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Abstract
CLOCK (CLK) is a core component of the transcriptional feedback loops that comprise the circadian
timekeeping mechanism in Drosophila. As a heterodimer with CYCLE (CYC), CLK binds E-boxes
to activate the transcription of rhythmically expressed genes within and downstream of the circadian
clock, but this activation unexpectedly occurs at times when CLK is at its lowest levels on Western
blots. Recent studies demonstrate that CLK also regulates nonrhythmic gene expression and
behaviors. Despite the critical roles CLK plays within and outside the circadian clock, its spatial
expression pattern has not been characterized. Using a newly developed CLK antibody, the authors
show that CLK is coexpressed with PERIOD (PER) in canonical oscillator cells throughout the head
and body. In contrast to PER, however, the levels of CLK immunoreactivity do not cycle in intensity,
CLK is detected primarily in the nucleus throughout the circadian cycle, and CLK is expressed in
nonoscillator cells within the lateral and dorsal brain, including Kenyon cells, which mediate various
forms of learning and memory. These results indicate that constitutive levels of nuclear CLK regulate
rhythmic transcription in circadian oscillator cells and suggest that CLK contributes to other
behavioral processes by regulating gene expression in nonoscillator cells.
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The identification and analysis of clock genes in Drosophila have revealed that the circadian
timekeeping mechanism is composed of 2 interlocked transcriptional feedback loops that
operate in many neuronal and nonneuronal tissues (Hardin, 2004). Central to both loops are
the basic helix-loop-helix (bHLH) transcription factors CLOCK (CLK) and CYCLE (CYC),
which bind E-box regulatory elements as CLK-CYC heterodimers to activate genes that encode
the circadian transcriptional feedback regulators PERIOD (PER), TIMELESS (TIM), VRILLE
(VRI), and PAR DOMAIN PROTEIN 1ɛ (PDP1ɛ) (Allada et al., 1998; Blau and Young,
1999; Cyran et al., 2003; Darlington et al., 1998; Rutila et al., 1998). PER and TIM proteins
bind to and inhibit CLK-CYC during the late night and early morning to control E-box-
dependent clock gene transcription that peaks near dusk (Darlington et al., 1998; Lee et al.,
1998; Lee et al., 1999), whereas VRI and PDP1ɛ proteins bind VRI/PDP1ɛ-boxes to control
rhythms in Clk transcription that peak near dawn (Cyran et al., 2003; Glossop et al., 2003).
Clk mRNA and protein levels both cycle with a peak phase when PER and TIM inhibit CLK-
CYC activity around dawn (Lee et al., 1998), but CLK-dependent activation of circadian E-
box-regulated genes around dusk suggests that CLK is always present. In addition to controlling

3. To whom all correspondence should be addressed: Paul E. Hardin, Department of Biology, Texas A&M University, 3258 TAMU,
College Station, TX 77845-3258; e-mail:phardin@mail.bio.tamu.edu..
1Present address: Center for Human Genetics Research, Vanderbilt University, 519 Light Hall, Nashville, TN 37232-0700.
2Present address: Department of Biology, Texas A&M University, 3258 TAMU, College Station, TX 77845-3258.

NIH Public Access
Author Manuscript
J Biol Rhythms. Author manuscript; available in PMC 2006 April 11.

Published in final edited form as:
J Biol Rhythms. 2006 April ; 21(2): 93–103.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rhythms in clock gene expression, these feedback loops also control rhythms in the expression
of clock “output” genes, which mediate rhythms in metabolism, physiology, and behavior
(Ceriani et al., 2002; Claridge-Chang et al., 2001; Lin et al., 2002; McDonald and Rosbash,
2001; Ueda et al., 2002).

A dominant negative form of CLK lacking most of the activation domain (ClkJrk) not only
abolishes behavioral rhythms (Allada et al., 1998) but also eliminates molecular rhythms in
fly heads (Ceriani et al., 2002; Claridge-Chang et al., 2001; McDonald and Rosbash, 2001;
Ueda et al., 2002), which suggests that all rhythmic transcription is directly or indirectly CLK
dependent. In addition, many noncycling transcripts are either up- or down-regulated in
ClkJrk flies (McDonald and Rosbash, 2001). These noncycling transcripts could represent direct
CLK targets (e.g., transcripts having long half-lives) or indirect CLK targets (e.g., transcripts
controlled by CLK-dependent transcription factors having long half-lives) in oscillator cells
(i.e., cells that show rhythms in PER and TIM abundance). Alternatively, these noncycling
transcripts could represent direct CLK targets in cells that lack circadian oscillators. Several
nonrhythmic behavioral phenomena such as the homeostatic control of sleep (Hendricks et al.,
2003; Shaw et al., 2002) and sensitization to drugs of abuse (Andretic et al., 1999) are also
affected by a subset of clock genes, including Clk, but the cells that mediate these phenomena
have not been identified. Although PER-expressing cells have been well characterized in fly
heads and are often thought of as canonical circadian oscillator cells, it has not been possible
to determine whether CLK, as an activator of per transcription, is present only in oscillator
cells—particularly in light of its regulation of noncycling transcripts and its affect on
nonrhythmic behavioral phenomena.

To determine whether CLK expression is restricted to oscillator cells, we generated a new
antibody that could be used for immunohistochemical and whole-mount immunofluorescent
detection of CLK. We find that CLK is present primarily in the nuclei of canonical oscillator
cells at all times of day and displays little if any cycling in signal intensity. CLK is found in
many cells that lack PER expression (i.e., nonoscillator cells) in the brain, which may account
for CLK regulation of nonrhythmic transcripts and phenomena.

MATERIALS AND METHODS
Generation of CLK Antibody

Full-length CLK antigen was produced in baculovirus using the Bac-N-Blue system
(Invitrogen). The Clk coding region was amplified via PCR (5’ primer: 5’
GACCCGAAAATGGACGAC 3’; 3’ primer: 5’ TTGACTACTGCCTGGGGC 3’) and
directly inserted into the pBlueBac4.5/V5-His-TOPO vector to generate an in-frame C-
terminal fusion with 6xHIS and V-5 epitope tags. The resulting plasmid, pBlueBac-CLK, was
then recombined into the Bac-N-Blue baculoviral DNA vector in Sf9 cells. Recombinant
baculovirus containing the Clk coding region, referred to as baculo-CLK, were identified as
blue plaques on X-gal-containing media. Purified baculo-CLK was grown on Sf9 cells to
generate a high titer stock, and this stock was used for mass transfection of Sf9 cells (Orbigen,
Inc.).

One liter of baculo-CLK-infected Sf9 cells were lysed in 6M guanidium hydrochloride. The
cell lysate was adjusted to pH 8.0, and CLK was purified over a nickel column (Hi-Trap
Chelating HP, Amersham Pharmacia Biotech AB). Elutions were tested for CLK using the
previously characterized CLK antibody (Lee et al., 1998) and HIS antibody (Sigma). All
fractions containing pure CLK protein were pooled, lyophilized, and resuspended in water.
The amount of purified CLK antigen was then calculated, and 2.0 mg was sent for antibody
production in guinea pigs (Cocalico Biologicals, Inc.).
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Immunoblotting
CLK antisera were tested on Western blots containing head extracts from wild-type (Canton-
S) and ClkJrk flies. Flies were entrained for at least 3 days in 12-h LD cycles, then collected
during LD at different ZTs, where ZT0 is lights-on and ZT12 is lights-off. Fly head isolation,
head extract preparation, and Western blot analysis were carried out as described (Edery et al.,
1994). The CLK antibody that gave the highest specific signal and the fewest number of cross-
reacting bands (GP47) was used for all experiments. GP47 antiserum was used at a 1:3500
dilution in blocking solution, and incubation with the membrane was carried out overnight at
room temperature. Horseradish peroxidase (HRP) conjugated anti–guinea pig secondary
antibody was used at a dilution of 1:3000 (Abcam, Inc.). All Western blot results were repeated
independently at least 3 times using freshly collected fly heads. In experiments to verify that
CLK was recognized by GP47 on Western blots, 30 ng/mL of purified CLK was incubated
with GP47 in 10 mL of blocking solution for 30 min before this solution was incubated with
the membrane. PVDF membrane was used according to the manufacturer’s instructions to
detect CLKJrk (Millipore).

Immunohistochemistry
Wild-type and ClkJrk flies were entrained and collected as described for immunoblotting.
Consecutive 12-μm cryosections were collected and air-dried for 30 to 60 min. Horseradish
peroxidase immunochemistry was performed as described (Hao et al., 1999), except that
sections were incubated with GP47 at a dilution of 1:7500 (horizontal head sections), 1:3500
(frontal head sections), or 1:1500 (body sections) for 1 h at room temperature. Mutant and
wild-type flies were sectioned, collected, and treated on the same slide. For each genotype,
CLK immunostaining was repeated independently at least 3 times at every time point. In
experiments to verify that immunostaining was due to CLK, 30 ng/mL of purified CLK (final
concentration) was added to blocking buffer containing CLK antibody (1:1500 dilution) for
30 min before this buffer was incubated with samples.

Whole-Mount Immunofluorescence
Wild-type flies were entrained and collected as described for immunoblotting. Brains were
dissected at ZT21 for colocalization of CLK with PER, CLK with EYELESS (EY), and PER
with EY. Brains were also processed for colocalization of CLK with PER at ZT9 and CLK
with PIGMENT DISPERSING FACTOR (PDF) at ZT9 and ZT21. PER was used as a marker
for oscillator cells (Helfrich-Forster, 2003), and EY was used as a marker for Kenyon cells
(KCs) (Callaerts et al., 2001). Brains were prepared for immunofluorescent detection as
described (Mardon et al., 1994), except that 3% normal goat serum was added during the
blocking step to reduce nonspecific signal. CLK antiserum was diluted in PAXD to a final
concentration of 1:15,000. Polyclonal PER antiserum from rabbit was preabsorbed with
per01 embryos as described (Cheng and Hardin, 1998), then diluted to a final concentration of
1:15,000 in PAXD. Polyclonal PDF antiserum from rabbit was diluted to a final concentration
of 1:500 in PAXD. Polyclonal EY antiserum from rat was diluted to a final concentration of
1:400 in PAXD. Cy-3 (FITC) conjugated anti–guinea pig and anti-rabbit secondary antibodies
(Jackson ImmunoResearch) and Alexafluor conjugated anti-rabbit and anti-rat secondary
antibodies (Molecular Probes) were diluted to a final concentration of 1:200 in PAXD. After
antibody incubations were complete, brains were mounted with Vectashield mounting media
(Vector Laboratories). Brains were examined via confocal microscopy (Zeiss LSM 310) using
a 488-nm laser to detect Alexafluor immunofluorescence and a 586-nm laser to detect Cy-3
immunofluorescence. Confocal images were scanned at a 1-μm thickness and acquired using
LSM software. For each set of experiments, 6 or more brains were analyzed with similar results.
In experiments to verify that CLK immunofluorescence was specific, 30 ng/mL of purified
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CLK (final concentration) was added to PAXD containing CLK antibody for 30 min before
this solution was incubated with samples.

RESULTS
CLK Accumulates in Oscillator and Nonoscillator Cells

To confirm that newly generated antisera detected CLK, we probed fly head extracts from
wild-type and clock mutant flies. In wild-type flies, previously characterized CLK antisera
detect high levels of CLK between late night and early morning and low levels of CLK between
midday and early evening on Western blots (Lee et al., 1998). Newly generated CLK antiserum
detects a similar rhythm in CLK abundance on Western blots as well as a previously described
rhythm of phosphorylation, in which the apparent molecular weight of CLK is highest when
it is most abundant around dawn and lowest when CLK is least abundant around dusk (Kim et
al., 2002; Lee et al., 1998) (Fig. 1A). As expected, the new CLK antiserum does not detect
truncated CLKJrk protein in the ~115- to 150-kD range of wild-type CLK (Fig. 1A), but low
levels of CLKJrk are detected at the predicted molecular weight of ~87 kD (Fig. 1B). To further
test the specificity of our CLK antiserum, we incubated purified CLK antigen with CLK
antiserum to block any CLK-specific signal and found that the CLK band was eliminated (Fig.
1C). Taken as a whole, these Western results demonstrate that our newly generated CLK
antiserum readily detects CLK.

To determine the specificity of our CLK antiserum in situ, immunostaining was compared
between wild-type flies expressing high levels of CLK at ZT21 and ClkJrk mutants that express
very low levels of truncated CLK. For this comparison, sectioned wild-type and ClkJrk flies
were placed on the same slides and processed in parallel. Since per and tim expression is
virtually eliminated in ClkJrk flies (Allada et al., 1998), CLK is expected to be expressed in all
circadian oscillator cells. In wild-type heads, CLK is detected in retinal photoreceptors; in the
lateral protocerebrum (LP), which contains the lateral neurons (LNs) that control locomotor
activity rhythms (Helfrich-Forster, 2003); and in the dorsal brain (Fig. 2A,C). However,
immunostaining in the LP could not definitively be attributed to LNs since CLK
immunoreactivity is detected in more cells than those previously characterized as oscillator
cells (i.e., PER-expressing cells) in the lateral protocerebrum and dorsal brain based on the
number of cells staining in serial sections (data not shown) and on cells that express CLK but
not PER or PDF in brains (see Figs. 5, 6). We refer to these CLK-positive and PER- or PDF-
negative cells as nonoscillator cells. In ClkJrk flies, CLK immunoreactivity is sharply reduced
or eliminated in almost all cells that were CLK immunoreactive in wild-type flies (Fig. 2B,D).
CLK immunoreactivity is essentially eliminated in photoreceptors and the lateral
protocerebrum in ClkJrk flies (Fig. 2B) but can be detected at lower levels in cells corresponding
to dorsal neurons (DNs) and nonoscillator cells in the dorsomedial portion of the brain (Fig.
2D). The presence of CLK immunoreactivity in characterized cells and brain regions known
to harbor clock cells in wild-type flies, along with the reduction or elimination of CLK
immunoreactivity in ClkJrk flies, demonstrates that our CLK antibody specifically detects CLK
in situ. The low levels of truncated CLKJrk protein can be detected in oscillator cells if higher
concentrations of CLK antiserum (1:1500) are used (data not shown). As an independent
verification of CLK immunostaining specificity, sections were incubated with CLK antibody
that had been preabsorbed with purified CLK antigen. This treatment eliminated all CLK
immunoreactivity, further indicating that our antibody indeed detects CLK (Fig. 2E).

Circadian oscillator cells are not only present in the head but also reside in many peripheral
tissues in Drosophila (Bell-Pedersen et al., 2005). Sectioned wild-type animals collected at
ZT21 were immunostained with CLK antiserum to determine if oscillators in peripheral tissues
express CLK. CLK immunoreactivity was detected in the cardia, gut, Malpighian tubules, and
fat body (Fig. 3A–D), each of which are known oscillator tissues (Bell-Pedersen et al., 2005).
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Importantly, the punctate immunostaining seen in these body oscillator cells is lacking flight
muscles (Fig. 3C,D), which are not known to harbor circadian oscillators. Localization of CLK
immunoreactivity to peripheral tissues that contain circadian oscillators further demonstrates
the specificity of this CLK antiserum and strengthens the linkage between CLK expression
and circadian oscillator function.

CLK Is Present at Constant Levels and Is Predominantly Nuclear
The rhythms in CLK abundance seen on Western blots would predict that CLK
immunoreactivity in oscillator cells also cycles in situ. To test this prediction, wild-type flies
were collected every 4 h during an LD cycle, cryosectioned, and immunostained with CLK
antiserum. On these horizontal sections, CLK immunostaining was detected in photoreceptors
and cells in the lateral protocerebrum, but the intensity of CLK immunostaining in these cells
did not vary appreciably between time points (Fig. 4). The lack of rhythms in CLK
immunostaining intensity is particularly surprising in photoreceptors given that these cells
account for ~80% of oscillator cells in the head (Glossop and Hardin, 2002), and CLK levels
cycle • 5-fold in head extracts (Lee et al., 1998) (Fig. 1A). These immunostaining results
contrast with the rhythms in CLK abundance on Western blots and suggest that similar levels
of CLK are present whether E-box-dependent transcription is being activated (i.e., mid to late
morning and early evening) or repressed (i.e., mid to late evening and early morning).

At each time point, CLK immunostaining is detected primarily in photoreceptor nuclei, which
lie near the apical surface of the compound eye (Figs. 2A, 4). Whether CLK is primarily
localized to nuclei in LNs could not be determined definitively via immunohistochemical
staining, but this question will be addressed further below using coimmunofluorescent
localization. In fly bodies, CLK is detected primarily in nuclei of cuboidal and columnar
epithelia from the cardia and gut, adipose cells that comprise the fat body, and large ovoid
Malpighian tubule epithelia around dawn (Fig. 3A,C) or dusk (Fig. 3B,D). Detection of CLK
in the nucleus at different circadian times is consistent with E-box binding and transcriptional
activation during the mid to late day and early evening and PER-dependent repression of CLK-
CYC in the nucleus during the mid to late evening and early morning (Hardin, 2004).

CLK Is Present in Nuclei of Oscillator and Nonoscillator Cells in Brains
Immunohistochemical analysis of CLK spatial expression indicates that CLK is present in
oscillator cells within the head and body. However, the large number of neurons and glia in
the brain precludes the positive identification of oscillator cells based solely on location. To
determine whether CLK is expressed in brain oscillator cells, brains were dissected from flies
collected at ZT21 and prepared for whole-mount coimmunofluorescent detection using PER
and CLK antisera. At ZT21, PER is bound to CLK-CYC in the nucleus (Lee et al., 1998), thus
enhancing our ability to detect colocalization with CLK.

There are 6 groups of neurons in the brain that contain circadian oscillators based on PER
expression: 3 groups of neurons in the lateral protocerebrum (dorsal lateral, LND; large ventral
lateral, lLNV; small ventral lateral, sLNV) and 3 groups of neurons in the dorsal brain (dorsal
1, DN1; dorsal 2, DN2; dorsal 3, DN3) (Helfrich-Forster, 2003). Confocal images of wild-type
brains show that CLK immunofluorescence is present in all 6 groups of PER-expressing
neurons (Fig. 5A–H), confirming that CLK is expressed in all canonical brain oscillator cells.
Within these oscillator cells, the overlap in PER and CLK immunofluorescence at ZT21
indicates that CLK is primarily nuclear, which is consistent with the punctate
immunohistochemical staining in the lateral protocerebrum (Figs. 2A, 4). Since PER falls to
low levels in brain neurons during the mid to late day and early night (Zerr et al., 1990), it
could not be used to mark oscillator cells during this phase of the circadian cycle. As an
alternative, we employed the neuropeptide PDF, which constitutively expressed in the cell

Houl et al. Page 5

J Biol Rhythms. Author manuscript; available in PMC 2006 April 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bodies of lLNVs and 4 of the 5 sLNVs (Park et al., 2000). Confocal images of brains from wild-
type flies collected at ZT9 and ZT21 show that the majority of CLK immunofluorescence is
surrounded by cytoplasmic PDF immunofluorescence in both lLNVs (Fig. 6A–H) and sLNVs
(Fig. 6I–P). These 1-μm optical sections contain different portions of LNV nuclei, thus leading
to variations in CLK staining intensity within and between time points. These results
demonstrate that CLK is primarily nuclear in these cells, whether E-box-dependent
transcription is being activated (ZT9) or repressed (ZT21). These results, along with those
showing that CLK is primarily localized to photoreceptor and body oscillator cell nuclei,
suggest that CLK is continuously present in nuclei of all oscillator cells.

CLK is expressed in cells that do not express PER, which are consequently defined as
nonoscillator cells. These nonoscillator cells are present in both the lateral and dorsal brain
near known oscillator cells (Fig. 5A–H). When CLK immunostaining in the brains of flies
collected at ZT9 and ZT21 was compared, no differences in intensity were detected (data not
shown), indicating that CLK levels are constant in oscillator and nonoscillator cells alike. CLK
immunofluorescence in oscillator and nonoscillator cells is blocked when CLK antiserum is
preabsorbed with purified CLK antigen, thus demonstrating that the immunofluorescent signal
is due to CLK (Fig. 5I–L). Preabsorbing CLK antisera with a similar amount of purified bovine
serum albumin (BSA) did not diminish the CLK signal (data not shown). These results
demonstrate that CLK is present in both oscillator and nonoscillator cells in the brain and that
CLK is nuclear at least in oscillator cells.

Kenyon Cells Are CLK-Expressing Nonoscillator Cells
The presence of CLK in nonoscillator cells suggests that it is involved in regulating clock-
independent processes. One large group of nonoscillator cells that express CLK is situated in
the dorsal brain near the DNs (Fig. 5H). Based on their location, these nonoscillator cells could
correspond to KCs, whose axonal and dendritic projections form the mushroom bodies (MBs)
that are necessary for olfactory learning and memory (Heisenberg, 2003). Although several
genes are preferentially expressed in mushroom bodies, we chose to use EY because it is
localized to KC nuclei (Callaerts et al., 2001).

Brains were dissected from adults collected at ZT21 and prepared for whole-mount
coimmunofluorescent detection using EY and CLK antisera. CLK is present in essentially all
EY-expressing KCs (Fig. 7A–D). In this focal plane, it is also apparent that CLK is expressed
in several clusters of cells situated near the KCs that do not express EY, and EY is expressed
in 2 clusters of cells medial and lateral to KCs that do not express CLK (Fig. 7A–D).
Colocalization of CLK with EY indicates that CLK is present in Kenyon cell nuclei (Fig. 7D).
Although PER feeds back to inhibit CLK in oscillator cells, PER is not colocalized with EY
in a focal plane containing both PER-expressing DNs and EY-expressing KCs (Fig. 7E–H),
thus indicating that KCs do not harbor circadian oscillators. These results demonstrate that
KCs represent 1 nonoscillator cell type that expresses CLK and that CLK is present in KC
nuclei.

DISCUSSION
CLK Expression in Oscillator Cells

We generated a novel antibody against Drosophila CLK that is useful for
immunohistochemistry to determine the spatial expression pattern of CLK in adults. This
antibody detects CLK in peripheral tissues known to contain circadian oscillators and in PER-
expressing brain neurons, including those that mediate locomotor activity rhythms. These
results suggest that CLK is expressed in all circadian oscillator cells throughout the head and
body. Expression of CLK in all oscillator cells is expected since the ClkJrk mutant virtually
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eliminates transcription of per and other rhythmically expressed E-box-dependent clock genes
(Allada et al., 1998; Blau and Young, 1999; Cyran et al., 2003). However, per promoter-driven
transgenes continue to be expressed in lLNVs and other brain neurons of ClkJrk mutant flies,
which might suggest that CLK is not expressed in these cells (Kaneko and Hall, 2000). Our
results confirm that CLK is indeed expressed in lLNVs and the other 5 clusters of brain oscillator
neurons, which, together with the transgene expression results in ClkJrk flies, implies that clock
gene expression may not be dependent on CLK in all oscillator cells. The reduction or
elimination of CLK immunoreactivity in ClkJrk flies and the lack of CLK immunoreactivity
after blocking with purified CLK demonstrates that our newly generated antibody specifically
detects CLK in situ.

The intensity of CLK immunoreactivity in wild-type heads, including the most abundant
oscillator cells—photoreceptors (Glossop and Hardin, 2002)—is essentially constant over a
diurnal cycle. This result contrasts with previous Western blot results showing that CLK
abundance cycles with a peak during late night/early morning and a trough during the late
morning and early night (Lee et al., 1998). This discrepancy is not due to the inability of our
CLK antibody to detect differences in CLK abundance since CLK immunoreactivity is low or
undetectable in ClkJrk flies but is readily detectable in wild-type flies. CLK can nevertheless
be detected in ClkJrk flies if higher concentrations of CLK antibody are used. Moreover,
rhythms in PER abundance are readily observed using HRP immunohistochemistry (Zerr et
al., 1990), indicating that this detection system is capable of distinguishing ~5-fold changes in
CLK abundance. Rhythms in CLK abundance on Western blots might also be due to a time-
specific masking of CLK epitopes or an inability to extract CLK from cells at certain times of
day. Given that the CLK antibodies are polyclonal and were raised against the full-length
protein, masking would have to occur at multiple epitopes to yield a ~5-fold reduction in signal
intensity. On Western blots, the lowest levels of CLK are detected when CLK-CYC binds E-
boxes to activate transcription, which may imply that binding is so strong that CLK cannot be
readily released during the extraction procedure. This possibility can be tested in the future by
determining whether more transcriptionally active CLK (i.e., CLK that is bound to E-boxes)
is released by extraction buffers having higher detergent concentrations and/or ionic strengths.

CLK immunohistochemical staining is primarily nuclear in photoreceptors and peripheral
oscillator tissues (e.g., gut, cardia, Malpighian tubules) in the thorax and abdomen, whether
CLK-CYC is activating transcription during the mid to late day and early night or being
inhibited by PER or PER-TIM during the mid to late night and early morning. In fly brains,
CLK is colocalized with PER in the nucleus of LNVs, LNDs, and DNs at ZT21 and is present
in the nucleus of PDF-expressing LNVs at both ZT9 and ZT21. Thus, in contrast to the rhythmic
nuclear localization of PER and TIM, these results suggest that CLK is always present in
oscillator cell nuclei, consistent with its role as a transcriptional activator when nuclear PER
and/or PER-TIM are absent. Constant nuclear localization of CLK in flies also contrasts with
rhythmic CLOCK nuclear localization in mammals (Kondratov et al., 2003). Paradoxically,
low levels of CLOCK are present in the nucleus when CLOCK-BMAL1 target gene
transcription is high, suggesting that post-translational modifications are important regulators
of CLOCK transcriptional activity (Kondratov et al., 2003; Lee et al., 2001).

CLK Expression in Nonoscillator Cells
When confirming that CLK was expressed in brain oscillator cells via PER
coimmunofluorescence, we noticed that CLK is also present in cells that lack PER. Given that
PER is a required component of all characterized animal circadian clocks, cells that are PER
negative and CLK positive presumably lack circadian oscillators. The presence of CLK-
positive/PER-negative cells could be due to the lack of CYC, which is a necessary for per
transcription in clock cells (Rutila et al., 1998). Alternatively, CYC may be expressed in these
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cells, but it may form higher affinity heterodimers with other bHLH proteins. Neither of these
possibilities can currently be evaluated since the spatial expression pattern of CYC is not
known. Expression of CLK in nonoscillator cells strongly suggests that some CLK-dependent
regulation of nonrhythmically expressed genes in fly heads occurs in these cells. If this
nonrhythmic expression is CYC independent, CLK may activate transcription in nonoscillator
cells as a homodimer or a heterodimer with other bHLH transcription factors.

Most nonoscillator cells that express CLK are located in the dorsal and lateral regions of the
brain. The largest group of nonoscillator cells in the brain that express CLK are KCs. This
result suggests that CLK regulates some aspect of KC function in adults, which includes several
forms of learning and memory and the termination of locomotor activity (Zars, 2000). A strong
connection between circadian clock function and learning and memory has been established
in several organisms. Rats that learned to associate a conditioned stimulus, a puff of air, with
light were able to reset the circadian clock in response to a puff of air during the dark phase
(Amir and Stewart, 1996). In mice, a close relative of CLOCK, called NPAS2, is rhythmically
expressed in the forebrain (Reick et al., 2001), and mice lacking NPAS2 function show deficits
in certain forms of long-term memory (Garcia et al., 2000). A rhythm in long-term sensitization
of the siphon withdrawal reflex is also seen in Aplysia and is due to a rhythm in learning rather
than recall (Fernandez et al., 2003). In Drosophila, an analysis of clock mutants revealed that
per01 flies, but not ClkJrk, cyc01, or tim01 flies, are defective in long-term memory (LTM)
formation after courtship conditioning (Sakai et al., 2004). Since LTM formation resulting
from courtship conditioning requires MBs (McBride et al., 1999), expression of CLK in MBs
is unlikely to be involved in courtship conditioning–dependent LTM. It is, nevertheless,
possible that CLK expression in MBs mediates memory formation or recall arising from other
associative learning paradigms.

Even though KCs do not support circadian oscillator function, CLK may nevertheless function
within these cells to regulate locomotor activity rhythms. Evidence for such a role includes the
following: MBs are required for the cessation of locomotor activity (Zars, 2000), projections
from the sLNVs that control locomotor activity rhythms terminate close to the MB calyces
(Helfrich-Forster, 1995), and cyclic AMP response element binding protein (CREB), which is
involved in the consolidation of memory in MBs (Yin and Tully, 1996), mediates rhythms in
cyclic AMP response element (CRE)–dependent transcription (Belvin et al., 1999). Flies
bearing chemically ablated or structurally mutant MBs had relatively normal locomotor activity
rhythms, however, indicating that MBs are not involved in regulating circadian rhythms in
locomotor activity (Helfrich-Forster et al., 2002).

In addition to being involved in mediating MB-dependent behaviors, CLK may also contribute
to the development of MBs. Defects in the axonal projections from sLNVs in ClkJrk flies suggest
that CLK is required for the normal development of these clock neurons (Blanchardon et al.,
2001; Park et al., 2000). ClkJrk mutants nevertheless show no gross defects in MB structure
(data not shown), although more subtle defects in axonal routing or connectivity may be
present. Ultimately, understanding how CLK functions in KCs will require a detailed analysis
of MB anatomy and MB-dependent behavior.
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Figure 1.
Western analysis of CLOCK (CLK) in wild-type and ClkJrk mutant flies. (A) Total head
extracts were prepared from wild-type and ClkJrk flies collected at the ZTs indicated and probed
using GP47 antiserum to reveal CLK levels. (B) Experiment performed identically to A, except
the gel was run for a shorter time to retain the ~87-kD CLKJrk band. (C) Experiment performed
identically to A except that purified CLK was added to specifically block CLK detection.
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Figure 2.
Immunohistochemical detection of CLOCK (CLK) in wild-type and ClkJrk heads. (A) Wild-
type fly collected at ZT21, cryosectioned in the horizontal orientation, and analyzed for CLK
immunostaining with GP47 antiserum. CLK immunostaining in the head (right hemisphere)
is shown, where anterior is at the top. PR, photoreceptor cells; LP, lateral protocerebrum. (B)
Identical to A except that a ClkJrk fly was analyzed. Flies shown in panels A and B were
processed for immunohistochemistry on the same slide. Abbreviations are as in panel A. (C)
Identical to A except that the fly was sectioned in a frontal orientation, where dorsal is at the
top. A left brain hemisphere is shown. DN, dorsal neurons; NOC, nonoscillator cells. The
asterisk denotes CLK staining not seen in other wild-type flies. Dashed box represents the
region magnified is panel E. (D) Identical to C except that a ClkJrk fly was analyzed and a right
hemisphere is shown. Flies shown in panels C and D were processed for immunohistochemistry
on the same slide. Dashed box represents the region magnified in panel F. (E) Boxed region
in panel C has been magnified. Abbreviations are as described in panels A and C. (F) Boxed
region in panel D has been magnified. Abbreviations are as described in panels A and C. (G)
Experiment performed identically to that in panel A except that purified CLK was added to
specifically block CLK immunostaining.
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Figure 3.
Immunohistochemical detection of CLOCK (CLK) in wild-type fly bodies. Wild-type flies
were collected at the times indicated, cryosectioned in the sagittal orientation, and analyzed
for CLK immunostaining using GP47 antiserum. (A, B) CLK immunostaining in the abdomen
is shown where dorsal is at the top and anterior is to the right. GT, gut; FB, fat body; MT,
Malpighian tubule. (C, D) CLK immunostaining in the thorax is shown where dorsal is at the
top and anterior is to the right. CA, cardia; MU, flight muscle.
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Figure 4.
Time course of CLOCK (CLK) immunohistochemistry in wild-type fly heads. Wild-type flies
were collected at the times indicated, cryosectioned in the horizontal orientation, and analyzed
for CLK immunostaining using GP47 antiserum. For each time point, CLK immunostaining
in the head (left hemisphere) is shown, where anterior is at the top. Abbreviations are as
described in Figure 2A.
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Figure 5.
Colocalization CLOCK (CLK) and PERIOD (PER) immunofluorescence in the brain. (A)
Brains from wild-type flies collected at ZT21 were dissected, prepared for CLK and PER
whole-mount immunofluorescence, and imaged via confocal microscopy. A 1-μm optical
section through the right hemisphere of a brain is shown, where dorsal is at the top.
Colocalization of CLK (red) and PER (green) immunofluorescence in this superimposed dual
laser image is seen as yellow. Arrows point to the different groups of oscillator neurons that
coexpress PER and CLK. LND, dorsal lateral neurons; lLNV, large ventral lateral neurons;
sLNV, small ventral lateral neurons; DN1, dorsal neuron 1; DN2, dorsal neuron 2; DN3, dorsal
neuron 3. (B) Enlarged version of PER immunofluorescence in the dorsal region of the brain
shown in A. (C) CLK immunofluorescence in the same region as panel B. (D) Superimposed
dual laser image of PER and CLK immunofluorescence in the same region as panels B and C.
(E) Enlarged version of PER immunofluorescence in the lateral region of the brain shown in
A. (F) CLK immunofluorescence in the same region as panel E. (G) Superimposed dual laser
image of PER and CLK immunofluorescence in the same region as panels E and F. (H)
Superimposed dual laser image of a 1-μm optical section through the left hemisphere of a brain,
where dorsal is at the top. CLK is colocalized with PER in dorsal neurons (DN) and lateral
neurons (LN) but is also detected in cells that do not express PER (NOC). (I) Superimposed
dual laser image of a plane through the left hemisphere of a brain (oriented dorsal to the top)
in which CLK immunofluorescence has been blocked by the addition of purified CLK. (J)
Enlarged version of PER immunofluorescence in the lateral region of the brain shown in I. (K)
CLK immunofluorescence in the same region as panel J. (L) Superimposed dual laser image
of PER and CLK immunofluorescence in the same region as panels J and K.
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Figure 6.
Immunolocalization of CLOCK (CLK) in PIGMENT DISPERSING FACTOR (PDF)–
expressing cells. Brains from wild-type flies collected at ZT9 (panels A and I) or ZT21 (panels
E and M) were dissected, prepared for CLK and PDF whole-mount immunofluorescence, and
imaged via confocal microscopy. The 1-μm optical sections through left (panels A and I) or
right (panels E and M) brain hemispheres are shown, where dorsal is at the top. CLK
immunofluorescence is shown in red and PDF immunofluorescence is shown in green. (A)
Arrow points to large ventral lateral neurons (lLNVs) that coexpress PDF and CLK. Box
represents the area enlarged in panels B, C, and D. (B) Enlarged version of PDF
immunofluorescence in the brain area shown in A. (C) CLK immunofluorescence in the same
region as panel B. (D) Superimposed dual laser image of PDF and CLK immunofluorescence
in the same region as panels B and C. (E) Arrow points to lLNVs that coexpress PDF and CLK.
Box represents the area enlarged in panels F, G, and H. (F) Enlarged version of PDF
immunofluorescence in the brain area shown in E. (G) CLK immunofluorescence in the same
region as panel F. (H) Superimposed dual laser image of PDF and CLK immunofluorescence
in the same region as panels F and G. (I) Arrow points to small ventral lateral neurons
(sLNVs) that coexpress PDF and CLK. Box represents the area enlarged in panels J, K, and L.
(J) Enlarged version of PDF immunofluorescence in the brain area shown in I. (K) CLK
immunofluorescence in the same region as panel J. (L) Superimposed dual laser image of PDF
and CLK immunofluorescence in the same region as panels J and K. (M) Arrow points to
sLNVs that coexpress PDF and CLK. Box represents the area enlarged in panels N, O, and P.
(N) Enlarged version of PDF immunofluorescence in the brain area shown in M. (O) CLK
immunofluorescence in the same region as panel N. (P) Superimposed dual laser image of PDF
and CLK immunofluorescence in the same region as panels N and P.
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Figure 7.
CLOCK (CLK) is expressed in Kenyon cells independent of PERIOD (PER). (A) Brains from
wild-type flies collected at ZT21 were dissected, prepared for CLK and EYELESS (EY)
immunofluorescence, and imaged via confocal microscopy. A 1-μm optical section through
the left hemisphere of a brain is shown, where dorsal is at the top. Colocalization of CLK (red)
and EY (green) immunofluorescence in this superimposed dual laser image is seen as yellow.
Box represents the area enlarged in panels B, C, and D. (B) Enlarged version of EY
immunofluorescence in the boxed area shown in A. (C) CLK immunofluorescence in the same
region as panel B. (D) Superimposed dual laser image of EY and CLK immunofluorescence
in the same region as panels B and C. (E) Superimposed dual laser image of a plane through
the dorsal region of a brain (dorsal is to the top left) showing PER (red) and EY (green)
immunofluorescence. Box represents the area enlarged in panels F, G, and H. (F) Enlarged
version of EY immunofluorescence in the boxed is shown in E. (G) PER immunofluorescence
in the same region as panel F. (H) Superimposed dual laser image of EY and PER
immunofluorescence in the same region as panels F and G.
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