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SUMMARY

Drosophila vision is mediated by inputs from three
types of photoreceptor neurons; R1–R6 mediate
achromatic motion detection, while R7 and R8
constitute two chromatic channels. Neural circuits
for processing chromatic information are not known.
Here, we identified the first-order interneurons
downstream of the chromatic channels. Serial EM
revealed that small-field projection neurons Tm5 and
Tm9 receive direct synaptic input from R7 and R8,
respectively, and indirect input from R1–R6, qualify-
ing them to function as color-opponent neurons.
Wide-field Dm8 amacrine neurons receive input
from 13–16 UV-sensing R7s and provide output to
projection neurons. Using a combinatorial expres-
sion system to manipulate activity in different neuron
subtypes, we determined that Dm8 neurons are
necessary and sufficient for flies to exhibit phototaxis
toward ultraviolet instead of green light. We propose
that Dm8 sacrifices spatial resolution for sensitivity
by relaying signals from multiple R7s to projection
neurons, which then provide output to higher visual
centers.

INTRODUCTION

Many animals respond differentially to light of different

wavelengths; for example, most flying insects exhibit positive

phototactic responses but prefer ultraviolet (UV) to visible light,

whereas zebrafish are strongly phototactic to ultraviolet/blue
328 Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc.
and red light but weakly to green (Menzel, 1979; Menzel and

Backhaus, 1991; Orger and Baier, 2005). Unlike true color vision,

which distinguishes light of different spectral compositions

(hues) independently of their intensities, spectral preferences

are strongly intensity dependent and innate, probably reflecting

each species’ ecophysiological needs. Thus, water fleas (Daph-

nia magna) avoid harmful UV but are attracted to green light,

which characterizes abundant food sources (Storz and Paul,

1998). Daylight is rich in UV, so flying insects’ preference for

UV over visible light is probably related to the so-called open-

space response, the attraction toward open, bright gaps and

away from dim, closed sites (Goldsmith, 1961; Hu and Stark,

1977). The receptor mechanisms for spectral preferences have

been well studied in flying insects, especially in Drosophila

(Heisenberg and Buchner, 1977). Two or more photoreceptor

types with distinct spectral responses are required to detect

different wavelengths of light, and mutant flies lacking UV-

sensing photoreceptors exhibit aberrant preference for green

light (Hu and Stark, 1977). However, the postreceptoral mecha-

nisms of spectral preference are entirely unknown. Furthermore,

it is not clear how spectral preference is related to true color

vision. Color-mixing experiments suggest that color vision and

spectral preference are independent in honeybees (Menzel and

Greggers, 1985). In Drosophila, however, spectral preference

experiments have revealed that the phototactic response toward

UV is significantly enhanced by the presence of visible light,

suggesting a ‘‘color’’ contrast effect in spectral preference

behavior (Schümperli, 1973; Fischbach, 1979). Identifying and

characterizing the neural circuits that process chromatic infor-

mation is the first step to understanding the postreceptoral

mechanisms of spectral preference and, thus, color vision.

With recent advances in genetic techniques that manipulate

neuronal function, Drosophila has re-emerged as a model
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Figure 1. The Histamine Chloride Channel Ort Is Expressed in

Subsets of Lamina and Medulla Neurons

(A) A schematic illustration of the Drosophila visual system, including the eye

(Eye) and four optic neuropils: lamina (La), medulla (Me), lobula (Lo), and lobula

plate (Lp). The outer photoreceptors, R1–R6 (pink), terminate in the lamina and

synapse with lamina neurons (LN: green). The central photoreceptors, R7 (red)

and R8 (purple), project axons to the medulla strata M6 and M3, respectively.

Three selected types of medulla neurons are shown: transmedulla (Tm)

neurons arborize in various medulla strata and project axons to distinct lobula

strata, distal medulla (Dm) amacrine neurons extend processes in distal

medulla strata, and T and C (T/C) neurons extend axons into the medulla

and lobula (T2 neurons) or lamina (C2 neurons, data not shown). Medulla

and lobula strata marked by anti-FasIII antibody are colored cyan.

(B) The ort promoter driver labels subsets of medulla neurons. The ortC1-3-

LexA::VP16 driver was used to drive the expression of rCD2::GFP, a mem-

brane-tethered GFP marker (green) in the lamina and medulla neurons that

are postsynaptic to photoreceptors. Photoreceptor axons were visualized

using MAb24B10 antibody (red). Anti-FasIII antibody (blue), which labels

distinct medulla and lobula strata, was used as a stratum-specific landmark.

(C and D) High magnification views of (B), showing the medulla (C) and lobula

neuropil (D).

(D) The GFP-labeled transmedulla neurons project axons to strata Lo1, Lo2,

and Lo5 of the lobula (Lo1, 2, and 5), forming a topographic map.

(E) Promoter analysis of the ort gene. The ort genomic structure shown as a

linear cartoon with boxes representing exons and lines representing introns

and intergenic sequences. Comparative genomic analysis identifies four

blocks of sequences, C1–C4 (red, shown above the genomic structure), that

are highly conserved among 12 species of Drosophila (see Figure S2A). The
system for studying neural circuits and functions. In particular,

the Gal4/UAS expression system combined with the tempera-

ture-sensitive allele of shibire makes it possible to examine the

behavioral consequences of reversibly inactivating specific sub-

sets of neurons (Kitamoto, 2001). Such interventions allow direct

comparisons between the connections of a neuron and its func-

tion, thereby establishing causality (reviewed in Luo et al., 2008).

The Drosophila visual system comprises the compound eye

and four successive optic neuropils (lamina, medulla, lobula,

and lobula plate; Figure 1A). The compound eye itself has some

750 ommatidia populated by two types of photoreceptors. The

outer photoreceptors R1–R6, which are in many ways equivalent

to vertebrate rod cells, express Rh1 opsin (O’Tousa et al., 1985),

respond to a broad spectrum of light (Hardie, 1979), and are thus

presumed to be achromatic. The inner photoreceptor neurons

R7 and R8 have complex opsin expression patterns (reviewed

in Mikeladze-Dvali et al., 2005); R7s express one of two UV-

sensitive opsins, Rh3 and Rh4, while, beneath R7, the R8s

coordinately express blue-sensitive Rh5 or green-sensitive Rh6

opsins (Salcedo et al., 1999). The achromatic R1–R6 channel

mediates motion detection (Heisenberg and Buchner, 1977;

Yamaguchi et al., 2008). R1–R6 innervate the lamina, where

the achromatic channel input diverges to three or more path-

ways mediated by three types of lamina neurons, L1–L3. Their

synaptic connections have been analyzed exhaustively at the

electron microscopic (EM) level (Meinertzhagen and O’Neil,

1991; Meinertzhagen and Sorra, 2001). Genetic dissection

indicates that these three pathways serve different functions in

motion detection and orientation (Rister et al., 2007). Much like

vertebrate cones, R7 and R8 photoreceptors are thought to

constitute chromatic channels that are functionally required for

spectral preference behaviors (Heisenberg and Buchner, 1977).

The axons of R7 and R8 penetrate the lamina and directly

innervate the distal medulla, where, until now, their synaptic con-

nections have been completely unknown.

The medulla, the largest and most heavily populated optic

neuropil, is organized into strata (M1–M10) and columns (Fisch-

bach and Dittrich, 1989; Campos-Ortega and Strausfeld, 1972)

in a manner reminiscent of the mammalian cortex. All visual infor-

mation converges upon the distal strata of the medulla; the axons

of R7 and R8 directly innervate strata M6 and M3, respectively,

while L1–L3 transmit information from the R1–R6 channel to mul-

tiple medulla strata (M1/M5, M2, and M3, respectively). Termi-

nals of those R7, R8, and L1–L3 that view a single point in visual

space innervate a single medulla column (Meinertzhagen, 1976)

and there establish a retinotopic pixel. Previous Golgi studies

have revealed about 60 morphologically distinct types of me-

dulla neurons (Fischbach and Dittrich, 1989). Each arborizes in

a stereotypic pattern within specific strata of the medulla and

projects an axon to a distinct stratum of the medulla, lobula, or

lobula plate. The distinct morphological forms of different types

ort promoter (C1–C3) with the ort or hs70 30 UTR region (purple and gray,

respectively) was fused to either the yeast transcription factor Gal4 (dark

gray box) or the chimeric transcription factor LexA::VP16 (blue box) to gener-

ate various ort promoter drivers (as indicated). (Orange box) Coding region.

(Cyan box) 50 UTR. (Purple box) 30 UTR.

Scale bars: (B) 20 mm; (C and D) 10 mm.
Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc. 329
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Figure 2. Ort-Expressing Neurons Mediate Phototaxis and a Normal Preference for UV

(A–D) Wild-type (A), ort (B), and various mutant flies were tested for fast phototaxis toward UV or green light. The intensity-response curves were measured

by recording the percentage of flies choosing UV or green light of various intensities over dark. Light intensity was shown as a logarithmic scale, and error

bars (standard deviations) represent the variations among trials.

(A) Wild-type flies exhibited phototactic responses to UV in a simple intensity-dependent fashion, resulting in a sigmoidal intensity-response curve. In contrast,

phototactic response toward green light was not monotonous because the response was reduced at high intensities of green light. Compared with dark

adaptation (dotted lines), light adaptation (solid lines) decreased sensitivity to both UV and green light by approximately two orders of magnitude.

(B) Compared with wild-type, ort mutants exhibited a significantly reduced phototactic response under dark- or light-adapted conditions. In ort mutants,

phototaxis toward UV appeared to be affected more severely than that toward green light.

(C and D) Histograms of light sensitivity of wild-type and various mutant flies under dark- (C) or light-adapted (D) conditions. Light sensitivity, defined as the

negative logarithm of the minimal light intensity required to attract 75% of the test flies, was calculated from the intensity-response curves. Note that fast
330 Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc.
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of medulla neurons reflect, at least in part, their diverse patterns

of gene expression (Morante and Desplan, 2008). Although it

is widely presumed that the medulla incorporates key neural

substrates for processing color and motion information, little is

known about its synaptic circuits and their functions. EM analy-

ses of synaptic circuits have not been possible because of the

complexity of this neuropil, while electrophysiological investiga-

tions are technically challenging because of the small size of

neurons.

In this study, we investigate the chromatic visual circuits in the

medulla. Using a combination of transgenic and histological

approaches, we identify the first-order interneurons in the

medulla that receive direct synaptic inputs from the chromatic

channels R7 and R8. We then subdivide these neurons based

on their use of neurotransmitters and gene expression patterns.

By systematically inactivating and restoring the activity of spe-

cific neuron subtypes, we identify the neurons that are necessary

and sufficient to drive a fly’s phototactic preference to UV.

RESULTS

The Histamine Chloride Channel Ort Is Required
for UV/Green Spectral Preference
Previous electrophysiological and histological studies have

demonstrated that Drosophila photoreceptor neurons are hista-

minergic (Hardie, 1987; Sarthy, 1991) and that R7 and R8 photo-

receptors provide the predominant histamine-immunoreactive

input to the medulla (Pollack and Hofbauer, 1991). Two iono-

tropic histamine-gated channels, Ort (ora transientless; HisCl2)

and HisCl1, have been identified (Gengs et al., 2002; Gisselmann

et al., 2002; Zheng et al., 2002; Witte et al., 2002; Pantazis et al.,

2008). Mutants for ort exhibit defects in motion detection and

their electroretinograms (ERGs), indicating that Ort is required

to transmit R1–R6 input to the first-order interneurons (Gengs

et al., 2002). To test whether Ort is required for visually guided

behavior, we first examined flies’ phototaxis toward either UV

or green light in preference to dark (see Experimental Proce-

dures for details). This phototactic response is mediated primar-
ily by the more sensitive, broad-spectrum photoreceptors,

R1–R6, although R7 cells also contribute to UV, but not green,

phototaxis under the light-adapted condition (Figures 2C and

2D, and Figures S1A and S1B available online; Fischbach,

1979). We found that wild-type flies exhibited stronger photo-

taxis toward UV than toward green light by approximately one

order of magnitude and that light adaptation, when compared

with dark adaptation, reduced the sensitivity to UV and green

light by approximately two orders of magnitude (Figure 2A). In

contrast, strong transallelic combination ort1/ortUS2515 mutant

flies exhibited much weaker phototaxis toward either UV or

green light (by about three and two orders of magnitude, respec-

tively) as compared with wild-type. In negative geotaxis assays,

ort mutants exhibited no apparent motor defects (Figure S1C),

suggesting that their reduced phototaxis was not a motor system

defect but rather a visual deficit. In addition, the ort mutation

affected UV phototaxis more severely than green phototaxis.

We speculate that Ort plays a role in relaying signals from UV-

sensing R7s to their first-order interneurons and that HisCl1

may participate in phototaxis, especially toward green light.

To assess whether Ort is required to transmit chromatic input

mediated by R7 and R8, we used a quantitative spectral prefer-

ence assay. This spectral preference assay tests the phototaxis

toward UV in preference to green (see Experimental Procedures

for details) and depends on R7, but not significantly on R1–R6,

function (Figures 2E and 2G; Jacob et al., 1977; Fischbach,

1979). This behavior depends on the circuit comparing UV and

green light and likely reflects salience of UV and green lights

rather than a simple linear summation of their phototactic

responses. We found that wild-type flies preferred short-wave-

length UV to longer-wavelength green light in an intensity-

dependent fashion (Figure 2E). In contrast, homozygous null

ort1 mutants and strong transallelic combination ort1/ortUS2515

mutants (as well as other allelic combinations ortP306/ortUS2515

and ort1/ortP306; data not shown) all exhibited reduced UV

preference. Over five orders of magnitude in the ratio of UV/

green intensities, the proportion of ort mutant flies that chose

UV was significantly lower than that for wild-type flies (Figure 2E).
phototaxis toward UV or green light was driven primarily by the broad-spectrum R1–R6 photoreceptors since this behavior was significantly affected by the

inactivation of R1–R6 (NinaE mutants), but not R7 cells (Rh3,4- > shits1).

(E–H) Wild-type, ort, HisCl1, and various mutant flies tested for phototactic preference to UV over green light. The intensity-response curves were measured by

varying UV intensity while keeping the green light intensity constant (see Experimental Procedures for details). (E–G) The P.I. for each genotype was calculated

from the numbers of flies choosing UV (NUV) or green (NG) light by the following formula: P.I. = [NUV – NG] / [NUV + NG]. The UV/green intensity ratio (E–G) is shown

as a logarithmic scale. Error bars (standard deviations) represent the variations among trials.

(E) ort mutants had a reduced preference for UV. Wild-type (wt) flies exhibited phototactic preference to UV in an intensity-dependent fashion, resulting in a

sigmoidal intensity-response curve. For ort mutants (ort1/1 and ort1/US2515), the intensity-response curve was shifted to the right. Note that normal UV preference

requires R7s, but not R1–R6, as sevenless (sevE2) mutants, but not NinaE mutants, exhibited low UV preference. HisCl1 ort double-null mutants, like norpA36,

a phototransduction mutant, chose UV and green light indiscriminately over a broad range of UV/green intensity ratios.

(F) The expression of Ort driven by ortC1-4-Gal4 restored normal UV preference in ort mutants. In contrast, UAS-ort alone or reinstating Ort function in the

achromatic channels L1 and L2 failed to restore UV preference in ort mutants. Positive control (wt) and negative control (sev) were from those described in (E).

(G) Ort-expressing neurons are required for normal UV preference. Shits1 expressed in Ort-expressing neurons or R7s blocks their synaptic transmission. At a

restrictive temperature (33�C), ortC1-4- > shits1 flies exhibited lower UV preference compared with wild-type controls. Inactivating R7s using Rh3,4- > shits1

resulted in an even greater reduction in UV preference. In contrast, inactivating L1 and L2 using L1L2- > shits1 did not affect UV preference. Wild-type control

(wt) at 22�C was from that described in (E).

(H) Histogram of the relative attractiveness of UV over green light (AttrUV/G) for each genotype. AttrUV/G was calculated from the UV/green intensity ratio at which

flies exhibited phototaxis to UV and green lights with equal frequency (isoluminance point, P.I. = 0), based on the following formula: AttrUV/G = -log (UV/green ratio

at the isoluminance point). The difference between the AttrUV/G of the wild-type and ort mutants (or ortC1-4- > shits1 flies) was statistically significant (*p < 0.00001),

whereas the difference between the wild-type and rescued ort mutants (or HisCl1 mutants) was not (p > 0.1).
Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc. 331
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To quantify the UV preference, we determined the isoluminance

point, the UV/green intensity ratio at which flies found light of

either wavelength equally ‘‘attractive,’’ and used the negative

logarithm of the intensity ratio as a measure of UV attractiveness

(AttrUV/G; Figure 2H). The UV attractiveness for ort mutants

(AttrUV/G = 0.47 ± 0.50 for ort1 and 0.79 ± 0.22 for ort1/ortUS2515;

mean ± SD) was significantly lower than that for wild-type flies

(AttrUV/G = 2.52 ± 0.23) but higher than that for sevenless mutants

(AttrUV/G = �0.88 ± 0.64), which lack UV-sensing R7s entirely

(Tomlinson and Ready, 1986) (p < 0.00001, Student’s t test;

Figures 2E and 2H).

Given that ort null mutants still exhibited phototaxis, we

examined whether the other histamine receptor, HisCl1, might

have contributed to UV preference. We found that HisCl1134

null mutants exhibited UV preference indistinguishable from

the wild-type (p > 0.1). In contrast, strong allelic combination

HisCl1134 ort1/HisCl1134 ortP306 double mutants showed weak

phototaxis toward green light (data not shown), while double-

null HisCl1134 ort1 mutants, like the phototransduction mutant

NorpA, failed to discriminate between wavelengths in the UV

and green (Figure 2E). We conclude that Ort is essential for

optimal UV preference, while HisCl1 plays, at most, a minor

and partially redundant role. We note that double-null HisCl1134

ort1 mutants were not entirely blind and still exhibited very weak

fast phototaxis (data not shown), suggesting that there might be

residual synaptic transmission between photoreceptors and the

first-order interneurons despite the absence of these two known

histamine receptors.

The Histamine Chloride Channel Ort Is Expressed
in Subsets of Lamina and Medulla Neurons
We reasoned that the first-order interneurons must express the

histamine receptor Ort in order to respond to their inputs from

histaminergic R7 and R8 terminals. To identify these first-order

interneurons, we determined the ort promoter region using com-

parative genomic sequence analysis (Odenwald et al., 2005). In

the ort locus, we found four blocks of noncoding sequence

that are highly conserved among 12 species of Drosophila

(Figure S2A). The first three sequence blocks (designated

C1–C3) are localized to the intergenic region and the first intron

and are, therefore, likely to contain critical cis elements (Figures

1E and S2A). We generated ort-promoter constructs driving

Gal4 or LexA::VP16, designating these ortC1-3-Gal4 and

ortC1-3-LexA::VP16. Both driver systems drove expression pat-

terns in identical subsets of neurons in the lamina, medulla

cortices, and in the deep C and T neurons of the lobula com-

plex (Figures 1B–1D), except that ortC1-3-Gal4 drove some-

what patchy expression with lower intensity (data not shown).

The fourth block of conserved sequences, located at 30UTR,

contains putative microRNA-binding sites (Figure S2A) and,

as examined in ortC1-4-Gal4, did not drive expression in

additional cells (data not shown), suggesting that it does not

contain critical cis elements. Overall, the expression patterns

of these ort promoter constructs resembled previously pub-

lished ort expression patterns from in situ hybridization (Witte

et al., 2002).

We also performed comparative genomic sequence analysis

for the HisCl1 locus and identified two blocks of highly conserved
332 Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc.
sequence (C1 and C2), located in the first introns of the HisCl1

gene and its neighboring gene (CG17360) (Figure S2B). We gen-

erated a HisCl1-Gal4 construct that included these conserved

sequences (Figure S3A). We found that HisCl1-Gal4 drove

strong expression in the lamina epithelial glia cells (as recently

also reported by Pantazis et al., 2008) and in medulla cells that

are not well characterized (Figures S3B–S3D). This result is con-

sistent with previous EM data that lamina epithelial glia enwrap

each cartridge and are postsynaptic to R1–R6 (Meinertzhagen

and O’Neil, 1991). Insofar as both the behavioral requirement

and expression pattern indicate that Ort, but not HisCl1, plays

a critical role in the visual system, we focused on Ort in the fol-

lowing analyses.

Ort-Expressing Neurons Are Required for Visually
Driven Behaviors
We next examined whether using the ort-promoter Gal4 drivers

to express Ort was sufficient to rescue the visual behavioral

defects in ort mutants. We found that ortC1-4-Gal4-driven Ort

expression restored a preference for UV (AttrUV/G = 2.25 ±

0.34) in ort mutants to the wild-type level (2.52 ± 0.23; Figures

2F and 2H). Since Ort, but not HisCl1, is also required in lamina

neurons for normal ERG and motion detection responses

(Figures S4B and S4C; Gengs et al., 2002; Rister et al., 2007),

we examined the rescued flies for these functions too. We found

that expressing Ort in ort mutants using ortC1-3-Gal4 restored, at

least qualitatively, the ‘‘on’’ and ‘‘off’’ transients of the ERG, which

report transmission in the lamina (Coombe and Heisenberg,

1986), as well as the optomotor behavior (Figures S4B–S4D).

These findings are consistent with the observation that ort-Gal4

drove reporter expression in lamina neurons L1–L3 (Figure S4A).

In contrast, expressing Ort in lamina neurons L1 and L2 using an

L1/L2-specific driver (L1L2-A-Gal4) rescued both the ERG, at

least qualitatively, and optomotor defects (Figures S4B and

S4D), but not the UV preference (AttrUV/G = 0.41 ± 0.23; Figures

2F and 2H), of ort mutants. Thus, the actions of the ort-Gal4

drivers recapitulated the endogenous Ort expression pattern in

the first-order interneurons of R1–R6 and R7.

We next examined whether the Ort-expressing neurons were

required for UV preference and motion detection. We found

that ortC1-4-Gal4 or ortC1-3-LexA::VP16 driving a temperature-

sensitive allele of shibire, shits1, so as to block synaptic transmis-

sion in specific neurons (Kitamoto, 2001), significantly reduced

the UV attractiveness at nonpermissive, but not permissive,

temperatures (AttrUV/G = 0.78 ± 0.14 at 33�C and 2.92 ± 0.33 at

22�C for ortC1-4; Figures 2G and 2H; AttrUV/G = 0.65 ± 0.20 at

33�C and 2.22 ± 0.40 for ortC1-3; data not shown; p < 0.0001).

This reduction was smaller than that caused by inactivating the

R7s alone (AttrUV/G = �1.36 ± 0.22 at 33�C and 2.49 ± 0.65 at

22�C; Figures 2G and 2H). These results suggest that Ort-

expressing neurons might mediate both UV and green photo-

taxis, presumably by relaying R7 and R8 channel signals,

although we cannot rule out the existence of an ort-independent

UV-sensing pathway (see Figure 5 and Discussion). Similarly,

inactivating Ort-expressing neurons abolished the flies’ ability

to detect motion (Figure S4D). Thus, we may conclude that

Ort-expressing neurons are required for both spectral prefer-

ence and motion detection.
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Figure 3. Ort Is Expressed in Subsets of

Transmedulla Neurons

Axonal and dendritic projections (green) of single

Ort-expressing transmedulla neurons were

examined in flies carrying ortC1-3-Gal4, hs-Flp,

and UAS > CD2,y+ > CD8-GFP transgenes. R7

and R8 photoreceptor axons, visualized with

MAb24B10 antibody (red), served as landmarks

for medulla columns. Medulla and lobula strata

were identified using R7 and R8 terminals and

anti-FasIII immunolabeling (cyan; see Figure S5).

Four Tm types, including Tm5, Tm2, Tm20, and

Tm9, were identified based on their dendritic

morphologies (A0–F0) and stratum-specific axon

terminations (A00–F00). Tm5 was further categorized

into three subtypes: Tm5a, b, and c (A–C; see text

for details).

(A–A00) The Tm5a neuron extends a single main

dendritic branch (arrowhead), which runs along

the photoreceptor terminals and extends multiple

fine processes in strata M3 and M6 (A0). Its axon

terminal in the Lo5 stratum is hook shaped (A00).

(B–B00) The Tm5b neuron extends two or three

main dendritic branches (arrowheads) with fine

processes spanning approximately five columns

in strata M3, M6, and also M8 (B0); its axon

terminates in stratum Lo5 (B00).

(C–C00) The Tm5c neuron extends a single main

dendritic branch with multiple fine processes,

which span multiple columns in strata M3 and

M6. The most distinctive features of Tm5c are the

dendritic arbors in the superficial part of the M1

stratum (arrowhead, C0) and the presence of axon

terminals (arrowhead, C00) in both strata Lo4 and

Lo5.

(D–F00) Tm2 (D–D00), Tm20 (E–E00), and Tm9 (F–F00)

form type-specific dendritic arbors largely

confined to a single medulla column and project

their axons to specific lobula strata.

(A0–F0, A00–F00) High-magnification views of (A–F) in

the medulla (A0–F0 ) and lobula (A00–F00), respec-

tively. Scale bars: 20 mm in (A) for (A)–(F); 5 mm in

(A0 ) for (A0)–(F0); 5 mm in (A00) for (A00)–(F00).

(G) Schematic diagram illustrating the dendritic

and axonal morphologies of Tm neurons. All are

shown in dorsoventral view (as in [A]–[F00]) except

Tm2, which is in approximately mediolateral view.
Ort Is Expressed in a Subset of Projection Neurons
in the Medulla
To identify the Ort-expressing neurons that could be synaptic

targets of the R7 and R8 channels, we employed a single-cell

mosaic technique based on the flip-out genetic method previ-

ously described (Wong et al., 2002). In this system, we used

the ortC1-3-Gal4 flies that also carried the transgenes UAS >

CD2,y+ > CD8-GFP and hs-Flp. The flipase activity induced by

brief heat-shock at the second- or third-instar larval stages

excised the FLP-out cassette in small random populations of

cells, thereby allowing Gal4 to drive the expression of the CD8-

GFP marker. From more than 1000 brain samples, we examined

459 clones of transmedulla neurons, the projection neurons that

arborize in the medulla and project axons to the lobula. To iden-

tify the exact medulla and lobula strata in which these processes

extended, we screened expression patterns of a series of known
cell-adhesion molecules and found three useful stratum-specific

markers, FasIII, Connectin, and Capricious (Figure S5; Shinza-

Kameda et al., 2006). In particular, anti-FasIII immunolabeled

medulla and lobula strata of interest and, with MAb24B10 immu-

nolabeling, was used primarily to identify the medulla and lobula

strata. Based on the morphologies and stratum-specific loca-

tions of the arborization and axon terminals, we could readily

assign four types of Ort-expressing projection neurons to types

previously described from Golgi impregnation (Fischbach and

Dittrich, 1989). These were Tm2, Tm5, Tm9, and Tm20 (Figure 3).

In addition, the ort-promoter driver labeled, albeit at a lower

frequency, centrifugal neurons C2 and T2, and three types of

medulla intrinsic neurons, Dm8, other amacrine-like, and also

glia-like cells (Figures 7 and S6). All of these cells were identified

multiple times in at least two independent ort-Gal4 lines, but,

given the sampling nature of the single-cell mosaic technique,
Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc. 333
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Figure 4. Ort-Expressing Tm Neurons Receive Multichannel Inputs in the Medulla and Are Presynaptic at Both the Medulla and Lobula
(A–F) The distribution of presynaptic terminals of single Ort-expressing Tm neurons was examined in flies carrying ortC1-3-Gal4, hs-Flp, TubP- > Gal80 >,

UAS-mCD8GFP (green), and UAS-synaptotagmin-HA (red). Localization of the presynaptic reporter, synaptotagmin-HA, was visualized using anti-HA antibody.

R7 and R8 photoreceptors were visualized using MAb24B10 antibody (blue). Tm cell types are as indicated. IsoSurface representations of medulla arborization

(A0–F0) and lobula terminals (A00–F00) were generated using Imaris software. Synaptotagmin-HA was localized to the tips of the axon terminals and dendritic arbors,

the latter especially in the proximal medulla strata (M7 for Tm5c; M8 for Tm5a, Tm5b, and Tm20; M9 for Tm2).

(G) Profiles of R7, R8, L3, Tm5, and Tm9 reconstructed in three dimensions from a single medulla column. The white square box indicates the contact site

between L3 and both Tm5 and Tm9 shown in (J). Although the partially reconstructed profile resembles Tm5a, the subtype reconstructed is still not certain.

(H–J) Synaptic contacts between R7 and Tm5 (H), R8 and Tm9 (I), and L3 and both Tm9 and Tm5 (J). Arrowheads point to T-bar ribbons in presynaptic elements,

in the presumed direction of transmission.

Scale bars: 5 mm in (A) for (A)–(F); 500 nm in (H) for (H)–(J).
we cannot exclude the possibility that we might have missed

some very rare Ort-expressing neurons. The amacrine-like and

glia-like cells had not been previously described from Golgi

impregnation (Fischbach and Dittrich, 1989), suggesting that

there are even more classes of medulla cell types than those

previously reported.

The Ort-expressing Tm neurons exhibited type-specific pat-

terns of arborization and axon projection. Tm5 neurons extended

dendrite-like processes in medulla strata M3 and M6, where R8/

L3 and R7 axons terminated, respectively, and they projected

axons to terminate in stratum Lo5 in the lobula. This pattern

suggests that they relay information from the R7 and R8 or L3

channels to the lobula. The Tm5 neurons could be readily divided

into three subtypes, Tm5a, b, and c, based on their unique den-

dritic patterns (see Figures 3A–3C00), the spread of their medulla

arborization, and their gene expression patterns. Tm5a (n = 125)

and Tm5b (n = 44) had medulla arborizations of different sizes

and shapes (Figures 3A–3B00 and 3G), whereas Tm5c (n = 20)

had dendritic processes in M1, in addition to strata M3 and

M5, and the axon projected to both the Lo4 and Lo5 strata.

The distinct morphology of Tm5c correlated with its unique

expression of the vesicular glutamate transporter (see below).

Tm9 (n = 43) and Tm20 (n = 67) extended type-specific
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dendrite-like processes in strata M1–M3 and projected axons

to distinct lobula strata (Figures 3E–3F00 and 3G). Tm20, like

Tm5, projected to Lo5 while Tm9 projected to Lo1, suggesting

that Tm9 and Tm20 relay information from R8 and (via lamina

neurons) R1–R6 to different strata of the lobula (Figures 3E–3F00

and 3G). In medulla strata M1–M3, Tm2 (n = 160) extended

dendrite-like processes that did not appear to make significant

contacts with R7 or R8 terminals (Figures 3D–3D00 and 3G).

Tm Projection Neurons Relay Both Chromatic
and Achromatic Channel Information
to the Proximal Medulla and the Lobula
To determine whether the Ort-expressing Tm neurons indeed

received synaptic input from photoreceptors, we undertook

serial EM reconstructions of Tm9 (two cells), Tm2 (five cells),

and parts of a single Tm5 cell that resembled Tm5a, as well as

the afferent input terminals that innervate the medulla, including

R7, R8, and L1–L5 (Figure 4G; Takemura et al., 2008). The fine

dendritic arbor of Tm20 has so far eluded reconstruction. We

found that Tm9 received direct synaptic contacts from both R8

and L3 (Figures 4I and 4J), and the Tm5 received direct synaptic

contacts from R7 and L3 (Figures 4H and 4J). Thus, Tm9 and

Tm5 cells were postsynaptic to both the chromatic channels
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and an achromatic channel. Tm2, by contrast, received synaptic

contacts from L2 and L4, but not, despite its Ort expression, R7

or R8 (data not shown). However, we cannot exclude the possi-

bility that Tm2 responds to paracrine release of histamine from

the R8 terminal or an unidentified histamine input in the lobula.

To determine whether Tm neurons could relay information

from the medulla to the lobula, we localized a marker for presyn-

aptic sites to the Tm neurons using a flipase-based genetic

mosaic method. In this system, heat-shock induced expression

of flipase, which, in turn, removed the Gal80, allowing the ort-

Gal4 to drive expression of a presynaptic marker, a HA-tagged

synaptotagmin (syt-HA), and the mCD8-GFP marker in a small

number of neurons. We found, as expected, that in all Ort-

expressing Tm neurons, syt-HA was localized to the axon termi-

nals in the lobula, indicating that these Tm neurons are qualified

to be presynaptic in this neuropil (Figures 4A00–4F00). Surprisingly,

we observed that syt-HA was also localized to the dendrite-like

processes in the medulla, especially in strata M7-M10, suggest-

ing that many of these processes contain not only post- but also

presynaptic sites (Figures 4A–4F0). Especially, the processes of

Tm5a, Tm5b, and Tm20 in stratum M8 were heavily decorated

with syt-HA, suggesting that this stratum might be a significant

output layer for these neurons (Figures 4A0, 4B0, and 4F0).

Subcategorization of Ort-Expressing Neurons Based
on Neurotransmitter Usage
We reasoned that Ort-expressing neurons might be divided into

several groups based on their differential release of other

neurotransmitters. To test this possibility, we used a series of

promoter-Gal4 and enhancer trap lines driving the CD8 marker

to label neurons with glutamatergic, cholinergic, GABAergic,

serotonergic, and dopaminergic phenotypes in the medulla

(see Experimental Procedures for details). To determine whether

these neurons also express Ort, and are thus likely to receive

histaminergic input, we expressed in the same animals the

rCD2::GFP marker using the ortC1-3-LexA::VP16 driver (Figures

S7A–S7C00 0). By overlaying two expression patterns, we found

that many Ort-expressing neurons also expressed cholinergic

or glutamatergic markers, while few did so for a GABAergic

(Figure S7C–S7C00 0) and none appeared to do so for serotonergic

or dopaminergic phenotypes (Figures S7D and S7E). In particu-

lar, we found that a group of neurons labeled by both the

vesicular glutamate transporter (vGlutOK371) and ort-Gal4 drivers

extended processes in the M6 stratum where R7 axons termi-

nate, suggesting that R7’s target neurons might be glutamater-

gic (Figures S7A–S7A00 0).

To identify candidate R7 target neurons, we employed a

combinatorial gene expression system, the Split-Gal4 system

(Luan et al., 2006), to restrict Gal4 activity to glutamatergic Ort-

expressing neurons. In this system, ort and vGlut promoters

drive expression of the Gal4DBD (Gal4 DNA-binding domain-

leucine zipper) and dVP16AD (a codon-optimized VP16 transac-

tivation domain-leucine zipper), respectively. Thus, Gal4 activity

was reconstituted only in the neurons that expressed both Ort

and vGlut. We generated a dVP16AD enhancer trap vector and

substituted it for the Gal4 enhancer trap in the vGlut locus (see

Experimental Procedures for details). The resulting hemidriver,

vGlutOK371-dVP16AD, in combination with a general neuronal
hemidriver, elav-Gal4DBD, drove expression in a pattern essen-

tially identical to that driven by vGlutOK371-Gal4, indicating that

the vGlutOK371-dVP16AD enhancer trap recapitulated the

expression pattern of the vGlutOK371-Gal4 driver (data not

shown). The combination of the vGlutOK371-dVP16AD and

ortC1-3-Gal4DBD hemidrivers (designated ortC1-3XvGlut) gave

rise to expression in a subset of Ort-expressing neurons in the

optic lobe, namely those that express a glutamate phenotype

and are thus likely to be glutamatergic (Figure 5A). Single-cell

mosaic analysis (using hs-Flp and UAS > CD2 > mCD8GFP)

revealed that the combinatorial ortC1-3XvGlut driver was

expressed in Dm8, Tm5c, and L1 neurons, as well as in the me-

dulla glia-like cells (data not shown). In contrast, chaXortC1-3,

the combination of cha-Gal4DBD (choline acetyltransferase-

Gal4DBD) and ortC1-3-Gal4AD hemidrivers drove expression in

the Ort-expressing neurons that expressed a cholinergic pheno-

type (Figure 5B), including L2, Tm2, Tm9, and Tm20 (data not

shown). Notable among these findings, L1 and L2, paired lamina

neurons that receive closely matched R1–R6 input in the lamina,

express different neurotransmitter phenotypes (L1: glutamate;

L2: acetylcholine).

The Amacrine Dm8 Neuron Is Both Necessary
and Sufficient for Optimal UV Preference
To determine whether glutamatergic Ort-expressing neurons

confer UV preference in flies, we examined whether expressing

Ort in these neurons is sufficient to restore normal UV preference

in ort mutants. We found that expressing Ort using the combina-

torial ortC1-3XvGlut driver restored normal UV preference in ort

mutants (AttrUV/G = 2.26 ± 0.30) (Figures 5C and 5D). In contrast,

expressing Ort in cholinergic Ort-expressing neurons using the

chaXortC1-3 driver further reduced UV preference (AttrUV/G =

�0.79 ± 0.21), suggesting that the cholinergic Ort-expressing

neurons reduce UV attraction or, more likely, enhance green at-

traction (Figures 5C and 5D). Although the chaXortC1-3 and

ortC1-3XvGlut drivers were expressed in specific subsets of

Ort-expressing neurons in the optic lobe, they showed additional

expression outside the visual system, and expressing shits1 with

either driver caused nonspecific motor defects at the nonpermis-

sive temperature (data not shown). Although we could not

test whether the glutamatergic Ort-expressing neurons were

required for UV preference, our rescue results indicated that

the candidate glutamatergic Ort-expressing neurons, which

included Dm8 and Tm5c, were involved in UV preference.

To distinguish whether Dm8 or Tm5c is required for UV prefer-

ence, we dissected the ort promoter and generated three pro-

moter-Gal4 lines, each of which contained one of the three highly

conserved regions (C1–C3) of the ort promoter (Figure 6A). We

found that the second and third conserved regions (C2 and C3)

gave rise to the expression in two different subsets of Ort-

expressing neurons (Figures 6B and 6C), while C1 alone gave

no detectable expression (data not shown). Using single-cell

analysis, we found that ortC2-Gal4 drove expression in Dm8

and L1–L3, but not in any Tm neurons, while ortC3-Gal4 was

expressed in L2, Tm2, Tm9, C2, and Mi1 neurons (data not

shown). All of these neurons except Mi1 expressed Ort, suggest-

ing that the C2 and C3 fragments of the ort promoter drove

expression in distinct subsets of the Ort-expressing neurons
Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc. 335
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Figure 5. Glutamatergic and Cholinergic Ort-Expressing Neurons

Confer UV and Green Preference, Respectively

(A and B) The combinatorial drivers, ortC1-3XvGlut (A) and chaXortC1-3 (B), are

expressed in distinct neuron subsets in the adult optic lobe. The ortC1-3XvGlut

and chaXortC1-3 drivers express the EGFP marker (green) in those Ort-

expressing neurons with either a glutamatergic or cholinergic phenotype.

The ortC1-3XvGlut driver labeled L1, Tm5c, and Dm8 neurons, while the

chaXortC1-3 driver was expressed in L2, C2, Tm2, Tm9, and Tm20. Lobula

plate neurons (arrowhead, A), which do not normally express Ort, were also

labeled by the combinatorial drivers. (Red) Photoreceptor axons visualized

with MAb24B10 antibody. (Cyan) Specific neuropil strata marked with FasIII

antibody. Scale bar, 20 mm in (A) for (A) and (B).

(C and D) Sufficiency of glutamatergic or cholinergic Ort-expressing neurons

for UV and green light preference. Restoring Ort function in phenotypically

glutamatergic Ort-expressing neurons (ortC1-3XvGlut- > Ort) rescued the UV

phototactic defects in ort mutant flies, while restoring phenotypically choliner-

gic Ort-expressing neurons (chaXortC1-3- > Ort) rendered a stronger green

preference.

(C) Intensity-response curves for UV/green spectral preference were mea-

sured as described in Figure 2. ort1/US2515, wild-type, and negative control
336 Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc.
but that the combination of all conserved regions was required to

suppress Ort expression in Mi1.

We next examined whether the ortC2 or ortC3 neuron subsets

were sufficient and/or required for UV preference. We found

that expressing Ort using the ortC2-Gal4 driver in ort mutants

was sufficient to restore UV preference at least up to the wild-

type level (AttrUV/G = 3.23 ± 0.26; Figures 6E and 6H). Because

the lamina neurons L1 and L2 are neither necessary nor sufficient

for UV preference (Figures 2F–2H), this finding suggested that

the Dm8 neurons alone are sufficient to drive a fly’s normal pref-

erence for UV. Conversely, we tested whether these neurons

were required for UV preference using shits1. We found that flies

carrying ortC2- > shits1 exhibited strongly attenuated UV prefer-

ence at the nonpermissive, but not permissive, temperatures

(AttrUV/G = �1.00 ± 0.12 at 33�C and 1.93 ± 0.25 at 22�C;

Figures 6F and 6H), indicating that the ortC2 subset is required

for normal UV preference. In contrast, restoring the ortC3 subset

activity further reduced UV preference (AttrUV/G = �0.84 ± 0.44),

suggesting that the ortC3 subset inhibits UV sensing or enhances

green-sensing pathways. Moreover, blocking the activity of the

ortC3 subset using shits1 did not confer a stronger UV preference

(AttrUV/G = 1.74 ± 0.27 at 33�C and 2.4 ± 0.31 at 22�C), suggest-

ing that the ortC3 subset is sufficient, but likely not required, for

phototactic preference to green light (Figures 6F and 6H).

The preceding evidence indicated that the two lines, ortC2 and

ortXvGlut, together identified the Dm8 neurons both functionally

and anatomically as a substrate for UV preference. To test this

possibility directly, we generated an ortC2-Gal4DBD hemidriver

and combined it with the vGlut-dVP16AD hemidriver. We found

that the combinatorial driver ortC2XvGlut was expressed in

most Dm8 neurons, as well as in a small number of L1 neurons

and glia-like cells (Figure 6D). Restoring the expression of Ort

in Dm8 in ort or HisCl1 ort double-null mutants completely

restored normal UV preference (AttrUV/G = 3.02 ± 0.47 and 2.51 ±

0.18, respectively). Conversely, flies carrying ortC2XvGlut- >

shits1 exhibited reduced UV preference at the nonpermissive,

but not permissive, temperature (AttrUV/G = �0.17 ± 0.44 at

33�C and 1.74 ± 0.28 at 22�C; Figures 6G and 6H). Thus, the

Dm8 cells are necessary and sufficient for a fly’s normal prefer-

ence for UV.

Amacrine Neuron Dm8 Receives Direct Synaptic
Input from Multiple R7s
Finally, using the single-cell mosaic method, we examined the

morphology of the Dm8 neurons (Figures 7A and 7A0). We found

that, in stratum M6, the Dm8 neurons extended web-like

processes, which extensively overlapped 13–16 R7 terminals

(average 14.6 ± 0.99, n = 15, mean ± SD; Figures 7A and 7A0).

To determine whether Dm8 receives direct synaptic input from

R7, we expressed an EM marker, HRP-CD2, in the Dm8 neurons

sev are from those described in Figure 2E. Error bars (standard deviations) rep-

resent the variations among trials.

(D) Histogram of the relative attractiveness of UV over green light (AttrUV/G)

calculated from (C). The differences between ort mutants and those rescued

with ortC1-3XvGlut- > Ort (and chaXortC1-3- > Ort) are highly significant

(*p < 0.00001). Error bars indicate SD. ort1/US2515, wild-type, and negative

control sev data are from those reported in Figure 2E.
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using the ortC2–Gal4 driver and examined their synaptic struc-

ture at the EM level (Figure 7C). We found that most R7 synapses

are triads and that Dm8 contributes to at least one of the three

postsynaptic elements in essentially all R7 synapses. Cumula-

tively, Dm8 contributes to �38% (18 out of 47 identified) of the

elements postsynaptic to R7s, suggesting that Dm8 is a major

synaptic target for these photoreceptors. In addition, we recon-

structed processes of three Dm8 neurons spanning seven

medulla columns. We found that Dm8 processes tiled the M6

stratum with partial overlapping so that each R7 terminal was

presynaptic to one or two Dm8 neurons (Figure 7D). Examining

the presynaptic structures of the Dm8 neurons at EM and light

microscopic levels revealed that the Dm8 neurons were also pre-

synaptic to small-field medulla neurons in stratum M6, including

Tm5 (Figures 7B and 7E–7H), and at a few contacts to a cell that

resembles Tm9. In summary, the wide-field Dm8 neuron serves

as a major target neuron for R7 input and provides output locally

in stratum M6 to small-field projection neurons.

DISCUSSION

Anatomical and Functional Mapping of Chromatic Visual
Circuits
Previous studies using serial-section EM determined the

detailed synaptic connections between R1–R6 photoreceptors

and their target neurons in the lamina neuropil (Meinertzhagen

and O’Neil, 1991; Meinertzhagen and Sorra, 2001). Based on

this circuit information, a recent functional study provided con-

siderable insight into the neural mechanisms of motion detection

(Rister et al., 2007). In contrast, little was known about the synap-

tic target neurons of the R7 and R8 photoreceptors and the

chromatic pathways their connection patterns subserve. This

deficit reflected our inability until recently to penetrate the medul-

la’s complexity (Fischbach and Dittrich, 1989). In this study, we

made use of prior knowledge of neurotransmitters and their

receptors in the visual system to design corresponding promoter

constructs that identify the first-order interneurons. We then

labeled these neurons with genetically encoded markers and

analyzed their morphology and synaptic connections at the light

and electron microscopic levels. Finally, we combined promoter

dissection and the Split-Gal4 system with neurotransmitter

hemidrivers to target particular neuron subtypes. We envision

that the same combinatorial approach can be applied to dissect

other complex neural circuits.

Projection Neurons Integrate Chromatic
and Achromatic Channel Inputs and Relay Information
to the Higher Visual Centers
In this study, we identified four types of transmedulla neurons,

Tm5a/b/c, Tm9, Tm20, and Tm2, which express Ort and are

therefore qualified to receive direct input from R7 or R8. These

Tm neurons arborize in the medulla and project axons to the

lobula, suggesting that they relay spectral information from the

medulla to the lobula. Supporting this interpretation, we found

that HA-syt, a presynaptic marker, is indeed localized to their ter-

minals in the lobula. These data support previous suggestions

that the lobula plays a key role in processing chromatic informa-

tion for color vision (Bausenwein et al., 1992). Lobula stratum
5 appears most critical for color vision because it receives all

three subtypes of Tm5 neurons, as well as Tm20. Moreover,

we observed that HA-syt also localized to the dendrite-like

processes of all Tm neurons in the proximal medulla, suggesting

the presence of presynaptic sites at this level, too. Especially,

Tm5a, Tm5b, and Tm20 all extend processes with this presynap-

tic marker in medulla stratum M8, supporting a previous notion

that this stratum might receive chromatic information (Bausen-

wein et al., 1992).

All three subtypes of Tm5 neurons extend processes in

medulla strata M6 and M3, suggesting that, there, they might

be postsynaptic to R7 and R8 or L3. Using serial EM, we partially

reconstructed a Tm5 subtype that receives direct synaptic input

from both the chromatic UV channel of R7 and the achromatic

channel of L3. Serial EM also revealed that Tm9 receives inputs

from the chromatic green/blue channel of R8, as well as the ach-

romatic L3 channel. It is tempting to speculate that the Tm9 and

Tm5 neurons function as color-opponent neurons by subtracting

the L3-mediated luminance signal from the R7/R8 chromatic sig-

nal (Figure 8). While the detailed neural mechanism must await

electrophysiological studies, these anatomical data provide

direct evidence that the achromatic and chromatic channels

are not segregated, as previously proposed (Strausfeld and

Lee, 1991). Instead, they converge on the first-/second-order

interneurons early in the visual pathway.

The Amacrine Neuron Dm8 Is Required
for UV Preference
Using a quantitative spectral preference test, we determined

that, in flies, the Dm8 neurons are both necessary and sufficient

to confer the animal’s UV preference. Each Dm8 receives direct

synaptic input from�14 UV-sensing R7s. By pooling multiple R7

inputs, the Dm8 neurons may achieve high UV sensitivity at the

cost of spatial resolution. Consistent with this notion, Dm8 is

a main postsynaptic partner for R7 terminals; essentially all of

R7’s presynaptic sites contain at least one Dm8 postsynaptic

element. The processes of Dm8 and their synapses with R7s

are largely restricted to the medulla stratum M6. The stratum-

specific arborization of Dm8 readily explains why R7 photore-

ceptors that fail to project axons to the M6 stratum are incapable

of conferring UV preference (Lee et al., 2001; Clandinin et al.,

2001).

Dm8 itself has no direct output to higher visual centers in

the lobula; instead, it is presynaptic to small-field projection

neurons, such as Tm5 and possibly Tm9, in the medulla (Fig-

ure 8). Thus, Dm8 provides lateral connections linking projection

neurons. The morphologies and connections of Dm8 are thus

reminiscent of those made by horizontal and amacrine cells in

the vertebrate retina (Dowling, 1987). The vertebrate horizontal

cells form reciprocal synapses with multiple cones, and, in the

case where the cones are of different spectral types, the horizon-

tal cells can establish color opponency, as demonstrated in the

goldfish retina (Stell et al., 1975). Dm8 in Drosophila receives

inputs from both Rh3- and Rh4-expressing R7s but does not

provide feedback to photoreceptor terminals, suggesting that

Dm8 is unlikely to contribute to color opponency, at least not

in a way analogous to vertebrate horizontal cells. Vertebrate

amacrine cells have diverse subtypes, which carry out very
Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc. 337
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Figure 6. Wide-Field Dm8 Amacrine Neurons Are Required for UV Preference

(A) Various ort promoter constructs containing different multispecies-conserved regions (C1–C3). The ort locus structure is as described in Figure 1E.

(B–D) Expression patterns of ortC2-GAL4 (B), ortC3-GAL4 (C), and ortC2XvGlut (D) drivers in adult optic lobes. These drivers were used to express the mCD8-GFP

marker in different subsets of Ort-expressing neurons (see text for details). A few neurons in the lobula and lobula plate (arrowheads), which do not normally

express Ort, were labeled by ortC2-GAL4 and ortC3-GAL4, respectively (B and C). (D) The combinatorial driver ortC2XvGlut labeled Dm8, as well as sparse L1

cells (arrowheads in lamina cortex). (Red) Photoreceptor axons visualized with MAb24B10 antibody. (Cyan) Specific medulla and lobula strata immunolabeled

with anti-FasIII. Scale bar, 20 mm in (B) for (B–D).

(E–H) Restoring or blocking different subsets of Ort-expressing neurons affects UV/green preference. Intensity-response curves were measured as described in

Figure 2. (E–G) Error bars (standard deviations) represent the variations among trials.

(E) Sufficiency of ortC2 and ortC3 neurons for UV/green preference. Restoring the function to the ortC2 neuron subset rescued UV preference in ort mutants, while

restoring it to the ortC3 subset rendered a stronger green preference. ort1/US2515, wild-type, and negative control sev data are from Figure 2E.
338 Neuron 60, 328–342, October 23, 2008 ª2008 Elsevier Inc.
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different functions, including correlating firing among ganglion

cells, modulating center-surround balance of the ganglion cells,

and direction selectivity (MacNeil and Masland, 1998; Meister

et al., 1995; Yoshida et al., 2001; Nirenberg and Meister, 1997;

He and Masland, 1997). The amacrine cells in vertebrate retina

receive inputs from bipolar cells and provide the main synaptic

input to ganglion cells. Thus, it is interesting to note that, while

direct synaptic connections from R7s to Tm5 projection neurons

exist, the indirect information flow from R7 to Dm8 and then to

Tm5 is both necessary and sufficient to confer UV preference,

as suggested by our inactivating and restoring experiments

(Figure 8). We hypothesize that the direct and indirect pathways

function at different UV intensity levels; Dm8 pools multiple R7

inputs to detect low-intensity UV in the presence of high-

intensity visible light, while, under high-intensity UV, Tm5

receives direct input from R7 and mediates true color vision.

Further studies using electrophysiology or functional imaging

would be required to determine the neural mechanisms of Dm8.

The spectral preference assay used in this study and others

measures relative ‘‘attractiveness’’ of UV and green light and,

therefore, depends on the visual subsystems sensing UV and

green light, as well as the interactions between these subsys-

tems (Schümperli, 1973; Fischbach, 1979). While in simple pho-

totaxis assays, the broad-spectrum and most-sensitive

photoreceptors, R1–R6, dominate simple phototactic response

to both UV and green light, they, as well as their first-order in-

terneurons L1 and L2, appear to play an insignificant or redun-

dant role in spectral preference. Thus, R8 alone, or together

with R1–R6, provides the sensory input to promote green pho-

totaxis and/or antagonize UV attraction. The first-order inter-

neurons that relay R8 input in this context have yet to be iden-

tified. While our anatomical analysis revealed that Tm9 receives

direct synaptic input from R8, the behavioral studies provided

only weak and circumstantial evidence for its role in spectral

preference.

Expressing Ort using the chaXortC1-3 or ortC3-Gal4 driver

significantly reduced UV preference in ort mutants, and Tm9 is

covered by both drivers. Furthermore, inactivating Tm9 using the

ortC3 driver and shits1 did not affect UV preference, suggesting

that other neurons, such as Tm20, might function redundantly.

Verification of these suggestions must await the isolation of

Tm9- and Tm20-specific drivers and the corresponding behav-

ioral studies to assay the effects of perturbing activity in these

neurons. It is worth noting that Ort-expressing neurons do not

include any Dm8-like wide-field neurons for R8s, and restoring

activity in the ortC3 neuron subset is sufficient to confer stronger

green preference in ort mutants. Thus, it is tempting to speculate

that Dm8 circuits evolved uniquely to meet the ecological need

to detect dim UV against a background of ample visible light.
EXPERIMENTAL PROCEDURES

Comparative Genomic Analyses

Comparative genomic analyses were carried out as previously reported

(Odenwald et al., 2005; Yavatkar et al., 2008). See Supplementary Experimental

Procedures for details.

Generation of Ort and HisCl1 Promoter Constructs and Transgenic

Flies

Ort and HisCl1 promoter fragments were PCR amplified from genomic DNA of

wild-type Oregon-R flies and were used to generate various ort promoter-

Gal4, LexA::VP16, and HisCl1-Gal4 constructs (Figures 1, 6, and S3). Cloning

procedures are described in the Supplementary Experimental Procedures.

Transgenic flies were generated using standard injection procedures by

Rainbow Transgenic Flies, Inc. (Newbury Park, CA).

Fly Stocks

The genotypes of fly lines and rearing conditions are described in Supplemen-

tary Experimental Procedures.

Generation of Single-Neuron Clones

To label single neurons, we used the hs-Flp and UAS > CD2,y+ > mCD8-GFP

transgenes (Wong et al., 2002) in combination with various ort promoter-Gal4

or split-Gal4 drivers. To assess in single neurons the distribution of the presyn-

aptic marker, HA-tagged synaptotagmin (a generous gift from Drs. Christopher

Potter and Liqun Luo), we used a similar flip-out strategy to that described

above but implemented the strategy using Tub > Gal80 >. Flies carrying

the transgenes hs-Flp, UAS-Syt-HA, UAS-mCD8GFP, Tub > Gal80 >, and

ortC1-3-Gal4 (or ortC2-Gal4) were used. Larvae of suitable genotypes at the

late second- or early third-instar stage were briefly heat-shocked at 38�C for

3 min to remove the flip-out cassette (> CD2, y+ >, or > Gal80 >) in a small

number of neurons.

Confocal Imaging of Whole-Mount Brains

Confocal imaging was performed as described previously (Ting et al., 2005).

See Supplementary Experimental Procedures for details.

Electron Microscopy

UAS-HRP-CD2 (a generous gift from Dr. Liquin Luo) was used to visualize

Gal4-driven expression in identified neurons that was targeted to the plasma-

lemma (Larsen et al., 2003). To reveal HRP activity at the EM level, we used the

DAB method and, after dissecting brains from the head capsule, exposed

them to DAB, as previously reported (Clements et al., 2008). Serial-section

EM of the medulla was then undertaken, also as previously reported (Take-

mura et al., 2008). Cells that expressed HRP had an electron-dense reaction

product at their membranes. 3D EM reconstructions of Tm5, Tm2, Tm9, and

Dm8 profiles were carried out based on an unlabeled series of 672 60 nm

sections, which included the outer six strata of the medulla, as described

previously (Takemura et al., 2008).

UV/Green Spectral Preference and Phototaxis Assays

The forced two-choice assay for testing a fly’s phototaxis preference to UV or

green light has been described previously (Ting et al., 2007). Fast phototaxis

assay was performed as for the spectral preference assay except that only

one light source was used. Detailed procedures are given in Supplementary

Experimental Procedures.
(F) Requirement for ortC2 and ortC3 neurons for UV/green preference. Blocking the ortC2, but not ortC3, neuron subset in wild-type background reduced UV

preference. ort1/US2515, wild-type, and negative control sev data are from Figure 2E.

(G) Requirement for and sufficiency of the Dm8 neurons for UV/green preference. Restoring Ort expression in the Dm8 neurons using the ortC2XvGlut driver

rescued UV preference defects in ort or HisCl1 ort double-null mutants. Conversely, inactivating the Dm8 neurons caused a significant reduction in UV prefer-

ence. ort1/US2515, wild-type, and negative control sev data are from Figure 2E.

(H) Histogram of the relative attractiveness of UV over green light (AttrUV/G) calculated from (E–G). The differences between ort mutants and after ort function

is rescued in ortC2- > Ort (or ortC3- > Ort or ortC2XvGlut- > Ort) are statistically significant (*p < 0.00001), as are those between the wild-type and ortC2- > shits1

(or ortC2XvGlut- > shits1). Error bars indicate SD.
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Figure 7. Amacrine Dm8 Neurons Receive Direct Synaptic Input

from Multiple R7 Neurons

(A–A0) Single Dm8 neuron clones were generated using ortC2-Gal4, hs-Flp, and

UAS- > CD2 > mCD8GFP and visualized with anti-GFP antibody (green). Pho-

toreceptor axons were visualized with MAb24B10 antibody (red). Dm8 neurons

extend large processes in medulla stratum M6 (arrow, inset) where they are

postsynaptic to 13–16 R7s (A0) and presynaptic to Tm5s. In addition, each

Dm8 extends small centrifugal processes to stratum M4, where they are

presynaptic to Tm9 (double arrows, [A] and [B]). Demonstration of synaptic

relations is shown from EM in later panels. (Inset) A low-magnification view

of (A). The arrowhead and arrow indicate the Dm8 neuron shown in (A). (A0 )

Isosurface representation of processes of a single Dm8 neuron in a proximo-

distal view.

(B) Distribution of presynaptic sites of a single Dm8 neuron. Presynaptic

reporter synaptotagmin-HA (red) was localized to the Dm8 processes in strata

M6 and M4 (double arrows).

(C) Dm8 is postsynaptic to R7s. A single EM section from stratum M6 shows

Dm8 processes marked by an EM marker HRP-CD2 and stained with DAB.

R7 terminal was identified based on its vesicle-laden ultrastructure, the

presence of capitate projections (data not shown), and its location in stratum

M6. Presynaptic T-bar ribbon (arrowhead) in R7 profile is juxtaposed to

postsynaptic elements of Dm8 with electron-dense membranes.

(D) Serial EM reconstruction of processes of three Dm8 neurons (pink, yellow,

and blue) and corresponding R7 terminals (orange). The processes of Dm8

neurons tile stratum M6 with partial overlapping so that each R7 is presynaptic

to one or two Dm8 cells.

(E and F) Profiles of R7 (orange), Dm8 (pink), Tm5 (green), and Tm9 (beige)

reconstructed from a single medulla column.

(G and H) Single EM sections show that Dm8 is presynaptic to Tm5 (G) and

Tm9 (H). Presynaptic T-bar ribbons in Dm8, indicated by arrowheads, point

in the presumed direction of transmission.

Scale bars: (A and B) 5 mm; (C) 500 nm; 200 nm in (G) for (G) and (H).
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Head Yaw Optomotor Response Assay

The head yaw optomotor assay has been described (Rister et al., 2007). The

modifications are described in Supplementary Experimental Procedures.

Electrophysiological Recording

Electroretinogram (ERG) recordings were taken using an electrophysiology

set-up provided by Dr. Howard Nash (NIH), as described previously (Rajaram

et al., 2005).

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures and

seven figures and can be found with this article online at http://www.neuron.

org/supplemental/S0896-6273(08)00705-8.
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