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Circadian rhythms can be entrained by light to follow the daily
solar cycle. In Drosophila melanogaster a pair of extraretinal
eyelets expressing immunoreactivity to Rhodopsin 6 each con-
tains four photoreceptors located beneath the posterior margin
of the compound eye. Their axons project to the region of the
pacemaker center in the brain with a trajectory resembling that
of Bolwig’s organ, the visual organ of the larva. A lacZ reporter
line driven by an upstream fragment of the developmental gap
gene Kriippel is a specific enhancer element for Bolwig’s organ.
Expression of immunoreactivity to the product of lacZ in
Bolwig’s organ persists through pupal metamorphosis and sur-
vives in the adult eyelet. We thus demonstrate that eyelet
derives from the 12 photoreceptors of Bolwig’s organ, which
entrain circadian rhythmicity in the larva. Double labeling with
anti-pigment-dispersing hormone shows that the terminals of
Bolwig’s nerve differentiate during metamorphosis in close tem-
poral and spatial relationship to the ventral lateral neurons

(LN,), which are essential to express circadian rhythmicity in
the adult. Bolwig’s organ also expresses immunoreactivity to
Rhodopsin 6, which thus continues in eyelet. We compared
action spectra of entrainment in different fly strains: in flies
lacking compound eyes but retaining eyelet (so”), lacking both
compound eyes and eyelet (so’;g/°?), and retaining eyelet but
lacking compound eyes as well as cryptochrome (so’;cry®).
Responses to phase shifts suggest that, in the absence of
compound eyes, eyelet together with cryptochrome mainly
mediates phase delays. Thus a functional role in circadian
entrainment first found in Bolwig’s organ in the larva is retained
in eyelet, the adult remnant of Bolwig’s organ, even in the face
of metamorphic restructuring.
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Animals possess two different types of photosensory organs. Most
conspicuous are the ocular photoreceptors that provide input to
organized neural networks analyzing the spatiotemporal struc-
ture of the visual world. Less obvious, extraocular photoreceptors
lack this capacity for complex image analysis but often are impli-
cated in the entrainment of circadian rhythms and the timing of
photoperiodic responses. The existence of such extraocular pho-
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toreceptors has been established in many invertebrate and verte-
brate species (Adler, 1976; Truman, 1976; Bennett, 1979; Page,
1982; Underwood and Groos, 1982). In mammals both types of
photoreceptors (those for form vision and those for entraining
circadian rhythms) are located within the eye but have different
retinal locations and project to different centers in the brain
(Morin, 1994; Freedman et al., 1999; Berson et al., 2002; Hattar et
al., 2002; Provencio et al., 2002).

In insects the putative cerebral extraocular photoreceptors
(Schulz et al., 1984; Hagberg, 1986; Seifert et al., 1987; Fleissner
et al., 1993; Felisberti et al., 1997) lie close to, but separate from,
the compound eye and optic lobe. Instead of projecting to the
visual centers in the protocerebrum, they innervate the small
accessory medulla, which houses the circadian pacemaker center
controlling behavioral and retinal rhythms in some insects (for
review, see Helfrich-Forster et al., 1998). In the fruit fly Drosoph-
ila melanogaster an extraretinal photoreceptor cluster discovered
beneath the retina at the posterior margin of the compound eye
projects directly to the region of the accessory medulla (Hof-
bauer and Buchner, 1989). This Hofbauer—Buchner (H-B) “eye-
let” contains cells with pigment granules and numerous microvilli
arranged in rhabdomeres, both structurally diagnostic of photo-
receptors, and the rhabdomeres exhibit immunoreactivity to
Rhodopsin 6 (Rh6) (Yasuyama and Meinertzhagen, 1999), sug-
gesting that the photoreceptors are functional. Like the photore-
ceptors of the retina, eyelet is immunoreactive to histamine
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(Pollack and Hofbauer, 1991). Although eyelet appears well
suited to transfer information about day and night to the circadian
pacemaker center, direct proof for this role is still lacking. Dro-
sophila uses several light input pathways for circadian entrain-
ment: one through the blue-light photopigment cryptochrome,
another through the compound eyes/ocelli, and an extraocular
pathway possibly involving eyelet (Helfrich-Forster et al., 2001).
Given this redundancy, it is difficult to assign the functional role
of eyelet in the presence of the other photoreceptors.

Little is known about the origin and development of eyelet.
Whereas the adult fly has no fewer than seven eyes (Hofbauer and
Buchner, 1989), the fly’s larva has but one described organ of
sight, Bolwig’s organ (Bolwig, 1946), a bilateral cluster of 12
photoreceptors in the larval mouthhooks (Steller et al., 1987;
Hofbauer and Campos-Ortega, 1990). These are a possible larval
precursor of eyelet (Yasuyama and Meinertzhagen, 1999), the
axons of which mimic the larval path of Bolwig’s nerve after the
adult optic neuropils form (Meinertzhagen and Hanson, 1993);
both, moreover, are immunoreactive to choline acetyltransferase
(ChAT) (Yasuyama et al., 1995; Yasuyama and Meinertzhagen,
1999). Although Bolwig’s organ previously had been reported to
degenerate (Tix et al., 1989), recent evidence indicates that it
persists throughout metamorphosis (Gibbs and Truman, 1998).

The terminals of both eyelet (Yasuyama and Meinertzhagen,
1999) and Bolwig’s organ (Kaneko et al., 1997) overlap the
arborization of pigment-dispersing hormone (PDH) neurons,
which are implicated in regulating behavioral and cellular circa-
dian rhythms (Meinertzhagen and Pyza, 1996; Pyza and Mein-
ertzhagen, 1997; Renn et al., 1999; Helfrich-Forster et al., 2000).
To study the function of eyelet in detail, we therefore compared
the action spectrum of eyeless flies that retain eyelet with that of
eyeless flies lacking eyelet, enabling us to unmask the photopig-
ments underlying the circadian response to light, as determined
for the eclosion rhythm of D. pseudoobscura (Frank and Zimmer-
mann, 1969; Klemm and Ninnemann, 1976), the activity rhythm
of D. melanogaster (Blaschke et al., 1996; Ohata et al., 1998; Suri
et al., 1998), and the degradation of the Timeless protein (Suri et
al., 1998). Action spectra also uncover subtle differences in sen-
sitivity between mutants. For example, whereas white-light pulse
experiments fail to reveal sensitivity differences between wild-
type and eyeless flies (Yang et al., 1998), action spectra reveal that
the former are more sensitive to wavelengths >550 nm (Blaschke
et al., 1996; Ohata et al., 1998). Our present study suggests that
eyelet plays an active role in circadian photoreception.

MATERIALS AND METHODS

Fly strains. Drosophila melanogaster line BS23 (Kr-BO-lacZ) was kindly
provided by Dr. F. Rouyer (Institut Alfred Fessard, Centre National de
la Recherché Scientifique, Gif-Sur-Yvette, France). The specific en-
hancer element driving the expression in Bolwig’s organ is a 2.3 kb
BgllI-Stul DNA fragment of the Kriippel upstream region —5.8 to 3.5
[Hoch et al. (1990); see Schmucker et al. (1992) for the creation of this
line]. To obtain a timed developmental series, we collected pupae raised
at 23°C at hourly intervals after pupariation. At this temperature 24 hr
corresponds to 20% of pupal development (P + 20%) (Roberts, 1998).
Mutant so’ flies and UAS-gfp flies carrying a P{UAS-GFP.S65T} insert
were kindly supplied by Dr. K.-F. Fischbach (University of Freiburg,
Freiburg, Germany); g/°? flies were obtained from the Bloomington
Stock Center (Indiana University, Bloomington, IN); Rh6-TAU flies
(y w; P{Rh6p-tau:lacZ, y*} on III) were a gift from Dr. S. Britt (Uni-
versity of Colorado, Denver, CO). This line expresses a TAU:lacZ
marker (Callahan and Thomas, 1994) under control of the Rh6 promotor
(S. Britt, personal communication). A glass multiple reporter ( gmr) line
expressing GAL4 (Freeman, 1996) was used together with the UAS-gfp
to label photoreceptor axon projections. The flies (P{GMR-GALA4,
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w "™} on II) were obtained from Dr. M. Freeman (Medical Research
Council Laboratory of Molecular Biology, Cambridge, UK). Canton S
was used as the wild-type strain and, in addition, Oregon R. Mutant so’
flies lack ocelli and compound eyes but retain eyelet (Hofbauer and
Buchner, 1989). The penetrance of the mutation is incomplete so that
remnants of the compound eyes remain in some flies. We therefore chose
only completely eyeless so’ mutants, which also have small optic lobes
(Fischbach and Technau, 1984). Immunocytochemical analysis of 45 so’
mutants with a photoreceptor-specific antibody (see below) revealed that
both the photoreceptors of the compound eyes and the first optic neu-
ropil, the lamina, were completely absent in all flies that were judged
eyeless from external inspection. Mutations in the glass ( g/) gene, which
encodes a transcription factor necessary for the general development of
photoreceptors (Moses et al., 1989), impair development in all known
external and internal eye structures. Flies carrying the loss-of-function
allele gl°” lack ocelli and all ommatidial photoreceptors plus the primary
and secondary pigment cells in the compound eyes (Lindsley and Zimm,
1992; Kunes et al., 1993) as well as photoreceptors in eyelet (Helfrich-
Forster et al., 2001). As a consequence, they have transparent misshapen
eyes. To achieve similar properties of the mutant glass°” head similar to
those of the so’ head, we generated so’;gl°” double mutants, which are
eyeless like so’ mutants. In the double-mutant so’;cry” eyelet is retained,
but the cryptochrome gene is defective (Stanewsky et al., 1998). No
compound eyes or only small remnants are left.

Immunocytochemistry. To follow Kriippel expression in brains, we
immediately dissected white prepupae and fixed them overnight at 4°C in
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4.
Pupae at P + 5% to P + 80% were removed from the pupal case and
decapitated; their heads were fixed similarly. Before P + 10% the brains
were processed as whole mounts. Before P + 80% the decapitated heads
were fixed overnight as before, washed in 0.1 m PB, pH 7.4, for 10 min,
and embedded in 7% agar; then 100 um Vibratome slices placed into
mesh buckets were washed in 0.1 M PB. All brains were washed 3 X 10
min each in 0.1 PB at 23°C, followed by a 45 min wash in 0.2% Triton
X-100 (TX) in 0.01 m PBS, pH 7.4. They were permeabilized for 15 min
in 2% TX in PBS, blocked in 5% normal goat serum (NGS) in 0.2%
TX-PBS for 45 min at 23°C on a shaker, and incubated for 4872 hr at
4°C in primary antibody, mouse anti--galactosidase (B-gal; 40-1a, De-
velopmental Studies Hybridoma Bank, Iowa City, IA) diluted from 1:10
to 1:50 in 2% NGS-TX-PBS. Brains then were washed 6 X 10 min each
in 0.2% TX-PBS and incubated overnight at 4°C in secondary Cy3-
conjugated goat anti-mouse (Jackson ImmunoResearch Laboratories,
West Grove, PA) diluted 1:200. Specimens were washed 3 X 10 min each
in PBS, mounted with Vectashield (Vector Laboratories, Burlingame,
CA), and imaged by laser-scanning confocal microscopy (Zeiss LSM410
or LSM510, Oberkochen, Germany). Control brains were dissected from
white prepupae, and the same protocol was followed with the omission of
primary antibody. The procedure at P + 80% and for newly eclosed flies
was the same except that the proboscis was removed first.

Immunocytochemistry for larval nervous tissue with a monoclonal
antibody against the Drosophila opsin Rh6 was performed on paraffin
sections by using the Vectastain avidin-biotin—peroxidase complex
(ABC) method (Yasuyama et al., 1995). Isolated third instar larval
cephalic complexes, including the brains and attached mouthhooks con-
taining Bolwig’s organs, were fixed in aqueous Bouin’s solution, embed-
ded in Paraplast wax, and sectioned. Sections were incubated for 45 hr at
4°C with anti-Rh6 (clone 9D12) diluted 1:300. As a control, omission of
the primary antibody eliminated immunolabeling of Bolwig’s organ.

To test for the presence of eyelet, we dissected so’ and gl°” flies and
wild-type pupae, fixed them for 3 hr in ice-cold 4% PFA, and stored them
overnight in 25% sucrose. Horizontal 10 wm cryostat sections were
immunolabeled with monoclonal antibody 24B10 by using the ABC
technique. This antibody directed against chaoptin selectively labels
photoreceptor cells and their axonal projections (Zipursky et al., 1984).
In addition, mutant so’ flies carrying a Rh6-TAU construct on the third
chromosome were stained with anti-TAU antibody (Sigma T-5530, De-
isenhofen, Germany). Some so’ and gli°” flies were double stained as
brain whole mounts with anti-chaoptin and anti-PDH as described below
for wild-type brains.

Double-labeled developmental series of eyelet from whole-mount
brains staged as described previously (Helfrich-Forster, 1997) were un-
dertaken in three combinations. (1) Whole mounts were double-labeled
with 24B10 (diluted 1:1000) and an antibody (diluted 1:2000) against crab
PDH (Dircksen et al., 1987), which labels intensely the neurons contain-
ing Drosophila pigment-dispersing factor (PDF) (Park et al., 2000) and
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weakly some unspecific cells in the dorsal brain. Labeling was visualized
with secondary fluorescence-conjugated antibodies (FITC for anti-
chaoptin and TRITC for anti-PDH, both diluted 1:50; Jackson Immu-
noResearch Laboratories). (2) We also used the GAL4/UAS system
(Brand and Perrimon, 1993) to create gmr-GAL4 UAS-gfp flies in which
all photoreceptors and their axon projections were labeled by green
fluorescent protein, GFP. Pacemaker cells were labeled again with anti-
PDH and a secondary TRITC-conjugated antibody. (3) Finally, we used
transgenic flies that carried the gfp gene under control of the Rh6
promotor. Rh6 is expressed in a subset of R§ ommatidial photoreceptors
as well as in eyelet (Yasuyama and Meinertzhagen; 1999). In all exper-
iments the double labeling (green channel, eyelet; red channel, pace-
maker cells) was visualized by laser-scanning confocal microscopy (Leica
DMR, Nussloch, Germany).

Electron microscopy. Flies were fixed overnight with 4% glutaraldehyde
in phosphate buffer (0.1 m, pH 7.4) at 4°C, postfixed with 1% osmium
tetroxide in the same buffer for 1 hr (4°C), and embedded in Durcupan.
Eyelet was located in semithin sections, which were reembedded and
from which thin sections then were cut and stained with lead citrate and
uranyl acetate.

Behavioral analysis. Locomotor activity of individual male so’ and
so’;gl®” flies was recorded photoelectrically as described previously
(Helfrich-Forster, 1998). The monitoring device consisted of eight re-
cording units (comprising 32 flies), which were shielded optically against
each other. Halogen photo-optic lamps (Xenophot 12 V, 120 W; Osram,
Berlin, Germany) equipped with Schott interference filters and a heat
filter were used to illuminate each recording unit with spectral light. All
interference filters had a half-width of 10 nm; peak transmittances were
369, 395, 412.5, 420, 445, 456, 472, 486, 517, 526, 546, 600, and 635 nm.
Controlled via a transformer and adjusted with neutral density filters,
irradiance was measured at the Max Planck Institute for Biological
Cybernetics (Tiibingen, Germany). Energy was measured in W/cm? with
a Macam Radiometer previously calibrated by means of a precise pho-
tometer (EG & G Radiometer/Photometer 550-1 equipped with a UV
flat filter, Salem, MA). Irradiance values were converted to
photons - cm ~2 - sec ! by using the equation, E = h - ¢/A, where E =
photon energy, & = Plank’s constant (6.625 - 10 >* W - sec?), and ¢ =
speed of light in vacuo, 3 - 10'” nm/sec. Wild-type flies (Canton S) were
recorded for comparison under red light (>600 nm) and blue-green light
(460-540 nm). In both cases Cinemoid filters (Strand Electric, London,
UK) were used to adjust the light quality.

Flies 1-3 d old at the beginning of an experiment were subjected first
to 12 hr light/dark (LD) cycles of spectral light with an irradiance that
entrained most flies. After ~10 d the irradiance was reduced to 10%;
simultaneously, the LD cycle was advanced by 6 hr. Flies that re-
entrained within 7 d were judged as entrainable at this particular irra-
diance and wavelength. The criteria for entrainment were a constant
phase relationship of the flies’ main activity peak (the evening peak) to
the LD cycle and a period of 24 hr [judged by periodogram analysis as
described by Helfrich-Forster (1998)]. The phase relationship of the flies’
evening peak to “lights-on” was determined after the data were smoothed
with a nonrecursive digital low-pass filter that was applied over 101 data
points at a cutoff frequency of 6 hr (detailed description in Helfrich-
Forster, 2000). The evening peaks of an individual fly were defined as
having a constant phase relationship to lights-on if the peak maxima
occurred at the same time (=30 min) on all consecutive days during a
given LD cycle. Furthermore, the phase relation of the peak maxima to
lights-on had to be similar (=1 hr) before and after the advance of the
LD cycle. When most flies (>50%) within one recording unit re-
entrained within 7 d, the irradiance was reduced again to 10%, and the
LD cycle was advanced by 6 hr 10-15 d later. However, when =50% of
the flies needed =7 d to reach their original phase relationship after the
phase advance, the flies were judged to be at the limit of entrainment.
Then the flies were kept at the same irradiance, but the LD cycle
nevertheless was advanced to judge more accurately their capability to
re-entrain. They were classified as re-entrained if they followed both
phase advances at this particular irradiance within 7 d. Experiments
were done at least twice; in total, 11-43 flies of each genotype were
tested for each irradiance and wavelength. The percentage of (re)en-
trained flies was determined and plotted against the irradiance (in
photons - cm 2+ sec ') to derive dose-response curves for each wave-
length. Action spectra were derived from these dose—response curves by
determining the light intensities that were necessary to entrain 30, 40, 50,
60, 70, and 80% of the flies, respectively. Because the dose-response
curves were mainly parallel, we obtained similar action spectra at the
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different percentages of entrainment. Thus we chose the 60% values for
determining the action spectra.

To compare the activity pattern of entrained mutant and wild-type
flies at different wavelengths, we calculated average activity profiles as
described previously (Helfrich-Forster, 2000). We did so at intermediate
irradiances at which ~70% of the flies entrained.

Statistics. The values of the evening peak maxima were distributed
normally as revealed by the Lillefors test. They were analyzed with a
one-way ANOVA for a significant influence of the wavelength on the
time of peak. Values were regarded as significantly different at p < 0.05
and as highly significantly different at p < 0.001. A x? analysis (Zar,
1984) was used to reveal whether the presence of the morning peak was
dependent on the genotype and on wavelength.

RESULTS

Bolwig’s organ transforms into eyelet

during metamorphosis

In larvae, the Bolwig’s nerve projects from the larval photorecep-
tors toward the larval optic neuropil (for review, see Meinertzha-
gen and Hanson, 1993) over the face of the forming medulla (Fig.
14). A difficulty in tracing a possible developmental relationship
between it and eyelet is that expression of photoreceptor antigens
turns off in Bolwig’s organ during early pupal life, making it
difficult to examine the possibility that Bolwig’s organ might
persist thereafter. Indeed, Bolwig’s nerve was stained only faintly
at 20% of pupal development (P + 20%) (Fig. 1B) and not at all
in later stages (Fig. 1C—F'). This was true not only for the expres-
sion of the GFP under the control of the strong photoreceptor-
specific glass multiple reporter construct (gmr-GAL4;UAS-gfp
line) (Fig. 1C) but also for photoreceptor-specific antibody stain-
ing with 24B10 (Zipursky et al., 1984) (Fig. 2B). We therefore
examined the reporter line BS23 (Kr-BO-lacZ; Schmucker et al.,
1992) driven by a promoter of the developmental gap gene
Kriippel. This drives lacZ expression that is specific to Bolwig’s
organ (Schmucker et al., 1992), and the resultant immunoreactiv-
ity to B-gal indeed labeled Bolwig’s organ and nerve from P + 0%
until eclosion (Fig. 3). In the white prepupa intense immunoflu-
orescent labeling highlighted bilateral clusters of 12 cells lying
near the larval mouthhooks and the axon bundles emerging from
these (Fig. 34). Profiles 5-6 um in diameter detected in Bolwig’s
organ were probably photoreceptor nuclei (Fig. 34, inset). In
prepupal control preparations the labeling was seen neither in
Bolwig’s organ nor in Bolwig’s nerve (data not shown).

During pupal development the cluster of cells in Bolwig’s organ
lost its rosette shape. Starting as soon as P + 1 hr, labeled somata
occupied progressively more caudal positions, as if the photore-
ceptors either were migrating caudally or were being retracted
along the original pathway of their axons (Fig. 3B,C, inset). By
P + 5% the somata were split into two clusters retracting along
this former path (Fig. 3C, inset) and were no longer adjacent to
the mouthhooks. The number of cells in each cluster was not
consistent (data not shown). At P + 10% the development of the
retina in the eye disc and the formation of the optic neuropils
were both apparent (data not shown), contributing additional
axons to the pathway taken by Bolwig’s nerve through the optic
stalk between eye disc and brain (Steller et al., 1987). Bolwig’s
organ still contained ~12 cells but now comprised two quite
distinct clusters like those seen at P + 5%. By P + 20% (Fig. 3B)
immunofluorescence labeled only three to six cells; however, the
position of Bolwig’s organ and nerve relative to the developing
compound eye now anticipated that of eyelet. Then Bolwig’s
organ was detected below the expanding retina in an area that
subsequently would become the posterior margin of the com-
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Figure 1. Bolwig’s nerve and the eyelet
tract both have a close spatial relationship
to the lateral neurons in the developing
optic lobe. Shown are confocal images of
the right optic lobe in frontal view. Green
channel, Photoreceptors (gmr-driven ex-
pression of GFP in A-F; antibody 24B10 in
G-1); red channel, lateral neurons (anti-
PDH). Some ommatidia of the developing
retina are visible in D and E; other images
depict the terminals of photoreceptors
R1-R6 in the lamina (La) and R7, R8 in
the second neuropil, the medulla (Me). In
larvae (A) and P + 20% pupae (B),
Bolwig’s nerve (BN) traverses the medulla
and terminates directly in the larval optic
neuropil (arrowhead), which transforms
into the accessory medulla during meta-
morphosis. In the larval optic neuropil the
terminals overlap putative dendrites from
the small and large lateral neurons (s-LN,
and I-LN,). Additional fibers parallel to
Bolwig’s nerve (small green arrows) are pos-
sibly neurites of tangential neurons. Ex-
pression in the latter persists in early pupae
(B) when expression in Bolwig’s nerve
starts to disappear (C). At approximately P
+ 50% (D) faint labeling first appears in
the eyelet tract (Ey-Tr) together with the
first labeling in I-LN,. At P + 80% (E) the
labeling pattern mainly resembles that of
adult flies (F). The tract from eyelet now
shows a ventral extension overlapping ar-
borizations of the I-LN, (arrowheads). Fi-
bers arising from I-LN, form a network
over the surface of the medulla in close
vicinity to the tract from eyelet (arrow in
F). Bolwig’s tract (G) and eyelet (H) are
present in eyeless sine oculis (so’) mutants
contacting the LN,. so’ flies with tiny eye
remnants possess, in addition, a well estab-
lished axonal connection of their omma-
tidial photoreceptors to the medulla (7).
Scale bar: (in 1) A-1, 20 um.

Figure 2. Bolwig’s organ and the develop-
ing projection of eyelet. 4, Frontal 8§ um
wax section of anterior region of third in-
star larva showing immunoreactivity to
Rhodopsin 6 in Bolwig’s organ (BO), situ-
ated dorsally to the cephalopharyngeal
skeleton (arrowheads). Differential interfer-
ence contrast microscopy was used. B, C,
Horizontal cryostat sections 10 um thick of
pupal optic lobe immunolabeled with anti-
body 24B10. B, Pupa at approximately P +
45%. In early pupal stages the developing
medulla (Me) lies orthogonal to the lamina
(La), and the photoreceptor terminals of
eyelet are not seen. C, Pupa at approxi-
mately P + 70%. At approximately P +
50% the medulla rotates, becoming concen-
tric with the lamina, and the terminals of
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eyelet immunolabel at a position anterior to the medulla neuropil (arrow) corresponding to the accessory medulla. R, Retina. Cell bodies are not easily
seen in this preparation. In the late pupa and adult the axons from the cells of eyelet project through the outer chiasm, and their terminals in the accessory
medulla all label with photoreceptor-specific antibodies. Scale bars: A, 10 um; (in B) B, C, 50 um.

pound eye. At this stage the terminals of Bolwig’s nerve were
metamorphic, sometimes extending beyond the anterior medulla
and occasionally (n = 2 of >50) so that their neurites met
symmetrically at the midline (data not shown).

From P + 20% on Bolwig’s organ and nerve maintained their
positions while the compound eye and optic neuropils formed

around them (Fig. 3C,D). There was some defasciculation of
Bolwig’s nerve as it crossed the chiasma between lamina and
medulla. At P + 80% Bolwig’s organ and nerve corresponded to
eyelet and its tract when viewed in a horizontal plane (Fig. 3D).
In newly eclosed BS23 flies Bolwig’s organ, now transformed into
eyelet, was still immunoreactive to B-gal, but the axons of
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Bolwig’s nerve were no longer as strongly labeled and in some
cases were not detected (data not shown).

Bolwig’s organ and eyelet both express

Rh6 immunoreactivity

Bolwig’s organ is reported to express immunoreactivity to three
of six Drosophila rhodopsins that have been tested so far, Rhl,
Rh3, and Rh4 (Pollock and Benzer, 1988), whereas eyelet ex-
presses Rh6 (Yasuyama and Meinertzhagen, 1999). To examine
whether this difference indicates a change in rhodopsin expres-
sion, we therefore examined immunoreactivity to Rh6 in Bolwig’s
organ. Clear expression of immunoreactivity to Rh6 was seen
(Fig. 2A4) in preparations made identically to those revealing Rh6
expression in eyelet (data not shown). Thus eyelet retains the
expression found in Bolwig’s organ.

Bolwig’s nerve and projection of eyelet both enjoy a
close association with lateral neurons

In the larval brain the circadian pacemaker center appears to
consist of five small ventral lateral neurons (s-LN,; Kaneko et al.,
1997; Blanchardon et al., 2001). Four of these contain the neu-
ropeptide PDF, a homolog of the crustacean neuropeptide PDH
(Park and Hall, 1998). Arborizations of the PDF-expressing
s-LN, visualized with an antibody against crab PDH (Helfrich-
Forster, 1997) innervate the larval brain hemispheres and have
fine dendrite-like arborizations in the larval optic neuropil. There
they overlap the terminals from Bolwig’s nerve (Fig. 14) (Kaneko
et al., 1997).
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Figure 3. Kriippel-driven lacZ expression
in Bolwig’s organ and nerve persists
throughout metamorphosis. Bolwig’s organ
and nerve throughout pupal metamorpho-
sis are detected by immunoreactivity to
B-gal in the transgenic line BS23 (Kr-BO-
lacZ) in which lacZ expression is driven by
the promoter for Kriippel. A, Dorsal view of
both eye discs and hemispheres in a whole-
mount preparation revealing Bolwig’s or-
gan (arrowhead) and the trajectory of its
nerve (BN) in the white prepupa. B-D,
Horizontal Vibratome slices (100 wm) of
the right hemisphere of the pupal optic lobe
at different stages: B, P + 20%; C, P +
40%; D, P + 80%. Persistent p-gal expres-
sion reveals that Bolwig’s organ is trans-
formed into eyelet, the axon bundle of
which is shown relative to the lamina (La)
and medulla (Me) neuropils (in D), retina
(R in B, D), and basement membrane (ar-
rows in D). Cell number in Bolwig’s organ
decreases from 12 (inset, A) to four in the
adult (inset, D) after separation from the
mouthhooks at P + 1 hr (inset, B) and
retraction of the cell bodies that are distrib-
uted in a trail of two clusters by P + 5%
(inset, C). Scale bars: 4, 250 um; B, C, inset
in C, 50 um; D, insets in A and B, 25 um;
inset in D, 20 pm.

In the pupa the medulla rotated from an anterior position (Fig.
2B) to a position between the lobula complex, lying beneath it,
and the lamina (Fig. 2C) (Hofbauer and Campos-Ortega, 1990).
It reached its final position by approximately P + 50% at a time
when faint GFP expression reappeared in a tract describing the
same path toward the s-LN, as the former Bolwig’s nerve (Fig.
1D). This tract was traced during subsequent pupal development
and corresponded to the projection of eyelet. At the same time,
somata of the large LN, (I-LN,) and their neurites first became
immunoreactive to anti-PDH (Fig. 1D). As revealed in Figure
1D, these extended neurites into the accessory medulla, which
originates from the larval optic neuropil (Ehnbohm, 1948; Hag-
berg, 1986; Helfrich-Forster, 1997). Whereas the larval optic
neuropil was oval in shape, however, the accessory medulla
formed a ventral elongation containing fibers arising from the
I-LN, (Fig. 1E,F) (cf. Helfrich-Forster, 1997). The eyelet tract
followed this ventral elongation to form a ventral hook (Fig. 1F).
At P + 80% the immunolabeling of LN, cells and the eyelet tract
were both very intense, closely resembling the adult pattern. In all
brains that were investigated (n = 12) the terminals of the eyelet
tract completely overlapped the LN, fibers in the accessory me-
dulla. Furthermore, in ~50% of the brains the eyelet tract lay in
close vicinity to fibers from the I-LN, cells arborizing on the
surface of the medulla (Fig. 1F). The spatial relationship between
the eyelet tract and LN, fibers strongly suggests their functional
connection and suggests that eyelet serves to transfer photic
information toward the circadian pacemaker cells. A similar
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Figure 4. Ultrastructural differentiation of
eyelet. Shown are the photoreceptors of
eyelet at different stages of differentiation
in pupal (A) and adult (B) flies. A, Pupa
with amber eyes corresponding to approxi-
mately P + 60% (Bainbridges and Bownes,
1981). The first microvilli of developing
rhabdomeres have become distinct, but no
pigment is yet visible. B, Fully differenti-
ated eyelet photoreceptors with rhab-
domeres and black pigment granules. Ar-
rows show developing microvillar structures
in A and fully developed rhabdomeres in B.
Scale bar, 1 um.

functional connection also may exist between photoreceptor cells
R7 and R8 of the compound eyes, the axonal terminals of which
are in close vicinity to the varicose network of the 1-LN, cells on
the surface of the medulla (Fig. 1F).

Ultrastructural differentiation of the eyelet cells
commences in midpupal stages

In adults eyelet contains between three and six neurons (Robinow
and White, 1991), but usually four, all of which have an ultra-
structure typical for photoreceptor cells (Yasuyama and Mein-
ertzhagen, 1999). The four cells first were identified at approxi-
mately P + 60% when rhabdomeric structures were first visible
(Fig. 4A4). At earlier stages we were not able to recognize the cells
morphologically. At this stage of differentiation the beginning of
rhabdomere formation is indicated by microvillar structures pro-
truding into an intercellular space formed by the eyelet cells. This
shows that the elaborate rhabdomeres as well as the pigmentation
typical of the cells of the adult eyelet (Fig. 4B) are formed in the
second half of pupal development, comparable in time course to
that for the retinal photoreceptor cells of the compound eye. The
time course of this differentiation indicates that the larval photo-
receptor cells dedifferentiate in early metamorphosis and then
redifferentiate to attain their imaginal structure.

Eyelet is present in eyeless sine oculis’ flies but is
absent in the double-mutant sine oculis ';glass 5%
Compatible with the formation of eyelet from Bolwig’s organ,
eyeless flies (so’) have a normal Bolwig’s organ (Cheyette et al.,
1994) and have been shown previously to retain eyelet (Hofbauer
and Buchner, 1989). As in wild-type flies, Bolwig’s nerve and the
eyelet tract both are associated closely with the LN, cells (Fig.
1G,H). By comparison, mutant glass (gl°”) flies lack Bolwig’s
organ (Kunes et al., 1993) and eyelet (Helfrich-Forster et al.,
2001). To reveal whether eyelet plays an active role in circadian
entrainment, we therefore could compare the light sensitivity of
the circadian system between flies that retained and flies that
lacked eyelet but that were otherwise similar. To do this, we
generated double-mutant so’;gl°? flies that were identical in the
shielding properties of their head with so’ flies (see Materials and
Methods). Whole-mount preparations and cryostat sections of
mutant so’ and so’;gl°? flies then were checked for the presence
of eyelet by using the photoreceptor-specific antibody 24B10 that
reliably marks this structure and, in the case of so’, additionally
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checked with anti-TAU in flies expressing TAU under control of
the Rh6 promotor. Eyelet and its tract were clear in most so’ flies
(31 of 34 brain hemispheres labeled with 24B10 and 24 of 27
hemispheres with anti-TAU). In so’;gl°” mutants eyelet was ab-
sent. In only one brain hemisphere of 60 was a 24B10-
immunoreactive structure found that resembled eyelet in size, but
this was neither at its normal location nor did its axons project to
the LN,; we therefore concluded that this structure did not
represent eyelet.

Action spectra in mutant flies

To study the function of eyelet in detail, we determined action
spectra for entraining the activity rhythm of adult so’ and so”;gl°%
flies. An action spectrum plots the magnitude of a photobiological
response as a function of the wavelength of light eliciting the
response. Ideally, the action spectrum matches the absorption
spectrum of the photoactive pigment. To test the hypothesis that
eyelet provides a photic input to entrain the fly’s activity rhythm,
we quantified entrainment from the percentage of entrained flies
at different irradiances and wavelengths (see Materials and Meth-
ods). To ensure that flies entrained to the LD cycles and simply
did not free-run with a period of 24 hr, we subjected them to a 6
hr phase advance of the LD cycle (Fig. 5); only flies that shifted
their activity rhythm within 7 d were judged to be entrained. First
we determined dose-response curves between irradiance and the
percentages of resynchronized flies for each wavelength (Fig.
6A). The slopes of the semilog curves for different wavelengths
were essentially equal. Action spectra were derived from the
intersection of the curves with the 60% synchronization value
(Fig. 6B). For so’ flies the action spectrum showed two peaks, at
420 and ~480 nm. The action spectrum for so’;gl’” flies was
similar to the so’ spectrum at wavelengths shorter than 450 nm,
but the peak at 480 nm was virtually absent. Wavelengths longer
than 550 nm failed to synchronize both mutants. This differed
from wild-type flies (Fig. 6 B; derived from data in Blaschke et al.,
1996) that, like the mutants, showed two peaks in their action
spectrum but that were ~100 times more sensitive and showed
considerable sensitivity in the red part of the spectrum. In sum-
mary, these results suggest that the compound eyes contribute to
entrainment over a broad spectral range extending into the red,
whereas cryptochrome is responsible for the sensitivity peak at
~420 nm and eyelet is responsible for that at 480 nm. If true, then
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Figure 5. Entrainment of flies by spectral light. Shown are representative
actograms from wild-type flies (WT), so’ flies, and so’;gl°” flies subjected
to 12 hr light/dark cycles (LD) of different wavelengths, the phase of
which was advanced twice by 6 hr. One-half of the flies subsequently were
recorded under constant darkness (DD). Light was blue-green (top left
panel, 460-540 nm), red (top right panel, >600 nm), blue (middle and
bottom left panels, 420 nm), or green (middle and bottom right panels, 486
nm). Irradiances are indicated in the margin in photons-cm ~2-sec .
Wild-type flies re-entrained quickly to the 6 hr phase advances, showing
bimodal activity patterns with morning and evening peaks. Activity was
restricted mainly to the light phase of the LD cycle. Mutants extended
activity into the dark phase and needed several days to re-entrain to phase
advances. Some flies failed to re-entrain to green light (so’;gl’” and so’
after second phase advance). The morning peak was visible in so’ flies
only during the blue LD cycle after the first phase shift and faintly during
the green LD cycle before the first phase shift. The so’ fly in green light
showed antidromic phase shifting.

mutants that retain only eyelet but lack compound eyes and
cryptochrome should maintain the sole peak at 480 nm. To test
this hypothesis, we generated so’;cry” double mutants and tested
their entrainability at different wavelengths. To judge the contri-
bution of the compound eyes, we also tested so’;cry” flies that
possessed tiny remnants of the compound eyes containing be-
tween 10 and 50 ommatidia. Histologically, such flies showed well
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Figure 6. Dose-response curves for re-entrainment and corresponding
action spectra. The dose—response curves (A4) for so’, so’;gl’”, and so;
cry” flies show the percentage of re-entrained flies for all wavelengths as
a function of the irradiance. For so’;cry” mutants both the flies with eye
remnants (@) and completely eyeless flies (O) were tested. From left to
right, the wavelengths for eyeless flies were 472, 486, 517, and 456 nm.
Action spectra (B) were derived from these dose-response curves by
determining the light intensities that were necessary to entrain 60% of the
flies at each wavelength. The action spectrum for wild-type flies is derived
from data by Blaschke et al. (1996).
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established axonal connections of their few ommatidial photore-
ceptors to a small underlying lamina and to the medulla, which
was enlarged at the site of photoreceptor innervation (Fig. 17).

As expected, the sensitivity peak at 420 nm was lacking in
so’;cry? flies, whereas that at ~480 nm remained (Fig. 6B). This
shows unequivocally that the 420 nm peak in the action spectrum
derives from cryptochrome and indicates that the 480 nm peak
stems from eyelet. However, only very few eyeless so’;cry” flies
at all were able to follow the 6 hr phase advance of the LD cycle.
At 456 nm one of 20 flies (5%), at 471 nm three of 31 flies (9.7%),
at 486 nm three of 24 flies (12.5%), and at 517 nm one of 16
(6.3%) flies re-entrained. At the other wavelengths we did
not find any re-entrainment in eyeless so’;cry” flies, not even
at the highest irradiance possible with our light source (10'7
photons - cm ~2 - sec ~'). Although the few cases of entrained flies
occurred at the putative sensitivity maximum of eyelet, eyelet
alone thus appears not to be capable of reliably entraining the
activity rhythm. Rather, the additional presence of either cryp-
tochrome or the compound eyes may be required. As soon as only
a few ommatidia were present in so’;cry” flies, the 480 nm sensi-
tivity peak became more prominent and the sensitivity of the
circadian system extended from the blue into the red, but the
sensitivity peak at 420 nm was absent (Fig. 6B). This shows
clearly that the compound eyes contribute to the flies’ sensitivity
throughout the spectrum and are especially responsible for that at
longer wavelengths. Probably because of the small number of
ommatidia present, however, the overall sensitivity of so’;cry”
flies with eye remnants was considerably less than that of wild-
type flies (Fig. 6B).

The pattern of activity in eyeless mutants

Wild-type flies showed a bimodal activity pattern, with a morning
peak at approximately lights-on, an evening peak at approxi-
mately lights-off, and little activity during the dark phase even at
the higher and medium irradiance levels of the wavelengths that
were tested (e.g., 10"'~10"3 photons - cm ~2 - sec ! of blue-green
light) (Fig. 7). However, under spectral light of low intensities
(e.g., at 10" photons - cm ~2 - sec ~ ' blue-green light) at the limits
of entrainment, wild-type flies frequently lacked the morning
peak (I. Blaschke, unpublished observations). Eyeless flies (so’
and so’;gl°” mutants) already lacked the morning peak at rather
high irradiances (Fig. 5). At the highest irradiances that were
applied here (e.g., 10'* photons - cm - sec ! of blue-green light),
only 50% of the so’ mutants and 55% of the so’;gl®” mutants still
had a normal bimodal activity pattern with morning and evening
peaks, whereas at intermediate irradiances (e.g., 2 X 10%
photons - cm ~2 - sec ~! blue-green light) only 25% of the so’ and
24% of the so’;gl°” mutants were bimodal; at the lowest irradiances
that still led to entrainment (3 X 10'? photons - cm ~2 - sec ~! blue
green light) all flies were unimodal, lacking the morning peak
completely. This behavior was independent of the wavelength in
both mutants (Xz(gvlgz,“g) < 8.95; p > 0.442), and no significant
differences in the presence of the morning peak were found be-
tween the two mutants (x°(, 301, = 0.54; p = 0.461).

Whereas the maximum for the evening peak was ~2 hr before
lights-off in wild-type flies and in so’;cry” flies with eye remnants,
it occurred after lights-off in the eyeless flies (Fig. 7). Such an
activity phase lag is expected for animals having a free-running
period of >24 hr (Moore-Ede et al., 1982). Indeed, both groups of
eyeless flies had periods of at least 24.6 hr (24.61 * 0.07 hr for
s0’;gl°” and 24.72 = 0.07 hr for so’) under constant darkness
(DD) conditions, whereas the average period for wild-type and
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Figure 7. Phase plot of evening activity peaks and average activity
profiles of entrained flies at different wavelengths. The black and white
bars along the top of each plot indicate the light/dark regimen. The
maxima of the evening peaks occurred before lights-off in wild-type flies
(A) and in so’;cry” mutants with eye remnants (O) but after lights-off in
both so’;gl°” (@) and so’ ((J) mutants. Average activity profiles at wave-
lengths of 420, 486, and 600 nm reveal that the activity of wild-type flies
and so’;cry” mutants with eye remnants is restricted mainly to the light
phase of the LD cycle, whereas it extends into the dark phase in the
eyeless mutants so’ and so’;gl% (black portion of the curves). In so’
mutants the phase of the evening peak was dependent on the wavelength
and occurred later at longer wavelengths (see phase plot and arrows in the
activity profiles of so’ flies). Except for a single fly, the eyeless so’ and
so’;gl° were not entrainable at 600 nm, so average activity profiles could
not be calculated for these flies at that wavelength. ZT, Zeitgeber time
(ZT 0 = lights-on; ZT 12 = lights-off).

so’;ery® flies was close to 24.0 hr. Interestingly, the phase rela-
tionship of the evening peak to the LD cycle was dependent on
the wavelength in so’ mutants (ANOVA, F g4, = 4.74; p <
0.001): the longer the wavelength, the larger the phase lag (Fig. 7).
We did not see such a dependency in so’;gl’” mutants nor in
so’;cry” flies with compound eye remnants nor in wild-type flies
(ANOVA, F (963, = 0.72; p = 0.675).

Flies with or without eyelet differ in the pattern of

their resynchronization

Of the two ways to resynchronize to a 6 hr phase advance of the
LD cycle, the most likely is simply for the clock to follow the shift
in the LD cycle and advance its phase by 6 hr (orthodromic phase
shifting). However, it is also possible to delay the phase by 18 hr
(antidromic phase shifting). Although most so’;gl°” flies phase
advanced their clock, as expected, many so’ flies reacted unex-
pectedly and phase-delayed their clock (Fig. 5, Table 1). Interest-
ingly, the antidromic phase shifting of so’ depended on the
wavelength, occurring predominantly at longer wavelengths close
to the putative sensitivity maximum of eyelet as inferred from our
results (480 nm). In contrast, the few cases of antidromic phase
shifting in so’,;gl°? flies occurred at ~420 nm (Table 1). Wild-type
flies tested in a parallel experiment for their capability to entrain
in the red (n = 19) or blue-green (n = 14) all advanced their clock
after a 6 hr phase advance (Fig. 5). Similarly, all so’;cry” flies with
eye remnants phase advanced their clock. The aberrant behavior
of so’ flies corresponds to the phase lag of the evening peak
observed in so’ mutants at longer wavelengths and could result
from either a very long period or an altered phase—response curve
in so’ flies. Because so’ and so’;gl®” flies had the same long
period, however, they should react similarly, yet this was obvi-
ously not the case. We therefore propose that eyelet mainly
mediates phase delays but that this property becomes evident
only in the absence of the compound eyes.



Helfrich-Forster et al. « Extraretinal Photoreception in Drosophila

J. Neurosci., November 1, 2002, 22(21):9255-9266 9263

Table 1. Percentages of antidromic phase shifting at different wavelengths in sine oculis’ and sine oculis’; glass®” mutants

nm n so’ antidromic Percentage n so’; gl®” antidromic Percentage
369 14 1 7.1 10 0 0

395 11 3 273 12 0 0

412.5 26 5 19.2 26 1 39

420 21 4 19.1 15 4 26.7

445 17 7 412 15 2 13.3

456 25 12 44.0 14 1 7.1

472 17 12 70.6 10 1 10.0

486 21 15 71.4 10 0 0

526 16 14 87.5 4 0 0

546 13 10 76.9 3 0 0

600 1 1 (100) 0 0 0
Antidromic phase shifting of so’ flies was highly dependent on the wavelength (x*s 152 = 49.55; p < 0.0001; data at 369 and 395 nm and at 546 and 600 nm pooled).
Furthermore, so’ flies overall showed significantly more antidromic phase shifting than so’; gl flies (x*(1 301, = 50.19; p < 0.0001; data for all wavelengths pooled).
DISCUSSION The spatiotemporal association between

The aims of the present study were to investigate the anatomical
relationship of eyelet to both the antecedent Bolwig’s organ and
the fly’s pacemaker or lateral neurons to examine the differenti-
ation of eyelet and, from its action spectrum, to evaluate its
involvement in circadian entrainment.

The origin of eyelet from Bolwig’s organ

To examine these questions, we first needed to determine whether
eyelet is a remnant of the larval Bolwig’s organ or whether it
develops anew. Our observations on the Kriippel reporter line
clearly support the first hypothesis. Although the photoreceptors
of Bolwig’s organ differ from those of eyelet (Yasuyama and
Meinertzhagen, 1999) in number (Steller et al., 1987), position,
and ultrastructure (Melzer and Paulus, 1989; Paulus, 1989), our
observations reveal that eyelet photoreceptors stem from the 12
larval photoreceptors, the surviving four members of which re-
tract to occupy the position of eyelet in the adult. This explains
why the eyelet tract coincides so precisely with the previous
pathway of Bolwig’s nerve. During their retraction in the young
pupa the photoreceptors of Bolwig’s organ lose downstream
photoreceptor-specific expression such as immunoreactivity to
24B10, which they regain later in pupal life with the differentia-
tion of the photoreceptors of eyelet. Coexpression of immunore-
activity to two fast neurotransmitter systems, histamine and ace-
tylcholine, already has been reported in eyelet (Yasuyama and
Meinertzhagen, 1999). This rather perplexing finding thus could
be reconciled as persistent immunoreactivity to ChAT, retained
from Bolwig’s organ (Yasuyama et al., 1995) overlapping the
expression of histamine immunoreactivity newly arisen in eyelet.
Expression of Rho6 either is retained from Bolwig’s organ or is
reestablished in the photoreceptors of eyelet.

The finding that only approximately four of the original 12 cells
from Bolwig’s organ survive pupation may reflect their embryonic
origin from approximately four atonal and rhomboid (rho)-
positive founder cells (Daniel et al., 1999; Suzuki and Saigo,
2000). Via rho activity these four also express Spitz, which then
signals neighboring cells to activate Spitz transcription and in turn
become Bolwig’s organ cells. Spitz expression then maintains the
fate of all 12 cells (Daniel et al., 1999). Possibly in the young pupa
Spitz is silenced in Bolwig’s organ, with the loss of the laterally
specified cells and a reversion in the structure of Bolwig’s organ to
the original four founder cells.

photoreceptors of eyelet and circadian

pacemaker neurons

As described previously (Kaneko et al., 1997), we found that
terminals of Bolwig’s nerve overlap the putative dendritic field of
the s-LN,. This relationship is not simply anatomical because,
together with the blue-light photoreceptor cryptochrome, the
larval photoreceptors also mediate entrainment of the molecular
oscillations of the pacemaker (Kaneko et al., 2000). The circadian
function of Bolwig’s organ in the larva apparently is resumed in
the adult fly, by eyelet, which likewise mediates entrainment,
apparently together with cryptochrome and, now, the compound
eyes. The anatomical data presented here are consistent with such
a role. The photoreceptors of eyelet differentiate concurrently
with the I-LN,, and the neurites of both cell types maintain a
close spatial relationship to each other during pupal morphogen-
esis. They overlap partially on the surface of the medulla and
completely in the accessory medulla. Although the eyelet tract
arises from Bolwig’s nerve, it differs from the latter in one
important detail, namely the ventral elongation of the terminal of
the eyelet nerve, which follows the fibers of the 1-LN, in the
accessory medulla. In the latter, the axon terminals of eyelet also
overlap with putative dendrites of the s-LN, that are the most
important in controlling adult behavioral rhythmicity (for review,
see Kaneko, 1998; Edery, 2000) (see also Emery et al., 2000b).
These anatomical credentials qualify eyelet to transfer photic
information to the fly’s circadian clock.

Action spectra imply a role for the compound eyes, for
cryptochrome, and for eyelet in circadian entrainment

Wild-type flies have major sensitivity peaks at 420 and 500 nm.
The peak at 420 nm obviously is caused by the blue-light pho-
topigment cryptochrome and that at 500 nm by the compound
eyes and eyelet combined (see below). In addition to their action
spectrum, wild-type flies are simply more sensitive than so’ or
so’;gl°% flies by ~10? times between 360 and 550 nm and by 10°
to 10* times at wavelengths >550 nm. Thus the compound eyes
provide a strong input to entrainment of the circadian clock,
especially at longer wavelengths. Accordingly, so’;cry” flies with
tiny eye remnants are entrainable by wavelengths >550 nm,
whereas their eyeless siblings are not. The compound eye pho-
topigment conferring sensitivity to long wavelengths could be
Rho6, which expresses in a subgroup of the R8 photoreceptors of
the ommatidia and has an absorption maximum (A,,,,) at 530 nm

max
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(Salcedo et al., 1999). This sensitivity also could derive from
Rhodopsin 1 (Rhl; A, = 486 nm), which is expressed in
photoreceptors R1-R6 of the ommatidia. Rh1 has a metarhodop-
sin that is sensitive in the red (A, = 566 nm). At illumination
the rhodopsins are photoconverted into metarhodopsins that then
photoreisomerize back into rhodopsins (Hamdorf, 1979). The
physiologically derived spectral sensitivity of R1-R6 should re-
flect the mixed absorption of both rhodopsin forms and therefore
extend into the red, as in the action spectra for wild-type flies and
so’;cry” mutants with eye remnants. Anatomically, the compound
eyes may provide direct light input to the I-LN, via photorecep-
tors R7 and RS, the terminals of which are in close vicinity to the
fiber network of the 1-LN, on the surface of the medulla. This is
true for wild-type flies as well for so’ mutants with eye remnants.

In addition to the compound eyes, the action spectra clearly
confirm cryptochrome as a circadian photopigment that is still
active in flies lacking both compound eyes and eyelet (Emery et
al., 1998, 2000a,b; Stanewsky et al., 1998; Helfrich-Forster et al.,
2001). The sensitivity peak at 420 nm in so’;gl°” flies that retain
cryptochrome as the sole circadian photoreceptor coincides
nicely with the absorption peak of cryptochrome (Selby and
Sancar, 1999). Furthermore, flies lacking cryptochrome (so’;cry”
mutants) lack the sensitivity peak at 420 nm.

The fact that the ultrastructural reorganization of eyelet is not
complete until eclosion already suggests that eyelet assumes a
function only in adult flies and may serve as a third photoreceptor
of the circadian system. Our determinations of the action spectra
of circadian entrainment support this view. As in wild-type flies,
so’ flies have two sensitivity peaks in their action spectrum, at 420
and 480 nm. In contrast, the action spectrum of so’;gl’? flies
virtually lacks the 480 nm peak, suggesting that this peak stems
from eyelet. Like the earlier Bolwig’s organ (see Results), eyelet
is immunoreactive to Rh6 (Yasuyama and Meinertzhagen, 1999),
which has A, at 530 nm and a metarhodopsin A,,,, at 468 nm
(Salcedo et al., 1999). Furthermore, some eyelet photoreceptor
cells may express RhS (Malpel et al., 2002) with A, at 442 nm
and a metarhodopsin A, at 500 nm. If all eyelet photoreceptor
inputs carry equal weight, the physiologically derived spectral
sensitivity should reflect the mixed absorption of all four rhodop-
sin forms and lie at ~480 nm, exactly as observed in the action
spectrum of so’ flies. Consistent with this, flies with only eyelet
show entrainment solely at ~480 nm. Conviction on this point is
frustrated only because so few flies actually entrain at this wave-
length, indicating that, acting alone, eyelet is a rather weak
photoreceptor of the circadian system. We cannot exclude, how-
ever, that this weak influence is attributable to less extensively
developed eyelet terminals in the mutant so’ compared with the
wild type (compare Fig. 1H,1).

Our action spectra clearly speak for an active role of eyelet in
circadian entrainment, but we have to consider possible side
effects of the glass mutation on central brain neurons, which also
might cause spectral sensitivity differences between so’ and so’;
gl°” flies. This is because, besides photoreceptor cells, glass also
expresses in a few central brain neurons (Moses and Rubin, 1991;
Ellis et al., 1993; Vosshall and Young, 1995) that the gi°” muta-
tion therefore may eliminate. Indeed, we found recently that a
subgroup of the period gene expressing dorsal neurons (DN1) is
missing in g/°” mutants (Helfrich-Forster et al., 2001). Like the
H-B eyelets, these dorsal neurons send axonal projections toward
the LN, (Kaneko and Hall, 2000) through which they theoreti-
cally could entrain the latter. Furthermore, flies bearing a muta-
tion in the disconnected (disco) gene, which mainly lack the LN,
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but not the DN cells, are able to entrain to LD cycles (Zerr et
al., 1990; Hardin et al., 1992; Helfrich-Forster, 1998). The DN1
are present in so’ mutants (Kaneko, 2000; B. Wisotzky and A.
Hofbauer, unpublished observations) and therefore could ac-
count for differences in the action spectra of so’ and so;gl°” flies.
However, it is not known whether the DNI1 cells express rho-
dopsins at all and, if so, whether the A, of such DN1 rhodopsins
fits the action spectrum as do Rh5 and Rh6 in eyelet.

Eyelet appears to play a complex role in the circadian
system of flies

Although we cannot exclude a role for the DN1 cells as circadian
photoreceptors, the anatomical and action spectrum data pre-
sented here support a role for eyelet in the entrainment pathway
of D. melanogaster. Several observations indicate that this puta-
tive role is complex, however.

Obviously, eyelet functions only in concert with cryptochrome
(in so’ flies) or with the compound eyes (in so’;cry” flies with eye
remnants). Depending on which additional photoreceptor is
present, eyelet seems to have quite different effects on the activity
rhythm.

In the presence of cryptochrome but without the compound
eyes eyelet appears to mediate phase delays. The evening peak of
so” flies is phase delayed, and so” flies frequently show antidromic
phase shifting. Interestingly, both phase delaying effects occur
only at wavelengths close to the putative A,,, of eyelet, implicat-
ing eyelet as the source of these behaviors. Nevertheless, in the
presence of tiny eye remnants but in the absence of cryptochrome
no phase lag of the evening peak is observed, and the flies show
no antidromic phase shifting.

In summary, our results indicate that eyelet is a pupal trans-
formation of Bolwig’s organ, that both receptor systems have an
association with the PDH-immunoreactive lateral neurons, and
that both mediate circadian entrainment exhibiting an action
spectrum, which for eyelet in the adult fly is based in part on Rh6
expression possibly also inherited from the photoreceptors of
Bolwig’s organ in the larva. Apparently, cryptochrome and rho-
dopsins of eyelet and the compound eyes collude in a complex
manner to entrain the adult fruit fly’s circadian activity to the 24
hr day. This dual nature of circadian photoreception encompass-
ing opsins and cryptochromes as photopigments resembles the
situation in mammals in which melanopsin and cryptochromes of
the inner retina apparently team up with rhodopsin in the rods to
entrain the circadian system of mice (Freedman et al., 1999; Selby
et al., 2000; Lucas et al., 2001; Thompson et al., 2001; Berson et
al., 2002; Hattar et al., 2002).
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