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Circadian Activators Are Expressed Days before They Initiate
Clock Function in Late Pacemaker Neurons from Drosophila
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Circadian pacemaker neurons in the Drosophila brain control daily rhythms in locomotor activity. These pacemaker neurons can be
subdivided into early or late groups depending on whether rhythms in period (per) and timeless (tim) expression are initiated at the first
instar (L1) larval stage or during metamorphosis, respectively. Because CLOCK-CYCLE (CLK-CYC) heterodimers initiate circadian
oscillator function by activating per and tim transcription, a Clk-GFP transgene was used to mark when late pacemaker neurons begin to
develop. We were surprised to see that CLK-GFP was already expressed in four of five clusters of late pacemaker neurons during the third
instar (L3) larval stage. CLK-GFP is only detected in postmitotic neurons from L3 larvae, suggesting that these four late pacemaker neuron
clusters are formed before the L3 larval stage. A GFP-cyc transgene was used to show that CYC, like CLK, is also expressed exclusively in
pacemaker neurons from L3 larval brains, demonstrating that CLK-CYC is not sufficient to activate per and tim in late pacemaker neurons
at the L3 larval stage. These results suggest that most late pacemaker neurons develop days before novel factors activate circadian
oscillator function during metamorphosis.
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Introduction
Circadian (�24 h) clocks function to synchronize physiological,
metabolic, and behavioral rhythms with daily environmental
cycles. In animals, these clocks keep circadian time via transcrip-
tional feedback loops, which use conserved transcriptional activators
and repressors to drive rhythms in transcription. In Drosophila,
CLOCK (CLK) and its heterodimeric partner CYCLE (CYC) ini-
tiate feedback loop function by activating expression of the re-
pressors PERIOD (PER) and TIMELESS (TIM). PER-TIM
complexes then inhibit CLK-CYC until they are degraded, thus
enabling the next round of CLK-CYC transcription (Hardin,
2011).

In the brain, this feedback loop operates in �150 brain pace-
maker neurons that function to drive locomotor activity rhythms
in adults. Pacemaker neurons can be divided into multiple clus-
ters based on their location, size, and neuropeptide expression,
including eight pigment dispersing factor (PDF)-expressing
small ventral lateral neurons (sLNvs), two PDF-negative sLNvs,
eight large ventral lateral neurons (lLNvs), 12 dorsal lateral neu-
rons (LNds), six lateral posterior neurons (LPNs), four anterior
dorsal neuron 1 s (DN1as), �30 posterior dorsal neuron 1 s

(DN1ps), four dorsal neuron 2 s (DN2s), and �80 dorsal neuron
3 s (DN3s; Helfrich-Förster, 2005; Nitabach and Taghert, 2008).
These clusters of brain pacemaker neurons communicate via
neuropeptides to form a network that determines the pattern of
locomotor activity based on environmental inputs (Peschel and
Helfrich-Förster, 2011; Taghert and Nitabach, 2012; Yoshii et al.,
2012).

During development, CLK is detected in 8 –10 sLNvs, a subset
of four DN1as, and four DN2s several hours before PER is de-
tected in late embryos and early first instar (L1) larvae (Helfrich-
Förster et al., 2007; Houl et al., 2008). Rhythmic PER expression
persists throughout larval and pupal development and in adults
(Kaneko et al., 1997; Kaneko and Hall, 2000), demonstrating that
circadian clocks operate continuously in “early” pacemaker neu-
rons after embryogenesis. The remaining pacemaker neurons
(e.g., LNds, DN1ps, LPNs, DN3s, lLNvs), which account for �85%
of all brain pacemaker neurons, are not detected until 50 –90% of
pupal development, when they initiate rhythmic PER expression
(Kaneko et al., 1997; Kaneko and Hall, 2000). This result suggests
that “late” pacemaker neurons do not develop until the last half of
metamorphosis.

To determine when late pacemaker neurons arise during
metamorphosis, a Clk-GFP transgene was used because Clk is the
first clock gene to be expressed and CLK-GFP can be detected
with high sensitivity. Our initial experiments confirm CLK-GFP
expression in �16 PER-positive early pacemaker neurons of L1
and L2 larvae. However, we were surprised to detect CLK-GFP in
all groups of brain pacemaker neurons except the lLNvs in mid to
late L3 larvae. These results demonstrate that late pacemaker neu-
rons are present, but do not support circadian oscillator function
until per expression is detected in late pupae several days later.
This delay in per expression is not due to the lack of cyc expression
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as a GFP-cyc transgene is expressed exclusively in early and late
pacemaker neurons. These results suggest that most late pace-
maker neurons are present days before novel factors activate cir-
cadian oscillator function during metamorphosis.

Materials and Methods
Fly strains. The following Drosophila strains were used in this study:
w 1118, w; Cyo/Sco; TM2/TM6B, PBac{yellow[�]-attP-9A}VK00018

(VK18) and y 1 w 67c23; P{CaryP}attP40 (attP40) (BestGene), cyc 01 (Ru-
tila et al., 1998), and Clk out (Mahesh et al., 2014).

Generating the Clk-GFP and GFP-CYC transgenes. To detect CLK with
high sensitivity, an attB-P[acman]-ClkV5-EGFP (Clk-GFP) transgene
was generated that expresses a CLK-GFP fusion protein. To accomplish
this, GFP was fused in frame to the C-terminal V5 epitope tag of CLK-V5
within the attB-P[acman]-ClkV5 plasmid (Mahesh et al., 2014). To in-
troduce GFP, a 3� genomic fragment of ClkV5 (from 351 bp upstream to

Figure 1. The Clk-GFP transgene rescues activity rhythms and expression in brain pacemaker neurons. A, w 1118; Clk out (Clk out), (w 1118; Clk-GFP; Clk out), and PBac{yellow[�]-attP-9A}VK00018
(VK18, attP insertion site for Clk-GFP) flies were entrained in LD cycles for 3 d and transferred to constant darkness. Activity in constant darkness was analyzed as described in Materials and Methods.
N, Number of animals tested; % Rhythmic, percentage of flies that showed significant rhythmicity; Period � SEM, rhythm period � SEM; Power � SEM, rhythm power � SEM. B, Representative
actograms of flies tested in A. Flies of the indicated genotypes were entrained in LD cycles, then placed in DD for at least 7 d. The actograms show two LD cycles per line, where the second cycle on
a line is the same as the first cycle on the following line. White boxes, Lights-on period; black boxes, lights-off period; gray asterisk, time when flies were placed in DD; vertical bars, fly activity. The
height of vertical bars indicates relative level of activity.

Figure 2. Spatial expression of CLK-GFP in brains from adults. Brains were dissected from Clk-GFP; Clk out adults collected at ZT22, immunostained with GFP and PER antisera, and imaged by confocal
microscopy. A–C, A 102�m projected Z-series image of the left brain hemisphere from an adult fly, where lateral is left and dorsal is top. GFP�PER (A), GFP (B), and PER (C) immunostaining is detected in DN1s,
DN2s, DN3s, LNds, LPNs, and LNvs. Colocalization of GFP (green) and PER (red) is shown as yellow. A1–C5, Magnified view of pacemaker neuron subgroups from A (A1–A5), B (B1–B5), and C (C1–C5). A1, B1,
C1, Images of a 46 �m projected Z-series of DN3s. A2, B2, C2, Images of a 38 �m projected Z-series of DN1s � DN2s. A3, B3, C3, Images of a 14 �m projected Z-series of LNvs. A4, B4, C4, Images of a 12 �m
projected Z-series of LPNs. A5, B5, C5, Images of a 20 �m projected Z-series of LNds. Scale bar, 50 �m. All images are representative of 12 or more brain hemispheres.
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1580 bp downstream of the translation stop)
was first cloned into the TA vector (Invitrogen)
using SphI and NotI to form ClkV5-TA. An
FseI site was introduced before the ClkV5 stop
codon to form ClkV5Fse-TA using the
QuikChange site directed mutagenesis kit
(Stratagene). GFP coding sequence was ampli-
fied from PL-452-C-EGFP vector (Addgene)
using primers containing FseI sites and in-
serted into the TA vector (Invitrogen). The
GFP fragment was excised using FseI and in-
serted into ClkV5Fse-TA at the FseI site to form
ClkV5GFP-TA. The 3� Clk SphI-NotI genomic
fragment in attB-P[acman]-Clk-V5 was
swapped with the Clk SphI-NotI genomic frag-
ment from ClkV5GFP-TA to form attB-
P[acman]-ClkV5-GFP. This transgene, which
we refer to as Clk-GFP, was inserted into the
VK00018 attP site on chromosome 2 via
PhiC31-mediated transgenesis (Groth et al.,
2004; Venken et al., 2006). The Clk-GFP trans-
gene was moved into Clkout for behavioral
analysis and immunostaining.

An N-terminal eGFP tagged cycle (cyc)
transgene (GFP-cyc) was constructed via re-
combineering (Venken et al., 2006). Phusion
DNA polymerase (New England BioLabs) was
used to amplify the eGFP-LoxP-kanamycin
cassette from plasmid PL-452 N-eGFP (Add-
gene) using using primer cyc-L (5�-gtcggaaagg
gcttaatttttcataagcaaacgtcaccgattggcgATGGTG
AGCAAGGGCGAGGAGCTG-3�), which con-
tains 45 nt of cyc sequence upstream of the
translation start (lowercase) and the first 24 nt
of the GFP translated sequence (uppercase),
and cyc-R (5�-gtaatttgcaatgcacttttccagtgaaactc
accagaactcctgaacttcACTAGTGGATCCCCTC
GAGGGAC-3�), which contains 51 nt from cyc
exon 1 (lowercase) and 23 nt from the 3� end of
the eGFP cassette (uppercase). This fragment
was used to transform SW102 cells harboring
the BAC clone C322– 08N23 (BAC-PAC Re-
sources Center), which contains the cyc
genomic region, and recombinants containing
the eGFP-LoxP-kanamycin cassette inserted
into cyc were selected on plates containing
kanamycin. The kanamycin gene was re-
moved by inducing recombination at the
LoxP sites (Venken et al., 2008, 2009), result-
ing in the chloramphenicol-resistant GFP-cyc
p(ACMAN) clone. GFP-cyc was amplified in
EPI 300 cells (Epicenter), and sequenced to confirm the N-terminal GFP-
CYC fusion. The GFP-cyc transgene was inserted into attP40 on chromo-
some 2 via PhiC31-mediated transgenesis (Groth et al., 2004). The GFP-
cyc transgene was moved into cyc01 for behavioral analysis and
immunostaining.

Staging of larvae and pupae. Clk-GFP; Clk out and GFP-cyc; cyc 01 flies
were maintained in a 12 h light/dark (LD) cycle for three cycles at
25°C. Larvae and pupae were staged as previously described
(Helfrich-Förster, 1997; Kaneko et al., 1997). Larvae were collected at
the following times: L1–L2, 24 h after hatching; L2, 36 h after hatch-
ing; L2–L3, 48 h after hatching; early L3, 60 h after hatching; late L3,
72 h after hatching. P20%, P40%, 50%, 60% of pupal (P) develop-
ment: P20%, 24 h after pupa formation; P40%, 48 h after pupa for-
mation; P50%, 60 h after pupa formation; P60%, 72 h after pupa
formation.

Immunostaining larval CNSs and adult brains. Antibody staining of
adult brain and larval CNSs was performed as previously described (Houl

et al., 2008). Larvae were staged and collected as above. Larval CNSs and
adult brains were dissected and fixed with 3.7% formaldehyde. Samples
were washed and incubated with primary and secondary antibodies in a
solution containing 1� PBS, 5% BSA, 3% goat serum (Sigma-Aldrich)
(3% donkey serum for primary antibodies raised in goat), 0.03% sodium
deoxycholate, 0.03% Triton X-100. The following primary antibodies
were used: guinea pig anti-CLK GP50 1:3000, goat anti-CLK dC-17
(Santa Cruz Biotechnology) 1:100, rabbit anti-GFP ab6556 (Abcam)
1:500, rabbit anti-GFP ab290 (Abcam) 1:2000, mouse anti-ELAV
(DSHB) 1:100, preabsorbed rabbit anti-PER (gift from Michael Rosbash,
Brandeis University, Waltham, MA) 1:15,000, rat anti-PER (gift from
Orie Shafer, University of Michigan, Ann Arbor, MI) 1:500, and
mouse anti-PDF (DSHB) 1:500. The following secondary antibodies
were used at a 1:200 dilution: goat anti-rabbit AlexaFluor 647 (Invit-
rogen), donkey anti-rabbit Alexa 647 (Invitrogen), goat anti-guinea
pig Cy-3 (Jackson ImmunoResearch Laboratories), goat anti-mouse
Cy-3 (Jackson ImmunoResearch Laboratories), goat anti-rat Cy-5

Figure 3. Spatial expression of CLK-GFP in brains from L3 larvae. CNSs were dissected from Clk-GFP; Clk out and WT L3 larvae
collected at ZT22 (A–F ) or WT L3 larvae collected at ZT12 (G–I ), immunostained with GFP and PER antisera (for Clk-GFP; Clk out

larvae) or CLK (dC-17) and PER antisera (for WT larvae), and imaged by confocal microscopy. A–C, A 52 �m projected Z-series
image of the left hemisphere of a Clk-GFP late L3 larval brain, where lateral is left and dorsal is top. GFP � PER (A), GFP (B), and PER
(C) immunostaining is shown for DN1s, DN2s, DN3s, LPNs, LNds, and LNvs. Colocalization of GFP (green) and PER (red) is shown as
yellow. D–F, A 50 �m projected Z-series image of the left hemisphere of a WT late L3 larval brain, where lateral is left and dorsal
is top. CLK � PER (D), CLK (E), and PER (F ) immunostaining is shown for DN1s, DN2s, DN3s, LPNs, LNds, and LNvs. Colocalization of
CLK (green) and PER (red) is shown as yellow. G–I, A 76 �m projected Z-series image of the left hemisphere of a WT late L3 larval
brain, where lateral is left and dorsal is top. CLK � PER (G), CLK (H ), and PER (I ) immunostaining is shown for DN1s, DN2s, DN3s,
LPNs, LNds, and LNvs. Scale bar, 20 �m. All images are representative of 12 or more brain hemispheres.
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(Jackson ImmunoResearch Laboratories), donkey anti-rat Cy-5
(Jackson ImmunoResearch Laboratories), goat anti-mouse Alex-
aFluor 488 (Invitrogen), and donkey anti-goat AlexaFluor 488
(Invitrogen).

Confocal microscopy. Confocal stacks were imaged using an Olympus
FV1000 confocal microscope equipped with 20 � /0.85 NA and 100 �
1.40 NA oil-immersion objectives. For double-labeling experiments, se-
quential scans of the argon ion 488 nm and HeNe (543 nm for Cy3, 633
nm for AlexaFluor 647 and Cy5) lasers were used to avoid bleed-through
between channels. For imaging AlexaFluor 488 and Cy3, 488 and 543 nm
lasers were used, with the 405/488/543 nm dichroic mirror for excitation.
Fluorescence signals were separated by a beam splitter (560 nm long-
pass) and recorded on spectral detectors set to 500 –530 and 555– 655 nm
for AlexaFluor 488 and Cy3, respectively. For imaging AlexaFluor 488
and either AlexaFluor 647 or Cy5, Argon 488 and HeNe 633 nm lasers
were used, with the 488/543/633 nm dichroic mirror for excitation. Flu-
orescence signals were separated by a dichroic beam splitter (560 nm
long-pass). A spectral detector set to 500 –555 nm was used for Alex-
aFluor 488 and a detector with 650 nm long-pass filter was used for
AlexaFluor 647 or Cy5 signals. The Fluoview “Hi-Lo” look-up table was
used to set the maximal signal below saturation and set the background
to near zero using the high voltage and offset controls. Z-series were
obtained at 2 �m step size, and Kalman-averaging was not used. Original
Olympus images were saved as 12-bit oib format and processed using
FV1000 confocal software to generate maximum intensity projections
(Z-projections). Images were adjusted for brightness and contrast using
Adobe Photoshop. For each genotype and developmental stage, brain
images were acquired using the same settings (power, gain, offset) at the
same time.

Assignment of pacemaker neuron subgroups. Projected Z-series of CLK-
GFP, CLK, PER, and GFP-CYC immunostaining were generated along
the anterior–posterior (A–P) axis for dissected larval and adult brains. In
larvae, DN3s and DN1 as could be readily distinguished from other pace-

maker neurons by their locations along the
dorsal–ventral (D–V) and lateral– contralat-
eral (L–C) axis, whereas scans through the A–P
axis were necessary to distinguish the more
posterior DN2s from DN1ps, the more poste-
rior LPNs from LNds, and the more posterior
LNds from LNvs. Brains were only used for
pacemaker neuron quantification if all sub-
groups could unambiguously be assigned. In
adults, pacemaker neuron subgroups were as-
signed as described for larvae, except that there
was no overlap between the more ventral sLNvs
and LNds. The lLNvs often intermingled with
LNds, but could typically be distinguished from
LNds because they have larger cell bodies.
When lLNvs and sLNvs were not marked with
PDF, there was some ambiguity in discriminat-
ing between lLNvs and LNds.

Circadian locomotor activity monitoring.
Two- to 3-d-old male flies were entrained for
3 d in LD and transferred to constant darkness
(DD) for 7 d at 25°C. Locomotor activity was
monitored using the Drosophila Activity Mon-
itor (DAM) system (Trikinetics). Locomotor
activity during DD was analyzed using Clock-
Lab (Actimetrics) software as described previ-
ously (Pfeiffenberger et al., 2010).

Results
Essentially all brain pacemaker neurons
from adults are present in L3 larvae
Given that Clk and cyc initiate circadian
oscillator function (Hardin, 2011), we
used CLK protein expression to mark de-
veloping brain pacemaker neurons. To
detect CLK expression with high sensitiv-

ity, a �15 kb genomic DNA fragment was used to generate a
transgene that expresses CLK fused to a C-terminal GFP tag (Clk-
GFP; see Materials and Methods). The Clk-GFP transgene was
integrated at the VK18 attP docking site by PhiC31 recombina-
tion (Groth et al., 2004; Venken et al., 2006), and used to generate
Clk-GFP; Clk out flies. Behavioral analysis of Clk-GFP; Clk out flies
shows that Clk-GFP effectively rescues locomotor activity
rhythms of Clk out-null mutant flies with a period of �24 h in DD,
which is similar to that of the wild-type control containing the
VK18 attP docking site (Fig. 1). These results demonstrate that
the CLK-GFP fusion protein supports circadian oscillator func-
tion. To determine whether CLK-GFP is expressed specifically in
clock cells, brains from adults were dissected and immunostained
with antibodies against GFP and the clock cell marker PER col-
lected at Zeitgeber Time 22 (ZT22, where ZT0 is lights on and
ZT12 is lights off in an LD cycle), when PER is localized to the
nucleus (Hardin, 2011). Consistent with previous results, PER
expression is detected in both brain pacemaker neurons and
glial cells, with the highest intensity staining seen in pace-
maker neurons (Shafer et al., 2006; Ng et al., 2011; Fig. 2C–
C5). Strong CLK-GFP immunostaining is detected in all brain
pacemaker neurons, with weaker immunostaining in most if
not all PER-expressing glial cells (Fig. 2A–B5). These results
demonstrate that CLK-GFP marks PER-expressing clock cells
in adults, and thus accurately reflects CLK protein expression
(Houl et al., 2008).

Because Clk is required for per expression (Allada et al., 1998;
Darlington et al., 1998), we immunostained brains from L3 larvae
at ZT22 to confirm that CLK-GFP was expressed in approxi-

Figure 4. Expression of CLK-GFP in the brain during larval development. Clk-GFP; Clk out flies were grown to the indicated stage
(see Materials and Methods) and collected at ZT22. CNSs from these larvae were dissected, immunostained with GFP antibody, and
imaged by confocal microscopy. A–F, Images of 24 h L1–L2 (A), 36 h L2 (B), 48 h L2–L3 (C), 60 h early L3 (D), �72 h late L3 (E),
and adult (F ) brains. For these developmental stages, 42 �m (L1–L2), 46 �m (L2), 46 �m (L2–L3), 44 �m (early L3), 50 �m (late
L3) or 78 �m (adult) projected Z-series images are shown. Scale bars: A–E, 20 �m; F, 10 �m. The colored circles denote
pacemaker neuron subgroups according to the key on the right. The different groups of pacemaker neurons were distinguished as
described in Materials and Methods. All images are representative of 12 or more brain hemispheres.
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mately eight PER-positive pacemaker
neurons per hemisphere. To our surprise,
robust CLK-GFP signal was detected in
�60 brain neurons per hemisphere,
whereas robust PER signal was only de-
tected in four to five sLNvs (Fig. 3A–C).
Weaker PER immunostaining was de-
tected in DN1as, and little or no PER was
detected in DN2s because PER cycles with
a peak at ZT12 in larval DN2s (Kaneko et
al., 1997; Fig. 3A,C). Diffuse PER immu-
noreactivity is also detected in the vicinity
of DN3s (Fig. 3A,C), but no PER immu-
nostaining is detected in glial cells from L3
larval brains (Fig. 3A,C), consistent with
previous results (Kaneko and Hall, 2000;
Helfrich-Förster et al., 2007). The �60
CLK-GFP-positive brain pacemaker neu-
rons encompassed almost all pacemaker
neuron clusters that had previously been
detected in late pupae and adults using
PER as a marker (Kaneko et al., 1997;
Kaneko and Hall, 2000; Shafer et al.,
2006). In contrast, PER was expressed in a
limited subset of CLK-GFP-expressing
pacemaker neurons in L3 larvae, consis-
tent with previous results (Kaneko et al.,
1997; Kaneko and Hall, 2000).

To confirm that the expanded pattern of CLK-GFP expression
reflects that of endogenous CLK, wild-type L3 larvae were immu-
nostained with CLK antiserum. Our previous analysis of CLK in
L3 larvae reliably detected early, but not late, pacemaker neurons
(Houl et al., 2008), thus a more sensitive CLK antiserum was used
for these experiments (see Materials and Methods). CLK was
consistently detected in �60 brain neurons per hemisphere that
correspond spatially to the same clusters of pacemaker neurons
seen with GFP-CLK (Fig. 3D,E). Likewise, CLK expression levels
reflect those of CLK-GFP in that CLK immunostaining is strong
in the different pacemaker neuron clusters. At ZT22 PER is pres-
ent in only a small subset of CLK-expressing pacemaker neurons
in each hemisphere corresponding to four to five LNvs that show
strong PER immunostaining and 2 DN1as that show weaker PER
immunostaining (Fig. 3F). Weak PER immunostaining is also
detected in DN3s and LNds, which were previously observed to
express low levels of TIM and tim-Gal4 driven GFP (Kaneko et
al., 1997; Kaneko and Hall, 2000). To determine whether this
weak PER staining was rhythmic, we collected wild-type L3 larvae
at ZT12 and immunostained with CLK and PER. As expected,
strong CLK expression was detected in all of the pacemaker neu-
ron clusters observed at ZT22 (Fig. 3G,H), no PER expression

was detected in LNvs and DN1as (Fig. 3G,I), and strong PER
expression was detected in the DN2s (Fig. 3G,I). Weak PER ex-
pression was also detected in DN3s and LNds at ZT12 (Fig. 3G,I),
suggesting that PER levels do not cycle in these two groups of
pacemaker neurons. These results demonstrate that L3 larvae
express CLK in nearly all brain pacemaker neurons seen in adults,
but robust PER expression is limited to the approximately eight
pacemaker neurons/hemisphere that support circadian oscillator
function.

CLK-GFP expression in pacemaker neurons expands in L3 larvae
Because CLK is expressed in �60 neurons/hemisphere in L3 lar-
vae, we wondered whether this expanded pattern of CLK expres-
sion was present at earlier larval stages. To test this possibility,
dissected CNSs from L1 and L2 Clk-GFP larvae were immuno-
stained with GFP antibody. In the CNS of both L1 and L2 larvae,
CLK-GFP is expressed in approximately eight brain neurons per
hemisphere. The location of these CLK-GFP-expressing neurons
corresponds to sLNvs, DN1as, and DN2s (Fig. 4A,B; Table 1),
consistent with previous reports of PER localization in L1 and L2
larvae (Kaneko et al., 1997; Kaneko and Hall, 2000).

When Clk-GFP larvae are immunostained near the L2–L3
transition (48 h posthatching), additional CLK-GFP-positive

Figure 5. PDF expression in LNvs from L3 larvae and adults. Clk-GFP; Clk out L3 larvae and adults were collected at ZT2. CNSs from
larvae and brains from adults were dissected, immunostained with GFP and PDF antibodies, and imaged by confocal microscopy.
Colocalization of GFP (green) and PDF (red) is shown as yellow. A–C, an 88 �m projected Z-series image of the right hemisphere
of a Clk-GFP adult fly brain, where lateral is right and dorsal is top. D–F, A 60 �m projected Z-series image of the right hemisphere
of a Clk-GFP L3 larval fly brain, where lateral is right and dorsal is top. sLNv and lLNv denote the position of LNv cell bodies. White
arrowhead, sLNv dorsal projection; blue arrowhead, lLNv posterior optic tract projection; gray arrowhead, lLNv medulla arboriza-
tions. Scale bar, 20 �m. All images are representative of 12 or more brain hemispheres.

Table 1. Quantifying CLK-GFP expression in brains during development

No. of stained cells

Stage (h after hatching) DN1a DN1p DN2 DN3 LNv LNd LPN

L1–L2 (24) 1.9 � 0.3 0 2.0 � 0.0 0 4.5 � 0.5 0 0
L2 (36) 1.9 � 0.3 0 1.9 � 0.3 0 4.5 � 0.5 0 0
L2–L3 (48) 2.0 � 0.0 0 2.0 � 0.0 0 4.5 � 0.5 2.2 � 1.1 0.2 � 0.4
L3 (60) 2.0 � 0.0 0 2.0 � 0.0 6.2 � 2.0 5.2 � 0.8 5.7 � 1.5 1.9 � 0.6
L3 (�72) 1.9 � 0.3 7.4 � 1.5 1.9 � 0.3 22.9 � 3.9 4.9 � 0.3 6.1 � 1.0 3.1 � 0.4
Adult 2.0 � 0.0 15.4 � 1.1 1.9 � 0.4 32.4 � 5.9 8.5 � 1.9 5.0 � 0.5 3.0 � 1.0

Developing or adult flies carrying the Clk-GFP transgene were staged, processed, and imaged as described in Materials and Methods. Number of stained cells denotes the number of GFP-positive cells � SEM for the different groups of
pacemaker neurons. Different life cycle stages are indicated as: L1–L2 (24 h after hatching); mid–L2 (36 h after hatching); L2–L3 (48 h after hatching); mid–L3 (60 h after hatching); and late L3 (�72 h after hatching). PDF staining was used
to identify LNvs in the adult brain. The different groups of pacemaker neurons were distinguished as described in Materials and Methods. Data are based on 12 or more brain hemispheres.

8666 • J. Neurosci., June 3, 2015 • 35(22):8662– 8671 Liu et al. • Drosophila Pacemaker Neuron Development



neurons are detected in brain regions populated by LNds and
LPNs (Fig. 4C; Table 1). Later on during the L3 stage (60 h after
hatching), additional CLK-GFP neurons are detected in the LNd

and DN3 brain regions (Fig. 4D; Table 1). By late L3 stage (72 h
posthatching), CLK-GFP is detected in locations corresponding
to all clusters of brain pacemaker neurons seen in adults except
the lLNvs (Fig. 4E,F; Table 1). The absence of lLNvs was con-
firmed by immunostaining with an antibody to the neuropeptide
PDF, which is expressed in dorsal projections from sLNvs and in
posterior optic tract (POT) projections and medulla arboriza-
tions from lLNvs in adults (Fig. 5A–C; Helfrich-Förster, 2003). In
late L3 larvae, PDF is only detected in dorsal projections (Fig.
5D–F), which argues that lLNvs are not yet present at this time
during development. Indeed, lLNvs are not yet present at 20%
pupal development (Fig. 6A–C), but by 40% pupal stage CLK-
GFP is detected four additional PDF-positive neurons (Fig. 6D–
F), which likely correspond to lLNvs even though they lack POT
projections and medulla arborizations. By 50% pupal stage, these
CLK-GFP and PDF-positive lLNvs show the characteristic POT
projections and medulla arborizations (Fig. 6G–I), consistent
with previous results (Helfrich-Förster, 1997; Kaneko et al.,
1997), and the intensity of PDF immunostaining increases in
POT projections and medulla arborizations by the 60% pupal
stage (Fig. 6J–L). Although CLK-GFP is detected in all pacemaker
neurons except lLNvs in late L3 larvae, there are fewer DN1ps and
DN3s at this stage than in adults (Fig. 4E,F; Table 1), suggesting
that all the neurons in these groups are either not yet present or that
CLK is expressed in a subset of these neurons at this developmental
stage. Analysis of CLK-GFP expression during larval development
revealed that CLK expression expands beyond PER-expressing sLNv,

DN1a, and DN2 neurons in L3 larvae to encompass all the clusters of
brain pacemaker neurons except lLNvs.

CLK-GFP is expressed exclusively in postmitotic neurons of
L3 larvae
By the L3 larval stage early pacemaker neurons already extend
projections and express the postmitotic neuronal marker embry-
onic lethal abnormal visual system (ELAV; Robinow and White,
1991; Kaneko et al., 1997; Kaneko and Hall, 2000), thus we rea-
soned that Clk-GFP is activated in preexisting groups of cells in
L3 larvae that are fated to become late pacemaker neurons. To
determine whether this is the case, early and late L3 larvae were
immunostained with GFP and ELAV antibodies. In each case, we
find that CLK-GFP is only detected in cells that express ELAV,
including early brain pacemaker neurons (Fig. 7) and newly
emerging DN1p, LNd, DN3, and LPN brain pacemaker neurons in
L3 larval brains (Fig. 7). From these results, we conclude that
CLK-GFP is expressed in postmitotic neurons, which suggests
that DN1ps, LNds, DN3s, and LPNs derive from presumptive
pacemaker neurons already present in L3 larvae.

GFP-CYC is expressed in all CLK-expressing pacemaker neurons
in L3 larvae
The lack of PER expression in late brain pacemaker neurons from
L3 larvae was unexpected because CLK initiates circadian oscil-
lator function by activating the feedback loop repressors per and
tim even when expressed ectopically (Zhao et al., 2003; Kilman
and Allada, 2009). Because CLK requires CYC to initiate oscilla-
tor function (Allada et al., 1998; Darlington et al., 1998; Rutila et
al., 1998), the lack of PER expression in late brain pacemaker
neurons from L3 larvae could be due to the absence of CYC

Figure 6. PDF expression in LNvs from pupae. Clk-GFP; Clk out pupae at the indicated developmental stages were collected at ZT2. Brains from pupae were dissected, immunostained with GFP and
PDF antibodies, and imaged by confocal microscopy. A–C, A 66 �m projected Z-series image of GFP � PDF (A), PDF (B), and GFP (C) immunostaining. D–F, A 76 �m projected Z-series image of GFP
� PDF (D), PDF (E), and GFP (F ) immunostaining. G–I, A 56 �m projected Z-series image of GFP � PDF (G), PDF (H ), and GFP (I ) immunostaining. J–L, A 76 �m projected Z-series image of GFP
� PDF (J ), PDF (K ), and GFP (L) immunostaining. A right hemisphere is shown in each image, where lateral is right and dorsal is top. sLNv and lLNv denote the position of LNv cell bodies.
Colocalization of GFP (green) and PDF (red) is shown as yellow. White arrowhead, sLNv dorsal projection; blue arrowhead, lLNv posterior optic tract projection; gray arrowhead, lLNv medulla
arborizations. Scale bar, 20 �m. All images are representative of 12 or more brain hemispheres.
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expression. Unfortunately antibodies ca-
pable of detecting CYC in tissue are not
available, so we constructed a transgene
(GFP-cyc) that expresses CYC fused to a
N-terminal GFP tag to determine CYC
spatial expression (see Materials and Meth-
ods). The GFP-cyc transgene was integrated
at the attP40 docking site by PhiC31 recom-
bination (Groth et al., 2004; Venken et al.,
2006), and used to generate GFP-cyc; cyc01

flies. Behavioral analysis of GFP-cyc; cyc01

flies shows that GFP-cyc rescues locomotor
activity rhythms in cyc01-null mutants that
are somewhat stronger and longer period
(�26 h) than the attP40 wild-type controls
(Fig. 8). Because circadian period is also
lengthened in flies containing only one copy
of cyc (Rutila et al., 1998), the long period
rhythms in GFP-cyc; cyc01 flies may result
from reduced GFP-CYC expression or ac-
tivity. Nevertheless, these results show that
the GFP-CYC fusion protein is functional in
the context of the circadian oscillator.

Because cyc is required for Clk to gen-
erate ectopic clocks in a wide array of
brain neurons (Kilman and Allada, 2009), we expected GFP-CYC
to be widely expressed in the adult brain. However, our results
show that GFP-CYC is only expressed in brain pacemaker neu-
rons that coexpress CLK (Figs. 9A–C). This result demonstrates
that like the other core clock components (e.g., CLK, PER, and

TIM), CYC is expressed exclusively in circadian oscillator cells, at
least in brains from adults. In L3 larval brains, CYC is also ex-
pressed specifically in CLK-expressing neurons (Fig. 9D–F), in-
dicating that the lack of oscillator function in all but the early
pacemaker neuron subset of the �130 pacemaker neurons in L3
larval brains is not due to the absence of CYC expression. The lack

Figure 7. CLK-GFP is expressed in postmitotic neurons from L3 larvae. Clk-GFP; Clk out L3 larvae were collected at ZT22. CNSs from larvae were dissected, immunostained with GFP and ELAV
antibodies, and imaged by confocal microscopy. GFP� ELAV, GFP, and ELAV immunostaining is shown for the indicated groups of pacemaker neurons. For each group of pacemaker neurons, a 2 �m
(DN2, LNv, DN1p, DN3), 4 �m (DN1a), or 6 �m (LNd, LPN) projected Z-series image is shown. Colocalization of GFP (green) and ELAV (red) is shown as yellow. The white boxes indicate the region
containing ELAV-positive cells that coimmunostain with GFP. Scale bar, 10 �m. All images are representative of 12 or more brain hemispheres.

Figure 8. The GFP-cyc transgene rescues activity rhythms and expression in brain pacemaker neurons. A, w 1118; cyc 01 (cyc 01),
w 1118; GFP-cyc; cyc 01 (GFP-cyc; cyc 01), and y 1 w 67c23; P{CaryP}attP40 (attP40; attP insertion site for GFP-cyc) flies were entrained
in LD cycles for 3 d and transferred to DD. Activity in DD was analyzed as described in Materials and Methods. N, Number of animals
tested; % Rhythmic, percentage of flies that showed significant rhythmicity; Period � SEM, rhythm period � SEM; Power � SEM,
rhythm power � SEM. B, Representative actograms of flies tested in A. Flies of the indicated genotypes were entrained in LD
cycles, then placed in DD for at least 7 d. The actograms show two LD cycles per line, where the second cycle on a line is the same
as the first cycle on the following line. White boxes, Lights-on period; black boxes, lights-off period; gray asterisk, time when flies
were placed in DD; vertical bars, fly activity. The height of vertical bars indicates relative level of activity.
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of circadian oscillator function in late pacemaker neurons from
L3 larvae may result from the inability of CLK-CYC to activate
per and tim transcription. A previous study tested whether per is
transcribed in L3 larvae using a per circadian regulatory sequence
(CRS) enhancer driven lacZ reporter gene, which is activated by
CLK-CYC and faithfully reports per spatial expression in adult
brains (Darlington et al., 1998; Hao et al., 1999). This work found
that �-galactosidase is only detected in early pacemaker neurons
from L3 larvae (Hao et al., 1999), indicating that per is not tran-
scribed in late pacemaker neurons at the L3 larval stage. The
GFP-CYC and per CRS-lacZ reporter results indicate that CLK
and CYC are not sufficient to initiate oscillator function in late
pacemaker neurons, which implies that other factors are required
to activate per and tim transcription, and thus oscillator function,
in these neurons during metamorphosis.

Discussion
In this study, we show that the late developing DN1p, LNd, DN3,
and LPN pacemaker neurons, which were previously detected

during the second half of metamorphosis and in adults (Kaneko
et al., 1997; Kaneko and Hall, 2000), are present �2 d earlier at
the L3 larval stage. We initially detected late pacemaker neurons
in L3 larvae using transgenic flies expressing CLK-GFP, then con-
firmed the presence of these neurons in wild-type L3 larvae using
CLK antibody. One notable absence among the late pacemaker
neurons in L3 larvae were the lLNvs, which do not appear until
the last half of metamorphosis regardless of the clock neuron
marker used. CLK-GFP expression extends beyond pacemaker
neurons to include most, if not all, PER-expressing glial cells in
adults (Fig. 2), but neither CLK-GFP nor PER are expressed in
glial cells from L3 larvae (Fig. 3A–C). PER is robustly expressed
with a peak at ZT22 (LNvs, DN1as) or ZT12 (DN2s) in early pace-
maker neurons from L3 larvae (Kaneko et al., 1997; Fig. 3C,F, I),
but PER is either absent (DN1ps, LPNs) or weakly expressed
(DN3s, LNds) at both ZT22 and ZT12 in late pacemaker neurons
from L3 larvae, indicating that the circadian oscillator in late
pacemaker neurons is not functional. The lack of PER expression

Figure 9. GFP-CYC expression is restricted to CLK-expressing neurons in adult and L3 larval brains. Brains were dissected from GFP-cyc; cyc 01 adults and L3 larvae collected at ZT22, immuno-
stained with GFP and CLK antisera, and imaged by confocal microscopy. Colocalization of GFP (green) and CLK (red) is shown as yellow. A–C, A 75 �m projected Z-series image of the left hemisphere
of a GFP-cyc; cyc 01 adult fly brain, where lateral is left and dorsal is top. GFP � CLK (A), GFP (B), and CLK (C) immunostaining is detected in the indicated groups of pacemaker neurons. D–F, A 60
�m projected Z-series image of the left hemisphere of a GFP-cyc; cyc 01 L3 larval brain, where lateral is left and dorsal is top. GFP � CLK (D), GFP (E), and CLK (F ) immunostaining is detected in the
indicated groups of pacemaker neurons. Scale bar, 20 �m. All images are representative of 12 or more brain hemispheres.
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in late pacemaker neurons from L3 larvae is not due to the ab-
sence of CYC, which is expressed in all CLK-positive neurons in
L3 larvae. These results suggest that CLK and CYC-positive late
pacemaker neurons in L3 larvae remain in a “primed” state until
the last half of metamorphosis, when other factors apparently
activate oscillator function.

Our results show that all late pacemaker neurons except the
lLNvs express CLK days before their circadian oscillators begin to
function (Figs. 4 – 6; Table 1). Circadian oscillator function is
initiated in these late pacemaker neurons during the second half
of metamorphosis (Kaneko et al., 1997), which suggests that ad-
ditional factors act during metamorphosis to promote robust
CLK-CYC-dependent transcription of per, tim, and possibly
other target genes. The ultimate triggers of transcriptional activ-
ity during metamorphosis are likely to be either the steroid hor-
mone ecdysone, which binds to nuclear receptors to regulate
target gene transcription, or the sesquiterpenoid Juvenile Hor-
mone (JH), which binds to the bHLH-PAS transcription factors
Methoprene-tolerant (Met) or germ-cell expressed ( gce) to activate
transcription of target genes (Di Cara and King-Jones, 2013).
Ecdysone and JH titers rise and fall multiple times during larval
and pupal development (Di Cara and King-Jones, 2013), thereby
altering the transcriptional activity of their receptors. Because
CLK-CYC is present well before metamorphosis in most late
pacemaker neurons, the proximate triggering factor may activate
CLK-CYC-dependent transcription via post-translational (i.e.,
adding or removing protein modifications) or transcriptional
(i.e., chromatin remodeling or cooperative activator DNA bind-
ing) mechanisms. The only cluster of late pacemaker neurons
that do not express CLK and CYC in L3 larvae are the lLNvs (Figs.
5, 6). Because these neurons begin to express CLK and PER
around the same time PER starts to be expressed in other late
pacemaker neurons (Kaneko et al., 1997; Fig. 6), the triggering
mechanism may be the same. The significance of the difference in
the timing of CLK expression in the lLNvs and other late brain
pacemaker neurons is not clear.

We were surprised to see that CLK-CYC-expressing neurons
lacked circadian oscillator function given that ectopic expression
of CLK is capable of initiating oscillator function in many adult
tissues (Zhao et al., 2003; Kilman and Allada, 2009). The ability of
Clk to produce ectopic oscillators is dependent on cyc (Kilman
and Allada, 2009), thus we predicted that cyc is broadly expressed.
However, we found that GFP-CYC is highly expressed in CLK-
positive brain neurons at the L3 larval and adult stages (Fig. 9),
which suggests that CLK somehow promotes CYC expression.
Given that CLK is a transcription activator, it is likely that CLK
supports CYC expression by activating cyc transcription or by
stabilizing CYC protein. If CLK activates cyc transcription, CLK
could bind cyc regulatory sequences either as a homodimer or as
a heterodimer with a more broadly expressed bHLH transcrip-
tion activator. If CLK stabilizes CYC, then cyc transcription could
be either broad or restricted to CLK-expressing cells. These
mechanisms for CLK-dependent expression of CYC are not mu-
tually exclusive; CLK could both activate cyc transcription and
stabilize CYC. Other mechanisms for CLK regulation of CYC
expression are possible, including translational control, RNA
processing, and RNA stability. In any case, additional studies to
assess where cyc is transcribed in vivo and to determine the sta-
bility of GFP-CYC will provide insight into how CYC expression
is regulated.

Brain pacemaker neurons are first detected at three different
stages of Drosophila development. The sLNv, DN1a, and DN2

early pacemaker neurons are detected in late embryos (Houl et

al., 2008), and are present in all subsequent developmental stages
and in adults (Helfrich-Förster, 1997; Kaneko et al., 1997). The
sLNv cluster of pacemaker neurons extend projections and ex-
press PDF as early as the L1 larval stage (Helfrich-Förster, 1997;
Kaneko et al., 1997; Kaneko and Hall, 2000), indicating that these
cells are fully differentiated. The DN1as and DN2s extend projec-
tions by the L3 larval stage (Kaneko and Hall, 2000), but when
these projections are first formed is not known. We show that
CLK is coexpressed with the neuronal differentiation marker
ELAV in early pacemaker neurons from L3 larvae (Fig. 7),
strongly arguing that these pacemaker neurons do not give rise to
late pacemaker neurons. CLK is also detected in ELAV-positive
late pacemaker neurons from L3 larvae (Fig. 7), which shows that
these neurons are already differentiated by the time CLK is ex-
pressed. This result implies that the circadian pacemaker neuron
network is established well before CLK is expressed in late pace-
maker neurons, which raises several important questions. When
do late pacemaker neurons arise? What determines their fate?
When and how are late pacemaker neurons integrated with early
pacemaker neurons? The answers to these questions will provide
insight into how this neural network is designed to ultimately
control locomotor activity rhythms in adult flies.
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