina (Fig. 
3). In the specimen shown in Figure 3, R-cells from dorsal (DiI- 
labeled) and ventral (DiO-labeled) positions in the eye disk 
project their axons along, respectively, dorsal and ventral tracts 
in the optic stalk to corresponding dorsoventral positions in the 
developing lamina. A convenient landmark for the dorsoventral 
midline in the lamina target area is a group of two or three cells, 
the optic lobe pioneers (OLPs; Figs. lA, 2G, 4A,B, Tix et al., 
1989a), which are strongly labeled by anti-HRP (but not by 
mAb 24BlO). Lineage tracing has shown that the OLP cells are 
born in embryos (Tix et al., 1989a; see also Fig. 4A,B). They 
associate with the larval optic nerve immediately posterior of 
the target field at the dorsoventral midline (Fig. 4B; Tix et al., 
1989a). 

These observations, consistent with the earlier works of Tru- 
jillo-Cenoz and Melamed (1973) and Meinertzhagen (1973, 
1974), demonstrate that by the use of antibody-labeling and 
dye-tracing methods the early retinotopic order of the visual 
system can be resolved at the light microscopic level. 

Retinal axon projections in the mutant sine oculis 
In the eye disk of homozygous so larvae, ommatidia develop 
in reduced numbers or are entirely absent (Fig. 5). Ommatidia 
develop usually within a single area that can be found at different 
positions in different eye disks. Genetic mosaic analysis has 
shown the role of so in visual system development to be due to 
its function in the eye disk (Fischbach and Technau, 1984). 

The position of a patch of developing ommatidia can be judged 
most reliably along the dorsoventral axis by using the larval 
optic nerve as a landmark for the dorsoventral midline in the 
eye disk (Fig. 54). In the specimen shown in Figure 5B, a patch 
of developing ommatidia in the ventral region of the eye disk 
sends axons to the ventral region of the developing lamina. In 
the specimen shown in Figure SC, a dorsal patch of ommatidia 
sends axons to the dorsal region of the lamina. Thus, our initial 
inspection of so animals suggested that retinal axons from these 
patches of developing ommatidia might project to appropriate 
regions of the developing lamina. 

To resolve in greater detail the projections of retinal axons 
in so animals, we employed confocal microscopy. We examined 
the projections from patches of developing ommatidia with re- 
spect to the dorsoventral axis of the developing lamina, using 
the OLPs as a landmark for the midline in the brain. In so 
brains, the OLPs reflect the position of the midline reasonably 
well. This can be seen by comparing the OLPs’ positions with 
those of the immediately posterior transmedullary fibers of the 
developing lobula complex (e.g., see Fig. 7B). Most so eye disks 
(88%) did not contain developing ommatidia (Fig. 6; growth at 

Figure 5. Retinal axon guidance in the mutant so. In so larvae, om- 
matidia develop in variously sized groups in different positions in the 
eye disk. Two so specimens with ventral (B) and dorsal (C) clusters of 
deveioping ommatidia are shown stained with mAb 24B 10 (dark stain- 
ing). The larval optic nerve (ion) serves to mark the dorsoventral midline 
in the eye disk. In both specimens the retinal axons project appropriately 
to ventral (B) and dorsal (C) areas of the developing lamina (arrows 
mark the approximate location of the dorsoventral midline of the lam- 
ina), leaving the dorsal and ventral regions, respectively, unoccupied 
(regions marked by arrowheads). In A, wild-type is shown for compar- 
ison. Lateral perspectives are shown in A-C. Anterior is toward the left, 
dorsal is up. Scale bar, 25 pm. 
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Proiection Pattern #Observed 

4 

aberrant projection 4 

no photoreceptor cells 1038 

Figure 6. Summary of retinal axon projections in so larvae. Retinal 
axon projections were examined by confocal laser microscopy of so 
specimens labeled with both mAb 24BlO and anti-HRP. The specimens 
were grouped into three major classes according to the position of the 
patch of developing ommatidia relative to the larval optic nerve in each 
eye disk; ventral, dorsal, or center (representative diagrams on the left). 
A fourth minor class includes eye disks that contained two distinct 
patches of ommatidia, like that shown in Figure 8A-C. The figure lists 
the number of specimens of each class in which retinal fascicles project 
to appropriate retinotopic positions along the dorsoventral axis of the 
developing lamina. In four cases, retinal fascicles appeared to project 
to incorrect positions. There were no R-cells in the majority of eye disks. 

25°C). Of the remainder, approximately 80% harbored more 
than 10 developing ommatidia. Two cases of this kind are shown 
in Figure 7. Here, the projections of retinal axons in the devel- 
oping lamina can be seen to reflect correctly the dorsoventral 
positions of the R-cell bodies in the eye disk. Axons originating 
on the dorsal or ventral sides of the eye disk project to regions 
on the corresponding sides of the lamina. Furthermore, as re- 
vealed by the disposition of mAb 24B 10 and anti-HRP staining, 
the fascicles are arranged in the normal age-related anteropos- 
terior order. Whether these projections are to the correct an- 
teroposterior positions is unclear because of the absence of suit- 
able positional landmarks along the anteroposterior axis in both 
the eye disk and the lamina. 

The retinal axon projections from small patches of 10 or less 
ommatidia were also examined (Fig. 8). To a rough approxi- 
mation, these axons occupied the expected target area based on 
the positions of their cell bodies along the dorsoventral axis of 
the eye disk (Fig. 8&). Specifically, the axons’ positions with 
respect to the midline in the lamina usually reflected the distance 
of the ommatidia from the midline in the eye disk. These ex- 
amples include specimens like those shown in Figure 8 in which, 
to reach their proper destinations, retinal fascicles had grown 
across a target region unoccupied due to absence of the corre- 
sponding ommatidia. Our study of axon projections in Elp an- 

imals resulted in similar observations for the fascicles from 
single isolated ommatidia (see below). However, we note that 
axons from these small patches of ommatidia often appeared 
to remain in multifascicle bundles within the lamina target area 
(see, e.g., Fig. 8C,F). Despite this aberrant behavior, the Rl- 
R6 axons in these bundles appeared to terminate within the 
developing lamina. In several specimens the eye disk harbored 
two discrete patches of developing ommatidia (Fig. 8A-C). In 
these cases, the retinal axons from different patches were ob- 
served to separate and project independently to the appropriate 
lamina regions. The analysis of retinal axon projections in so 
included a total of 148 specimens in which the eye disk harbored 
developing R-cells (Fig. 6). In all but four of these, retinal axons 
projected to appropriate dorsoventral positions. Thus, retinal 
axon fascicles must be capable of proper navigation in the ab- 
sence of the full complement of neighboring axons. 

Projections of retinal axons in the mutant Ellipse 

Another mutation that reduces the number of developing om- 
matidia in the eye disk is Elp (Grell, as referenced in Lindsley 
and Zimm, 1992; Baker and Rubin, 1989). Elp is a dominant 
gain-of-function allele of faint little ball (jib; Price et al., 1989; 
Schejter and Shilo, 1989), the gene encoding the Drosophila 
homolog of the epidermal growth factor receptor. jZb+ is an 
essential gene that acts at many stages of development; animals 
homozygous for the fib null mutation die as embryos. By con- 
trast, dominant Elp alleles appear to retain many of the normal 
functions offlb+. Homozygous Elp animals are viable as adults. 
However, their eyes and wings develop abnormally, apparently 
due to increased levels of a normalflb+ activity in the mutant 
(Baker and Rubin, 1989). The eyes of homozygous Elp flies 
contain only about 10% of the normal number of ommatidia. 
This defect is first detected in the eye imaginal disk of third 
instar larvae, where ommatidial clusters containing the normal 
complement of photoreceptor neurons are separated from each 
other by unusually large distances, particularly in the more an- 
terior region of the disk (e.g., see Fig. 9A, C,E). Frequently, single 
anterior ommatidia or small groups of ommatidia are com- 
pletely isolated from all other ommatidia. We were especially 
interested in examining the projection pattern of axons from 
these ommatidia. 

An eye imaginal disk from a homozygous ElpB’ animal is 
shown stained with anti-HRP and mAb 24B10 antibodies in 
Figure 9A. The irregularly arranged ommatidia are most widely 
spaced in the more anterior regions of the disk. These anterior 
ommatidia, like those in normal disks, stain only with anti- 
HRP. Axons from the youngest ommatidia sometimes fail to 
enter the optic stalk at the posterior edge of the eye disk (data 
not shown). However, all other axons project to the larval brain 
through the optic stalk, although their paths to the stalk are 
frequently more circuitous than normal. As previously reported, 
the majority of photoreceptor clusters are concentrated at the 
posterior edge of the eye disk (Baker and Rubin, 1989; Zak and 
Shilo, 1992; N. Baker, personal communication). At least some 
of these ommatidia are thought to originate from more anterior, 
scattered positions and to assume more posterior locations as 
development proceeds. 

The arrangement of fascicles in the lamina of ElpB’ larvae, 
though more disorganized, shares several features in common 
with wild-type larvae (see Fig. 9B). Fascicles first spread out 
over the lateral surface of the brain and then dive into the 
developing lamina; axons from the most mature ommatidia 
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Figure 7. Confocal microscopic analysis of retinal axon projections in so larvae. All panels are from the lateral perspective. A, Optical section 
through the developing lamina of a wild-type larval brain stained with mAb 24BlO (red) and anti-HRP (green). A similar section is shown in 
Figure 2G. An arrow indicates the position of OLP cells, which label with anti-HRP only. B, Optical section like that shown in A of an so brain 
completely lacking retinal innervation. The OLP cells and the larval optic nerve (a yellow spot in transverse section) are clearly visible posterior 
of the developing lamina at the dorsoventral midline (position indicated by arrow). On either side of the arrow, posterior of the lamina target area, 
the transmedullary fibers of the developing lobula complex are seen in approximate transverse section, stained by anti-HRP (green) and appearing 
as bright, elongated spots. These fibers are arrayed symmetrically on either side of the OLPs. C, Optical section including the eye disk and brain 
of an so specimen harboring about 200 developing ommatidia on the dorsal side of the midline (marked by a thin bar). D, Higher-magnification 
view of the developing lamina of the specimen shown in C. Retinal axon fascicles project to the dorsal side of the OLP cells (position indicated 
by arrow). E, An so specimen harboring about 40 developing ommatidia in the ventral region of the eye disk (midline marked by a thin bar). F, 
Optical section through the developing lamina of the specimen shown in E. Retinal axon fascicles project to ventral positions (arrow indicates the 
position of the OLPs). In all panels, anterior is toward the left, dorsal is up. Scale bars: A, 25 pm for A, B, D, and F; C, 25 pm for C and E. 
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project posteriorly in close proximity to the OLPs, while younger 
fascicles are located in more anterior, dorsal, and ventral po- 
sitions. These younger fascicles, in particular, are more widely 
spaced than in a wild-type brain. However, in some cases mul- 
tifascicle retinal axon bundles from smaller clusters of anterior 
ommatidia do not separate normally in the brain, a phenom- 
enon also observed in so. 

In parallel with our experiments with so larvae, we have con- 
centrated our studies on the dorsoventral projection pattern of 
retinal axons in E&l larvae. In a preliminary analysis, two 
separate clusters of ommatidia within ElpB1 eye imaginal disks 
were labeled with the lipophilic dyes DiI and DiO (e.g., Fig. 
9G). In eight specimens analyzed by this approach, axons from 
dorsal ommatidia projected only dorsally, while axons from the 
ventral part of the eye disk projected ventrally (Fig. 9H). In a 
few cases, some of the more anterior labeled ommatidia ap- 
peared to be completely isolated from other ommatidia; how- 
ever, it is not certain that all adjacent ommatidia are labeled 
by this technique. Nevertheless, our observations suggest that 
axons from most ommatidia in EZpB1 eye disks project retino- 
topically, even though many of these ommatidia are inappro- 
priately separated from their neighbors during their early de- 
velopment. 

Evidence for retinotopic projection of axons from isolated 
ommatidia in homozygous ElpB1 larvae is also provided by anal- 
ysis of whole-mount preparations stained with anti-HRP and 
mAb 24BlO. This is best illustrated by the small proportion of 
Elp eye disks (less than 5% of the 400 specimens examined) 
where the positioning of ommatidia along the dorsoventral axis 
is highly asymmetric. For example, in Figure 9B the fascicles 
from most of the young ommatidie (stained only with anti-HRP) 
project in a broad array of anterodorsal locations, consistent 
with the concentration of these ommatidia in the dorsal half of 
the eye imaginal disk (Fig. 9A). Typically in Elp, many of the 
least mature ommatidia are found close to the dorsal and ventral 
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edges of the eye disk (Fig. 9A,C). Remarkably, fascicles from 
these ommatidia frequently appear to project to extreme dorsal 
and ventral locations in the developing lamina, bypassing more 
centrally located unoccupied territory along their paths (see Fig. 
9&D). This is particularly obvious for the ventral fascicles in 
Figure 9D, since relatively few ommatidia are positioned ven- 
trally in the highly asymmetric eye disk. 

In general, the staining patterns of photoreceptor clusters in 
Elp eye disks are too complex to identify an individual om- 
matidium and its fascicle unequivocally. It is usually only the 
asymmetric distribution of groups of ommatidia in some eye 
disks that allows us to conclude that axons project to their proper 
locations in the brain. However, Figure 9E shows a rare example 
in which a central anterior ommatidium is one of only two 
ommatidia that are stained only with the anti-HRP antibody. 
In the brain, the positions of the two fascicles that do not stain 
with mAb 24BlO correspond well with these ommatidial lo- 
cations. These data indicate that even isolated photoreceptor 
clusters with no near neighbors project retinotopically to the 
lamina in ElpB1 larvae. 

Axonal projections in animals mosaic for the mutation glass 

Another approach to examining the role of axon-axon inter- 
actions in retinal axon guidance is to ask whether wild-type 
retinal axons project to their normal target positions when ad- 
jacent to mutant retinal axons that project aberrantly. To ad- 
dress this question, we examined animals that were mosaic for 
a mutation, gI, that results in retinal axon projection defects 
(Fig. 10&C; Selleck and Steller, 199 1). In addition, since the 
lack of gl+ function results in the absence of the larval optic 
nerve (Moses et al., 1989; A. R. Campos, personal communi- 
cation), we could use gl mosaics to assess the role of the larval 
optic nerve as a pioneer for retinal axon navigation in the brain. 

In animals lacking the function of the gl+ gene, the pattern 
of retinal axon projections in the larval brain is extremely dis- 

Figure 8. Retinal axon projections from small patches of developing ommatidia in so larvae. In the specimen shown in A-C, there are two separate 
patches of developing ommatidia on opposite sides of the dorsoventral midline (as defined by the position of the larval optic nerve, /on). A, In the 
eye disk the ventral patch, labeled with both mAb 24BlO and anti-HRP bellow), is slightly posterior to the dorsal patch (labeled with anti-HRP 
only). B, The axon fascicles from the respective patches traverse the optic stalk on opposite sides of the larval optic nerve and take opposing tracts 
in the brain toward appropriate dorsal (solid arrowhead) and ventral (open arrowhead) areas of the developing lamina. An arrow indicates the 
midline position of the OLP cells. C, A slightly deeper focal plane than in B, showing the dorsal (d) and ventral (v) fascicles as they pass through 
the lamina. D, The specimen shown in D-F harbors a single patch of seven developing ommatidia (bracketed by open arrowheads) on the dorsal 
side of the larval optic nerve ([on). E, A montage of two focal planes showing the retinal fascicles as they traverse the optic stalk (OS) alongside of 
the larval optic nerve and turn toward dorsal target sites (curved arrow) in the developing lamina. F, In a slightly deeper focal plane than that 
shown in E, the retinal fascicles are seen as they pass through the developing lamina (open arrowhead) in the dorsal region. The solid arrow marks 
the position of the dorsoventral midline. All panels are from a lateral aspect. Anterior is toward the left, dorsal is up. Scale bar, 25 pm. 
Figure 9. Retinal projections from isolated ommatidia in the mutant Elp. A, C, E, and G show confocal micrographs of eye imaginal disks from 
ElpB1 homozygous larvae. B, D, F, and H, respectively, are optical sections through the developing laminas of the corresponding brain hemispheres 
in a plane perpendicular to the paths of incoming retinal fascicles. For A-F, specimens were stained with mAb 24BlO (red) and anti-HRP (green) 
antibodies. They provide several examples in which widely separated ommatidia in the eye disk appear to project to appropriate positions in the 
larval brain. In A and B, a dorsal group of less mature widely spaced ommatidia (mAb 24BlO negative) in A and corresponding dorsally located 
fascicles in B are marked by open urrows. Two ventral mAb 24BlO-negative ommatidia and their likely projections in the brain are shown by 
arrowheads. In D, an open arrow indicates the position of fascicles that project to ventral locations, even though a ventral region of the target area 
lying closer to the midline is largely unoccupied by photoreceptor axons. The group of ommatidia from which these fascicles most likely grew is 
marked in C by an open arrow. The cell bodies of some of these R-cells lie outside of the focal plane. The solid arrows in A and C indicate the 
positions of ommatidia whose fascicles target extreme dorsal locations (solid, thick arrows in B and 0). The two ommatidia in E and corresponding 
fascicles in F that are stained only by anti-HRP are marked by open arrows. In G, retinal axons in Elp larvae were traced using the lipophilic dyes 
DiI and DiO, as described in Materials and Methods. In the eye disk (ed), a dorsal region was labeled with DiI (red to yellowfluorescence) and a 
ventral region was labeled with DiO (green fluorescence). The retinal fascicles project appropriately along dorsal (DiI) and ventral (DiO) paths 
through the optic stalk (mostly out of the focal plane) to dorsal and ventral regions of the developing lamina in the brain (br). H is a higher- 
magnification view of the developing lamina of the specimen shown in G. Fascicles from dorsal (D&labeled) ommatidia extend to dorsal target 
areas and ventral (DiO-labeled) fascicles extend to ventral targets areas. In A, C, and E, a thin bar marks the position of the larval optic nerve in 
the eye disk. In B, D, F, and H, the OLP cells are indicated by a thin, solid arrow. In all panels, anterior is to the left, dorsal is up. Scale bars: A, 
C, G and H, 25 pm; B, 20 km for B, D, and F. 
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Figure 10. Retinal axon projections in a gl mutant. A, Optical section through the developing lamina of a wild-type brain stained with anti-HRP. 
Arrow indicates the position of OLP cells posterior of the developing lamina at the dorsoventral midline (see Fig. 2G for further details). B, The 
brain of a g[6oJ animal in an optical section similar to that shown in A. Retinal axons form multifascicle bundles that take aberrant trajectories 
(urea between arrowheads) through the developing lamina and often project ectopieally out of the target area to other regions of the brain. C, A 
lower-magnification view of the specimen shown in B. The larval optic nerve is absent, and the OLPs cannot he detected. However, often in gl”“’ 
specimens the OLPs are present in a normal or ectopic location. The open arrowhead indicates an ectopic retinal axon projection. D, Eye of an 
adult gl mosaic generated as described in Materials and Methods. Regions of dark pigmented retinal tissue are gZ+, while gl@‘J regions (arrows) lack 
pigmentation and are devoid of ommatidia. gl cells form ommatidial clusters initially (as shown in C) but die during later development. All panels 
are from a lateral perspective. Anterior is toward the left, dorsal is up. In C the brain is rotated slightly counterclockwise. Scale bars: A and B, 25 
pm; C, 50 pm. 

organized (compare Fig. 1 OB, C with Fig. 1 OA). Axon fascicles 
take aberrant trajectories after they exit the optic stalk, and 
terminate in ectopic locations often outside of the lamina target 
area. The gl locus is well characterized (Moses et al., 1989; Moses 
and Rubin, 1991). It encodes an apparent transcription factor 
required in R-cells for the expression of at least several R-cell- 
specific genes including &optic (Moses et al., 1989), which 
encodes the antigen recognized by mAb 24B 10 (Zipursky et al., 
1985; Reinke et al., 1988). gl is expressed in R-cells, in the larval 
optic nerve, and in a small subset of cells in the third instar 
larval brain (Moses and Rubin, 1991). Finally, the optic lobe 
and eye defects of adult gl animals have been shown by the 
analysis of adult genetic mosaics to be due to the lack of g1+ 
function in the eye (Meyerowitz and Kankel, 1978). 

To determine whether wild-type retinal axons project to their 
normal lamina target positions independently of the aberrant 

projections of gl- axons, we examined the developing brains of 
gl somatic mosaics. Mosaics were generated by inducing the 
somatic loss of a chromosomally inserted P-element vector har- 
boring a gl+ genomic DNA fragment (Moses et al., 1989; see 
Fig. 1OD). P-transposase-mediated excision and loss of the gl+ 
element uncovers a gZ60J mutant background. Since gl+ function 
is required for chaoptin expression, a patch of gZ60J R-cells in 
the posterior of the eye disk can be recognized by its failure to 
stain with mAb 24BlO. Both wild-type and g160J retinal axons 
can be visualized by staining with anti-HRP. 

In all of the mosaic animals examined, axonal projection 
defects were found to be closely associated with the absence of 
gl+ function in R-cells. Of 8.50 eye imaginal disks, 775 harbored 
one or more gl- patches. In 20 eye disks that appeared entirely 
gZ+, retinal axon projections appeared normal (data not shown). 
Conversely, in the small number of cases (about 10) in which 
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nearly all R-cells were gl- (which can be determined only for 
those R-cells mature enough to express chaoptin), the retinal 
axon projections were as disorganized as in the g160J mutant 
(data not shown). However, these mosaics differ from gPoJ an- 
imals by the presence of the larval optic nerve. In five mosaics, 
the larval optic nerve could not be detected. In each of these 
animals, gl+ retinal axons formed essentially normal projections 
(e.g, Fig. 11 G,H). Thus, the absence of the larval optic nerve in 
the third larval instar is not alone sufficient to cause the aberrant 
retinal axon projections found in gl- animals. These last ob- 
servations indicate that the larval optic nerve is not required as 
a pioneer in retinal axon guidance. 

To assess the effect of gl- axons on neighboring wild-type 
axons, we examined genetic mosaics where rather large regions 
of gl- R-cells bordered regions of wild-type R-cells in the eye 
disk (Fig. 1 l&F). This class includes about one-third of all 
those examined. In the specimen shown in Figure 11, A and B, 
the dorsal half of the eye disk is gl- except for a few gl+ om- 
matidia (see inset, Fig. 11A). In the brain (Fig. 1 lB), the axons 
from the gl+ ventral half of the eye disk form a normal array 
in the ventral portion of the developing lamina. The several 
isolated gl+ fascicles from the dorsal portion of the eye disk 
project to appropriate dorsal positions despite the absence of 
most of their usual neighbors, which have failed to enter the 
dorsal target area. Notably, these gl+ axons did not follow gl- 
fascicles along their aberrant paths. Similar cases are shown in 
Figure 1 lC-F. In the specimen shown in Figure 11, E and F, 
gl+ retinal axons from ventral positions in the eye disk project 
to appropriate dorsoventral positions despite the projections of 
more posterior gl- fascicles to aberrant positions. Hence, the 
more anterior gl+ axons do not appear to rely on these posterior 
fascicles as pioneers. In the total of 250 mosaics in this class, 
wild-type retinal fascicles were found in approximately correct 
dorsoventral positions despite the aberrant behavior of their gl- 
neighbors. In summary, our observations from the analysis of 
gl mosaics support the proposal that axon fascicles are guided 
independently of their neighbors. 

Discussion 
We have sought to assess the importance of two different pos- 
sible mechanisms for retinal axon guidance in Drosophila. One 
model proposes that interactions between retinal axons play the 
dominant role in guiding retinal axons to their target destina- 
tions (see Meinertzhagen, 1974; Anderson, 1978). Given the 
remarkably specific spatial and temporal order of retinal axon 
ingrowth to the developing optic lobe (Meinertzhagen, 1973; 
Trujillo-Cenoz and Melamed, 1973; Tomlinson and Ready, 
1987), it might be supposed that newly arriving retinal axons 
are guided into place by the axon fascicles that have immediately 
preceded them into the brain. For example, the growth cones 
of a new fascicle could follow along the fascicle of a nearby more 
mature ommatidium. On account of the one-to-one topograph- 
ical order of the retinotopic map, the new fascicle would be led 
to a target position immediately adjacent to its proper desti- 
nation. The guidance of the very first retinal fascicles might 
depend on their close association with the larval optic nerve, 
which passes near their target destinations at the posterior of 
the developing lamina near the dorsoventral midline (see Fig. 
1A; Meinertzhagen, 1973, 1974). A second possible model of 
retinal axon guidance supposes that retinal fascicles seek out 
their respective target positions independently of one another, 

relying on positional cues that label the appropriate paths and 
target sites. 

In an attempt to distinguish between these two possible guid- 
ance mechanisms, we used genetic methods to disrupt the nor- 
mal spatial order of retinal axon outgrowth. We examined ret- 
inal axon projections within the developing lamina in two 
mutants in which reduced numbers of ommatidia develop in 
the eye imaginal disk. In so (sine oculis) animals, ommatidia 
develop in variously sized patches at different positions within 
the eye disk. In Elp (Ellipse) animals, single ommatidia develop 
at isolated locations in more anterior regions of the disk. In the 
lamina target area of both mutants, retinal axons were found in 
dorsoventral positions roughly corresponding to the positions 
of the remaining ommatidia in the eye disk. Due to the absence 
of reliable anteroposterior landmarks in the target area, the po- 
sitions of the projections along this axis remain unclear, though 
the axons were ordered in their normal age-related pattern. 

If the axons from the ommatidia remaining in these mutants 
were to navigate solely on the basis of the order of axon out- 
growth and axon-axon interactions, we might have expected 
them to occupy the more central target positions left vacant by 
the absence of the corresponding ommatidia. Moreover, we 
would have expected the fascicles from isolated ommatidia to 
project to adjacent target positions rather than to spread out to 
more appropriate isolated positions. We thus suppose that, as 
they enter the target area, individual fascicles can make dor- 
soventral choices independently and that they bypass inappro- 
priate vacant target sites as they grow along the lateral surface 
of the brain toward their proper destinations. 

A concern with this interpretation is that the so and Elp 
mutations might have effects on axon guidance via a functional 
role in the brain. In the case of so, this would seem highly 
unlikely since genetic mosaic analysis has assigned the role of 
so+ in visual system development to the gene’s function in the 
eye disk with no detectable gene autonomous function in brain 
development (Fischbach and Technau, 1984). By contrast, the 
observation that theflb+ gene is expressed in the larval brain 
(Kammermeyer and Wadsworth, 1987; Katzen et al., 199 1; Zak 
and Shilo, 1992) raises the possibility that the Elp mutation 
affects cells in the lamina target area. Nonetheless, it seems 
unlikely that the apparent independent guidance of retinal axons 
in Elp larvae does not reflect a similar process occurring in wild- 
type animals. 

These conclusions are supported by the analysis of retinal 
axon guidance in gl genetic mosaic animals. In larvae lacking 
the function of the gl gene, retinal axons navigate aberrantly in 
the brain (Selleck and Steller, 1991) and the larval optic nerve 
is absent (Moses et al., 1989). In mosaics, we observed that 
genotypically wild-type retinal axons can project normally when 
adjacent to misrouted gl- axons, consistent with the hypothesis 
that retinal fascicles can navigate independently of one another. 
These observations are in agreement with the conclusions of 
Meyerowitz and Kankel (1978) from the analysis of adult gl 
mosaic animals. In their study, areas of aberrant lamina neuropil 
were found to correspond retinotopically to gl- regions of the 
retina. Though their experiments involved a hypomorphic gl- 
allele, gP, that displays rather minor defects in the retinal axon 
projection pattern of late third instar larvae (S. Kunes, C. Wil- 
son, and H. Steller, unpublished observations), the outcome 
nonetheless is consistent with the proposal that gl+ functions 
autonomously in photoreceptor cells for retinal axon guidance. 
Since the gl+ gene product appears to be a transcription factor 





involved in the regulation of photoreceptor cell-specific genes 
(Moses et al., 1989; Moses and Rubin, 1991), it seems likely 
that glm photoreceptor cells fail to express an as yet unidentified 
gene product(s) that is essential for axon pathfinding. 

In addition, the analysis of gl mosaic animals lends support 
to the notion that the larval optic nerve is not an essential 
pioneer for retinal axon navigation. Wild-type retinal fascicles 
are found in approximately normal dorsoventral locations in 
animals lacking the larval optic nerve due to its inclusion in gl- 
tissue. It was initially evident from the analysis of gl- animals 
that the navigation of retinal axons through the optic stalk did 
not require the presence of the larval optic nerve (Moses et al., 
1989). From the mosaic analysis, it can now be concluded that 
the larval optic nerve is not essential for retinal axons to estab- 
lish their normal projection pattern when they reach the optic 
lobe. A normal retinal axon projection pattern is also observed 
after the larval optic nerve has been ablated by the expression 
of a toxin gene (Kunes and Steller, 199 1). The lack of a require- 
ment for the larval optic nerve is not surprising in view of other 
examples in which later-arriving axons traverse their usual paths 
in the absence of earlier axons from the same pathway (Kesh- 
ishian and Bentley, 1983; Blair et al., 1987; Tix et al., 1989b; 
Pike et al., 1992). 

It has been proposed that the spatial and temporal order of 
retinal axon ingrowth observed in several arthropod visual sys- 
tems might alone be sufficient to explain the initial order of their 
respective retinal axon projection patterns (Meinertzhagen, 1973, 
1974; Anderson, 1978; Macagno, 1978; Flaster et al., 1982). 
Indeed, several experiments appear to bear out the predictions 
of this hypothesis. In the small crustacean, Duphnia, later-ar- 
riving photoreceptor axons will assume the target cell contacts 
normally reserved for earlier axons if the latter have been ablated 
earlier in development (Macagno, 1978). In the locust Schis- 
tocerca, transplantation and ablation experiments can be inter- 
preted as supporting the idea that new retinal axons are guided 
by following the projections of older ommatidia, rather than 
seeking out their lamina target sites independently (Anderson, 
1978). Although our results argue against an essential role for 
retinal axon-axon interactions in Drosophila, they may not be 
entirely inconsistent with the previous experiments in arthro- 
pods. For example, we have not resolved the question of target 
finding along the anteroposterior axis of the lamina in Dro- 
sophila, which would be directly comparable to the study in 
Daphnia (Macagno, 1978). In addition, our study does not pro- 
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vide the resolution necessary to determine whether fascicles seek 
out specific target cells in either the wild-type or mutant animals. 
In Schistocerca, axons derived from retinal transplants rotated 
on the dorsoventral axis apparently failed to find their normal 
lamina targets. However, in these experiments the target area 
was always damaged to some extent and the projections from 
the rotated epithelia were often highly abnormal (Anderson, 
1978). This kind of experiment, moreover, provides a rather 
stringent test of the independence of retinal axon navigation 
since proper target finding would require the axons to seek out 
their appropriate target positions via ectopic pathways. Such 
was not the case in the experiments reported here. It would thus 
be difficult to conclude that the outcome of the transplantation 
experiments are inconsistent with our results. Evidence consis- 
tent with the independent guidance of retinal axons in Dro- 
sophila comes from the study of adult animals mosaic for either 
the Glued or rough mutations, where areas of aberrant lamina 
neuropil were found to correspond retinotopically to mutant 
regions of the retina (Meyerowitz and Kankel, 1978; Harte and 
Kankel, 1983). 

Given these considerations, it is reasonable to suppose that 
multiple mechanisms may contribute to retinal axon guidance 
in Drosophila. It seems unlikely that the normal morphogenetic 
order of retinal axon ingrowth is merely incidental to proper 
target finding. In addition, our observations are consistent with 
a contribution of fascicle-fascicle interactions to the formation 
of precise retinotopic projections. In so animals harboring very 
few developing ommatidia and in some Elp animals, retinal 
fascicles failed to separate normally into single fascicles after 
entering the developing lamina. Normal specificity may rely on 
fascicle-fascicle interactions that occur in arrays containing a 
larger number of adjacent fibers. A retinal growth cone may 
assess the position(s) of a neighboring fascicle(s) as well as guid- 
ance cues that label pathways and target sites in the brain. The 
latter kind of mechanism could involve a large number of unique 
guidance markers (see Sperry, 1963, for a discussion) or a small 
number of molecular components if they are distributed in a 
graded fashion in the target area (Sperry, 1963; Gierer, 1981; 
Bonheoffer and Gierer, 1984; Gierer, 1987). As has been sug- 
gested for lower vertebrates (see, e.g., Fraser, 1985), a mecha- 
nism involving both interactions between retinal axon fibers 
and position-specific fiber-target interactions may ultimately 
provide the most parsimonious explanation of retinal axon guid- 
ance in Drosophila. 

Figure II. Retinal axon projections in gl genetic mosaics. gl genetic mosaics were generated as described in Materials and Methods. Late third 
instar larval tissues were labeled with mAb 24B 10 (redfluorescence) and anti-HRP (green fluorescence). Labeled specimens were viewed by confocal 
laser microscopy from the lateral perspective. Except in the anterior six or seven rows of developing ommatidia, gZ+ photoreceptor cells express 
the antigens recognized by both mAb 24BlO and anti-HRP, and thus are double labeled be[Zow). A, gZ mosaic in which most ommatidia in the 
dorsal part of the eye disk are gW. However, four dorsal ommatidia (open and solid arrowheads; see also inset showing mAb 24BlO fluorescence) 
appear gZ+. Note that ventral gZ+ fascicles project along the ventral side of the optic stalk to ventral regions of the developing lamina. The larval 
optic nerve is present. B, Higher-magnification view of an optical section through the developing lamina of the specimen shown in A. Ventral gl+ 
fascicles project to normal positions. Despite the aberrant projections of most gl- dorsal fascicles (not detected in this focal plane), the four gl+ 
dorsal fascicles project to appropriate positions (open and solid arrowheads). C, gl mosaic in which a ventral area of g1+ developing ommatidia 
(arrowhead) is surrounded on both sides by regions of glm developing ommatidia. Thin bar indicates the position of the larval optic nerve (out of 
the focal plane). D, Higher-magnification view of the developing lamina of the specimen shown in C. Despite the aberrant projections of the ventral 
gl- fascicles, the ventral (arrowhead) and dorsal gl+ fascicles project normally. E, A case similar to that described in C and D, except that the 
posterior four to five rows of ventral ommatidia are gl- (thick arrow indicates gl+ ommatidia). F, Higher-magnification view of the developing 
lamina of the specimen shown in E. Despite the aberrant projections of posterior gl- ventral fascicles, the ventral gl+ fascicles form an essentially 
normal dorsoventral array more anteriorly (thick arrow). G, gl mosaic in which the larval optic nerve is absent. The eye disk also harbors a central 
patch of glm ommatidia. H, Higher-magnification view of the developing lamina of the specimen shown in G. gl+ retinal fascicles project in an 
approximately normal array despite the absence of the larval optic nerve. The OLP cells are absent. In all panels, anterior is toward the left, dorsal 
is up. In A-F, a thin arrow indicates the position of the OLP cells. Scale bars: A, 25 pm for A, C, E, and G, B, 25 pm for B, D, F, and H. 
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Our observations reveal features of retinotoDic Dattern for- Godement P, Vanselow J, Thanos S. Bonhoeffer F (1987) A studv in 
mation in the Drosophila visual system that are reminiscent of 
the retinotectal system long studied in lower vertebrates. The 
experiments in Drosophila and in lower vertebrates (reviewed 
in Cowan and Hunt, 1985; Udin and Fawcett, 1988) both sug- 
gest that positional information in the retina and in the brain 
contribute to the establishment of well-ordered retinotopic con- 
nections. Whether these parallels reflect the operations of a sim- 
ilar molecular machinery would be an interesting question to 
resolve. 
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