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In Drosophila, opsin visual photopigments as well as blue-light-sensitive cryptochrome (CRY) contribute to the synchronization of
circadian clocks. We focused on the relatively simple larval brain, with nine clock neurons per hemisphere: five lateral neurons (LNs), four
of which express the pigment-dispersing factor (PDF) neuropeptide, and two pairs of dorsal neurons (DN1s and DN2s). CRY is present
only in the PDF-expressing LNs and the DN1s. The larval visual organ expresses only two rhodopsins (RH5 and RH6) and projects onto the
LNs. We recently showed that PDF signaling is required for light to synchronize the CRY � larval DN2s. We now show that, in the absence
of functional CRY, synchronization of the DN1s also requires PDF, suggesting that these neurons have no direct connection with the visual
system. In contrast, the fifth (PDF �) LN does not require the PDF-expressing cells to receive visual system inputs. All clock neurons are
light-entrained by light– dark cycles in the rh52;cryb, rh61 cryb, and rh52;rh61 double mutants, whereas the triple mutant is circadianly
blind. Thus, any one of the three photosensitive molecules is sufficient, and there is no other light input for the larval clock. Finally, we
show that constant activation of the visual system can suppress molecular oscillations in the four PDF-expressing LNs, whereas, in the
adult, this effect of constant light requires CRY. A surprising diversity and specificity of light input combinations thus exists even for this
simple clock network.

Introduction
Endogenous clocks control many self-sustained rhythms in phys-
iology and behavior with �24 h periodicity (Dunlap et al., 2004).
These clocks are thus called circadian (from Latin “approximately
a day”), and need daily synchronization to the outside world,
achieved mainly via specific light inputs (Roenneberg et al.,
2003). In Drosophila, investigations of such synchronization (or
entrainment) have focused mainly on the �80 adult clock neu-
rons located in each brain hemisphere (Nitabach and Taghert,
2008). These neurons are divided into several lateral and dorsal
groups (Helfrich-Förster et al., 2007b). Light acts both through

rhodopsin-containing photoreceptors and the blue-light-
sensitive protein CRYPTOCHROME (CRY), which is expressed
in many but not all clock neurons (Benito et al., 2008; Yoshii et
al., 2008). Retinal, ocellar, and extraretinal “eyelet” photorecep-
tors (Hofbauer and Buchner, 1989) are all involved (Rieger et al.,
2003; Veleri et al., 2007). At least five rhodopsins (including RH1,
RH5, and RH6) contribute to clock entrainment (Hanai et al.,
2008; Hanai and Ishida, 2009). Some clock neurons, especially
the ventral lateral neurons (LNvs), may be direct targets of visual
fibers (Helfrich-Förster et al., 2002, 2007a; Malpel et al., 2002;
Yasuyama et al., 2006).

LNvs express the neuropeptide pigment-dispersing factor
(PDF) (Helfrich-Förster, 1995), which differentially affects en-
trainment and rhythmicity of many clock neurons, including the
PDF� fifth s-LNv (Peng et al., 2003; Klarsfeld et al., 2004; Lin et
al., 2004; Wülbeck et al., 2008; Cusumano et al., 2009; Yoshii et
al., 2009).

The larva brain clock network is much simpler than that of the
adult (Kaneko et al., 1997) and is made up of five LNs, four of
which express PDF, and two pairs of dorsal neurons (DNs), the
DN1s and the DN2s. They all survive into the adult stage (Kaneko
and Hall, 2000; Shafer et al., 2006). Only the PDF� LNs and the
DN1s express CRY (Klarsfeld et al., 2004). The larval visual sys-
tem, the Bolwig organ (BO), comprises only 12 cells. They ex-
press either RH5 or RH6, which are the two rhodopsins used by
adult R8 photoreceptors (Malpel et al., 2002; Sprecher et al.,
2007). The eight RH6-expressing cells die during metamorpho-
sis, while the other four switch to RH6 expression (Sprecher and
Desplan, 2008), and form the eyelet (Helfrich-Förster et al., 2002;
Sprecher and Desplan, 2008). Both types of larval photoreceptors
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project onto the PDF-expressing LNs (Kaneko et al., 1997; Malpel
et al., 2002; Mazzoni et al., 2005). CRY and the BO provide the
only light inputs into the larval clock (Kaneko et al., 2000; Malpel
et al., 2004). Synchronization of the larval CRY� DN2s, which
display PERIOD protein (PER) oscillations almost in antiphase
to all other clock neurons (Kaneko et al., 1997), requires PDF
signaling from the LNs (Picot et al., 2009).

Here we show that PDF signaling can also synchronize the
larval DN1s, whereas it does not participate in the synchroniza-
tion of the fifth PDF� LN. We also show that both larval rho-
dopsins are involved in clock responses to light. Together with
CRY, they provide the only light inputs available to the larval
clock. Unexpectedly, constant stimulation of the visual system
disrupts PER oscillations specifically in the PDF-expressing larval
LNs and independently of CRY. Larval exposure to constant red
light indeed perturbs the clock much more strongly than antici-
pated from experiments in the adult.

Materials and Methods
Strains. Drosophila cultures were usually maintained on a 12/12 h light/
dark (LD) cycle on standard corn meal–yeast–agar medium at 25°C and
50% relative humidity. Control strains were laboratory stocks of w or yw
flies, which behaved similarly. Researchers have described pdf01 (Renn et
al., 1999), cryb (Stanewsky et al., 1998), cry02(Dolezelova et al., 2007),
UAS-cry (Emery et al., 2000b), cry-gal4 –39 (Klarsfeld et al., 2004),

w;;Gal1118 (Blanchardon et al., 2001), cry-gal80 (Stoleru et al., 2004),
GMR-hid (Bergmann et al., 1998), and yw UAS-hid UAS-rpr (Zhou et al.,
1997) lines. The rh61 mutation is a 20 bp spontaneous deletion present in
some laboratory stocks, resulting in a null allele (Misra et al., 2002). The
rh52 mutation is a complete ORF deletion (Yamaguchi et al., 2008). All
combinations of rh52, rh61, pdf01, and cryb flies, as well as GMR-hid;cry02

flies, were produced by standard crosses and recombinations. For the
mutant genotypes tested in constant light (LL), as well as for the controls
in constant red light (RR), all results were similar when using strains with
the ls-tim allele [encoding a TIMELESS protein (TIM) isoform that is less
sensitive to CRY-dependent light-induced degradation] (Peschel et al.,
2006). All clock neurons of the larval brain and all clock neurons of the
adult brain express yw;tim-gal4. Several other neuronal groups that do
not express clock genes also express yw;tim-gal4 (Kaneko, 1998). The
UAS-GFP and UAS-CD8-GFP reporter lines, which were provided by
the Bloomington stock center, carry their insertion on the second
chromosome.

Culture and entrainment conditions. LD-grown flies were crossed and
placed in LD conditions at 25°C. At this temperature, the offspring reach
third-instar wandering stage in �5 d. Cultures were thus entrained in LD
12:12 h for 5 or 6 d before larvae were dissected (for LD time points), or
entrained in LD 12:12 h for 4 d and transferred into constant darkness
(DD) (for DD time points), or into constant light at least 24 h before first
dissection time (considered then as CT24). One experiment included
both entrained and unentrained rh52;rh61cryb larvae. The latter were kept
in the same incubators, with aluminum foil wrapped around the tubes so

Figure 1. PER oscillations in larval brains of triply defective photoreceptive mutants entrained in LD. Larvae were entrained in LD conditions for 5 d (25°C) before dissections. Similar results were
obtained in at least two experiments for each genotype. A, PER immunoreactivity (left, and red in middle) in rh52;rh61cryb mutant brains at ZT1 (light-on) and ZT13 (1 h after light-off), from
projections of Apotome confocal stacks. PDF labeling (green in middle) was used to distinguish the four PDF � LNs, and GP47 labeling (right, and blue in middle) was used to confirm localization of
the other five clock neurons, as CLOCK-expressing cells. Arrows point to LNs that are very weakly labeled at ZT1 (when PER is strongly expressed in wild-type larvae) or strongly labeled at ZT13 (when
PER expression is very low in wild-type larvae). There was no significant correlation between mean PER levels in the LNs in the left and right hemispheres of a given brain (r � 0.21 and p � 0.56,
when pooling ZT1 and ZT13 values). Weak PER expression was also detected in a few additional GP47-labeled cells, most likely adult-specific clock neurons, which do not display molecular
oscillations until mid-metamorphosis (Kaneko and Hall, 2000; Helfrich-Förster et al., 2007). B, PER oscillations in different groups of larval clock neurons of rh52;rh61cryb mutants. PER labeling was
quantified separately in the four PDF � LNs, the fifth LN, the DN1s, and the DN2s, as indicated. Values were averaged over at least 12 brain hemispheres. They are expressed as percentage of the
maximal average value. In this particular experiment, the maximal average value was the average of the LNs at ZT1. Error bars represent the SEM for each neuronal group. C, PER oscillations in the
PDF � LNs of rh52;rh61cryb mutant larvae, with or without prior exposure to LD cycles. Dissections were performed every 4 h on the first day in DD. Labeling is expressed as percentage of the peak
in cry02 control brains, which were dissected on the second day in DD. The highest PER levels in LNs of triple mutant brains, when pooling all time points (data not shown), were similar to the cry02

peak. Relative standard deviations of PER labeling were, however, significantly higher in the triple mutants, in either condition, compared to control (Student’s t tests on the six time-point values,
p � 0.01). Relative standard deviations were not significantly different between the light-exposed and light-shielded triple mutants ( p � 0.18). Dark gray and black horizontal bars indicate the
light and dark portions, respectively, of the preceding LD cycle.
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the larvae never saw light. For constant red light, the culture tubes were
put into opaque tin cans covered with a red filter (cutoff: 600 nm) after
the last LD cycle (Cusumano et al., 2009). Simultaneous Gal1118-driven
expression of the proapoptotic genes hid and rpr eliminates the LNs by
the third larval stage under standard culture conditions (Malpel et al.,
2002). For the present LN ablation experiments, larvae were first kept in
constant darkness for 3– 4 d, and then entrained for 3 d. We checked that
brain PDF projections were already absent before such larvae were ex-
posed to their first entraining LD cycle (n � 14 hemispheres stained with
anti-PDF antiserum). In contrast, PDF � cells at the tip of the abdominal
ganglion were unaffected (data not shown). Temperature entrainment
was performed as described previously (Picot et al., 2009).

Histology and imaging. All experiments, performed at least twice with
similar results, were done on whole-mounted third-instar larval brains,
which were dissected and labeled as previously described (Malpel et al.,
2002). Antibodies were as previously described (Malpel et al., 2002; Picot
et al., 2009), except for the use of the GP47 guinea pig anti-CLOCK (Houl
et al., 2006), at 1:5000 dilution, or a guinea-pig anti-PDP1 used at
1:10,000 dilution (Benito et al., 2007). Although GP47 cross-reacts with
DACHSHUND (Houl et al., 2008), the clock neurons were on average
more strongly stained, and could also be distinguished based on size,
shape, and location (see Figs. 1 A, 3). In some experiments (e.g., that of
Fig. 9 A, B), tim-gal4-driven GFP expression was used to better iden-
tify clock neurons. Secondary antibodies were Alexa350-, Alexa488-,
Alexa594- (or FP546- or FP568-), and FP647-conjugated goat antibodies
directed against IgGs of the appropriate species (Invitrogen). They were
used at 1:10,000-to-1:1000 dilutions. Images were made from epifluores-
cence microscopes (Zeiss) equipped with a cooled digital camera
(Axiocam MR, Zeiss), and an Apotome module to generate confocal
images (except for the histograms of Figs. 7, 9). Fluorescence intensity
was quantified with Adobe Photoshop or ImageJ software from individ-
ual sections of at least 12 brain hemispheres per sample. We applied the
formula I � 100(S � B)/B, which gives the fluorescence percentage above
background (where S is fluorescence intensity and B is average intensity
of the region adjacent to the quantified cell). Absolute values of I varied
among experiments. To emphasize relative variations, values are ex-
pressed as a percentage of the maximum intensity within a given graph.
In some cases, fluorescence was assessed by eye on a 0-to-3 scale. The two
methods yielded very similar curves when performed on the same sam-
ples. Here it was used only for Figure 2, A and B. Statistical analyses were
performed with Excel. We used differences in the size of standard devia-
tions (as percentage of means) as an index of intragroup differences in
staining levels. Relative standard deviations are expected to be higher if
cells oscillate with random phases than if they all express similar, consti-
tutive PER levels (Kaneko et al., 2000; Zhang et al., 2010). Confocal
imaging at higher magnification was performed on a Leica SP2 micro-
scope for greater anatomical precision (Figs. 4 A, 5). Maximum intensity
projections were obtained from stacks of 5–20 confocal sections.

Results
The brain clock of rh5;rh61 cryb triple mutant larvae is blind
Because larvae lacking CRY and the BO appear circadianly blind
(Malpel et al., 2004), and because the BO expresses only two
rhodopsins, RH5 and RH6 (Malpel et al., 2002; Sprecher et al.,
2007), we tested whether removing them and CRY would prevent
light entrainment of the larval brain clock. In triple mutant lar-
vae, PER expression in all five LNs and in the DN2s was clearly
unsynchronized to the LD cycle (Fig. 1A,B). PER expression var-
ied widely from cell to cell, even within a single brain hemisphere
(Fig. 1A). In contrast, PER levels in the DN1s were moderate and
very similar in all such cells, at both ZT1 and ZT13. This resulted
in a narrower dispersion of measurements (compare error bars
for the DN1s and the DN2s in Fig. 1B; see also below), suggesting
lack of oscillations in the DN1s versus unsynchronized oscilla-
tions in the LNs and DN2s. Similar results were obtained with
GMR-hid;;cry02 larvae (data not shown). Oscillations in LNs and
DN2s, in turn, suggest the molecular clock is functional in these

cells, but cannot be light-entrained. By contrast, temperature cy-
cles effectively entrained all larval clock neurons (data not
shown), further excluding a core clock defect in the triple mutant.

To confirm lack of entrainment of the triple mutants, we per-
formed two additional experiments, which gave similar results,
with six time points on the first day in DD. PER expression from
one of these is quantified in Figure 1C, and compared to expres-
sion in larvae of the same genotype in the same experiment, but
which were never exposed to light (see Material and Methods).
Under both conditions, variations over time were significant, but
their amplitude was much less than the cycling amplitude in con-
trol larvae. In contrast to the triple mutant, all three double
mutants, with only one of the RH5, RH6, or CRY proteins still
functional, displayed strong PER oscillations in all larval clock

Figure 2. PER oscillations in larval brains of doubly defective photoreceptive mutants. The
rh52;cryb and rh61cryb mutants were tested on the first day in DD after LD entrainment at CT0
(subjective light-on) and CT 13 (1 h after subjective light-off). Representative brains for these
two genotypes are shown in Figure 3. rh52;rh61 mutants were tested in LD at ZT0 and ZT13. Note
that PER oscillations in the DN2s are in antiphase with oscillations in the other clock neurons, as
previously described (Kaneko et al., 1997).
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neurons (Figs. 2A–C, 3). Together, our results thus demonstrate
(1) that each of the three photoreceptive molecules is able, on its
own, to entrain all larval clock neurons and (2) that together they
provide the only light inputs to the larval brain clock.

Entrainment of the DN1s through the visual system
requires PDF
Because the CRY-expressing DN1s are entrained even in the cryb

mutant (Kaneko et al., 2000) (and Fig. 2A,B), they could be
directly connected to the BO, especially in view of their reported
ventral projection toward the larval visual neuropil (Kaneko and
Hall, 2000; Helfrich-Förster et al., 2007a). They could also receive
an indirect input from the LNs, e.g., via PDF, like the DN2s (Picot
et al., 2009). Indeed, a dendritic-like arborization from the DN1s
was detected close to the dorsal projection of the LNs (Fig. 4A),
similar to (but less extensive than) the arborization from the
DN2s (Picot et al., 2009). When entrained by LD cycles, cryb pdf01

larvae displayed strong PER and TIM oscillations only in the five
LNs, but not in the DN2s or in the DN1s (Fig. 4B,C). The disper-
sion of PER and TIM labeling was significantly lower for the
DN1s than for the DN2s at all time points (Fig. 4B,C), again
suggesting lack of oscillations in the DN1s versus unsynchronized
oscillations in the DN2s.

CRY and the visual system can entrain the fifth (PDF �) LN
The fifth LN appears to arborize very similarly to the PDF� LNs
(Helfrich-Förster et al., 2007a), in particular at the level of larval
optic neuropil (Fig. 5). The fifth LN could thus also receive direct
input from the larval visual system independently of the PDF
cells. This would account for its entrainment by the visual system
in the absence of PDF (Picot et al., 2009). Alternatively, it could
receive an indirect input through PDF-independent signaling
from the PDF cells. To functionally test this possibility, we used

UAS-hid UAS-rpr;; Gal1118/� cryb larvae, devoid of the PDF�

LNs (Malpel et al., 2002) and of functional CRY. PER robustly
oscillated in their fifth LN, with almost no labeling at the begin-
ning of the night (Fig. 6A). In fact, it was the only entrained clock
neuron in such brains. As expected in the absence of both CRY
and PDF signaling, neither of the two DN groups displayed any
PER oscillations. As in Figures 1B and 4, B and C, comparison of
their respective error bars suggests absence of oscillations in the
DN1s versus unsynchronized oscillations in the DN2s.

In the absence of a functional visual system (rh52;rh61 double
mutant), with only CRY as photoreceptive molecule, the CRY�

fifth LN can still be entrained (Fig. 2C). This CRY-dependent,
non-cell-autonomous entrainment pathway does not involve
PDF because it is preserved in the rh52;rh61 pdf0 triple mutant
(Fig. 6B).

We conclude that the fifth LN can perceive light from the
visual system without a relay via the PDF� LNs, but rather, most
likely, via a direct connection. In addition, the fifth LN can be
entrained via another non-cell-autonomous pathway that is CRY
dependent and PDF independent.

cry mutations do not restore wild-type oscillations to the
PDF � LNs in LL
In wild-type adult flies, intense constant light abolishes activity
rhythms (Emery et al., 2000a) and clamps down PER expression
at very low levels in the clock neurons (e.g., Picot et al., 2007). The
cryb mutation restores high-amplitude behavioral and molecular
rhythmicity, particularly in the s-LNvs (Emery et al., 2000a;
Rieger et al., 2006; Picot et al., 2007). In the wild-type larval brain,
as expected, LL abolished PER oscillations and strongly sup-
pressed PER levels in the six CRY�, i.e., the PDF� LNs and the
DN1s (Fig. 7A). The same result was obtained in GMR-hid larvae
(data not shown), demonstrating that CRY is sufficient to medi-

Figure 3. PER oscillations in larval brains of rh61cryb and rh52;cryb mutants after LD entrainment. PER immunoreactivity is shown on the left parts of the panels (red in middle) at CT0 and CT13,
from projections of Apotome confocal stacks. PDF labeling (green in middle) was used to distinguish the four PDF � LNs, and anti-CLK labeling (right, and blue in middle) was used to confirm
localization of the other five clock neurons.
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ate this abolition of molecular cycling. In
contrast, PER oscillations in the other
three clock neurons, i.e., the PDF� fifth
LN and the DN2s, were little affected by
LL (compare with DD on right panel of
Fig. 7A). This is consistent with their com-
plete lack of CRY expression (Klarsfeld et
al., 2004). In the cryb mutant, the DN1s
too were not affected by LL, whereas PER
oscillations and levels were still severely
disrupted in the PDF� LNs (Fig. 7B). Re-
moving either RH5 or RH6 in a cryb back-
ground partially restored PER oscillations
in the latter cells (Fig. 7C), suggesting that
both rhodopsins contribute to producing
the full effect of LL on the PDF� cells.

To confirm the suppression of oscilla-
tions, rather than a change in their phase,
we performed two additional experiments
in LL, with four time points. Also, to bet-
ter evaluate clock function, brains were si-
multaneously labeled with PER, TIM, and
PDP1 (and PDF) antisera. To exclude any
residual CRY function that may have con-
tributed to the cryb phenotype, cry0 rather
than cryb larvae were used. Figure 8 shows
quantification of PER and TIM expres-
sion in the PDF� CRY� LNs and in the
PDF� CRY� fifth LN in three different
genotypes. It confirms almost complete
cessation of molecular rhythms specifi-
cally in the PDF � LNs of cry0 larvae (Fig.
8, compare A and B with C and D, re-
spectively). PDP1 rhythms in these lat-
ter cells were also severely blunted (data
not shown). In contrast, their PER and
TIM oscillations were at least partly re-
stored when one of the two larval
rhodopsins was missing in a cryb back-
ground (Fig. 8 A, B).

Constant red light abolishes wild-type
PER oscillations in the PDF � larval LNs
via RH6
Because LL has a CRY-independent effect
on PER oscillations in the larval PDF�

LNs, we reasoned that constant red light
(�600 nm), which does not activate CRY,
may disrupt PER oscillations in wild-type
larvae. This was indeed the case (Fig. 9A).
As expected from the results in LL with the
cryb mutant, PER oscillations were not af-
fected in the other brain clock cells. The
effect of RR in the PDF� LNs was strongly
suppressed by the rh61 (Fig. 9B) but not
the rh52 mutation (Fig. 9C), consistent
with the described wavelength-dependent
responses of the corresponding photopigments (Salcedo et al.,
1999; Hanai et al., 2008). Surprisingly, RH6 and NORPA (no
receptor potential A) were present all along the larval visual
nerve, down to its terminal (Fig. 10). Such extended expression
has not been observed in the adult visual system for either the
Hofbauer-Büchner eyelet (Yasuyama and Meinertzhagen, 1999;

Malpel et al., 2002) or the retinal photoreceptors (Wernet et al.,
2006).

Discussion
The larval brain clock and its light inputs are generally considered
much simpler than their adult counterparts. We find here that

Figure 4. PDF signaling and synchronization of the DN1s. A, The larval DN1s have a dendritic-like arborization in close associ-
ation with the PDF projections. This confocal projection was obtained from a cry-gal4 –39/UAS-CD8-GFP larval brain labeled with
an anti-PDF antiserum (right, and red in middle). Note that the DN1s can be further identified from a faint cross-talk signal in the
red channel, since this sample was also labeled with anti-PER. B, C, PER (B) and TIM (C) oscillations in crybpdf0 larval brains.
Labeling and quantitation were performed as described in Figure 1, except that dissections were done at two additional time points
in LD conditions, and that the anti-PDF antiserum was replaced by anti-TIM. Similar results were obtained in three (PER) or two
(TIM) independent experiments. Relative standard deviations of PER and TIM labeling were significantly higher in the DN2s than in
the DN1s (Student’s t tests on the four time-point values, p � 0.01 for PER and p � 0.05 for TIM). White and black horizontal bars
indicate the light and dark portions, respectively, of the LD cycle.
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larvae, with only nine clock neurons and 12 photoreceptors on
each side, nevertheless display four distinct combinations of light
inputs (Fig. 11 and Table 1).

Anatomical data (Kaneko et al., 1997; Malpel et al., 2002) and
the present work show that PDF� LNs are the only brain cells to
perceive light both cell autonomously (via CRY) and through a
direct connection to the visual system. They thus appear to be the
main players responsible for synchronizing the larval brain clock
network to LD cycles. The DN2s, in contrast, possess neither type
of light input, but play a major role in the temperature entrain-
ment of the clock (Picot et al., 2009). We previously showed that
the DN2s are intrinsically blind and must rely on PDF signaling
from the LNs to synchronize to LD cycles (Picot et al., 2009). We
now show that the other dorsal group, the DN1s, is also sensitive
to PDF signaling. In the absence of functional CRY, PDF is re-
quired to synchronize DN1s by light, as demonstrated by the lack
of PER oscillations in the DN1s of the cryb pdf0 double mutant.
This is consistent with the presence of a dendritic-like arboriza-
tion from the DN1s close to the dorsal projection of the LNs. On
the other hand, it tends to exclude a functional connection be-
tween the DN1s and the larval visual system, in agreement with
the absence of DN1 neurites reaching the Bolwig’s nerve termi-
nals (Kaneko and Hall, 2000).

The PDF-dependent entrainment of both DN1s and DN2s by
the visual system also indicates that the fifth LN, although pro-

jecting largely like the PDF� LNs
(Helfrich-Förster et al., 2007a), cannot
synchronize the DNs. However, the fifth
LN might be involved in RH5-dependent
acute larval responses to light, which do
not require the PDF� LNs (Hassan et al.,
2005; Keene et al., 2011). The entrainment
of the fifth LN in the absence of both CRY
and the PDF� LNs suggests a direct con-
nection to the visual system, in agreement
with its arborization in the larval optic
neuropil. Recent single-cell analysis in-
deed revealed this arborization to be even
broader than that of the PDF� LNs
(Keene et al., 2011). However, such con-
nection to the visual system does not allow
constant light to disrupt PER oscillations
in the fifth LN, contrary to the PDF� LNs,
suggesting different downstream signaling
in these two types of visual system targets.
Finally, our results suggest a hitherto unsus-
pected connection between some CRY�

neurons and the fifth LN. This connection
does not rely on PDF and could be directly
from the DN1s or the PDF� LNs, which
both have projections in the vicinity of the
fifth LN�s projections.

More generally, the fact that the CRY�

fifth LN and DN2s display normal PER
oscillations in the absence of a functional
visual system is consistent with CRY
transmitting light information in a non-
cell-autonomous way. This has already
been proposed in the adult brain for
the three CRY� dorsal lateral neurons
and the DN2s (Helfrich-Förster et al.,
2001; Yoshii et al., 2008; Cusumano et al.,
2009). However, it remains possible that
such nominally CRY� cells in the adult

express very low levels of CRY, as judged from reporter gene
expression (Klarsfeld et al., 2004). In contrast, CRY expression in
the larval 5th LN and DN2s was observed neither with antibodies,
not with any reporter lines. The present results make it even less
likely, because constant light does not affect these neurons at all.

The role of the PDF neuropeptide in the light entrainment of
the DN1s and DN2s appears somewhat different for the two sub-
groups. First, PDF sets the DN1s and DN2s to very different
phases: the DN2s are set in antiphase with the LNs (Kaneko et al.,
1997; Picot et al., 2009), whereas the DN1s are set in phase with
the LNs. This suggests that the corresponding signaling cascades
differ somewhere downstream from the PDF receptor. In addi-
tion, the dispersion of cell labeling intensities suggests that unen-
trained DN2s oscillate, although asynchronously (even within
a single brain hemisphere), while unentrained DN1s do not, but
rather express constant, moderate PER and TIM levels. The same
may hold true for completely blind larvae (rh52;rh61 cryb). While
the LNs and DN2s seem to oscillate with random individual
phases, all DN1s display very similar PER levels. This implies that,
in LD, PDF may be needed not only to synchronize but to trigger
(or at least maintain until the third larval stage) DN1 oscillations
in the absence of CRY activation. In contrast, PDF synchronizes persis-
tent autonomous oscillations in the DN2s. The non-autonomous cy-
cling of the CRY-expressing DN1s suggests that they may have an

Figure 5. Arborization pattern of the fifth LN. Projection of a confocal stack from a w;tim-gal4/UAS-CD8-GFP;cry-gal80/�
larval brain labeled with anti-PDF antibodies. Due to cry-gal80, there is no coexpression of GFP (left, and green in middle) and PDF
(right, and red in middle) as can be seen clearly at the level of the PDF � somas. The fifth LN displays a large dendritic arborization
(arrowhead) in the larval optic neuropil, where a few PDF � fibers can also be seen. Its dorsal projection is less clear, due to the
extensive arborization of the DN2s, as well as weaker labeling of adult clock cells, which begin to express tim-gal4 in the third larval
stage (Helfrich-Förster et al., 2007). A large GFP � non-clock cell, which projects medially, is slightly out of focus (asterisk).

Figure 6. PER oscillations in larvae lacking either the PDF � LNs and CRY, or PDF and all visual input. A, Entrainment was limited
to 3 d, starting only after 3– 4 d in DD, to allow enough time for Gal1118-driven hid and rpr expression (initiated during the last
embryonic stage) to kill the PDF � LNs before the first lights-on (see Material and Methods). Labeling and quantitation were
performed as described in Figure 1 (except that only 10 brain hemispheres were used for the ZT14 time point). B, rh52;rh61pdf0

triple mutants were entrained and dissected in parallel with the larvae used for A.
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important role in synchronizing the net-
work to LD cycles. Conversely, the capac-
ity of the DN2s for autonomous cycling in
the absence of light cues may relate
to their specific role in temperature
entrainment.

Lack of entrainment by light was pre-
viously reported for the LNs and the DN1s
in norpAP41;;cryb larvae, while, rather sur-
prisingly, molecular oscillations were still
detected in their DN2s (Kaneko et al.,
2000). While the DN2s require PDF to en-
train in LD, they appear to entrain to tem-
perature cycles very efficiently on their
own (Picot et al, 2009). This means one
cannot exclude the possibility that, in the
Kaneko et al. (2000) study, small temper-
ature changes induced by the LD cycles
weakly entrained these neurons, but not
the others in the Kaneko et al. (2000)
study. Alternatively, the DN2s might
collect light information from a NORPA-
independent pathway. NORPA-inde-
pendent photoreception appears to
participate in adult circadian photorecep-
tion (Stanewsky et al., 1998).

Our results show that RH5, RH6, and
CRY are the only light input pathways for
synchronizing the larval clock neurons to
LD cycles. RH5, RH6, and CRY are each
sufficient alone to entrain all these neu-
rons, whereas, in the adult, some clock
neurons fail to entrain in the absence of
CRY (Helfrich-Förster et al., 2001; Cu-
sumano et al., 2009). At least two more
rhodopsins, including RH1 and a UV-
blue one (RH3 and/or RH4), participate
in the adult (Hanai and Ishida, 2009), so
that all available rhodopsins in the adult
eye may also be involved in entraining the
clock. Recently, at least two classes of lar-
val sensory neurons, outside BO, have
been shown to express visual transduction
components (Shen et al., 2011; Xiang et
al., 2010). One of these two is involved in
thermal preferences, with RH1 as the pre-
sumed temperature sensor, while the
other mediates rhodopsin-independent
avoidance of very high light intensities. At
least in the conditions used here, these
novel sensory pathways do not seem to
contribute to circadian light entrainment.

Interestingly, constant light, acting CRY
independently through the visual system,
can abolish or greatly disturb oscillations in
the PDF� LNs of larvae (present results) but
not adults (Peschel et al., 2006; Rieger et al.,
2006; Picot et al., 2007). Similarly, the larval
visual system is required for fast TIM degra-
dation in the LNs at the end of the night
(Mazzoni et al., 2005), although CRY may
also be necessary (Ivanchenko et al., 2001).
The PDF� LNs of eyeless adult flies, in con-

Figure 7. PER oscillations in constant light or constant darkness. Labeling and quantitation were performed as described
in Figure 1. A, B, Wild-type (A) and cryb (B) third-instar larval brains were dissected during the second day in constant
darkness or constant light following LD entrainment. In constant light, we consistently observed lack of PER expression for
the wild-type PDF � LNs versus weak antiphase PER oscillations for the cryb PDF � LNs. In contrast, the amplitude of PER
oscillations in the DN2s was quite variable. C, rh61cryb and rh52;cryb third-instar larval brains were dissected during the
second day in constant light.

Figure 8. PER and TIM oscillations in constant light. Third-instar larval brains of the indicated genotypes were dissected during
the second day in constant light, and simultaneously labeled with PDF, PER, and TIM antibodies. A, C, Quantitation of PER labeling
in the four PDF � LNs (A) and in the PDF � fifth LN (C). B, D, Same for TIM labeling. White and light gray horizontal bars indicate the
light and dark portions, respectively, of the preceding LD cycle.
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trast, seem to respond normally even to a very short light pulse (Yang
et al., 1998), suggesting that the visual system is dispensable for the
response to light pulses in adults, but not larvae. The different sensi-
tivity of the larval clock to visual system inputs could be related to the
change in signaling pathways that occurs as the larval cholinergic
visual system (Yasuyama et al., 1995) develops into the adult hista-
minergic visual system (Pollack and Hofbauer, 1991; Melzig et al.,
1996). Moreover, contrary to the adult situation, the larval visual
nerve may be light sensitive all along its length, down to its connec-
tion with the LNs, as judged from RH6 and NORPA expression.
How visual system signaling ultimately affects the clock, whether in
larvae or adults, remains to be discovered.

Both RH5� and RH6� BO photoreceptors contribute to the
light responses of the larval brain clock that were tested, i.e.,
entrainment in LD and disruption of LN rythmicity in LL. Simi-
larly, both photoreceptor types are equally able to suppress TIM
levels in the LNs after a 2 h light exposure at the beginning of the
night (Keene et al., 2011). In contrast, RH5 fibers alone specifi-
cally mediate acute larval responses to light (Hassan et al., 2005;
Keene et al., 2011), while RH6 fibers alone are specifically re-
quired for the development of a serotonergic arborization that
also contacts the LNs (Rodriguez Moncalvo and Campos, 2005).
That RH6 activation strongly disrupts molecular oscillations in

the LNs even in RR was, however, not anticipated. In the adult,
RR does not affect molecular (A. Klarsfeld and F. Rouyer, unpub-
lished results) or activity (Cusumano et al., 2009) rhythms.

Activation of RH6 above 600 nm is less than a few percent of
peak activation at �510 nm (Salcedo et al., 1999). This suggests
that the clock of the larval LN is extremely sensitive to red light,
which may explain why no larval activity rhythm was recorded in
a study that used video tracking in constant red light (Sawin et al.,
1994). A strong sensitivity of larvae to the more penetrating, lon-
ger wavelengths of light may be related to their burrowing
lifestyle.
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(2001) Defining the role of Drosophila lateral neurons in the control of
circadian activity and eclosion rhythms by targeted genetic ablation and
PERIOD protein overexpression. Eur J Neurosci 13:871– 888.
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Table 1. Cryptochrome and the visual system define four combinations of light
inputs to the clock neurons in the Drosophila larval brain

Light inputs

Neuronal group

PDF � LN 5th LN DN1 DN2

CRY �a �b � via PDF
Visual system � � via PDF via PDF
a� indicates that these neurons can sense light via the corresponding input pathway without any intermediate
neuronal connection.
bThis neuron can also perceive light indirectly via CRY � neurons, in a PDF-independent fashion.
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