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A central goal of neurobiology is to understand animal behavior by 
understanding neuronal circuits. Deciphering how they function and 
thereby generate behavior requires identification of neuronal subtypes 
within a circuit, their organization and connections, as well as the 
contributions of individual cells to overall circuit output. Circadian 
rhythms in Drosophila and the underlying brain neuronal circuit 
provide an excellent substrate to achieve this end. Adult Drosophila 
locomotor activity peaks twice a day in anticipation of dawn and dusk 
transitions, and approximately 150 clock-containing brain neurons 
comprise the circuit controlling this circadian behavior. These clock 
neurons are divided into seven classes on the basis of their anatomical 
locations and characteristics. There are three groups of dorsal neurons 
(DN1, DN2 and DN3), lateral posterior neurons (LPN) and three 
groups of lateral neurons: small ventral lateral neurons (s-LNv), large 
ventral lateral neurons (l-LNv) and dorsal lateral neurons (LNd). All 
the l-LNvs and four out of five s-LNvs express the pigment-dispersing  
factor (PDF) neuropeptide. Larvae have a less complex yet still func-
tional circadian circuit1. Only three groups of circadian neurons, 
larval-LNv (lv-LNv), DN1 and DN2, are organized to effect larval 
circadian behaviors such as photoavoidance rhythms2.

Recent studies have shown that adult s-LNvs (morning oscilla-
tor, M-cells) control morning activity and are essential for sustain-
ing free-running rhythms in constant darkness, whereas a different 
group of cells, perhaps LNds and an s-LNv that does not express PDF 
(PDF-negative s-LNv, also known as 5th s-LNv), controls evening 
activity bouts and is thus defined as evening oscillator (E-cells)3,4. 
Although this ‘M and E oscillator model’ seems to explain the basic 
principle of the circuit organization, the roles of many other clock 
neurons remain undefined. Moreover, the molecules that underlie  

the functional diversity of clock neurons and how they interact to 
form functional circuits remain largely unknown.

From a molecular standpoint, circadian rhythms are generated 
by cell-autonomous molecular clocks present within many cells and 
tissues. In Drosophila, the core feedback loop consists of the trans-
criptional activator CLOCK (CLK) and its partner CYCLE (CYC), 
which form a heterodimer and activate the transcription of period and 
timeless. The period (PER) and timeless (TIM) proteins then dimerize  
and inhibit their own transcription by inactivating the CLK/CYC 
complex. There is a subsidiary loop involving the transcription factor 
VRILLE (VRI), which regulates Clock expression and thereby rein-
forces oscillations5. Many of these clock gene mRNAs manifest cir-
cadian oscillations in abundance. Post-transcriptional modifications 
such as phosphorylation are also critical for rhythms and regulate the 
stability and activity of clock transcription factors. The combination 
of transcriptional and post-transcriptional regulation ensures 24-h 
rhythmicity of the core clock. The core clock then regulates other 
molecules, which accumulate rhythmically or have rhythmic activity, 
to more directly generate overt rhythms of physiology or behavior6.

Many of these core clock or clock output molecules may not be 
amenable to identification by forward genetic approaches, because of 
gene redundancy or additional essential functions during development. 
For these reasons, many researchers have turned to microarray analysis 
of RNA from whole fly heads collected at different circadian times to 
identify more candidate genes involved in the core clock or in circa-
dian output. These studies have collectively identified many (100–200) 
rhythmically expressed (cycling) mRNAs in Drosophila heads7–12.

However, surprisingly few new circadian-related genes have 
been discovered using the cycling gene expression in heads.  
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Behavioral circadian rhythms are controlled by a neuronal circuit consisting of diverse neuronal subgroups. To understand the 
molecular mechanisms underlying the roles of neuronal subgroups within the Drosophila circadian circuit, we used cell-type 
specific gene-expression profiling and identified a large number of genes specifically expressed in all clock neurons or in two 
important subgroups. Moreover, we identified and characterized two circadian genes, which are expressed specifically in  
subsets of clock cells and affect different aspects of rhythms. The transcription factor Fer2 is expressed in ventral lateral 
neurons; it is required for the specification of lateral neurons and therefore their ability to drive locomotor rhythms. The 
Drosophila melanogaster homolog of the vertebrate circadian gene nocturnin is expressed in a subset of dorsal neurons and 
mediates the circadian light response. The approach should also enable the molecular dissection of many different Drosophila 
neuronal circuits.
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One reason is that functionally important 
genes do not necessarily show cyclical RNA 
accumulation, as is the case in the cycle and 
doubletime genes13–15. The other possibil-
ity is that mRNA cycling in only a small 
number of clock neurons is masked by non-
cycling mRNA in other neurons and head 
tissues, which makes cycling undetectable by 
microarray analysis. Furthermore, mRNAs 
that are only expressed in the clock circuit 
or a subset should be only a tiny fraction of head RNA and may 
therefore escape detection in both cycling and noncycling analysis 
of the head RNA.

To further an understanding of circadian circuits and to 
 circumvent mRNA oscillations as a defining property, we developed 
a method to identify mRNAs enriched within different subsets of 
well-defined types of brain neuron. Comparing the gene expres-
sion profiles from different circadian cell groups, we identified 
many new genes specifically expressed in all clock neurons or in 
important subclasses of clock neurons. We also characterized two of 
these new circadian genes, expressed specifically in subsets of clock 
cells and affecting different aspects of rhythms. The previously 
uncharacterized transcription factor Fer2 is expressed in LNvs, and 
it seems to be required for the specification of LNvs and LNds 
and therefore their ability to drive locomotor activity rhythms. 
The Drosophila homolog of the vertebrate deadenylase gene noc-
turnin (nocturnin, also known as dnocturnin) is expressed in only 
a subclass of the circadian circuit and has a role in the regulation 
of the circadian light response. In vertebrates, nocturnin had been 
identified as a cycling mRNA but has never been associated with a 
circadian phenotype. The methodology to profile gene expression 
from small numbers of different brain neurons from the circadian 
circuit provides a powerful approach to dissecting rhythm circuitry 
and should be readily applicable to characterizing other Drosophila 
brain circuits.

RESULTS
Gene expression profiling of Drosophila clock neurons
To profile gene expression of specific neurons within the Drosophila 
circadian circuit, we adapted a method from previous gene expression 
analyses of mouse brain neurons16,17. Briefly, targeted gene expres-
sion by the GAL4/UAS binary system and selective GAL80 expression 
was used to fluorescently label specific cell types with green fluores-
cent protein (GFP) or yellow fluorescent protein (YFP). Dissected 
brains were dissociated by mild protease treatment, and GFP- or 
YFP-expressing single cells were collected manually. Total RNA was 
isolated from approximately 100 cells, and poly(A) RNA was ampli-
fied and hybridized to an Affymetrix Drosophila genome expression 
array (Fig. 1a). We profiled generic, mixed neurons as well as the 
different sets of clock neurons, so as to identify mRNAs enriched in 
clock cells and eliminate general neuronal mRNAs. We then used these 
‘gene expression signatures’ for the different clock cells for further 
molecular characterization.

In total, we purified and characterized seven different cell types. 
Four were from the larval brain: (i) tim-GAL4–positive cells (lv-tim  
cells), which include all clock cells (DN1s, DN2s, lv-LNvs and DN3 
precursors) and two extra cells outside of the circadian circuit;  
(ii) lv-LNvs, labeled by Pdf-GAL4; (iii) cells labeled by tim-GAL4 and 
Pdf-GAL80 (lv-tim+pdf− cells), which include all clock cells except lv-
LNvs; and (iv) pan-neuronal cells, labeled by elav-GAL4 (lv-elav cells).  
The three from the adult brain were (i) Pdf-GAL4 positive s-LNvs, 
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Figure 1 Gene expression profiling of clock cells 
in the Drosophila brain. (a) Strategy of the cell 
type–specific expression profiling. (b) GAL4 and 
GAL80 drivers used to label clock cells. Left, 
expression of the drivers in the third-instar larval 
brain. Right, expression in the adult brain.  
5th s-LNv, also known as PDF-negative s-LNv.  
(c) Microarray data for mRNAs enriched in clock 
cells (see text). Except for head data, 0 to 2 
indicate independent replicates. lv, larval; ad, 
adult; head, heads of wild-type flies collected 
at different time points. Head data series: 0 
and 4 (independent replicates) are ZT3; 5 is 
ZT7; 1 and 6 are ZT11; 2 and 7 are ZT15; 8 is 
ZT 19; and 3 and 9 are ZT23. Left panel, data 
sets used for comparison and ranking. Middle 
columns, fold change (Fc) and t-test P-values. 
Right panel, data sets used as reference. Top 
40 genes (out of 84) that satisfied P < 0.001 
and Fc > 8 are shown (false discovery rate, 
1.42%). Scale bars: log2 of the signal level, log2 
of the fold change, and P-value –(log10). Arrows, 
probe sets for known clock genes; blue probe 
set names, bona fide pan-clock cell–enriched 
mRNAs, which are also more highly expressed 
in the lv-tim+pdf– cells and the eye than in elav 
cells; black probe set names, mRNAs that are 
not highly expressed in lv-tim+pdf– cells.
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(ii) Pdf-GAL4 positive l-LNvs and (iii) pan-neuronal cells (ad-elav 
cells) (Fig. 1b). We also profiled the manually dissected compound 
eye, which includes clock-containing photoreceptor cells.

There are seven diverse groups of adult clock neurons, and only two 
(s-LNvs and l-LNvs) can be specifically labeled with a single driver 
(Pdf-GAL4). In contrast, the larval circadian circuit is less complex, so its 
clock cell subtypes can be labeled more completely with available drivers 
(Fig. 1b). The use of both larval and adult clock cells therefore allowed 
a more comprehensive genetic dissection of the circadian circuit. It also 
avoided identifying genes that are restricted to larval or adult clocks. All 
collections were done at ZT12 (zeitgeber time 12, the time of lights-off 
under a 12-h light:12-h dark cycle) because several known cycling clock 
genes are highly expressed at that time and therefore served as mark-
ers for initial validation. To provide an additional measure of mRNA 
enrichment, we included previously reported expression data sets from 
whole head samples18 in the analysis.

To identify mRNAs enriched in all clock neurons, expression 
data sets from lv-tim cells, lv-LNvs and adult s- and l-LNvs were 
 clustered as ‘clock cells’ and compared to the larval and adult elav 
cells (Fig. 1c). We found 84 mRNAs enriched more than twofold in 
clock cells relative to pan-neuronal cells (Supplementary Table 1).  

mRNAs of all known clock genes except cycle were within the top  
36 clock cell–enriched mRNAs (Fig. 1c). Seventeen other mRNAs (blue 
probe set names without arrows) were as enriched as the seven known 
clock gene mRNAs and also enriched in all the other clock cell types—
namely, lv-tim+pdf− cells and the eye (Fig. 1c, right panel). These 
17 mRNAs are therefore prime candidates for transcripts of newly 
identified circadian genes highly expressed in pan-clock neurons. 
Other mRNAs (black probe set names) were not highly expressed 
in lv-tim+pdf− cells (Fig. 1c, right panel), suggesting that these are 
more specifically enriched in LNvs and involved in specific functions 
of these cells. This class of mRNAs includes Pdf, Hr51, Ir, CG13054, 
Fer2 and CG31475, which were also identified among the top 20 LNv-
enriched RNAs from a separate analysis (see below).

To identify mRNAs enriched in LNvs compared to other clock 
neurons as well as to generic neurons, we clustered microarray data 
sets from larval (lv) and adult (ad) LNvs. The average expression 
of each mRNA in this ‘LNv cluster’ was compared with the average 
expression in the ‘PDF-negative cluster’—that is, lv-tim+pdf−, lv-elav 
and ad-elav cells—and differentially expressed mRNAs were ordered 
by fold-difference (Fig. 2a). Sixty-three mRNAs were preferentially 
enriched in LNvs (fold change >2) (Supplementary Table 2).
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Figure 2 mRNAs enriched in the subclasses of circadian neurons. (a) mRNAs enriched in the PDF-positive LNvs. Microarray data sets from PDF-positive 
cells and PDF-negative cells (lv-tim+pdf–, lv-elav and ad-elav cells) were compared and ordered by the fold difference from high to low (left). Data sets 
from other cell types are used as references (right). Top 20 genes that satisfied P < 0.0001 and Fc > 8 in this category are shown (false discovery rate, 
0.30%). Figure descriptions as in Figure 1c. Arrows, known clock genes; blue probe sets names, bona fide LNv-enriched mRNAs, which are expressed 
at low abundance in the eye. (b) Top 20 mRNAs enriched in lv-tim+pdf– cells. Microarray data from tim+pdf− cells were compared to the average of  
PDF-positive cells (lv- LNv, adult s-LNv, adult l-LNv), lv-elav cells and ad-elav cells and ordered by the fold difference from high to low (P < 0.0001 and  
Fc > 8, false discovery rate 0.61%) (left). Data sets from other cell types are used as references (right). Blue probe sets names, candidate mRNAs 
enriched in tim+pdf– cells throughout all developmental stages. These probe sets are also modestly expressed in the heads but at lower abundance in 
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As expected from its specificity and high abundance, Pdf is  
the top-ranked gene and is present in LNvs and in the head. Four 
more clock genes (cry, tim, per and vri) are ranked in the top 20, 
 presumably because their expression is somewhat higher in LNvs 
than in tim+pdf− cells. Highly ranked mRNAs that are not expressed 
in the eye and the head (Fig. 2a, blue mRNA names) are bona fide 
LNv-enriched mRNAs and may therefore be involved in LNv-
 specific functions.

Non-PDF clock neurons have been shown to be important in light-
dark (LD) or constant-light (LL) conditions19,20. Nonetheless, these 
neurons are uncharacterized from a molecular standpoint. To iden-
tify mRNAs preferentially enriched in these cells relative to LNvs, we 
compared transcriptome data sets for the lv-tim+pdf− cells with LNvs 
and the pan-neuronal population. Three hundred forty-two differ-
ent mRNAs were enriched more than twofold in lv-tim+pdf– cells 
(Supplementary Table 3; Fig. 2b). Because only larval cells were  
collected for this group, genes that are not expressed in adult clock 
neurons may be in this category. Genes that are also expressed in adult 

heads modestly are likely to be expressed in postlarval stages and 
probably also contribute to adult tim+pdf− cell functions.

We next classified the mRNAs enriched in each subclass on the basis 
of gene ontology annotations (see Online Methods) and searched for 
functional categories that were over-represented. Notably, genes with 
nucleic acid binding and transcription regulator activities represented 
the largest population of the pan-clock neuron–enriched mRNAs. 
mRNAs involved in signal transduction (signal transducer) were 
enriched in all three cell types, suggesting the relevance of this function 
to the circadian circuit. However, there were marked differences in cat-
egories of mRNAs differentially expressed within the circadian circuit. 
mRNAs with transcription-related function were also over-represented 
in LNv-enriched mRNAs, whereas most of the tim+pdf– cell–enriched 
mRNAs have various catalytic activities, including oxidoreductase, 
hydrolase and transferase activities (Fig. 3).

To determine whether any of these genes play a role in circadian 
rhythms, we tested 12 genes with available mutants, P-element inser-
tions and UAS-RNAi lines for their effects on locomotor activity 
rhythms (Supplementary Table 4). The characterization of two genes 
specifically expressed in subgroups of clock neurons, one in LNvs and 
a second in tim+pdf– cells, is described below. A third gene, expressed 
in all clock neurons, will be presented elsewhere.

Fer2 is required for lateral neuron function
Fer2 (48-related 2) was identified as one of the most enriched mRNAs 
in both larval and adult PDF-positive neurons. Fer2 encodes a basic 
helix-loop-helix protein closely related to mammalian p48, also 
known as PTF1, a transcription factor specific to pancreatic exocrine 
cells and brain neurons21–23. The biological function of Fer2 has not, 
to our knowledge, been studied yet.

We assayed the locomotor behavior of the PBac{RB}Fer2 strain,  
which has a P element approximately 100 nucleotides upstream of the 
first ATG of Fer2 (Fig. 4a). Fer2 mRNA abundance in homozygous 
PBac{RB}Fer2 flies was only 2% of that in wild type (Fig. 4b). Among 
homozygous PBac{RB}Fer2 flies, 100% showed no rhythmic behavior 
in constant-dark (DD) conditions and were entirely arrhythmic even 
in LD; two different strains hemizygous for the PBac{RB}Fer2 gene 
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Figure 4 Fer2 expression is required for 
behavioral circadian rhythms. (a) Fer2 gene 
locus. PBac{RB}Fer2 has a P-element insertion 
~100 nucleotides upstream of the first ATG of the 
Fer2 ORF. The 5′ and 3′ UTR of Fer2 are not yet 
annotated. (b) PBac{RB}Fer2 expresses very little 
Fer2 RNA. Amounts of Fer2 RNA relative to the 
housekeeping gene elongation factor 1β (Ef1b) in 
control embryos (y w, wild-type) and PBac{RB}Fer2 
embryos were assayed by real-time PCR. Fer2/
Ef1b ratio from PBac{RB}Fer2 is normalized to 
the value in the control. (c) Loss of Fer2 gene 
expression disrupts behavioral circadian rhythms. 
Flies were entrained in 12 h light (white):12 h dark 
(gray) (LD) for 3 d and released into DD for 10 d. 
AR, arrhythmic; τ, period length. Double-plotted 
actograms (activity of two consecutive days 
shown in one row) of average locomotor activity of 
flies from the second day in LD to seventh day in 
DD. Heterozygous Fer2 mutants (PBac{RB}Fer2/+) 
and heterozygous chromosome 3 deletions (Df1/+, 
Df2/+) showed rhythmic locomotor activity in 
LD and DD, whereas homozygous Fer2 mutants 
(PBac{RB}Fer2) and hemizygous Fer2 mutants 
(Df1/PBac{RB}Fer2, Df2/PBac{RB}Fer2) were 
arrhythmic in both LD and DD.
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(P element in one homologous chromosome and a deletion in the 
other) were similarly arrhythmic (Fig. 4c). In contrast, heterozygous 
mutants had normal behavior under both conditions.

Coimmunostaining of homozygous PBac{RB}Fer2 fly brains with 
anti-PER and anti-PDF at different time points showed that Fer2 
mutants did not express detectable amounts of PDF in LNvs. Notably, 
PER staining was absent in LNds as well as LNvs. In contrast, PER 
staining as well as cycling appeared normal in dorsal clock neurons,  
at least under LD conditions (Fig. 5a,b). Results were similar in the 
hemizygous PBac{RB}Fer2 flies (data not shown). PDF and PER was 
also undetectable in the LNvs of the Fer2 mutant third-instar larval 
brain (Supplementary Fig. 1). As several lines of evidence suggest that 
LNvs (M-cells) are required for rhythms in DD, and E-cells (includ-
ing LNds) are critical for rhythms in LD3,4, the absence of detectable 
PER in both groups explains the behavioral arrhythmicity of the Fer2 
mutant flies.

This absence of PER and PDF expression can be explained in several 
ways, including the absence of lateral neurons from the Fer2 mutant 
strains. To assess this possibility, we stained wild-type and mutant 
brains with antibodies to CLK. The staining showed that the Fer2 
mutant strain had significantly fewer LNvs and LNds than control flies 
(P < 0.001, two-sample t-test). Even when evident, CLK staining was 
noticeably weaker in the mutant lateral neurons than in control lateral 
neurons. Notably, not a single brain expressed detectable PDF even 
when CLK expression was visible in the lateral neuron region. In con-
trast, the number and staining intensity of CLK-positive dorsal neurons 
was indistinguishable between mutant and control brains (Fig. 5c,d). 
Notably, cry-GAL4 expression was also undetectable in the Fer2 mutant 
LNvs and was very weak in the Fer2 mutant LNds (Supplementary  
Fig. 2a,b). Although this unusual CLK and cry expression does not rule 
out the possibility that lateral neuron numbers are normal and that 
these genes are very poorly expressed in those cells, the LNv gene expres-
sion program is, at a minimum, severely impaired in the Fer2 mutant. 
As Fer2 is expressed throughout development, it is likely to be pivotal 
in the development and/or maintenance of LNvs and LNds.

nocturnin regulates light-mediated behavioral entrainment
nocturnin was among the top 20 mRNAs by enrichment in tim+pdf– 
cells. It is a homolog of Saccharomyces cerevisiae CCR4, a dead-
enylase involved in mRNA decay. Vertebrate homologs of nocturnin  
(Xenopus laevis and mammalian) are rhythmically expressed under 
the control of the circadian clock in a variety of tissues, such as 
Xenopus retina and several mouse tissues24,25. A recent study on mouse  
nocturnin demonstrated that it regulates lipid metabolism, probably 
through the post-transcriptional regulation (deadenylation) of target 
mRNAs26,27. In contrast, Drosophila nocturnin is uncharacterized.

There are three reported Drosophila nocturnin transcripts, RC, RD 
and RE (Fig. 6a). We assayed the expression of each isoform in adult 
heads by real-time PCR and found nocturnin-RD RNA to accumu-
late rhythmically, with a peak around ZT8 (Fig. 6b). Like its RNA, 
NOCTURNIN-RD (NOC-RD) protein accumulates rhythmically; it 
peaks at around ZT12, somewhat later than the RD RNA, as judged 
by western blotting using a NOC-RD–specific monoclonal antibody 
(Fig. 6c). Cycling of NOC-RD immunoreactivity was observed only 
in a subgroup of clock neurons, the DN3s (verified by tim-GAL4 
colocalization (Supplementary Fig. 3). A group of cells within the 
pars intercerebralis were nonspecifically labeled by the antibody to 
NOC-RD (tested by RNAi, data not shown; Fig. 6d).

To investigate the possible function of nocturnin, we used an RNAi 
strategy to knock down nocturnin gene expression in clock cells. UAS-
RNAi-1 specifically targets the RD isoform, whereas UAS-RNAi-2 tar-
gets all three isoforms (Fig. 6a). tim-GAL4, UAS-RNAi-1 decreased RD 
RNA to approximately 35% of wild-type (that is, tim-GAL4) abun-
dance, whereas the other two isoforms were not greatly affected. tim-
GAL4, UAS-RNAi-2 decreased the RE and RC isoforms to ~20% of 
control values, whereas the RD isoform was reduced only to ~60% of 
the control (Fig. 6e). This may be due to differences in RNA secondary 
structures between the different mRNA isoforms, or it could be due to 
the regulation of the RD isoform stability by RE or RC.

Both nocturnin-knockdown lines showed essentially wild-type free-
running rhythms in DD (Fig. 6f). Notably, most of the RD-knockdown 
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flies (tim-GAL4, UAS-RNAi-1) were rhythmic under constant light. 
Wild-type flies are arrhythmic in LL28. About 50% of the rhythmic flies 
showed complex activity patterns (Fig. 7a,b). In contrast, RE- and RC-
knockdown (tim-GAL4, UAS-RNAi-2) had no impact on LL behavior. 
Because the RD isoform is specifically expressed in a subset of DN3s 
but not in LNvs, the LL-rhythmic phenotype is most likely caused 

by the reduced nocturnin-RD in DN3s. Consistent with this notion, 
pdf-GAL4, UAS-RNAi-1 flies were arrhythmic in LL, like wild type. 
Independent insertion lines of UAS-RNAi-1 (NIG, 31299 R-6) and 
UAS-RNAi-2 (VDRC, 45421) gave similar results (data not shown).

Immunostaining with anti-PER showed PER cycling in DN1s and as 
well as in DN3s, DN2s and the LPNs in the RD-knockdown flies in LL 
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(Fig. 7c,d). The result that dorsal neurons showed sustained molecular  
rhythms in LL-rhythmic flies is consistent with previous studies in 
which overexpression of period, shaggy or morgue in clock neurons 
causes LL rhythmicity19,20. This suggests that the nocturnin-RD  
knockdown in DN3s triggers a cellular response similar to that in pre-
vious overexpression manipulations that result in LL phenotypes.

To learn more about light-response behavior in nocturnin-RD 
knockdown flies, we examined a light-mediated phase response curve 
(PRC). The nocturnin-RD knockdown flies showed a shorter phase 
delay in the early night compared to wild-type flies (Fig. 7e). All of 
the nocturnin-RD results therefore indicate that this gene contributes 
to the light-mediated behavioral response (Supplementary Fig. 4, 
and see Discussion).

DISCUSSION
We applied a new method of profiling gene expression from specific 
cells of the Drosophila larval and adult brain to the neuronal circuit 
controlling circadian rhythms. The approach identified mRNAs 
highly enriched in all clock neurons, as well as mRNAs enriched in 
two subgroups of clock cells: PDF-positive LNvs and tim+pdf− cells. 
The three sets of mRNAs were more different than expected. From 
among the mRNAs identified, we characterized two new circadian 
genes. Fer2 was enriched in LNvs and is pivotal in the specification 
of a subset of clock neurons. nocturnin was enriched in tim+pdf− 
cells and contributes to light-mediated circadian behaviors. To  
our knowledge, this study is the first to attempt a dissection of 
a defined neuronal circuit on the basis of cell type–specific gene 
expression profiling.

Other approaches exist for cell-specific profiling of gene expression. 
These include FACS-based techniques and laser capture microdissec-
tion, as well as a combination of FACS and differential tagging—for 
example, tagged poly(A)-binding protein or tagged ribosomal pro-
teins for polyribosome purification29–33. However, some of these 
methods may have an inadequate signal-to-noise ratio when starting 
with a very small number of tagged cells and whole brain extracts. 
In contrast, manual sorting allows mRNA analysis from very small 
numbers of cells. It also seems harmless to RNA and is therefore ideal 
for neuronal circuits comprising multiple cell types, each with a small 
number of cells.

All known circadian genes except cycle were ranked in the top 40 
generic clock cell–enriched mRNAs (Fig. 1c). Such analyses have 
not been performed in mammals, to our knowledge; that is, it is not 
known to what extent clock gene mRNAs are enriched in suprachi-
asmatic nucleus clock neurons.

Given that a typical cell expresses many thousands of genes, the clock 
neurons show a remarkable enrichment of genes involved in a single 
biological pathway. The probability of selecting 10 probe sets for clock 
genes in the randomly chosen 40 probe sets out of the entire 13,693 
probe sets is P = 1.12 × 10–17 (calculated from the hypergeometric  
distribution). This further suggests that it is statistically probable  
that other circadian genes are also in the highly enriched list. Indeed, 
we found that Thor (Drosophila 4E-BP), a gene highly enriched in 
all clock cells, contributes to circadian function (unpublished data). 
Taken together with the 2 other genes described here, at least 3 out 
of 12 genes examined (25%) have roles in the circadian clock. For 
reasons such as redundancy or strong effects only under certain con-
ditions, this must underestimate the frequency of circadian mRNAs. 
We therefore predict that many more genes identified in this study will 
play a role in rhythms and lead to further understanding of relevant 
processes, core timekeeping, and the neuronal network through which 
behavioral rhythms is orchestrated.

It is notable that mRNA oscillations were not necessary to identify 
circadian genes. Remarkably, cry and Clk mRNAs, cycling clock genes 
with a trough around ZT12, were also found in the short list of the 
clock cell–enriched mRNAs (Fig. 1c). Moreover, Fer2 as well as Thor 
mRNAs show no evidence of cycling (data not shown). Finally, there 
is little overlap between the clock cell–enriched mRNAs identified 
here and the cycling mRNAs from whole heads reported in previous 
studies7–12, except for the known cycling clock genes.

Many of the pan-clock cell–enriched and LNv-enriched mRNAs 
are identified as having transcriptional regulator or DNA binding 
activity (Fig. 3). This underscores the importance of the transcription 
feedback loop and transcriptional regulation more generally in the 
core timekeeping mechanism, as well as in clock output. In contrast, 
most of the gene expression differentially enriched in tim+pdf– cells 
have catalytic activity, including oxidoreductase, hydrolase and 
transferase activity. This difference with LNv mRNAs likely reflects 
different contributions of LNvs and tim+pdf– cells to the circadian 
circuit. The former are the main pacemaker cells (M-cells) and drive 
locomotor rhythms; perhaps many of these transcription-relevant 
genes contribute to the core clock or its output through transcrip-
tional mechanisms. The latter include the dorsal neurons, which are 
known to be involved in the light input as well as in a behavioral  
output pathway19,20 (C.H. Tang, E. Hinteregger, Y. Shang and  
M. Rosbash, unpublished data). Redox regulation of signaling  
proteins (including kinases, phosphatases, small GTPases, guanylate 
cyclases and adaptor proteins) has been shown to modulate their 
function34. Notably, previous studies have indicated a role for redox 
in light-dependent CRYPTOCHROME (CRY) degradation, which is 
known to be involved in phase resetting of the clock35,36. It is therefore  
plausible that some dorsal neuron–enriched oxidoreductases play 
roles in light-input signaling within the dorsal neurons. We anticipate 
more generally that the newly identified genes specifically expressed 
in tim+pdf– cells will help define additional dorsal neuron functions 
and their underlying mechanisms.

The basic helix-loop-helix protein FER2 was identified as LNv-
enriched. The Fer2 mutation severely impairs clock gene expression 
in LNds as well as adult and larval LNvs. This includes expression of 
the key circadian transcription factor Clk, which appears weak and/or 
absent only from the lateral neuron region of the fly brain (Fig. 5c). 
Notably, the Fer2 mutant phenotype is much stronger than that of 
the strongest known Clk mutant: although Clk mutation abolishes 
PDF expression in adult s-LNvs, l-LNvs are normal in Clkjrk (ref. 13).  
A parsimonious interpretation is therefore that Fer2 is predominantly 
upstream of Clk, cry and PDF expression in lateral neurons. As the 
LNds have evening oscillator (E-cell) activity37,38 and the s-LNvs are 
morning oscillator cells (M-cells), Fer2 may function as a master tran-
scriptional regulator for the development and/or maintenance of the 
circadian circuit subset with oscillator activity.

FER2 probably exerts its function cell autonomously, as in situ 
hybridization with an antisense Fer2 probe revealed expression in the 
lateral protocerebrum, where LNvs as well as LNds are located (data not 
shown). Coregulation of M- and E-cells is consistent with recent work 
on interspecific regulation of Pdf expression39, which also suggests that 
there are additional transcription factors that underlie the differences 
between these important pacemaker cells. This makes the common and 
cell type–specific targets of FER2 of particular interest.

nocturnin is enriched in tim+pdf− cells, and the cycling isoform, 
nocturnin-RD, is specifically expressed in a subset of DN3s. There 
is as yet no evidence that the noncycling isoforms contribute to 
circadian rhythms. Indeed, a very recent study on curled (shown 
to encode NOC) suggests that it has noncircadian functions40.  
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We therefore consider it unlikely that the NOC-RD knockdown  
phenotype is due to an altered balance of noncycling and cycling iso-
forms, and the simplest interpretation is that the NOC-RD isoform has  
a dedicated circadian role. Consistent with published studies19,20, this  
LL rhythmic phenotype is associated with molecular rhythms in the 
dorsal neurons. Although it is possible that the NOC-RD protein 
accumulation pattern is more complex than a simple circadian vari-
ation (see Fig. 6c), the peaking of NOC-RD protein abundance at 
about lights-off suggests that nocturnin-RD is involved in processing 
the light signal in the early night. Indeed, the knockdown of  
nocturnin-RD reduced the early night light pulse-mediated phase delay  
(Fig. 7e). Notably, vertebrate nocturnin was identified as cycling 
mRNA in Xenopus eyes but has never been associated with a circa-
dian phenotype. The results here indicate that nocturnin is indeed a 
circadian gene and may have an ancient and conserved association 
with photoreception.

Light is received by several pathways, including photoreceptor 
organs and the intracellular photoreceptor CRY, and processed 
through as-yet unknown neuronal mechanisms to modulate behav-
ior rhythms. CRY in PDF-negative clock cells plays a major role in 
light-mediated phase shift in the early night and the entrainment 
of the evening activity peak41. Subsets of DN1s express CRY and 
receive light directly, whereas most if not all DN3s do not42. The fact 
that the NOC-RD knockdown phenocopies the overexpression of 
shaggy, which stabilizes the TIM/CRY complex and inhibits circadian 
light responses, suggests that NOC-RD interacts with CRY-mediated 
light processing. We therefore suggest that nocturnin-RD functions 
between DN3s and CRY-expressing DN1s to process light-input infor-
mation in the early night. It may also be involved in signaling light 
information to other clock neurons, including DN2s. Light informa-
tion is ultimately communicated to the central pacemaker M-cells 
(Supplementary Fig. 4).

The sequence conservation of nocturnin with the yeast deadenylase 
CCR4 and vertebrate homologs suggests that NOC-RD regulates the 
stability or translatability of mRNAs involved in mediating a light 
response and perhaps neuronal signaling. These would be novel con-
nections between these neuronal functions and post-transcriptional 
regulation. Identification of target mRNAs of NOC-RD is therefore 
an important challenge for future studies.

The gene expression profiles of the three sets of circadian neu-
rons are sufficiently different that a substantial number of mRNAs 
probably underlie the different roles of these circadian circuit 
components. The Fer2 and nocturnin genes validate the profiling 
and begin to provide insight into some of these distinct functions. 
These genes and others identified in this study should also lead 
to new GAL4 drivers, which will be able to label and manipulate 
additional elements of the circuit. For example, the promoter of 
nocturnin might lead the isolation of RD-expressing DN3s, which 
might form a functionally distinct subset within this numerous 
(~40 cells per hemisphere) neuronal group. These strategies should 
be applicable to the dissection of any Drosophila neuronal circuit 
for which well-characterized fluorescent protein expression patterns 
can be generated.
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ONLINE METhODS
gene expression analysis of the manually sorted cells from Drosophila brains. 
The cell sorting, RNA isolation and preparation protocol was modified from the 
method described previously16,17. Vials containing young adult flies and larva 
were entrained in 12 h light:12 h dark (LD) for at least 3 d and collected at 
ZT12. Vials were immediately transferred onto ice and kept on ice during the 
dissection. We dissected brains from early third instar larvae and young adults 
into ice-cold modified dissecting saline (9.9 mM HEPES-KOH buffer, 137 mM 
NaCl, 5.4 mM KCl, 0.17 mM NaH2PO4, 0.22 mM KH2PO4, 3.3 mM glucose, 
43.8 mM sucrose, pH 7.4)43 containing 50 µM d(–)-2-amino-5-phosphono-
valeric acid (AP5), 20 µM 6,7-dinitroquinoxaline-2,3-dione (DNQX), 0.1 µM 
tetrodotoxin (TTX), and immediately transferred them into modified SMactive 
medium (SMactive medium containing 5 mM Bis-Tris, 50 µM AP5, 20 µM DNQX, 
0.1 µM TTX) on ice44. Approximately 50 brains were collected within 1 h of the 
start of the dissections. For sorting cells from lv-tim cells and lv-tim+pdf– cells, 
we carefully removed the ring gland and ventral ganglion and used only the 
central brains. For sorting lv-LNvs, we removed ventral ganglia from the rest of 
the brains. Brains were digested with l-cysteine-activated papain (50 units ml−1  
in dissecting saline; Worthington) for 10 min (larval brains) or 20 min (adult 
brains) at 25 °C. Digestion was quenched with a fivefold volume of the medium, 
and brains were washed twice with the chilled medium. Brains were triturated 
with a flame-rounded 1,000-µl pipetter tip with filter followed by a flame-rounded 
200-µl pipetter tip with filter until most of the tissues were dissociated to single 
cells. The resulting cell suspension was diluted in the chilled medium and trans-
ferred to two 60-mm Petri dishes with Sylgard (Dow Corning) substratum. Under 
a fluorescence-dissecting microscope, we manually sorted GFP- or YFP-positive 
cells from one dish at a time, while keeping the other dish on ice. We transferred 
collected cells to the second dish, which was kept on ice, then reselected GFP- or 
YFP-positive cells and transferred them to a third dish, and we further selected 
only GFP- or YFP-positive cells and transferred them to a tube for RNA extraction. 
After three rounds of sorting, approximately 100 fluorescent cells were pooled for 
each microarray experiment. Total RNA from collected cells was extracted and 
poly(A) RNA was amplified by two-cycle linear amplification, processed as previ-
ously described17 and hybridized to a GeneChip Drosophila Genome 2.0 array 
(Affymetrix). Two or three biological replicates were profiled for each cell type. 
Adult eye samples were prepared from manually dissected compound eyes.

Microarray data analysis. Scanned Affymetrix image data were processed with 
the Affymetrix GCOS software to convert to probe level signals. The probe signal 
files were then processed with the gcrma package (Bioconductor) to normalize 
and calculate summary values for each probe set using the GCRMA algorithm  
(http://www.bioconductor.org/packages/2.0/bioc/html/gcrma.html).The rest of 
the analysis was performed using in-house software written in Python (http://
www.python.org/) and R (http://www.r-project.org/). Affymetrix annotation 
(Drosophila 2 annotations, CSV format) was used to associate probe sets and 
genes. When the average of the summary values of replicates across all the samples 
was ≤5.5, the probe set was filtered out as low or unexpressed.

For Figure 1c, lv-tim cells, lv-LNvs, s-LNvs and l-LNvs were compared to 
lv-elav cells and ad-elav cells. A t-test threshold of P < 0.001 and fold change > 8  
yielded 84 probe sets. For Figure 2a, lv-LNvs, s-LNvs and l-LNvs were com-
pared to lv-tim+pdf– cells, lv-elav cells and ad-elav cells. A t-test threshold of  
P < 0.0001 and fold change > 8 yielded 63 probe sets. For Figure 2b, lv-tim+pdf– 
cells were compared to lv-LNvs, s-LNvs, l-LNvs, lv-elav cells and ad-elav cells. A 
t-test threshold of P < 0.0001 and fold change > 8 yielded 342 probe sets. False 
discovery rates for those selections were calculated by dividing an estimate of the 
number of false positives by the actual number of selected genes. The number 
of false positives was estimated by 100 trials consisting of random shuffling of 
the samples followed by the same filtering procedure applied to the actual case 
(filtering by t-test P-value and fold change)45.

Enrichment P-values of clock genes in Figure 1c were calculated using a hyper-
geometric distribution. We obtained a total of 7 clock genes out of 8 (tim, per, 
Clk, cyc, cwo, Pdp1, cry, vri) in the list of 39 probe sets (after removing tim probe 
set duplication from the 40 top-ranked probe sets shown in Fig. 1c) from a total 
of 12,768 unique probe sets (unique in terms of gene symbol defined by the 
Affymetrix annotation).

Gene ontology data were downloaded from http://www.geneontology.org/, 
version 14:04:2008 19:30. The Affymetrix annotation was used to associate probe 
sets and gene ontology terms. For a given list of probe sets, it was first reduced to a 

list with unique symbols; then over-representation probabilities of gene ontology 
terms were calculated by hypergeometric distribution using an in-house Python 
program. Because not all the genes had gene ontology annotations, we calculated 
the percentage of the genes with the given annotation among all annotated genes 
(Fig. 3). There were 63 gene ontology–annotated genes (out of 84) in the clock 
cell–enriched gene category, 44 genes (out of 63) in LNv-enriched genes, and 200 
genes (out of 342) in tim+pdf– cell–enriched genes.

Fly strains. All GAL4 lines used in this study have been described previously:  
tim-GAL4 (ref. 46), Pdf-GAL4 (ref. 4), Pdf-GAL80 (ref. 4) and cry(39)-GAL4 (ref. 47).  
Lines used to label cell types for cell sorting were as follows: y w; tim-GAL4, UAS-
2xEYFP/CyO, which were generated by recombining y w; tim-GAL4/CYO and y w;  
P{w[+mC]=UAS-2xEYFP}AH2 (Bloomington Stock Center) and used to sort 
tim-GAL4 labeled cells. lv-tim+pdf– cells were collected from y w; tim-GAL4, 
UAS-2xEYFP/CyO; Pdf-GAL80. Pdf-GAL4–positive cells were sorted from y w, 
UAS-mCD8GFP; Pdf-GAL4. Larval elav cells were labeled by crossing UAS-
EGFP and w;; elav-GAL4. Adult elav cells were labeled by crossing UAS-EGFP 
males and virgin females of the C155-GAL4 enhancer trap line, and F1 males 
and females were used. tim-GAL4 in adult brains is expressed in many glia and 
therefore was not used to label adult cells for cell sorting.

The following lines were also obtained from Bloomington Stock Center: 
w1118; PBac{RB}Fer2e03248, w1118; Df(3R)sbd104/TM6B (referred to herein as 
Df1) w1118; Df(3R)sbd45/TM6B (referred to as Df2). Genotypes of flies used in 
the behavior assay of Fer2 mutants (Fig. 4c) were as follows: PBac{RB}Fer2/+, 
w1118; PBac{RB}Fer2e03248/TM6B. PBac{RB}Fer2, w1118; PBac{RB}Fer2e03248. 
Df1/+, w1118; Df(3R)sbd104/TM6B. Df1/PBac{RB}Fer2, w1118; Df(3R)sbd104/
PBac{RB}Fer2e03248. Df2/+, w1118; Df(3R)sbd45/TM6B. Df2/PBac{RB}Fer2, w1118; 
Df(3R)sbd45/PBac{RB}Fer2e03248.

The RNAi line against nocturnin, UAS-RNAi-1 (31299-R1) was obtained 
from the National Institute of Genetics (Sizuoka, Japan), and UAS-RNAi-2 
(45442) from the Vienna Drosophila RNAi Center. Genotypes of flies used to 
study behavior of nocturnin-knockdown flies (Figs. 6 and 7) were as follows: 
tim-GAL4, y w; tim-GAL4/+. UAS-RNAi-1, y w; UAS-RNAi-1/+. tim>RNAi-1, y w;  
tim-GAL4/+. UAS-RNAi-1/+, UAS-RNAi-2, y w; UAS-RNAi-2/+. tim>RNAi-2,  
y w; tim-GAL4/+;UAS-RNAi-2/+. pdf-GAL4, y w; Pdf-GAL4/+. pdf>UAS-RNAi-1, 
y w; Pdf-GAL4/+;UAS-RNAi-1/+.

Behavior assays. LD, DD and LL locomotor behavior assays and PRC experi-
ments were performed as described previously20.

Production of antibody to nocTURnIn-Rd. We generated a rat mono-
clonal antibody that specifically recognized NOC-RD using the rat lymph 
node method48. A WKY/Crj rat was immunized with synthetic peptide 
(ELLEDDDKPPQLFS)-conjugated keyhole limpet hemocyanin. After 3 weeks, 
rat lymphocytes were fused with mouse myeloma Sp2 cells. We screened the 
NOC-RD–specific antibody by ELISA and immunostaining using hybridoma 
supernatants and selected clone 2C4.

Immunostaining. Immunostaining of Drosophila brains using anti-PER and 
anti-PDF was performed as described previously49. CLK immunostaining was 
performed with guinea pig antiserum to CLK (GP50), a gift from P. Hardin, as 
described50. For immunostaining for NOC-RD, heads were fixed in 2% para-
formaldehyde in PBST (PBS, 0.5% Triton X-100 (Sigma)) on ice for 45 min, and 
washed twice with PBST, incubated with blocking solution (10% goat serum, 
PBST) for 1 h at 25 °C, then incubated with anti-NOC-RD (2C4) (25 µg ml–1) 
for two overnights at 4 °C. Alexa Fluor 488 goat anti–rat immunoglobulin G 
(Invitrogen) was used as a secondary antibody.

RnA analysis by real-time PcR. Total RNA was prepared from embryos or 
adult heads with Trizol (Invitrogen). RNA (1.5 to 3 µg) was reverse-transcribed 
with oligo(dT)12–18 using SuperScript III (Invitrogen) and the cDNA used as 
a template for quantitative real-time PCR performed with a Corbett Research 
Rotor-Gene 3000 real-time cycler. The PCR mixture contained Platinum Taq 
Polymerase (Invitrogen), an optimized concentration of Sybr green (Invitrogen), 
and the appropriate primers: Fer2 forward, 5′-CAACTGCGTCCAGCTA 
CAAA-3′; Fer2 reverse, 5′-CTCGTACGGAAAGGTGGGTA-3′; nocturnin-
RC forward, 5′-CATTAAGCGAGCCAACAAGG-3′; nocturnin-RC reverse,  
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5′-ATGAACCCATTCTGGTCAGC-3′; nocturnin-RD forward, 5′-TGCAA 
CTGGAATGGGAGAGT-3′; nocturnin-RD reverse, 5′-TCCTGGGAGTCCAC 
ATTGTT-3′; nocturnin-RE forward, 5′- AGGCTGCAAAATGGAAACAC-3′;  
nocturnin-RE reverse, 5′-GCTATCTTTCGGCTGCTGAC-3′; Ef1β forward, 
5′-GTCATCGAGGACGACAAGGT-3′; Ef1β reverse, 5′-TCTTGTTGAAGG 
CAGCAATG-3′. Cycling parameters were 95 °C for 3 min, followed by 40 cycles 
of 95 °C for 30 s, 55 °C for 45 s and 72 °C for 45 s. Fluorescence intensities  
were plotted versus the number of cycles by using an algorithm provided by the 
manufacturer. mRNA was quantified using a calibration curve based on dilution 
of concentrated cDNA. mRNA values for Fer2 and nocturnin were normalized to 
that of elongation factor 1β (Ef1β).
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