The Journal of Neuroscience, July 15, 2002, 22(14):5946-5954
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Antisera against the circadian clock proteins Period (PER) and
Timeless (TIM) were used to construct a detailed time course of
PER and TIM expression and subcellular localization in a subset
of the ventrolateral neurons (VLNs) in the Drosophila accessory
medulla (AMe). These neurons, which express pigment-
dispersing factor, play a central role in the control of behavioral
rhythms. The data revealed several unexpected features of the
circadian clock in Drosophila. First, TIM but not PER was
restricted to the cytoplasm of vLNs throughout most of the
early night. Second, the timing of TIM and PER nuclear accu-
mulation was substantially different. Third, the two subsets of

VLNs, the large and small vLNs, had a similar timing of PER
nuclear accumulation but differed by 3—4 hr in the phase of TIM
nuclear accumulation. These aspects of PER and TIM expres-
sion were not predicted by the current mechanistic model of the
circadian clock in Drosophila and are inconsistent with the
hypothesis that PER and TIM function as obligate het-
erodimers. The differing profiles of TIM and PER nuclear accu-
mulation suggest that PER and TIM have distinct functions in
the nuclei of vLNs.
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Transcriptional feedback loops are a common theme underlying
circadian clocks from many different organisms (Dunlap, 1999).
These loops typically include components that positively or neg-
atively regulate the transcription of other core clock genes. They
also include delay mechanisms that make possible the robust,
near 24 hr molecular oscillations that characterize circadian
rhythms.

The clock genes period (per) and timeless (tim) encode key
components of the circadian clock of Drosophila melanogaster
(Williams and Sehgal, 2001). The products of these genes are
required for locomotor rhythms and are expressed rhythmically
in the fly (Konopka and Benzer, 1971; Hardin et al., 1990; Zerr
et al., 1990; Sehgal et al., 1994, 1995). Period (PER) and Timeless
(TIM) proteins are believed to inhibit their own transcription
through their interactions with the positive transcription factors
Clock and Cycle (Allada et al., 1998; Darlington et al., 1998;
Rutila et al., 1998; Lee et al., 1999). The regulation of PER and
TIM nuclear entry is believed to provide an important delay
between the synthesis and accumulation of these proteins and
their subsequent inhibitory activity in the nucleus (Vosshall et al.,
1994; Curtin et al., 1995; Saez and Young, 1996). Recent data
suggest that the regulation of PER nuclear entry is also important
for the mammalian clock (Lee et al., 2001). In flies, the formation
of PER/TIM heterodimers is thought to be a key event regulating
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protein accumulation and nuclear entry (Zeng et al., 1996; Suri et
al., 1999). This conclusion is supported by studies in cultured S2
cells in which PER and TIM appear to enter the nucleus as a
heterodimeric complex (Saez and Young, 1996).

These observations make clear predictions about the pattern
and timing of PER and TIM nuclear accumulation during a
circadian cycle in flies. However, most studies addressing the
expression and nuclear accumulation of PER and TIM have used
biochemical extracts of whole-head homogenates or cell lines that
do not produce overt rhythms. These studies have therefore not
afforded a complete picture of PER and TIM dynamics within
individual clock-containing cells.

A key set of clock-containing neurons are the large and small
ventrolateral neurons (VLNs) of the accessory medulla (AMe),
which are critical for robust locomotor rhythms (Ewer et al., 1992;
Hardin et al., 1992; Frisch et al., 1994; Helfrich-Forster, 1998;
Renn et al., 1999). The only study with an hourly time course of
PER dynamics in these cells was performed before the availability
of anti-TIM reagents or of an independent marker for the vLNs
(Curtin et al., 1995). To compare the timing of PER and TIM
nuclear localization and to test additional predictions of the
present molecular model, we set out to describe the dynamics of
PER and TIM expression in these pacemaker neurons. In con-
trast to expectation, our results indicate that PER and TIM show
different profiles of nuclear accumulation in wild-type flies. The
large and small vL Ns also show differences in the timing of PER,
and to an even greater extent TIM nuclear entry, which under-
scores the notion that the nuclear accumulation of these two
proteins is not tightly coupled.

MATERIALS AND METHODS

Fly stocks and entrainment. Canton S (wild type) and the genetically null
mutant strains per”’;ry’?° and tim®;ry’*® of D. melanogaster were reared
at room temperature on cornmeal-molasses medium. Before dissection,
flies were entrained for 3-5 d in a 12 hr light/dark (LD) cycle at 25 = 1°C
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in light boxes housed in an environmental chamber. Flies were typically
1-2 d old at the start of entrainment and 4-7 d old at the time of
dissection.

Dissection. Brains were dissected in 15 min windows centered on each
reported Zeitgeber time (ZT), where ZT 00/24 is lights-on and ZT 12 is
lights-off in a 12 hr LD cycle. Tissue used for PER and TIM staining at
a particular ZT was dissected from the same vial of flies for any given
time point. Flies were pinned down in a sylgard dish (Dow Corning,
Midland, MI) under PBS by means of a small insect pin through the
thorax. The head cuticle was quickly torn using two fine forceps, expos-
ing the underlying brain. Partially dissected heads were removed and
placed in a round bottom 2 ml Eppendorf tube filled with room temper-
ature 3.7% formaldehyde in PBS. Brains for PER and TIM staining at a
particular ZT were placed in separate tubes. After all heads of a given
time point were in fix, tubes were placed on ice for 5 min to encourage
the heads to sink and gently agitated for 20 min at room temperature.
After this initial fixation, heads were rinsed quickly in PBS and dissected
to remove the cuticle and pigmented eye tissue. Brains were then post-
fixed at room temperature with agitation for 15 min, rinsed in PBS, and
placed in PBS plus 0.3% Triton X-100 (PBS-TX) on ice to await
blocking.

Immunocytochemistry. Brains were blocked in 2% normal donkey
serum in PBS-TX for 30—-40 min at room temperature. After block,
tissue was rinsed in PBS-TX and placed in 50 ul of primary antisera
solution for two nights at 4°C. Rabbit anti-PER (So and Rosbash, 1997)
and rat anti-TIM antisera (generous gifts from A. Sehgal, University of
Pennsylvania, Philadelphia, PA, and M. Young, Rockefeller University,
New York, NY) were diluted at 1:1000 in PBS-TX. Rat anti-pigment-
dispersing factor (PDF) (Renn et al., 1999) was used at either 1:500 or
1:1000 dilutions, and rabbit anti-crustacean ortholog pigment-dispersing
hormone (cPDH) (generous gift from K. R. Rao, University of West
Florida, Pensacola, FL) (Dircksen et al., 1987; Helfrich-Forster, 1995)
was used at a 1:20,000 dilution in PBS-TX. Rat anti-PER and rabbit
anti-TIM antisera (raised in the laboratory of M. Rosbash) were also
used at 1:1000 for the replicate time courses. After exposure to the
primary antisera, brains were rinsed five times for 15 min each in
PBS-TX on a rotator. Tissue was then placed in secondary antisera for
one night at 4°C. For PDF and PER staining, 1:1000 dilutions of FITC-
conjugated donkey anti-rat and Texas Red-conjugated donkey anti-rabbit
(Jackson ImmunoResearch, West Grove, PA) in PBS-TX were used. For
cPDH and TIM staining, 1:1000 dilutions of FITC-conjugated donkey
anti-rabbit and Texas Red-conjugated donkey anti-rat in PBS-TX were
used. After exposure to the secondary antisera, brains were rinsed five
times for 15 min each in PBS-TX, rinsed in PBS, mounted on poly-L-
lysine-coated coverslips, dehydrated in a graded EtOH series, and
cleared in two rinses of xylene. Brains were mounted in DPX mounting
medium (Fluka, Milwaukee, WI) between two coverslips.

Confocal microscopy. Optical sections of VLNs were imaged on a
Bio-Rad (Richmond, CA) MRC 600 confocal microscope. For each
neuron sampled, PDF or cPDH staining was used to identify the appro-
priate neuron and to select an optical section that included the nucleus.
The same optical section was then scanned for PER or TIM immunore-
activity. Merged images were constructed in Adobe Photoshop (Adobe
Systems, San Jose, CA). Other than the addition of color and the merging
of the FITC and Texas Red images, no manipulations of original confo-
cal images were executed in Photoshop. Sample micrographs were chosen
to represent as closely as possible the means of two separate measure-
ments: cytoplasmic and nuclear pixel intensities (see below). For this
reason it was sometimes necessary to present an image with a cytoplas-
mic or nuclear value that lies near but not beyond the maximum or
minimum values described by the error bars in the quantifications (see
below).

Quantification of staining. Confocal files were imported to NIH Image
1.62 (available by anonymous FTP from zippy.nimh.nih.gov/pub/nih-
image). The images were inverted, and the location of the cytoplasm and
nucleus of each neuron was determined by the PDF/cPDH image. For
each VLN cell body, mean pixel intensity of PER or TIM staining was
measured for the cytoplasm, nucleus, and background. Net cytoplasmic
and nuclear pixel intensities were calculated by subtracting the mean
background pixel intensity from the cytoplasmic and nuclear measure-
ments. Mean pixel intensity was used as a measure of relative staining
intensity and therefore the relative amount of protein present in the
cytoplasm and nucleus. Minimum and maximum pixel intensities were 0
and 255, respectively. The mean pixel intensity was determined for all
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Figure 1. Expression of PER and TIM in the vLNs of wild-type (WT)
and mutant flies. Typical vL.Ns of wild-type (Canton S), per”’, and tim®’
null mutant flies dissected at ZT 00/24 are shown. Scale bar, 5 um.

small or large VLNs in each sampled brain hemisphere, and the means
and SEs of all brains at a particular ZT are reported in the graphs.

RESULTS

A subset of vLNs are the only neurons in the AMe to express the
neuropeptide PDF and can be identified immunocytochemically
through the use of antisera raised against PDF (Renn et al., 1999)
or its crustacean ortholog cPDH (Helfrich-Forster, 1996). We
used whole-mount immunocytochemistry and double-labeled
brains for PDF and PER or for cPDH and TIM. Because the
VvLNs are the only cells in the AMe to express PDF, this double-
label approach reveals only these ~16 neurons in this brain
region. Moreover, the anti-neuropeptide signal is restricted to the
cytoplasm, allowing us to delineate the nuclei of these neurons in
optical sections of VLN cell bodies. Thus, the locations of the vLN
nuclei were determined independently of their PER or TIM
staining.

Figure 1 shows the results of such double labeling for wild-type
(Canton S) and mutant per®’ and tim® flies entrained to a 12 hr
LD cycle and dissected at ZT 00. As expected from previous
studies (Vosshall et al., 1994; Curtin et al., 1995; Hunter-Ensor et
al., 1996; Myers et al., 1996), wild-type flies showed exclusively
nuclear PER and TIM staining at this time (Fig. 1). Also as
expected, flies homozygous for loss of function per®’ or tim%
mutations showed nearly undetectable PER or TIM signal, re-
spectively (Fig. 1). This verifies that the antibodies are specific for
these proteins.

PER and TIM expression in the large vLNs throughout
the day

The large and small vL Ns have different projection patterns in the
central brain and are thought to subserve different functions
(Helfrich-Forster and Homberg, 1993; Kaneko and Hall, 2000).
For example, in flies homozygous for a mutation in a gene
encoding the circadian photoreceptor CRY (cryptochrome), the
small vLNs maintain robust cycling of per and fim mRNA,
whereas the large neurons lack this molecular rhythm (Stanewsky
et al., 1998). In the early stages of this study, we concentrated on
the large VL Ns.

In a daytime series of large VLNs, nuclear PER was visible
throughout most of the day and did not disappear completely
until after ZT 10 (Fig. 24). Nuclear TIM disappeared by ZT 2
(Fig. 2B). Mean pixel intensities of both nuclear and cytoplasmic
PER and TIM staining were quantified using NIH Image and
plotted as a function of time (Fig. 2C,D). The pattern of TIM
disappearance fit very well with published Western blot and
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Figure 2. Daytime expression of PER and TIM in the large VLNs. 4,
Typical optical sections of large vLNs stained for PDF and PER. ZTs are
indicated above each optical section. B, Typical optical sections of large
vLNs stained for cPDH and TIM. Scale bars, 5 um. C, Quantification of
cytoplasmic (Cyfo) and nuclear (Nuc) PER staining in the large vLNs as
a function of ZT. D, Quantification of cytoplasmic and nuclear TIM
staining in the large vLNs as a function of ZT. For each ZT, five brains
were processed for each protein, and four large vLNs were imaged from
one hemisphere of each brain.

histochemical data (Zerr et al.,, 1990; Zeng et al., 1996). PER
immunoreactivity remained in the nuclei of the large vLNs
slightly longer than predicted by whole-head Western blots. A full
replicate series with the same number of flies gave the same
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pattern of nuclear PER and TIM disappearance (data not
shown).

Patterns of PER and TIM expression and nuclear
accumulation differ throughout the night in the

large vLNs

A time course of night-time PER and TIM expression was
determined for ZTs 12-24 in the manner described above.
Surprisingly, the subcellular localization patterns of PER and
TIM differed dramatically through most of the night. When
PER was first detected at approximately ZT 16, it was already
distributed uniformly in the cytoplasm and the nucleus. It then
became predominantly nuclear by ZT 19 and remained exclu-
sively nuclear for the rest of the night (Fig. 34). Significant
levels of TIM were also evident by ZT 16, but this protein
remained cytoplasmic through ZT 18. It started to appear in
the nucleus by ZT 19 but was not predominantly nuclear until
ZT 21 (Fig. 3B). Both PER and TIM were found only in the
nucleus at ZT 00 (Figs. 1, 34,B).

Figure 3C,D shows quantifications of nuclear and cytoplasmic
PER and TIM intensities through the night. These two proteins
increase in parallel starting at approximately ZT 16, but TIM
remains in the cytoplasm for several hours until ZT 19 (Fig. 3D).
The apparent nuclear TIM signal seen before ZT 19 in the
quantification is likely caused by out-of-focus emission from cy-
toplasmic TIM above and below the optical section toward the
edges of the nucleus (Fig. 34,C,E). This conclusion is based on
similar low-level signals seen at the edge of the nucleus in optical
sections of PDF, cPDH, and TIM immunostaining (Fig. 3E).
Antisera against PDF and cPDH detect a secreted protein that is
presumably stored in vesicles. These antisera are therefore un-
likely to bind nuclear peptides. Even if the nuclear signal reflects
the presence of some nuclear TIM from ZT 16-18, it is clear that
the majority of TIM is cytoplasmic, whereas the PER signal was
equally strong in both compartments.

Although our method of quantification likely underestimates
the differences between PER and TIM seen the images, we feel
that it allows for objectivity in communicating the major trends in
the data. Furthermore, we suggest that this method of quantifi-
cation is preferable to the common practice of classifying stained
cells into categories (e.g., cytoplasmic staining, cytoplasmic/nu-
clear staining, nuclear staining) and tallying the proportion of
neurons in each category (Curtin et al., 1995).

A complete time course of a second set of brains gave the same
results, including the enigmatic dip in nuclear PER at ZT 19 (data
not shown). The cause of this drop in PER intensity is unknown.

To verify that PER accumulated in the nuclei of large vLNs
before TIM, we labeled whole-mount brains dissected at ZT 17
using different PER and TIM antisera from those used in the
series above. Again we found that PER was expressed uniformly
throughout the cell, whereas TIM was restricted to the cytoplasm
(data not shown). Because all four antibodies were polyclonal, it
is unlikely that the apparent difference in PER and TIM nuclear
accumulation is caused by epitope masking of nuclear TIM dur-
ing the early evening. We also double-labeled brains that were
dissected at ZT 17 for PER and TIM. Consistent with the above
results, PER was expressed throughout the cytoplasm and nucleus
of the large vLNs, whereas TIM was confined to the cytoplasm
(Fig. 3F). We conclude that PER is not present in the nucleus as
an obligate PER/TIM heterodimer before ZT 19. At earlier
times, PER is present in the nucleus without stoichiometric
amounts of TIM. However, these results do not preclude a cata-
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Figure 3. Night-time expression of PER and TIM in the large VLNs. A, Typical optical sections of large VLNs stained for PDF and PER. ZTs are
indicated above each set of optical sections. B, Typical optical sections of large vLNs stained for cPDH and TIM. Scale bars, 5 um. C, Quantification
of cytoplasmic (Cyto) and nuclear (Nuc) PER staining in the large vLNs as a function of ZT. D, Quantification of cytoplasmic and nuclear TIM staining
in the large vLNs as a function of ZT. For each ZT, five brains were processed for each protein and four large vLNs were imaged from one hemisphere
of each brain. E, Inverted and quantified images of a large VLN double-labeled for cPDH and TIM at ZT 17. Staining values for the edge (blue) and
center (red) of the nucleus are indicated. F, vLNs double-labeled for TIM and PER at ZT 17. Scale bar, 5 pm.

lytic role for TIM in PER nuclear entry (see Discussion) or the
presence of small amounts of nuclear TIM before ZT 19.

PER and TIM accumulate in the nuclei of small vLNs
sequentially but in a manner different from the

large VLNs

Although both the large and small vLNs express PER, TIM, and
PDF, the small cells differ from the large vLNs in their axonal
projection patterns and are suspected to be the key pacemaker
neurons of the CNS (Helfrich-Forster, 1998). The small vL NG,
double-labeled for cPDH/PER and cPDH/TIM at key ZTs, are
shown in Figure 4. PER was present throughout both cellular
compartments in the small neurons at ZT 18, whereas TIM was
largely restricted to the cytoplasm through ZT 20 (Fig. 4A4,B),
indicating that these proteins also accumulate sequentially in the
nuclei of the small vLNs. However, two aspects of PER and TIM
nuclear accumulation in the small vL Ns differed from that seen in
the large neurons. First, at ZT 16, PER was initially restricted to
the cytoplasm (Fig. 44), unlike the uniform distribution evident
in the large vLNs (Fig. 34, ZT 16). Second, the TIM signal was
still predominantly cytoplasmic as late as ZT 20 in the small
neurons (Fig. 4B, ZT 20), whereas the large neurons expressed
TIM uniformly throughout both cell compartments by this time
(Fig. 3B). The quantification of PER and TIM expression in the
small neurons is shown in Figure 4C,D.

These results suggested that PER and TIM nuclear accumula-
tion in the small vLNs phase-lags the large cells. To confirm this
interpretation, we constructed a time course of PER and TIM
expression in the large and small neurons from the same set of

brains dissected every 2 hr throughout the night (Fig. 5). As
described above, PER was predominantly cytoplasmic in the
small vVLNs at ZT 16, whereas the large cells expressed this
protein in both cellular compartments (Fig. 54). The patterns of
PER expression in the two cell types were essentially identical
thereafter. Both groups of neurons expressed PER throughout
the nucleus and cytoplasm at ZT 18 and displayed a predomi-
nantly nuclear PER signal at ZT 20 (Fig. 54).

The timing of TIM nuclear accumulation differed markedly
between the large and small vLNs. Although the large neurons
displayed strong nuclear TIM at ZT 20, this protein was still
cytoplasmic in the small cells at this time (Fig. 5B, ZT 20). TIM
only became predominantly nuclear in the small cells at the very
end of the night (ZT 24). Thus, the phase of TIM nuclear
accumulation in the small neurons is delayed 3-4 hr relative to
the large vLNs (Fig. 5B). The cell-specific differences in phase
angles of PER and TIM nuclear accumulation also support the
conclusion that these proteins are not accumulating in the nuclei
of these neurons as obligate heterodimers.

PER and TIM expression in the vLNs under

constant conditions

Behavioral rhythms and the molecular oscillations that underlie
them persist in the absence of environmental time cues. We were
interested in determining whether the vLNs showed similar pat-
terns of PER and TIM accumulation under constant conditions.
To this end, we assayed the distributions of these proteins in the
large and small vLNs throughout a free-running circadian cycle.
Flies were entrained to a 12 hr LD cycle for 3-5 d and then kept
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Figure 4. Night-time expression of PER and TIM in the small vLNs at
ZTs 16, 18, and 20. A, Typical optical sections of small vLNs stained for
cPDH and PER. ZTs are indicated above each set of optical sections. B,
Typical optical sections of small vLNs stained for cPDH and TIM. Scale
bars, 5 um. C, Quantification of cytoplasmic (Cyfo) and nuclear (Nuc)
PER staining in the small vLNs. D, Quantification of cytoplasmic and
nuclear TIM staining in the small vLNs. The quantification is based on
images of four brains per time point per protein and three to four small
vLNs per brain.
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stained for cPDH and TIM. Scale bars, 5 um.

Large vLNs

Small vLNs

Large vLNs

Small vLNs

under constant darkness (DD) and temperature (25°C). Brains
were dissected at various time points between circadian time
(CT) 00 and 24 of the first circadian day (where CT 00/24
corresponds to the time of lights-on during the LD cycle of the
preceding day).

Yang and Sehgal (2001) reported that the small vLNs but not
the large cells express TIM rhythmically in DD. Our DD time
course confirms and extends their observation by examining cells
during the initial hours of DD exposure, by following PER as well
as TIM, and by monitoring the subcellular distribution of both
proteins (Figs. 6, 7). Indeed, TIM disappears from the nuclei of
both the large and small cells by CT 02 in a manner similar to the
early morning hours in LD (compare Fig. 64,B with 2B). In the
large cells, TIM signal remained detectable but low for the rest of
the circadian cycle (Fig. 64,C). As expected, only the small
neurons displayed a reaccumulation of TIM throughout the sub-
jective night (Fig. 6B,D, CT 12-24). Cytoplasmic TIM first ap-
peared at CT 16 and nuclear accumulation was first detected at
CT 22 (Yang and Sehgal, 2001).

Our results showed a lack of PER cycling in the large vLNs
(Fig. 7). In both the large and small cells, nuclear PER slowly
wanes through most of the subjective day (Fig. 7, CT 00-12). In
contrast to TIM, however, PER failed to disappear completely
from the nuclei of large VLNs and was maintained at low, rela-
tively constant levels throughout the subjective night (Fig. 74).
We suspected that the absence of PER signal at CT 20 was
attributable to poorly stained preparations at this time point.
Indeed, a replication of this CT revealed low levels of nuclear
PER (data not shown). In the small vLNs, PER had disappeared
from nuclei by the end of the subjective day (Fig. 7B, CT 10-12).
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Figure 6. 'TIM expression in the large and small vLNs under constant darkness and temperature. 4, Typical optical sections of large vL Ns stained for
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5 wm. C, Quantification of cytoplasmic (Cyto) and nuclear (Nuc) TIM staining in the large vLNs. D, Quantification of cytoplasmic and nuclear TIM
staining in the small vLNs. The quantifications are based on images of four brains per time point per protein and three to four large or small vLNs per

brain.

They began to reaccumulate PER at CT 16, with some nuclear
signal evident at CT 18 and strong nuclear accumulation apparent
by CT 22 (Fig. 7B,D).

DISCUSSION

We used antisera against the circadian clock proteins PER and
TIM to analyze the temporal regulation of PER and TIM ex-
pression and the subcellular localization of these proteins in key
pacemaker neurons of the adult brain. These cells, a subset of the
VvLNs of the AMe of Drosophila, play a central role in the control
of behavioral rhythms (Helfrich-Forster, 1998; Renn et al., 1999).
Unexpectedly, we found marked differences in the timing of PER
and TIM nuclear localization. PER accumulated in the nucleus
during the early night, whereas TIM was restricted to the cyto-
plasm of the VLNs through much of that time. Also, the two
classes of PDF neurons, the large and small vLNs, had a similar
timing of PER nuclear accumulation but differed by ~3 hr in TIM
nuclear accumulation. These features are not predicted by the
current molecular model of circadian clock function in Drosophila
and are inconsistent with the hypothesis that PER and TIM
function as obligate heterodimers throughout the night.

One concern of an immunocytochemical study is that differ-

ences in staining intensity for two epitopes may reflect a disparity
in antibody affinity rather than differences in epitope abundance.
We have attempted to allay this concern by using two to three
different PER and TIM antibodies. Similar intensities and pat-
terns of staining are seen for all of the antibodies used in this
study, suggesting that differential antibody affinity is not respon-
sible for the differences in staining observed for these two pro-
teins. The best estimate for the relative abundance of PER and
TIM comes from the analysis of whole-head extracts by Zeng et
al. (1996), who showed that the TIM/PER ratio is ~2:1 at ZT 16
and 1:1 by ZT 23. A variation of this magnitude in the vLNs
would be consistent with the relative intensities of staining ob-
served in this study (Figs. 3C,D, 4C,D). Given this transient
disparity between TIM and PER abundance, the persistence of
strong cytoplasmic TIM signals at times when PER is predomi-
nantly nuclear must not be considered as evidence that these
proteins enter the nucleus sequentially. Rather, it is the differing
profiles of TIM and PER immunoreactivity in the nuclei of the
vLNs on which we base this conclusion.

Several lines of evidence had suggested that PER and TIM are
transported into nuclei as a dimeric complex. Biochemical assays
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Figure 7. PER expression in the large and small vLNs under constant darkness and temperature. 4, Typical optical sections of large VL Ns stained for
cPDH and PER. CTs are indicated above each set of optical sections. B, Typical optical sections of small vLNs stained for cPDH and PER. Scale bars,
5 pm. C, Quantification of cytoplasmic (Cyto) and nuclear (Nuc) PER staining in the large vLNs. D, Quantification of cytoplasmic and nuclear PER signal
in the small vLNs. The quantifications are based on images of four brains per time point per protein and three to four large or small vLNs per brain.

in fly-head extracts show that PER and TIM are present as
heterodimers throughout much of the night (Lee et al., 1996;
Zeng et al., 1996), but the data did not exclude the fact that a
fraction of PER and TIM are monomeric or complexed with
other proteins. Importantly, it is also uncertain what fraction of
the PER/TIM heterodimers are present in vivo and what fraction
form in vitro during extract preparation and analysis. Further-
more, these extracts reflect thousands of cells of many different
types, including all of the photoreceptors from the compound eye.
These contribute the majority of the PER and TIM to the
homogenate, effectively swamping out the contribution of the
VLNs. There is therefore no reason to expect that the biochem-
istry of the vLNs will be identical to what has been observed in
whole-head extracts. In flies, Vosshall et al. (1994) observed little
or no nuclear PER without TIM, but this observation is likely
attributable to PER instability and consequent low PER levels in
mutants that lack TIM (Price et al., 1995). Finally, Saez and
Young (1996) established that the coexpression of PER and TIM
is required for the nuclear transport of both proteins in cultured
S2 cells. Although these cells have not been shown to express
PER and TIM rhythmically, this codependence fits well with the
notion that PER and TIM enter the nucleus as a heterodimeric
complex. Based on these considerations, we expected that our

time course would reveal the simultaneous nuclear accumulation
of PER and TIM in the vLNs. Instead, our data showed that PER
appears in nuclei at least 3 hr before TIM, indicating that most,
and perhaps all, nuclear PER is not complexed with TIM at these
times.

In the large VLNs, PER is already nuclear as well as cytoplas-
mic when it is first detectable at ZT 16. This result is somewhat
different from a previous report, which could not detect nuclear
PER in presumptive VLNs until ZT 18 (Curtin et al., 1995). In
our study, PER first shows clear nuclear localization within the
small vLNs at ZT 18; before that time, PER is cytoplasmic. This
pattern of PER expression, although less intense in the present
report, is reminiscent of the description of PER expression by
Curtin et al. (1995). Thus, this previous study (which did not
distinguish between the large and small vLNs) may have been
observing only the small cells. Furthermore, the weaker signal
observed here is most likely caused by the use of fluorescently
labeled secondary antisera in place of the enzyme-conjugated
antisera used by Curtin et al. (1995).

In the large vLLNs, we first detected nuclear PER at times that
correlate well with the onset of repression in head extracts. This
begins at approximately ZT 15-17 by biochemical criteria (So and
Rosbash, 1997). The discrepancy between the timing of PER
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nuclear accumulation in the small cells and the onset of transcrip-
tional repression in whole-head extracts might once again reflect
differences between the cells and tissues that contribute to the
biochemical data (see above).

In contrast to PER, TIM is not nuclear until after ZT 18. This
difference with PER is especially prominent in the small cells,
where TIM remains cytoplasmic until ZT 22. In both cell types,
TIM is degraded in the early morning and is therefore nuclear for
only a short time. In other words, TIM becomes nuclear well after
transcriptional repression is thought to begin and is degraded well
before the next cycle of transcription begins anew.

A central feature of the molecular model of the Drosophila
clock is that PER and TIM function as obligate heterodimers in
their nuclear transport as well as in the repression of Clock/
Cycle-based transcription (Williams and Sehgal, 2001). However,
the different times of nuclear accumulation suggest that PER and
TIM are transported independently to nuclei. The lack of high-
resolution data for the doubletime kinase (Kloss et al., 2001)
makes it difficult to assess whether the doubletime nuclear accu-
mulation pattern correlates better with that of PER or of TIM.
Importantly, our results do not preclude a role for TIM in the
nuclear entry of PER. For example TIM could act catalytically in
the cytoplasm to potentiate some required PER phosphorylation
event. Moreover, PER and TIM could still enter nuclei as PER/
TIM heterodimers, but this would require the subsequent export
of TIM to the cytoplasm to explain the apparent absence of
nuclear TIM during the middle of the night.

In biochemical assays, PER and TIM are both capable of
blocking per and fim transcription in the absence of the other,
suggesting that repression does not require the PER/TIM het-
erodimer (Lee et al., 1999; Schotland et al., 2000). Our data
indicate that little or no TIM is present in the nuclei of VLNs
during times associated with repression in whole-head extracts,
suggesting that PER might influence transcription independently
of TIM. Work by Rothenfluh et al. (2000) suggests that PER is
still capable of repressing transcription after a mutant form of
TIM, TIMYY, is degraded by light exposure. The authors con-
clude that PER can repress transcription in the absence of TIM
and suggest that TIM-independent repression by PER normally
occurs after dawn. However, they had no reason to challenge the
notion that the PER/TIM heterodimer is the agent of nuclear
entry and the initiator of repression (Rothenfluh et al., 2000). Our
data indicate that the TIM-independent repression by PER also
applies to the onset of repression in the middle of the night. TIM
may therefore play no direct role in the feedback repression of
PER and TIM transcription.

A previous study described the persistence of TIM oscillations
in the small vLNs but the absence of oscillations in the large vL Ns
under DD conditions (Yang and Sehgal, 2001). We have con-
firmed this observation, but our data extend this result in several
important ways. We have assayed PER as well as TIM and have
followed these two proteins throughout the first DD cycle. This
provides a finer temporal resolution and leads to a surprising
conclusion: that the molecular oscillation in the large vLNs ap-
pears to arrest during the first subjective day. Based on the
patterns of PER and TIM, these cells stop in a state that corre-
sponds to ZT 8-10 under LD conditions.

The individual features of PER and TIM distribution in the
large and small vLNs can be added to a growing list of differences
between these two classes of PDF-expressing neurons (see dis-
cussion in Park et al., 2000). These cell-specific differences in
PER and TIM nuclear accumulation underscore the importance
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of studying the brain clock in situ and may presage an even more
profound heterogeneity among other clock-containing neurons
within the brain. This view also reflects the fact that the PDF-
positive VL Ns represent a minority of clock gene-expressing cells
in the central brain (Helfrich-Forster, 1996; Kaneko and Hall,
2000). One might therefore expect that the circadian system will
vary to an even greater degree among other clock neurons. Such
diversity might offer clues as to how different groups of clock
neurons interact to create the temporal complexity of behavioral
rhythms.
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