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Summary

Entrainment of the Drosophila circadian clock to light
involves the light-induced degradation of the clock
protein timeless (TIM). We show here that this entrain-
ment mechanism is inhibited by serotonin, acting
through the Drosophila serotonin receptor 1B (d5-
HT1B). d5-HT1B is expressed in clock neurons, and
alterations of its levels affect molecular and behav-
ioral responses of the clock to light. Effects of d5-
HT1B are synergistic with a mutation in the circadian
photoreceptor cryptochrome (CRY) and are mediated
by SHAGGY (SGG), Drosophila glycogen synthase ki-
nase 3� (GSK3�), which phosphorylates TIM. Levels
of serotonin are decreased in flies maintained in ex-
tended constant darkness, suggesting that modula-
tion of the clock by serotonin may vary under dif-
ferent environmental conditions. These data identify
a molecular connection between serotonin signaling
and the central clock component TIM and suggest a
homeostatic mechanism for the regulation of circa-
dian photosensitivity in Drosophila.

Introduction

The circadian clock in Drosophila consists of inter-
locked, molecular feedback loops that drive circadian
oscillations of gene and protein expression (Williams
and Sehgal, 2001). In the major loop, the period (PER)
and timeless (TIM) proteins negatively regulate synthe-
sis of their own mRNAs in a rhythmic fashion, resulting
in cycling mRNA and protein levels. The cycling of
clock proteins also depends upon tightly controlled
turnover, which is regulated by the action of several ki-
nases and phosphatases, including casein kinase I and
II, protein phosphatase 2A, and glycogen synthase ki-
nase 3β (Akten et al., 2003; Kloss et al., 1998; Lin et
al., 2002; Martinek et al., 2001; Sathyanarayanan et al.,
2004). Entrainment of the clock to light is mediated, in
part, by the light-induced degradation of TIM in re-
sponse to photic signals transmitted by the circadian
photoreceptor CRY (Williams and Sehgal, 2001; Lin et
al., 2001).

In addition to CRY, the visual system can entrain the
clock, but the mechanisms involved are not known
(Helfrich-Forster et al., 2001; Yang et al., 1998). It is
clear though that entrainment of the clock is complex
and can occur through multiple pathways. Moreover,
given that the response of the clock to light is different
at different times of day and can also vary based upon
*Correspondence: amita@mail.med.upenn.edu
environmental conditions, it is likely to be modulated
by other systems (Hall, 2000; Refinetti, 2003). In mam-
mals, one such system is that of the neurotransmitter
serotonin (5-hydroxytryptamine [5-HT]). Serotonin has
an important role in the modulation of various physio-
logical functions and complex behaviors such as loco-
motion, learning and memory, feeding, addiction, and
aggression (Buhot et al., 2000; Gaspar et al., 2003). With
respect to the mammalian circadian system, it is impli-
cated in entrainment, particularly in mediating nonpho-
tic phase shifts, and sleep (Glass et al., 2003; Morin,
1999). Consistent with a role for serotonin in circadian
modulation, the hypothalamic suprachiasmatic nucleus
(SCN), the central circadian oscillator in mammals, re-
ceives photic input through the retinohypothalamic
tract (RHT), as well as dense serotonergic innervation
(Pickard and Rea, 1997). Among others, the mammalian
5-HT1A receptor, the major autoreceptor that regulates
the release of serotonin from the dorsal raphe, is asso-
ciated with the regulation of circadian behavior and
sleep (Boutrel et al., 2002; Horikawa et al., 2000; Smart
and Biello, 2001). However, despite studies implicating
serotonin signaling in the circadian system, its clear
role and mechanism of action remain elusive (Morin,
1999).

In insects, serotonin is implicated in visual system
function and, to a limited extent, in circadian rhythms
(Cymborowski, 1998; Meinertzhagen and Pyza, 1999;
Page, 1987; Saifullah and Tomioka, 2002). However, lit-
tle is known about serotonin signaling in Drosophila,
the insect most used for molecular analysis of circadian
rhythms. In this report, we assayed the effects of sero-
tonin on Drosophila circadian rhythms using pharmaco-
logical, genetic, and molecular approaches. We focused
on one subtype of Drosophila serotonin receptors, d5-
HT1B, an ortholog of the mammalian 5-HT1A receptor.
d5-HT1B is expressed in the clock network and affects
circadian light sensitivity by decreasing the activity of
GSK3β, which, in turn, produces increased stability of
TIM. Our data indicate that serotonin affects the post-
translational control of clock proteins and establish a
physiological role for it in regulating Drosophila circa-
dian photosensitivity.

Results

Serotonin Reduces Circadian Photosensitivity
in Drosophila
In mammals, serotonergic agents induce phase shifts
in the behavioral rhythm similar to those produced by
nonphotic stimuli such as locomotor activity (Glass et
al., 2003). To address a role for serotonin in entrainment
in Drosophila, we first subjected adult flies to acute
treatment (10 min) with serotonin at different circadian
times in constant darkness (DD). Under these condi-
tions, we saw no evidence for a significant phase shift
produced by serotonin treatment (data not shown). Ex-
tended treatment (24 hr) with agents that increase the
level of extracellular serotonin, such as the synthesis
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precursor 5-Hydroxy-L-tryptophan (5-HTP) and the re-
uptake inhibitor fluoxetine hydrochloride (Prozac), did
not produce phase shifts either. However, these treat-
ments had an effect on light-induced phase shifts. Cir-
cadian photosensitivity in wild-type flies was measured
as the magnitude of the phase shift induced by a short
light pulse in the late night. Flies were first entrained to
a 12:12 light:dark (LD) cycle, then transferred to DD and
pulsed on the first day of DD at circadian time (CT) 20,
which is 8 hr into the subjective dark period. The shift
in phase was determined by comparing daily activity
offsets in pulsed flies and unpulsed controls prior to
and after the light pulse. We used light pulses of two
different light intensities. As demonstrated by previous
studies (Suri et al., 1998; Yang et al., 1998), the magni-
tude of the phase shift depends upon the dose of the
light pulse, and so a larger shift was observed with the
more intense pulse. 5-HTP, Prozac, and another reup-
take inhibitor, citalopram, reduced light-induced phase
shifts significantly, particularly in response to the high
intensity light pulse (Figure 1A), suggesting that in-
creased serotonin levels lead to decreased light re-
sponses in flies.

To identify possible sites of interaction between the
serotonin and circadian systems in Drosophila, we de-
termined their relative distribution in the fly brain. Pig-
ment-dispersing factor (PDF) is a marker for the ventral
lateral neurons (LNvs), which are a major component of
the Drosophila central clock (Renn et al., 1999). Adult
fly brains expressing green fluorescent protein (GFP)

F
under control of the Pdf promoter were stained with an S
anti-serotonin antibody. As previous described (Lundell

(
and Hirsh, 1994; Valles and White, 1988), cell bodies p
and projections of serotonergic neurons were observed t

ain distinct areas of the brain. These include a cluster
blocated in the posterior lateral subesophageal gan-
pglion, which will henceforth be called SE5HT-IR. Sero-
itonergic neurons were also observed close to the cell
c

bodies of the LNvs (Figure 1B). Using an mCD8::GFP d
reporter, we also found that large and small LNvs n

s(l-LNvs and s-LNvs) receive projections from Dopa De-
(carboxylase (Ddc)-expressing cells (data not shown).
sAlthough Ddc is expressed in dopaminergic and sero-
btonergic neurons, in general these observations are
U

consistent with the reported close spatial association s
of serotonergic systems and clock cells in other organ- S

lisms (Meinertzhagen and Pyza, 1999; Pickard and
(Rea, 1997).
(

Characterization of the d5-HT1B Receptor
The role of the mammalian 5-HT1A receptor in many s

panimal behaviors, including aggression and sleep, was
demonstrated through pharmacological treatments and r

5knockout mouse models (Boutrel et al., 2002; Ramboz
et al., 1998). However, the involvement of this receptor t

vin circadian regulation is supported only by pharmaco-
logical studies and thus is still uncertain (Smart and (

aBiello, 2001). Of the four serotonin receptors identified
in the Drosophila genome, the closest ortholog of the m

mmammalian 5-HT1A receptor is the Drosophila seroto-
nin receptor subtype 1B (d5-HT1B), with 43% sequence

psimilarity between the two receptors (Saudou et al.,
1992). To investigate a possible role of this receptor o
igure 1. Inhibition of Drosophila Circadian Light Sensitivity by
erotonin

A) Serotonergic agents reduce phase advances induced by a light
ulse at CT20. Compared to mock-treated flies (n = 21), flies

reated with Prozac (1 mg/ml) (n = 16), 5-HTP (2 mg/ml) (n = 14),
nd citalopram (1 mg/ml) (n = 26) showed significantly (**p < 0.01,
y Student’s t test) reduced phase advances in response to a light
ulse of w2500 lux at CT20. Similar results were seen using a low-

ntensity light pulse of w250 lux. Each drug-treated group was
ompared to mock-treated flies. Error bars represent SEM. The
rug treatments alone (Prozac, n = 14; 5-HTP, n = 21; citalopram,
= 15; mock, n = 15) produced no significant phase shift and

erved as control.
B) Clock cells (ventral lateral neurons) are in close proximity to
erotonergic neurons in the adult fly brain. An anti-serotonin anti-
ody (magenta) was used to stain adult brain tissue of Pdf-Gal4/
AS-GFP (green) flies. A group of neurons that stained positive for
erotonin in the subesophageal ganglion region is labeled as
E5HT-IR and indicated with an arrow. OL, optic lobe; LNv, ventral

ateral neuron. (Top panel) Projection of a stack of confocal images
40× magnification). (Bottom panel) A 0.5 �m thick optical section
100× magnification).
ubtype in circadian rhythms, we first assayed the
roperties of d5-HT1B in an S2 cell culture system. In

esponse to serotonin and to 8-OH-DPAT, a mammalian
-HT1A receptor specific agonist, the d5-HT1B recep-
or was internalized in intracellular vesicles and acti-
ated downstream mitogen-activated protein kinase
MAPK) (see Figure S1 in the Supplemental Data avail-
ble with this article online). Thus, this receptor shares
olecular and pharmacological properties with its mam-
alian counterpart (Albert and Tiberi, 2001).
There is virtually no information about the expression

attern or the role of d5-HT1B in adult flies. We initiated
ur analysis of this receptor by determining its spatial
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Figure 2. The Spatial Expression Pattern of d5-HT1B in Fly Brains

(A) The d5-HT1B mRNA is expressed in larvae and in adult brains.
Flies expressing GFP-NLS under control of d5-HT1B-Gal4 were
collected as third instar larvae (left) or as adults (right). MB, mush-
room bodies; DGI, dorsal giant interneurons; MN, midline neurons
in the ventral ganglion.
(B) The d5-HT1B promoter is expressed in LNvs. (Left) d5-HT1B-
Gal4-driven GFP-NLS expression in the LNvs and optic lobes.
Large (l-LNvs) and small (s-LNvs) LNvs are indicated by arrows and
arrowheads, respectively. (Middle) Anti-PDF staining (magenta)
shows the cell bodies and the projections of the LNvs into the optic
lobes. (Right) Overlay image.
(C) d5-HT1B is expressed in the SE5HT-IR neurons. (Left) d5-HT1B-
Gal4-driven GFP-NLS expression in the SE5HT-IR cells in the lower
subesophageal ganglion region (SOG). (Middle) Anti-serotonin
staining (magenta). (Right) Overlay image.
(D) The d5-HT1B protein expression pattern in the midbrain region
of the adult fly. Frontal views show the expression of GFP-NLS
driven by d5-HT1B-Gal4 (left, green) and the pattern detected with
an anti-d5-HT1B antibody (right, magenta). Arrows point to the pars
receptor, we determined the temporal expression pat-

intercerebralis neurons (PI). Large arrowheads indicate the calyces
(ca) of the mushroom body, while small arrowheads point to a
group of cells below the β and γ lobes of the mushroom body.
(E) Expression of d5-HT1B in LNvs. GFP-NLS driven by Pdf-Gal4
(green) was used as a marker for LNvs. d5-HT1B signals (magenta)
were observed in cell bodies of LNvs.
expression pattern. We generated transgenic flies con-
taining a genomic fragment of the d5-HT1B upstream
region fused to GAL4. The d5-HT1B-GAL4 driver was
crossed to UAS-GFP transgenic flies, and the expres-
sion pattern of the d5-HT1B promoter was then visual-
ized through fluorescence microscopy. The expression
of d5-HT1B is initiated in the late embryonic stage and
continues through all developmental stages, with abun-
dant expression in both larval and adult central nervous
systems. In the adult fly brain, d5-HT1B expression was
observed in the mushroom body, the pars intercere-
bralis (PI) neurons, a subgroup of dorsal neurons, the
LNvs, the optic lobes, and SE5HT-IR neurons (Figure
2A). To avoid transactivation caused by insertion sites
of the Gal4 driver, multiple transgenic lines carrying in-
dependent insertions of the Gal4 driver on different
chromosomes were tested, and similar patterns of GFP
expression were observed (data not shown).

To determine the relationship of d5-HT1B-expressing
neurons to serotonergic neurons and clock neurons,
d5-HT1B-Gal4/UAS-GFP fly brains were costained for
serotonin and PDF expression. The colocalization of
d5-HT1B and PDF in larval (data not shown), as well as
adult fly brains (Figure 2B), indicates that the receptor
is expressed in LNvs at both stages; in adults it is ex-
pressed in large and small LNvs. There was no signifi-
cant overlap of d5-HT1B and serotonin expression in
the midbrain and the optic lobes (data not shown).
However, the expression of d5-HT1B in the SE5HT-IR
neurons suggests that it might function as an autore-
ceptor in these cells (Figure 2C).

To study the expression pattern of the d5-HT1B pro-
tein, we generated a polyclonal antibody against the
third intracellular loop of the receptor. The antibody re-
acts specifically with a protein of molecular weight w70
kDa (which matches the predicted size of the d5-HT1B
protein) in fly head extracts. No such signal was ob-
served with either preimmune serum from the immu-
nized animal or with antiserum preabsorbed with puri-
fied d5-HT1B protein (data not shown). In adult brain
whole mounts, immunostaining using this antibody
generated signals in the mushroom bodies, LNvs, dor-
sal neurons, PI neurons, and optic lobes (Figure 2D). As
noted above, the same structures were labeled in the
d5-HT1B-Gal4/UAS-GFP flies, indicating good agree-
ment between the two methods used to visualize re-
ceptor expression. The stronger signals obtained with
the antibody in the large LNvs (Figure 2E) and the PI
neurons, and the relatively weaker signals in the small
LNvs and the mushroom bodies, may be indicative of
altered receptor stability in these cells. Sections of
adult heads did not indicate any expression of d5-HT1B
in the eye (data not shown).

To test possible circadian regulation of the d5-HT1B
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tern of the d5-HT1B transcript and protein using RNase (
(protection assays and Western blots, respectively.

There was no significant circadian variation in RNA or c
rprotein levels of d5-HT1B in the presence of LD cycles

or in DD (Figure S2A). However, receptor levels were i
faffected in clock mutants. Levels were upregulated in

timeless (tim01) flies and downregulated in cycle (cyc0) d
iflies (Figure S2B), suggesting possible effects of the cir-

cadian system on d5-HT1B protein levels. e
G
pOverexpression of d5-HT1B Reduces Drosophila

Circadian Light Sensitivity (
(d5-HT1B is expressed in clock cells, where it could me-

diate the effects of serotonin on the circadian system. e
sWe investigated a possible association of d5-HT1B

with the inhibitory effect of serotonin on circadian light w
tresponses by genetically modifying levels of d5-HT1B.

To increase levels of d5-HT1B, we generated trans- c
tgenic flies carrying a UAS-d5-HT1B construct and used

different Gal4 driver lines to drive its expression. The 1
pdrivers included tim-Gal4, which gives high-level ex-

pression in neurons associated with circadian function, s
Esuch as the lateral neurons; GMR-Gal4, which has an

eye-specific expression pattern; elav-Gal4, which is f
nexpressed panneuronally; and d5-HT1B-Gal4, which

targets overexpression to cells that normally express t
d5-HT1B. Increased d5-HT1B protein levels in the over-
expression flies were confirmed by Western blots (Fig- a

Ture S3A).
The rest-activity rhythms of d5-HT1B-overexpressing d

fflies in LD cycles and in DD were similar to those of
wild-type flies (Table 1). We also tested the effects of f
Table 1. Behavioral Phenotype of Flies with Modified d5-HT1B Levels

Environmental Percent Period Length FFT Relative
Genotype Conditions No. Rhythmic (Hour ± SEM) Power ± SEM

Overexpression

tim-Gal4/UAS-1B DD 31 96.8 24.25 ± 0.13 0.149 ± 0.016
UAS-1B DD 31 100 23.32 ± 0.07 0.212 ± 0.020
tim-Gal4 DD 15 100 24.07 ± 0.10 0.121 ± 0.010
UAS-1B, UAS-SGG10 DD 45 91.1 23.62 ± 0.04 0.123 ± 0.010
tim-Gal4/UAS-SGG10 DD 41 87.8 18.01 ± 0.05 0.079 ± 0.004
tim-Gal4/UAS-1B, UAS-SGG10 DD 21 95.2 19.85 ± 0.13 0.058 ± 0.003
UAS-1B, UAS-SGG10 (A81T) DD 21 95.2 23.38 ± 0.07 0.085 ± 0.010
tim-Gal4/UAS-SGG10 (A81T) DD 25 92 23.05 ± 0.06 0.080 ± 0.006
tim-Gal4/UAS-1B, UAS-SGG10 (A81T) DD 25 88 23.30 ± 0.09 0.068 ± 0.006
tim-Gal4/UAS-1B LL (2500 lux) 41 21.9 26.0 ± 1.20 0.109 ± 0.018
tim-Gal4/UAS-1B LL (250 lux) 33 45.5 26.97 ± 0.74 0.123 ± 0.016
UAS-1B LL (2500 lux) 25 0 — —
UAS-1B LL (250 lux) 30 13.3 30 ± 0 0.071 ± 0.017
tim-Gal4 LL (2500 lux) 16 0 — —

Knockdown

elav-Gal4/UAS-1BRNAi LL (<10 lux) 16 100 24.75 ± 0.144 0.188 ± 0.010
elav-Gal4 LL (<10 lux) 16 100 24.16 ± 0.160 0.228 ± 0.025
UAS-1BRNAi LL (<10 lux) 14 92.9 24.19 ± 0.083 0.085 ± 0.010
elav-Gal4/UAS-1BRNAi DD 31 100 23.64 ± 0.039 0.176 ± 0.031
elav-Gal4 DD 21 100 23.44 ± 0.098 0.156 ± 0.019
UAS-1BRNAi DD 14 100 23.85 ± 0.026 0.151 ± 0.010
1B-Gal4/UAS-1BRNAi LL (<10 lux) 32 93.8 24.78 ± 0.170 0.110 ± 0.010
1B-Gal4 LL (<10 lux) 32 100 24.09 ± 0.070 0.164 ± 0.014
UAS-1BRNAi LL (<10 lux) 30 93.8 23.73 ± 0.040 0.080 ± 0.010
1B-Gal4/UAS-1BRNAi DD 16 93.8 23.42 ± 0.046 0.122 ± 0.010
1B-Gal4 DD 16 100 23.38 ± 0.056 0.140 ± 0.012
UAS-1BRNAi DD 15 93.3 23.49 ± 0.160 0.079 ± 0.010
overexpressing d5-HT1B on the cycling of the period
per) clock gene in DD, using a per-luciferase reporter
BG-LUC) construct (Stanewsky et al., 1997). Both the
ycling and the overall levels of BG-LUC were compa-
able to those of control flies (data not shown), confirm-
ng that overexpressing d5-HT1B does not affect clock
unction in free-running conditions. To assay the circa-
ian photosensitivity of these flies, we used the behav-

oral phase shift assay described above. We found that
xpressing d5-HT1B in clock neurons, using the tim-
al4 driver, significantly reduced the magnitude of the
hase shift induced by a short light pulse in the late

CT20) as well as in the early subjective night (CT15)
Figure 3A). Expressing d5-HT1B with a single copy of
ither elav-Gal4 or d5-HT1B-Gal4 also reduced phase
hifts, although to a lesser extent (data not shown). The
eaker effect of these drivers is most likely because

hey do not drive expression of the receptor in clock
ells to the levels obtained with tim-Gal4. In support of
his idea, flies carrying two copies of each of the UAS-
B and d5-HT1B-Gal4 transgenes showed reduced
hase shifts, similar to those produced when expres-
ion of d5-HT1B was driven by tim-Gal4 (Figure 3A).
xpression of d5-HT1B by GMR-Gal4 had no such ef-

ect (data not shown), suggesting that central clock
eurons, instead of photoreceptors cells in the eye, are
he relevant target cells of this inhibitory effect.

Light-induced behavioral phase shifts in Drosophila
re associated with the degradation of the clock protein
IM in LNvs (Suri et al., 1998; Yang et al., 1998). To
etermine if this molecular response was affected in

lies overexpressing d5-HT1B, we exposed entrained
lies to a light pulse at ZT20 and collected them 1 hr
later. Through immunostaining of whole-mount fly brains,
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Figure 3. Overexpression of d5-HT1B Levels Decreases Circadian
Light Sensitivity

(A) Phase shifts are reduced in d5-HT1B-overexpressing flies. Flies
were given a short light pulse (w2500 lux for 2 min) in either the
early night (CT15) or the late night (CT20) on the first day of DD.
The phase delay (negative values) and advances are plotted. Error
bars represent SEM. Genotypes and numbers of flies (in parenthe-
ses) used in each data set are indicated. As compared to UAS-d5-
HT1B (UAS-1B) control flies, tim-Gal4/UAS-d5-HT1B (TG/UAS-1B)
and d5-HT1B-Gal4/UAS-d5-HT1B (1B-gal4/UAS-1B, two copies of
each transgene) flies showed significantly (**p < 0.01, by Student’s
t test) reduced phase shifts.
(B) Light-induced TIM degradation is reduced in flies overexpress-
ing d5-HT1B. Flies were pulsed with light (w2500 lux, 2 min) at
ZT20 and collected 1 hr later, along with unpulsed controls. Fly
brains were fixed immediately and subjected to immunostaining.
Representative confocal images of whole-mount brains costained
with anti-TIM (magenta) and anti-PDF (green) antibodies are
shown.
(C) Quantification of the TIM staining in LNvs. The relative mean
intensity of the TIM signal is plotted. Error bars represent SEM.
After a light pulse, flies overexpressing d5-HT1B had significantly
(p < 0.01, by Student’s t test) higher levels of TIM than control flies.
light-induced TIM degradation in LNvs was measured
and quantified. TIM levels after a light pulse were signif-
icantly higher in flies expressing d5-HT1B under control
of either tim-Gal4 or d5-HT1B-Gal4, as compared to the
controls (Figures 3B and 3C). The effects were more
evident in the small LNvs as compared to the large

LNvs (see Discussion).
Thus, behavioral and molecular experiments indicate
that flies expressing high levels of the d5-HT1B recep-
tor have reduced circadian light responses, similar to
flies treated with serotonergic agents.

RNAi-Mediated Knockdown of d5-HT1B Increases
Circadian Photosensitivity and Eliminates the
Inhibitory Effect of 5-HTP on Light Responses
To further investigate the role of d5-HT1B in circadian
photosensitivity, particularly in the inhibitory effect of
serotonin, we knocked down d5-HT1B expression through
RNA interference using a UAS-d5-HT1B RNAi trans-
gene. The RNAi construct was expressed using the d5-
HT1B-GAL4 driver; this reduced levels of endogenous
d5-HT1B by >70% and decreased levels of overex-
pressed d5-HT1B (Figure 4A). To test the effects of re-
duced d5-HT1B levels on circadian light sensitivity, we
exposed these flies to light pulses of different inten-
sities. d5-HT1B knockdown flies showed significantly
increased phase shifts as compared to control flies
(Figure 4B). To determine if d5-HT1B is required for the
inhibitory effects of serotonin on photosensitivity, we
treated the knockdown flies with 5-HTP and assayed
light-induced phase shifts. As reported above for wild-
type flies, the light response of control flies was inhib-
ited by 5-HTP treatment. However, the same treatment
did not have a significant effect on the d5-HT1B knock-
down flies (Figure 4C). Thus, flies with reduced levels
of d5-HT1B display enhanced light-induced phase
shifts that are not inhibited by 5-HTP treatment.

We also tested the specific role of clock cells in the
effect of d5-HT1B knockdown by using a tim-gal4
driver. Flies in which d5-HT1B was knocked down with
the tim-Gal4 driver showed significantly increased
light-induced phase shifts at low light intensity as com-
pared to control flies. In addition, 5-HTP treatment did
not inhibit the light response of these flies (Figure S4).
Thus, the effect of d5-HT1B knockdown does appear
to be mediated, at least in part, by clock cells, although
the tim-Gal4 driver had less of an effect than the d5-
HT1B-Gal4 driver (see Discussion).

We also measured photosensitivity of the knockdown
flies by assaying them under constant dim light condi-
tions (<10 lux), which typically produce long periods in
wild-type flies (Konopka et al., 1989). As shown in Fig-
ure 4D, expression of the RNAi transgene specifically
in cells that normally express d5-HT1B resulted in cir-
cadian periods significantly longer than those of con-
trols (see also Table 1), suggesting increased circadian
photosensitivity in flies with reduced d5-HT1B levels.
Use of the elav-Gal4 driver produced similar results (Ta-
ble 1). Together, these experiments indicate that d5-
HT1B is part of a mechanism for modulating circadian
photosensitivity and that it mediates inhibitory effects
of serotonin on Drosophila circadian light responses.

d5-HT1B Overexpression and the cryb Mutation
Have Synergistic Effects on Circadian
Photosensitivity
Drosophila circadian light responses are mediated, in
part, by the circadian photoreceptor cryptochrome
(CRY). Flies carrying a mutation in the cry gene (cryb)
have very low light sensitivity. They show almost no

phase shift in response to a light pulse at night and are
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Figure 4. RNAi-Mediated Knockdown of d5-
HT1B Increases Circadian Light Sensitivity

(A) Effect of an RNAi transgene on the ex-
pression of endogenous and transgenic d5-
HT1B. Representative Western blots are
shown. (Left) Endogenous d5-HT1B protein
levels in flies carrying a UAS-d5-HT1BRNAi
transgene driven by the d5-HT1B-Gal4 driver
are lower than those in parental control flies.
(Right) d5-HT1BRNAi-mediated knockdown
of the d5-HT1B overexpression driven by d5-
HT1B-Gal4. Total MAPK levels were assayed
to control for loading. Similar results were
obtained in three independent experiments.
(B) d5-HT1B knockdown flies display en-
hanced light-induced phase shifts. d5-HT1B
knockdown flies and parental controls were
subjected to light pulses of two intensities
(2500 lux and 250 lux) at CT20. Genotypes
and the number of flies (in parentheses) in
each data set are indicated. Error bars repre-
sent SEM. As compared to parental controls,
knockdown flies showed significantly (**p <
0.01, by Student’s t test) larger phase shifts
in response to light pulses of both inten-
sities.
(C) 5-HTP does not inhibit light-induced phase
shifts in d5-HT1B knockdown flies. Flies were
treated with 5-HTP (2 mg/ml) and subjected to
a light pulse at CT20. The response to 5-HTP
is depicted as the percent reduction in the
light-induced phase shift. Error bars represent
SEM. The response to 5-HTP in knockdown
flies is significantly (**p < 0.01, by Student’s t
test) different from that in parental controls.
(D) d5-HT1B knockdown flies display longer
periods in constant dim light. Flies express-
ing a UAS-d5-HT1B RNAi transgene driven
by d5-HT1B driver were assayed in light:dark
(LD) and then in constant dim light (dLL). The
number of flies tested (in parentheses) and
the average circadian period (τ) in constant
dim light conditions are indicated at the bot-
tom. Also see Table 1.
rhythmic in constant bright light conditions that render s
twild-type flies arrhythmic (Emery et al., 2000; Stanew-

sky et al., 1998). To determine how the effects of seroto- e
cnin and d5-HT1B on circadian light sensitivity relate to

the CRY signaling pathway, we studied genetic interac- w
ttions between d5-HT1B and CRY.

We first assayed rhythms of flies overexpressing d5- g
hHT1B in clock cells under constant bright light con-

ditions. For these and other experiments described a
5below in which multiple mutations/transgenes were in-

troduced into the same background, we expressed d5- s
tHT1B with the tim-Gal4 driver, since this involved the

use of fewer transgenes. As compared to background c
tcontrols, flies overexpressing d5-HT1B showed in-

creased rhythmicity in constant bright light (2500 lux). s
tThe difference was more significant in weaker illumina-

tion (250 lux) (Table 1). Overexpression of two other t
UDrosophila G protein-coupled receptors (mth and d5-

HT7) did not have this effect, indicating that it was spe- s
5cific for d5-HT1B (data not shown).

Next, we assayed the effect of expressing transgenic c
td5-HT1B in a cryb background. Overexpression of the

d5-HT1B receptor in flies homozygous for the cryb mu-

tation did not have a discernible effect on their light
ensitivity due to the strong phenotype produced by
he cryb mutation alone. However, 87% of the cryb het-
rozygotes overexpressing d5-HT1B were rhythmic in
onstant bright light, while only 13% of the control flies
ere rhythmic under these conditions. Fast Fourier

ransform (FFT) analysis indicated that cryb heterozy-
ous flies overexpressing d5-HT1B had very strong be-
avioral rhythms in constant bright light, although the
verage period was lengthened to about 28 hr (Figure
A). This period-lengthening phenotype mimics the re-
ponse of wild-type flies to constant dim light condi-
ions (Konopka et al., 1989) (also see above) and indi-
ates that the flies are capable of a reduced response
o light. The effects of d5-HT1B on circadian photosen-
itivity were observed with multiple, independent inser-
ions. In addition, reducing d5-HT1B expression with
he RNAi transgene, or increasing CRY levels with a
AS-CRY transgene, eliminated this effect, indicating
pecificity for d5-HT1B and cryb, respectively (Figure
B). We infer that overexpressing d5-HT1B reduces cir-
adian photosensitivity and has synergistic effects with
he cryb mutation.

We also examined free-running behavior in cryb flies

overexpressing d5-HT1B. A large number (w43%) of



Serotonin Modulates Drosophila Entrainment
121
Figure 5. Synergistic Effects of d5-HT1B and the cryb Mutation on
Circadian Photosensitivity

(A) Representative actograms of individual flies monitored in LD,
constant bright light of 2500 lux (bLL), and DD. In a cryb heterozy-
gous background, flies overexpressing d5-HT1B under control of
tim-Gal4 displayed increased rhythmicity in constant bright light.
The percentage of flies rhythmic in LL, the number of flies moni-
tored (in parentheses), and the average circadian period (τ) are indi-
cated at the bottom.
(B) Mapping the synergistic effects of cryb and d5-HT1B on circa-
dian photosensitivity to the respective mutation/transgene. A sum-
mary of the constant light data is shown for flies of different geno-
types. Introducing either a UAS-CRY transgene or a UAS-1BRNAi
transgene in cryb/+ flies overexpressing d5-HT1B eliminates the
rhythmicity of these flies in constant bright light. Overexpression of
the d5-HT7 receptor with tim-Gal4 does not produce a similar phe-
notype.
(C) d5-HT1B overexpression affects the periodicity and strength of
free-running rhythms in cryb flies. The percentage of flies rhythmic
in DD, the numbers tested (in parentheses), and average periods
are indicated.
these flies were arrhythmic in DD as compared to 7%
of the control cryb flies (Figure 5C). We speculate that
this loss of rhythmicity is due either to the deficit in
entrainment and/or to decreased synchrony between
clock cells (see Discussion).

d5-HT1B Signaling Affects the Phosphorylation
of SHAGGY, Drosophila GSK3�
To determine the molecular basis of the inhibitory effect

of d5-HT1B on Drosophila light responses, we looked
for possible connections between d5-HT1B and TIM.
After a light pulse, as well as during the early hours of
the day, TIM levels are higher in d5-HT1B-overexpress-
ing flies as compared to controls (Figure 3 and Figure
S3B). The BG-LUC reporter studies mentioned above
suggested that d5-HT1B overexpression does not af-
fect the expression of clock genes at the transcriptional
level. Therefore, it appeared likely that the protective
effect of d5-HT1B on TIM involved posttranslational
modifications. In fact, although total levels of TIM were
higher in d5-HT1B-overexpressing flies, we observed
reduced levels of the low-mobility form (Figure 6A and
Figure S3B) that corresponds to phosphorylated TIM
(Dissel et al., 2004; Martinek et al., 2001; Wulbeck et
al., 2005; Zeng et al., 1996). High-mobility, hypophos-
phorylated TIM, which is the predominant form in per0

flies (Martinek et al., 2001), was elevated in flies ex-
pressing transgenic d5-HT1B (Figure 6A). However,
since d5-HT1B expression was driven by tim-Gal4,
which is expressed weakly in the eye and also in some
brain neurons that do not express endogenous d5-
HT1B, these results may include effects of ectopically
expressed receptor.

Phosphorylation of TIM by SHAGGY (SGG), the Dro-
sophila homolog of glycogen synthase kinase 3β (GSK3β),
appears to decrease its stability (Martinek et al., 2001).
GSK3β activity is regulated (inhibited) by phosphoryla-
tion of an N-terminal pseudosubstrate site (ser9) and
thus can be monitored through the use of phospho-
specific antibodies directed to this modified form (Do-
ble and Woodgett, 2003; Papadopoulou et al., 2004). An
anti-SGG antibody recognizes two major SGG isoforms
(SGG39 and SGG10) in control flies and an additional
minor form (SGGY) when it is overexpressed in an EP
line (Martinek et al., 2001). A phospho-specific anti-
body, anti-pS9-SGG, recognizes only phosphorylated
SGG10 (Papadopoulou et al., 2004).

On a Western blot assay of fly head extracts, we
observed increased levels of phosphorylated SGG10
(pS9-SGG) in flies expressing d5-HT1B under control of
tim-Gal4 (Figure 6B). Endogenous pS9-SGG was some-
times difficult to detect, and it is expressed in many
cells that do not express d5-HT1B, making it difficult
to reliably measure an effect of the receptor on SGG
phosphorylation in assays of whole fly heads. Thus, we
also used flies carrying a UAS-SGG10 transgene that
can express high levels of total as well as phosphory-
lated SGG10 (Figure S5A). Coexpression of d5-HT1B
further increased the level of phosphorylated SGG10 in
these flies (Figure S5A). To examine the effect in clock
cells, we stained whole-mount brains with the anti-SGG
and anti-pS9-SGG antibodies. The levels of phosphory-
lated SGG10 in LNs were significantly increased in flies
coexpressing d5-HT1B (Figure 6C). Overall levels of
SGG were unaffected by d5-HT1B, suggesting that d5-
HT1B affects the phosphorylation rather than the level
of SGG.

To verify that serotonin signaling affects SGG, we as-
sayed SGG phosphorylation in response to 5-HTP
treatment. Lithium, which is known to affect GSK3β ac-
tivity in many systems (Zhang et al., 2003), was used
as a control in these experiments. Levels of phosphory-
lated SGG10 in fly head extracts increased in response
to LiCl, but not in response to NaCl. Flies fed with 2 mg/

ml 5-HTP also had increased levels of phosphorylated
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Figure 6. d5-HT1B Increases Phosphoryla-
tion of SGG/GSK3β in Adult Fly Heads

(A) Reduced phosphorylation of TIM in d5-
HT1B-overexpressing flies. Head extracts
from flies overexpressing d5-HT1B under
control of tim-gal4 (TG/UAS-1B), and from
parental controls (tim-Gal4), were assayed
for TIM expression at different time points.
The low-mobility form of TIM is reduced in
d5-HT1B-overexpressing flies as well as in
per0 flies.
(B) Increased phospho-SGG10 in d5-HT1B-
overexpressing flies. Head extracts from flies
expressing d5-HT1B under control of tim-
gal4 (TG/UAS-1B), and from parental con-
trols (UAS-1B), were assayed by Western
blots using anti-pS9-SGG (top) and anti-SGG
(bottom) antibodies. Flies overexpressing
d5-HT1B have elevated levels of phospho-
SGG10 but normal levels of total SGG.
(C) Increased phospho-SGG10 in clock cells
of flies coexpressing d5-HT1B and SGG10
under control of tim-gal4. (Left) Representa-
tive confocal images of LNvs stained with
anti-pS9-SGG (phospho-SGG) or anti-SGG
(total SGG). (Right) Quantification of anti-
pS9-SGG (phospho-SGG) and anti-SGG (to-
tal SGG) staining in LNvs. There was a signif-
icant difference (p < 0.01, by Student’s t
test) in phospho-SGG10 levels between flies
expressing SGG10 and flies coexpressing
SGG10 and d5-HT1B. The numbers of sam-
ples in each data set are indicated in paren-
theses. Error bars represent SEM.
(D) Treatment with 5-HTP increases levels of
phospho-SGG10 in fly head extracts. Flies
overexpressing SGG10 under the control
of tim-Gal4 were treated for 24 hr with the
indicated concentrations of NaCl, LiCl, and

5-HTP. Head extracts were subjected to Western blot assays using anti-pS9-SGG (top) and anti-SGG (bottom) antibodies. While NaCl did not
have an effect, LiCl and 5-HTP increased levels of phospho-SGG10 in a dose-dependent manner (quantification in Figure S4A).
(E) Increased SGG levels attenuate the effect of d5-HT1B overexpression on the TIM light response. Flies were pulsed with light at ZT20 and
collected 1 hr later, along with unpulsed controls. Fly brains were fixed immediately and subjected to immunostaining. TIM levels in LNvs
were quantified. After a light pulse, most of the TIM protein was degraded in control flies carrying the UAS-1B and UAS-SGG10 transgenes
(UAS-1B, UAS-SGG10). Flies coexpressing d5-HT1B and SGG10 under the control of tim-Gal4 (TG/UAS-1B, UAS-SGG10) showed a light
response similar to that of controls. An inactive form of SGG (A81T) failed to rescue the d5-HT1B phenotype, so flies coexpressing d5-HT1B
with this form of SGG10 [TG/UAS-1B, UAS-SGG10 (A81T)] had significantly (p < 0.01, by Student’s t test) higher levels of TIM after the light
pulse, as compared to control flies. Error bars represent SEM.
SGG10 (Figure 6D; quantification in Figure S5B). We r
sconfirmed the interaction between SGG and d5-HT1B

through genetic experiments. Overexpression of two t
Tdifferent isoforms of SGG (SGG10, SGGY) in clock cells

shortens the free-running period (Martinek et al., 2001). l
cTo determine if d5-HT1B affects the function of SGG

in a circadian assay, we drove expression of the UAS- d
bSGG10 and UAS-d5-HT1B transgenes with tim-Gal4

and assayed circadian behavior under free-running e
Sconditions. SGG10 overexpression produced a period

of w18 hr, which is shorter than that reported pre- o
Sviously, most likely due to differences in the constructs

used (Bourouis, 2002; Martinek et al., 2001). Impor- T
ttantly, the 18 hr period was lengthened to 19.7 hr by

coexpression of d5-HT1B (Table 1). An inactive form of s
lSGG10 (A81T), which displays no phenotype in a devel-

opmental assay for SGG activity, (Bourouis, 2002), did
not produce a short period phenotype. Nor did coex- B

Mpression of d5-HT1B have a period-lengthening effect
in this background (Table 1). These results support the O

hypothesis that d5-HT1B decreases SGG activity and
educes circadian effects produced by its overexpres-
ion. Conversely, increased SGG activity should abolish
he protective effect of increased d5-HT1B levels on
IM. To determine if this was the case, we assayed

ight-induced TIM degradation in clock cells of flies
oexpressing d5-HT1B and SGG10. In these flies, TIM
egradation in response to a light pulse was compara-
le to that seen in control flies that express only endog-
nous d5-HT1B. Overexpression of the inactive form of
GG10 (A81T) did not attenuate the effects of d5-HT1B
n circadian photosensitivity, suggesting that increased
GG activity is required for this attenuation (Figure 6E).
he reciprocal actions of SGG and d5-HT1B suggest
hat serotonin signaling modulates circadian light sen-
itivity by reducing SGG/GSK3β activity, which in turn
eads to increased stability of TIM.

rain Serotonin Levels Are Decreased in Flies
aintained in DD
ur data indicated that serotonin decreases the circa-
dian response to light. To determine whether this mod-
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ulation could account for differential light sensitivity at
different times of day, we assayed endogenous brain
serotonin at different circadian times and also in re-
sponse to light pulses. There was no acute effect of
light, nor any evidence for circadian control of serotonin
levels (data not shown). This suggests that the effect of
serotonin on circadian light sensitivity is not restricted
to a specific time of day. However, we considered the
possibility that it was more prevalent under some con-
ditions. For instance, organisms maintained in DD for
several days show increased sensitivity to light (Refi-
netti, 2003; Winfree, 1972). We tested this effect of pro-
longed DD on circadian light sensitivity by conducting
phase shift assays. Wild-type (Canton-S) flies that had
periods of 24 hr were maintained in DD for 7 days and
then subjected to a light pulse at CT15 or CT20. Light-
induced phase shifts were significantly larger in flies
maintained in DD than in flies maintained in LD condi-
tions (Figure S6A), confirming dark adaptation of the
Drosophila circadian clock.

To address a possible role for serotonin in dark adap-
tation, we assayed serotonin levels in flies after an ex-
tended period in DD. Entrained wild-type flies were
separated into groups that were maintained in either
DD or LD conditions. Fly heads were collected at CT2
(or ZT2 for the flies maintained in LD cycles) after 1, 3,
5, and 7 days, and head homogenates were tested for
serotonin content through quantitative enzyme immuno-
assays (EIA). Serotonin levels in fly heads decreased
gradually with increased incubation time in DD such
that differences between flies in LD and DD conditions
were statistically significant (p < 0.05) after 5 days in
DD, and more so (p < 0.01) after 7 days in DD (Figure
7A). After 7 days, there was an w25% decrease in sero-
tonin levels in flies kept in DD as compared to those in
LD. Similar results were obtained with flies of two dif-
ferent genotypes (Figure 7B). We also examined seroto-
nin expression under these different conditions through
immunostaining. We focused on the subesophageal
ganglion region that includes the SE5HT-IR neurons
and their projections, because this region showed the
most discrete anti-serotonin staining. More intense
staining was observed in heads collected from flies
maintained in LD cycles than in those derived from con-
stant dark conditions (Figure 7C). In higher-magnifica-
tion images, we observed reduced signals in both cell
bodies and projections of brains collected in DD as
compared to LD (Figure S6B), indicating that the differ-
ences are not due to changes in the transport of sero-
tonin.

Discussion

We show here that serotonin regulates the entrainment
of circadian behavioral rhythms in Drosophila by affect-
ing the molecular response to light. By modulating the
expression of the d5-HT1B receptor in clock neurons,
we established a role of this receptor subtype in the
regulation of Drosophila circadian photosensitivity. Our
data also demonstrate that the molecular connection
between d5-HT1B signaling and the clock is GSK3β,
which directly phosphorylates the central clock compo-
nent TIM. We propose that serotonin signaling is a part

of the homeostatic regulation that prevents dramatic
Figure 7. The Effect of Light on Serotonin Levels in the Fly Brain

(A) Serotonin levels decrease in prolonged constant darkness (DD).
Flies were kept in LD cycles or in DD for various periods of time,
and then collected at ZT or CT2. The bars represent serotonin
content, as measured by quantitative immunoassays, per fly head.
The line represents the p values (by Student’s t test) comparing
each sample to a sample collected from LD conditions. The graph
represents average results of four independent experiments for
y w flies. Error bars represent SEM.
(B) Similar effects of prolonged darkness on serotonin levels in flies
of two different genotypes. Serotonin levels were assayed in flies
maintained in LD or DD conditions for 7 days. Both y w and Can-
ton-S flies showed reduced serotonin levels after 7 days in DD as
compared to LD samples of the same genotype (**p < 0.01, *p <
0.05, by Student’s t test). Error bars represent SEM.
(C) Serotonin levels are reduced in brains of flies maintained in DD.
Representative confocal images of the frontal view of the anterior
subesophageal ganglion region (SOG) are shown. Flies were main-
tained in LD (left) or DD (right) conditions for 7 days and then col-
lected; fly brains were stained with the anti-serotonin antibody.
Arrows indicate the cell bodies of the SE5HT-IR neurons. Similar
results were obtained with six pairs of brains.
fluctuations in the phase of the circadian clock. In addi-
tion, given the altered levels of serotonin in extended
DD, it may confer selectivity on the response of the
clock to light under different environmental conditions.

The expression pattern of d5-HT1B, as determined
by both UAS-Gal4 experiments and by immunostaining,
provides some clues to its functions in Drosophila. Be-
sides LNvs and SE5HT-IR neurons, major compart-
ments of the fly brain that express the d5-HT1B recep-
tor include the optic lobes, PI neurons, and mushroom
bodies. Interestingly, expression in each of these loca-
tions is consistent with functions proposed for seroto-
nin signaling in other organisms. In the housefly, the

neuropil of the optic lobes undergoes daily structural
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changes regulated possibly by serotonin and PDF
(Meinertzhagen and Pyza, 1999). PI neurons are neuro-
secretory cells that may also participate in the ocel-
lar phototransduction pathway (Helfrich-Forster et al.,
2001). The mushroom body is important for olfactory
learning and memory in Drosophila. Therefore, in addi-
tion to its postsynaptic function in the LNvs, d5-HT1B
may be involved in other aspects of physiology and be-
havior.

The effect of d5-HT1B on TIM was especially pro-
nounced in the small LNvs. One of the differences be-
tween the large and small LNvs is in the timing of
nuclear entry, which is delayed in the small subgroup
(Shafer et al., 2002). If delayed nuclear entry accounts
for the increased resistance of TIM to light in the small
LNvs, it would suggest that d5-HT1B signaling largely
affects cytoplasmic TIM (see also below).

In addition to its effect on the light response, d5-
HT1B overexpression affected free-running behavioral

F
t

rhythms of cryb flies. We speculate that this is due to S
the loss of synchrony among LNs. The mutual coupling t

cof oscillators within an organism is important for the
ageneration and synchronization of circadian rhythms,
pand serotonin is implicated in this process in some in-
isects (Saifullah and Tomioka, 2002). Decreased syn-
h

chrony may also result from the reduced photosensitiv- e
ity produced by d5-HT1B overexpression. Interestingly, n
a significant number of glass, cryb double mutants, k

cwhich lack CRY as well as all visual photoreceptors, are
arrhythmic in DD (Helfrich-Forster et al., 2001).

d5-HT1B not only affects circadian photosensitivity
when over- or underexpressed, it also appears to be i
the major receptor subtype required for the inhibitory c
effects of serotonin on entrainment. Notably, when d5- S
HT1B was knocked down with the RNAi transgene l
driven by tim-Gal4, the effect on photosensitivity was p
not as pronounced as with the d5-HT1B-Gal4 driver. e
This might be due to some background differences in i
flies carrying the tim-Gal4 transgene, or to nonspecific
effects produced by expressing the RNAi construct in p
irrelevant cells. Also, we cannot exclude the possibility I
that cells other than clock neurons participate in the h
regulation of light sensitivity via d5-HT1B. However, h
clock cells clearly have a major role in this effect, in t
particular since the circadian response to serotonin is a
eliminated in the tim-Gal4/RNAi flies.

s
Effects of serotonin on circadian photosensitivity

wwere previously demonstrated in other systems (Pick-
tard and Rea, 1997), but the underlying mechanisms
twere not identified. Our studies in Drosophila address
2this issue by demonstrating an effect of d5-HT1B sig-
snaling on the posttranslational modification of TIM via
aSGG. We show that in d5-HT1B-overexpressing flies,
tTIM phosphorylation is reduced, and its stability is in-
Tcreased. On the other hand, SGG phosphorylation is
tincreased (i.e., its activity is decreased) in response to
aelevated levels of d5-HT1B as well as in response to

serotonin treatment. Consistent with this effect of d5-
rHT1B on SGG, increased SGG activity abolishes effects
rof d5-HT1B overexpression on circadian photosensitiv-
rity, while d5-HT1B attenuates the period shortening
mproduced by excess SGG activity. These reciprocal ef-
ffects in genetic experiments strongly support the regu-

lation of SGG activity by d5-HT1B. Our expression data e
ndicate that SGG is expressed predominantly in the
ytoplasm (Figure 6). The regulation of cytoplasmic
GG by d5-HT1B is predicted to affect the phosphory-

ation status of TIM mainly in the cytoplasm; SGG-
hosphorylated TIM is transported to the nucleus more
ffectively and is also a better substrate for light-

nduced degradation (Figure 8; see also below).
d5-HT1B alone did not significantly affect circadian

eriod, suggesting that its effects on SGG are limited.
n this context, we note that, while sgg hypomorphs
ave a period of w26 hr, flies hemizygous for the locus
ave wild-type periods (Martinek et al., 2001). We infer
hat small (up to 50%) changes in SGG activity do not
lter circadian period but can affect circadian photo-
ensitivity. A role for SGG in circadian photosensitivity
as previously suggested by Martinek et al., who found

hat forms of TIM phosphorylated by SGG were selec-
ively degraded in response to light (Martinek et al.,
001). In fact, phosphorylated TIM is known to be more
ensitive to light (Martinek et al., 2001; Rothenfluh et
l., 2000; Zeng et al., 1996). While SGG appears to be
he primary kinase that increases photic sensitivity of
IM, the actual process of light-induced TIM degrada-
ion involves the activity of a tyrosine kinase (Naidoo et
l., 1999).
These results provide a new mechanism for circadian

egulation by a G protein-coupled signaling pathway. A
ole for GSK3β in the mammalian circadian system was
ecently reported (Iwahana et al., 2004). In addition, the
ammalian 5-HT1A receptor was recently shown to af-

ect phosphorylation of GSK3β in the mouse brain (Li
t al., 2004). It is possible that inhibition of GSK3β activ-
igure 8. A Model for the Effect of Serotonin Signaling on the Post-
ranslational Modification of TIM in Clock Cells

GG phosphorylates TIM in the cytoplasm and promotes TIM-PER
ranslocation into the nucleus. d5-HT1B receptor signaling in-
reases the phosphorylation of SGG, thereby reducing its kinase
ctivity. With increased levels of either d5-HT1B or serotonin, TIM
hosphorylation is decreased, and it is less susceptible to light-

nduced degradation mediated by CRY. This leads to reduced be-
avioral phase shifts. Solid lines indicate events for which there is
xperimental evidence. Dashed lines indicate processes that have
ot yet been experimentally validated. For instance, we do not
now if unphosphorylated forms of TIM are transported to the nu-
leus or if CRY acts directly on nuclear TIM.
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ity is a conserved mechanism in the regulation of circa-
dian entrainment in mammals and insects.

Winfree described slow dark adaptation in Drosoph-
ila, whereby circadian sensitivity to light increases more
than 10-fold over 3 days in DD (Winfree, 1972). Other
groups confirmed increased light responsiveness dur-
ing dark adaptation in rodents, but the mechanism un-
derlying these effects was not addressed (Refinetti,
2003). Elevated responsiveness to light after prolonged
exposure to darkness could be due either to a gain in
sensitivity in the sensory system or to an increase in
sensory output, which may be caused by a reduction
in an inhibitory mechanism. In our study, we observed
lower serotonin levels in flies maintained in DD. Given
that serotonin signaling modulates circadian light sen-
sitivity, it may be the reduction in this inhibitory mecha-
nism that at least partially accounts for the enhanced
light response in prolonged DD.

We propose that serotonin signaling, which is itself
upregulated by light, is a part of a homeostatic mecha-
nism that regulates circadian light sensitivity. A recent
study using human subjects also suggested that sero-
tonin levels in the brain reflect the duration of prior light
exposure (Lambert et al., 2002). This change in seroto-
nin levels with light may be relevant to the etiology and
treatment of seasonal affective disorder (SAD), a mood
disorder related to the reduced hours of sunlight in win-
ter, particularly at northern latitudes. SAD patients re-
spond to antidepression drug treatments, as well as to
light therapy, both of which may produce an increase
in serotonin (Magnusson and Boivin, 2003). The in-
terplay of serotonin, light, and the circadian system
suggests a close relationship between circadian regula-
tion and mental fitness.

Serotonin modulates the entrainment of the circadian
system. On the other hand, our results, and studies
done in mammalian systems also, suggest circadian ef-
fects on serotonin signaling. First, based upon the dif-
ferences seen in LD versus DD in the fly brain, the level
of serotonin is affected by the environmental light cy-
cle. Second, receptor levels are modulated by circadian
components, as d5-HT1B levels are altered in fly cir-
cadian mutants. In addition, serotonin release and re-
ceptor activity are regulated in a circadian fashion in
mammals (Dudley et al., 1998; Garabette et al., 2000;
Nagayama and Lu, 1997). Mutual regulation of the cir-
cadian and serotonin systems may be necessary to
maintain the normal physiological functions of both
systems.

Experimental Procedures

Immunohistochemistry
Collection and immunostaining of whole-mount brain tissue were
performed as described previously (Sathyanarayanan et al., 2004).
The tissues were incubated with primary antibodies diluted as fol-
lows: 1:1000 for anti-serotonin, 1:1000 for anti-PDF, 1:500 for anti-
d5-HT1B, 1:1000 for anti-TIM, 1:10 for anti-pS9-SGG (hybridoma
supernatant; gift from Mark Bourouis), 1:500 for anti-SGG. Brains
were imaged using a confocal microscope (Leica) and processed
with OpenLab and Adobe Photoshop software. Signals in LNs were
quantified through densitometry using the Measurement module
in OpenLab.

Behavioral Analysis
Flies were entrained to 12:12 LD cycles at 25°C. Three- to seven-
day-old flies were used in the behavioral analysis. Locomotor activ-
ity of individual flies was monitored and analyzed as previously
described (Williams et al., 2001). Circadian phase-resetting experi-
ments were performed as described (Yang et al., 1998). For behav-
ioral assays using transgenic flies, multiple insertion lines were
tested.

Pharmacological Treatment of Flies
Fluoxetine, citalopram, and L-5-HTP were obtained from Sigma.
Pharmacological treatments consisted of feeding the drugs for 24
hr. The dosage was determined by preliminary trials based on the
response of the flies. The drugs were freshly dissolved in water and
mixed with regular food (5% sucrose in 1% agarose). Flies kept
and monitored in regular food and LD cycles were transferred into
activity monitor tubes with drugs at CT0 of the first subjective night
and given a light pulse at CT20. Flies were transferred back to regu-
lar food at the next CT0.

Fly Strains and Transgenes
Details of the transgenic constructs are in the Supplemental Data.
Transgenic flies were generated using the d5-HT1B-GAL4, UAS-d5-
HT1B, and UAS-1BRNAi constructs as described (Yang and Seh-
gal, 2001). Multiple independently transformed lines were mapped
and balanced in a w− background. Flies carrying UAS-SGG10
transgene (stock number 5361, 5360) were obtained from the
Bloomington Stock Center.

Polyclonal Antibody Against 5-HT1B
A polyclonal antibody against d5-HT1B was generated as de-
scribed (Sathyanarayanan et al., 2004). Briefly, the third intracellular
loop of the receptor (T320 to I465) was expressed in bacteria as a
maltose binding protein (MBP) fusion protein. The purified protein
was used as an antigen for antiserum generation in guinea pigs
(Covance Inc). The antiserum was preabsorbed with MBP for West-
ern blots and immunostaining.

Immunoblot
S2 cell lysates and whole-head protein extracts were obtained as
described (Sathyanarayanan et al., 2004). Unless otherwise speci-
fied in the legend, all fly heads were collected at ZT2. Blots were
incubated with various primary antibodies at following dilutions:
anti-TIM, 1:2000; anti-d5-HT1B, 1:2000; anti-phosphorylated MAPK
(Sigma), 1:2000; anti-MAPK (Sigma), 1:10000; anti-V5 (Invitrogen),
1:2000; anti-pS9-SGG (hybridoma supernatant; gift from Dr. Marc
Bourouis), 1:10; anti-SGG (Upstate), 1:1000. Western blots were
quantified through densitometry using a Kodak imaging station.

Quantitative Immunoassay for Serotonin Levels in Fly Heads
For each sample, w25 fly heads were homogenized and subjected
to acetylation, followed immediately by immunoassay using a sero-
tonin EIA kit as described by the manufacturer (ALPCO). The re-
sults were calculated based on a standard curve.

Supplemental Data
The Supplemental Data include Experimental Procedures and six
figures and can be found with this article online at http://www.
neuron.org/cgi/content/full/47/1/115/DC1/.
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