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Summary
Circadian oscillations of clock gene products are thought
to provide time-of-day signals that drive overt rhythms.
In Drosophila, RNA and protein levels of the period and
timeless genes oscillate and the proteins autoregulate
their transcription. To test the relevance of these oscillations, we expressed period and timeless under control
of constitutively active promoters. Constitutive expression of either RNA supported protein cycling and behavioral rhythms in the respective null mutant, although
constitutive timeless was less effective than constitutive
period. Constitutive expression of both genes restored
behavioral rhythms that showed deficits in photic resetting and drove cyclic expression of the clock-controlled
RNA, vrille. Overexpression of either period or timeless, but especially timeless, attenuated behavioral
rhythmicity and protein cycling in lateral neurons. We
propose that the two proteins must cycle to drive
rhythmic expression of downstream genes.
Introduction
In all organisms where the clock has been examined at
the molecular level, oscillating molecules that control
their own expression in a circadian fashion appear to
form the basis for overt rhythms (Reppert, 1998; Dunlap,
1999). The prevailing hypothesis is that these feedback
loops constitute molecular clocks that impart temporal
signals to the rest of the organism by cyclically regulating levels of specific gene products. Such a loop was
first described in the fruit fly Drosophila melanogaster
(Scully and Kay, 2000). While rhythms in Drosophila are
now known to require the activities of several clock
genes, period (per) and timeless (tim) were the first
shown to be part of a central clock mechanism. Null
alleles of either gene result in complete loss of rhythmicity, and alleles that change the period have also been
described for both genes (Konopka and Benzer, 1971;
Konopka et al., 1994; Sehgal et al., 1994; Rutila et al.,
1996; Ousley et al., 1998; Rothenflugh et al., 2000).
mRNA and protein levels of per and tim display robust
circadian oscillations, with mRNA peaks in the early
night and protein peaks in the middle/late night (Hardin
et al., 1990; Edery et al., 1994; Sehgal et al., 1995; HunterEnsor et al., 1996; Myers et al., 1996; Zeng et al., 1996).
The two proteins form a heterodimer that confers stability on PER and permits nuclear localization of both proteins (Price et al., 1995; Saez and Young, 1996). While
in the nucleus, PER and TIM inhibit synthesis of their
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mail.med.upenn.edu).

own mRNAs, thereby driving oscillations of these RNAs
and generating the type of feedback loop mentioned
above. All other known clock genes affect this loop in
some fashion. The CLOCK (CLK) and CYCLE (CYC) proteins are transcriptional activators of per and tim, and
the double-time (dbt) gene encodes a casein kinase
that phosphorylates PER and renders it unstable in the
absence of TIM (Scully and Kay, 2000). Recently the Clk
gene was shown to also function in a feedback loop
that interlocks with the per/tim feedback loop (Glossop
et al., 1999).
Although it is hypothesized that oscillations of the per
and tim gene products provide timekeeping cues, the
importance of these oscillations is still unclear. The fact
that oscillations of clock gene products dampen under
constant conditions (in the absence of light:dark cycles)
while the behavior continues to be rhythmic is one observation that challenges this hypothesis (Hardin et al.,
1990; Zerr et al., 1990; Edery et al., 1994; Sehgal et al.,
1995; Stanewsky et al., 1997). In addition, a number of
studies have called the role of per RNA cycling into
question. Expression of per by the heat shock promoter
or by the glass promoter, neither of which is expected
to be regulated by feedback, restored rhythmicity in
per01 (null allele of per) flies (Frisch et al., 1994; Vosshall
and Young, 1995). In both types of transgenic flies the
protein continued to oscillate, suggesting that per mRNA
cycling may not be required for protein cycling or for
behavioral rhythms. Moreover, PER expressed by a rhodopsin (Rh1) promoter-per transgene was shown to cycle, although the RNA was expressed at constant levels
(Cheng and Hardin, 1998). Since Rh1 is an eye-specific
promoter, behavioral rhythms, which are controlled by
lateral neurons (LNs), could not be assessed in these flies.
Most of the experiments described above were performed prior to the isolation of the tim gene and so
the expression of tim was not examined. However, the
prediction is that tim RNA as well as protein would be
cycling under all these conditions. In fact, oscillations
of PER in these flies are most likely driven by TIM, as
TIM is required for PER stability (Price et al., 1995). Thus
far, no data are available on the relevance of molecular
oscillations for tim. To better understand the relationship
between the molecular oscillations in LNs and circadian
behavior and to test the importance of the negative
feedback loop model for behavioral rhythms, we constitutively expressed per and tim. We report here that constitutive expression of both per and tim RNA permits
the manifestation of behavioral rhythms, but eliminating
the oscillation of either protein (through overexpression)
abrogates overt rhythmicity. Thus, maintenance of the
per-tim feedback loop is not an absolute requirement
for behavioral rhythms, but cyclic expression of the two
proteins is essential.
Results
Constitutive Expression of per or tim Can Drive
Behavioral Rhythms
As discussed above, cycling of PER protein is controlled
independently and occurs under conditions where the
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Table 1. UAS-per and -tim Transgenes Restore Locomotor Rhythms in per01 and tim01 Flies
Genotype

N

AR (%)

WR (%)

R (%)

51
36
36
20
32
31
96
47
27
94

51 (100)
36 (100)
3 (8.3)
20 (100)
14 (43.8)
27 (87.1)
3 (3.1)
11 (23.4)
1 (3.7)
3 (3.2)

0
0
9
0
0
0
4
0
0
1

0 (0)
0 (0)
24 (66.7)
0 (0)
18 (56.3)
4 (12.9)
89 (92.7)
36 (76.6)
26 (96.3)
90 (95.7)

29
26
101
20
2457
22
37
32
32

29 (100)
26 (100)
80 (79.2)
20 (100)
474 (19.3)
21 (95.5)
11 (29.7)
31 (96.9)
32 (100)

0 (0)
0 (0)
2 (2.0)
0 (0)
207 (8.4)
0 (0)
0 (0)
0 (0)
0 (0)

0 (0)
0 (0)
19 (18.8)
0 (0)
1776 (72.3)
1 (4.5)
26 (70.3)
1 (3.1)
0 (0)

44
31
1536
35
62
42
72
48

44 (100)
27 (87.1)
699 (45.5)
35 (100)
29 (46.8)
41 (97.6)
56 (77.8)
42 (87.5)

0 (0)
0 (0)
194 (12.6)
0 (0)
1 (1.6)
0 (0)
9 (12.5)
2 (4.2)

0 (0)
4 (12.9)
643 (41.9)
0 (0)
32 (51.6)
1 (2.4)
7 (9.7)
4 (8.3)

 ⫾ SEM (n)

01

Rescue in per flies
elavC155,per01/Y
per01/Y; P{Per}2-1/⫹
elavC155,per01/Y; P{Per}2-1/⫹
per01/Y; P{Per}2-3
elavC155,per01/Y; P{Per}2-3/⫹
per01/Y; P{Per}2-4
elavC155,per0/Y; P{Per}2-4/⫹
per01/Y; P{Per}2-4/⫹; Act-Gal4/⫹
per01/Y;; P{Per}3-1/⫹
elavC155,per01/Y;; P{Per}3-1/⫹
Rescue in tim01 flies
elavC155/Y; tim01
P{Tim}2-1,tim0/tim01
elavC155/Y; P{Tim}2-1,tim01/tim01
P{Tim}2-5,tim01/tim01
elavC155/Y; P{Tim}2-5,tim01/tim01
P{Tim}2-7,tim01/tim01
elavC155/Y; P{Tim}2-7,tim01/tim01
tim01; P{Tim}3-3
elavC155/Y; tim01; P{Tim}3-3/⫹
Rescue in per01; tim01 flies
elavC155,per01/Y; P{Tim}2-5,tim01/tim01
elavC155,per01/Y; P{Per}2-4,tim01/tim01
elavC155,per01/Y; P{Tim}2-5,tim01/P{Per}2-4,tim01
elavC155,per01/Y; tim01; P{Per}3-1/⫹
elavC155,per01/Y; P{Tim}2-5,tim01/tim01; P{Per}3-1/⫹
elavC155,per01/Y; P{Tim}2-7,tim01/tim01
elavC155,per01/Y; P{Tim}2-7,tim01/P{Per}2-4,tim01
elavC155,per01/Y; P{Tim}2-7,tim01/tim01; P{Per}3-1/⫹

(0)
(0)
(25)
(0)
(0)
(0)
(4.2)
(0)
(0)
(1.1)

25.8 ⫾ 0.3 (20)
25.0
27.8
23.6
24.9
28.2
26.1

⫾
⫾
⫾
⫾
⫾
⫾

0.3 (18)
1.8 (4)
0.05 (88)
0.1 (31)
0.1 (24)
0.07 (90)

27.1 ⫾ 0.5 (16)
26.4
23.5
27.4
26.5

⫾ 0.03 (1752)
(1)
⫾ 0.3 (26)
(1)

25.0 ⫾ 2.1 (4)
23.8 ⫾ 0.06 (608)
26.9 ⫾ 0.3 (30)
20 (1)
21.9 ⫾ 1.1 (7)
22.8 ⫾ 1.2 (3)

The nomenclature of transgenic lines indicates the chromosome to which each UAS insertion maps, followed by a serial number to distinguish
independent insertions, e.g., in the P{Per}3-1 line the UAS-per insertion is on the third chromosome. N: total number of flies tested. elavC155,elavGal4; AR, arrhythmic; WR, weakly rhythmic; and R, rhythmic (see Experimental Procedures for definition). Average period () was calculated
based on rhythmic flies that displayed a single well-defined period (“n” is the number of such flies). All flies are in a white eye background.

mRNA is produced constitutively (Frisch et al., 1994;
Vosshall and Young, 1995; Cheng and Hardin, 1998). To
determine whether the same is true for tim and also to
assay the effects of producing both RNAs constitutively,
we used the GAL4/UAS binary system to express each
of the two genes under control of either the actin 5C
(Act5C) or the elav promoter (Brand and Perrimon, 1993).
elav is expressed in all neurons at all developmental
stages (Robinow and White, 1988), and an enhancer
trap line carrying an insertion of GAL4 at the elav locus
(elavC155) expresses high levels of UAS-linked target
genes in neurons (Lin and Goodman, 1994). The actin
5C promoter is a strong promoter that is expressed
ubiquitously.
Full-length cDNAs for both per and tim were cloned
into the pUAS-CasPer vector and introduced into yellow
white (yw) flies. Transgenic flies, carrying either a UASper or a UAS-tim transgene, were then crossed to fly
lines carrying either an Act5C-Gal4 or elav-Gal4 insertion. UAS-per and UAS-tim insertions, together with the
appropriate GAL4 drivers, were also crossed into per01
and tim01 backgrounds, respectively (see Experimental
Procedures). Expression of each of these insertions by
elav-Gal4 restored locomotor activity rhythms in the arrhythmic per01 and tim01 mutants, although to varying
extents (Table 1; examples of the different categories
of rhythms—strong, weak, and arrhythmic—indicated in
this and other tables are shown in Figure 1). Thus, rescue

by constitutive per resulted in rhythms in ⬎90% of the
flies from two independent lines and ⬎50% in another
two lines. Constitutive tim, on the other hand, showed
a maximal rescue of ⵑ70% in two lines and much less
(3.1% and 18.8%) in two other lines. In addition, a fifth
tim insertion, Tim3-1, driven by elav-Gal4 failed to rescue tim01 flies (data not shown). per01 rhythms were also
rescued by one of the UAS-per transgenes alone, perhaps due to transcriptional activity at the insertion site.
UAS transgenes have previously been associated with
phenotypes in the absence of Gal4 drivers (Parkes et al.,
1998). Rhythms in flies carrying only the UAS transgene
displayed longer periods than those that also contained
the elav-Gal4 insertion, supporting previous reports that
increasing per dosage shortens circadian period (Smith
and Konopka, 1982; Baylies et al., 1987).
Cyclic Expression of TIM Does Not Require
Rhythmic Expression of its RNA
To determine if rescue by the UAS-tim/elav-Gal4 transgenes was associated with cyclic protein expression
under freerunning conditions, we assayed TIM expression through immunofluorescence assays on the second
day of constant darkness (DD). As many of the flies in
the tim lines were not rhythmic, we selected flies by
first monitoring them in freerunning locomotor activity
assays. Rhythmic flies were reentrained to light:dark
(LD) 12:12 cycles for 3 to 5 days (this was done because
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Figure 1. Representative Data for Rhythmic,
Weakly Rhythmic, and Arrhythmic Flies
In the course of the behavioral analysis (Tables 1, 2, and 3), flies were classified as rhythmic, weakly rhythmic, and arrhythmic (criteria
used for the classification are described in
Experimental Procedures). In all cases, flies
were entrained to LD cycles (12 hr light:12 hr
dark) for 3 days and monitored for locomotor
activity rhythms in DD for at least 6 days.
Actograms and periodograms shown here
were generated through the Matlab software.
The actograms are double plotted. Under
each actogram, the gray bar represents subjective day and the black bar represents subjective night. The FFT value is a measure of
rhythm strength (see Experimental Procedures).

the molecular oscillations dampen in constant darkness)
and then transferred back to DD. Collections were made
at CT2, CT8, CT14, and CT20 (CT0 and CT12 correspond
to “lights on” and “lights off,” respectively, of the previous entrainment regime). In order to localize the lateral
neurons we costained the sections for pigment dispersing factor (PDF). All sections were then analyzed blind
with no knowledge of genotype or time of day. The
ventral LNs (LNvs) were located and the intensity of
TIM staining in these cells was assigned a score of 0–4
(Figure 2).
To our surprise, wild-type flies displayed robust oscillations of TIM in small LNvs but not in large LNvs (Figure 2B). These data have important implications for the
role of molecular oscillations in sustaining behavioral
rhythms under freerunning conditions (see Discussion).
As in wild-type flies, TIM did not cycle in large LNvs of
transgenic tim01 flies rescued with elav/tim. However,

significant although low-amplitude TIM cycling was
found in small LNvs of these flies.
We believe that the amplitude of TIM cycling is probably an underestimate due to the frequent difficulty in
distinguishing TIM expression in LNs from that in neighboring neurons. Since PDF stains not only cell bodies
but also axons of LNs, the PDF staining sometimes overlaps with a cell body from a different neuron. In wildtype flies, the lack of overlap was not a problem because
TIM is expressed only in LNs (in that region of the brain),
but in the elav/tim transgenics where neighboring neurons also expressed TIM this may have led to erroneous
numbers being assigned to many sections. This belief
was reinforced by the finding that flies expressing the
same tim transgene showed robust oscillation of vrille
(vri), a clock-controlled gene, in small LNvs (see below).
To determine whether the cyclic protein expression
had its basis in cyclically expressed RNA we assayed
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Figure 2. TIM Cycles in Lateral Neurons of Flies that Constitutively Express tim RNA
Since only ⵑ70% of the tim rescued flies (elavC155/Y; P{Tim}2-5,tim01/tim01) were rhythmic and some flies showed variability in period (Table
1), rhythmic flies that displayed a period within 1 hr of the average for the population were preselected through locomotor activity assays
and then reentrained (see text). As these flies also have a longer period (average ⵑ26.4 hr; see Table 1), the collection times were adjusted
to correspond to the indicated circadian time points on a 24 hr scale. After reentrainment, the flies were collected at CT2, CT8, CT14, and
CT20 of the second day of DD and the sections were subjected to coimmunofluorescence assays to detect TIM and PDF. Control flies (yw)
were only assayed at the well-established trough and peak time points (CT8 and CT20, respectively).
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RNA expression in transgenic flies. This was done not
only for the tim transgenics but also for the lines that
expressed per under control of a constitutive promoter.
Although per expression by a constitutive promoter was
previously shown to produce cyclic protein expression
and behavioral rhythms, the question of whether or not
the RNA cycled in LNs was not addressed in those
studies. We analyzed the first and second days of DD
in one per and one tim line. In the case of the per line,
almost all the flies were rhythmic (Table 1) and thus
no further selection was required. For the tim line, we
selected rhythmic flies based upon locomotor activity
assays. Sections of adult fly heads were subject to in
situ hybridization using per or tim probes. In order to
localize the lateral neurons, the sections were stained
with an anti-PDF antibody following the in situ hybridization (Figure 3).
As in the case of the protein cycling experiments, the
slides were subjected to blind scoring and assigned
scores ranging from 0–4 based upon the intensity of
staining. Because TIM was found to cycle only in small
LNvs and not large LNvs in DD, we focused on the small
LNvs for this study. The data show that neither per nor
tim RNA cycles when its expression is driven by the
elav-Gal4 driver (Figure 3). Expression of tim RNA varied
on the second day of DD, but the differences were not
significant and the lowest values corresponded to a time
when tim RNA levels are usually high. The lack of RNA
cycling on the second day of DD was also supported
by the lack of cycling on the first day of DD (Figure 3).
In wild-type (yw) flies, tim RNA was undetectable at
CT2 and gave an intense signal at CT14 (data not shown).
Robust cycling of endogenous tim RNA was also seen in
rhythmic transgenic flies that overexpressed PER (Figure 8). Although the per probe failed to detect endogenous per RNA in wild-type flies, hybridization with a
sense probe in the UAS-per rescued flies showed no
staining (data not shown). We would like to add that we
failed to reliably detect endogenous per RNA with at
least six different probes from different regions of the
per gene. It is possible that the folding of endogenous
per RNA makes it difficult to detect in situ.
Behavioral Rhythms Occur and a Clock-Controlled
Gene Cycles in the Absence of Feedback
at Both per and tim Promoters
To determine whether constitutive expression of both
genes could drive behavioral rhythms, we generated
flies that carried UAS-per, UAS-tim, and elav-Gal4 in a
per01;tim01 double mutant background. As indicated in
Table 1, 13% of the per01;tim01 flies in which per function
was rescued by the Per 2-4 insertion displayed behav-

ioral rhythms, supporting previous observations that a
small percentage (5%) of tim01 flies are rhythmic (Sehgal
et al., 1994). The increased percentage of rhythmicity in
this study is most likely due to the Clock independence
of per expression (see Discussion). Expression of tim in
per01;tim01 flies did not rescue rhythmicity (rhythms were
observed in only one fly).
Surprisingly, constitutive expression of both per and
tim using the elav-Gal4 driver restored rhythms in
per01;tim01 flies (Table 1). This was observed with two
independent per insertions along with the Tim 2-5 insertion. Forty to fifty percent of the flies containing these
transgenes displayed behavioral rhythms. These data
indicate that circadian behavioral rhythms can be manifested in the absence of feedback at both per and tim
promoters.
As described above, per and tim RNA expressed by
the elav-Gal4 driver do not cycle, but the proteins continue to cycle. To verify that behavioral rhythms in the
rescued double mutants were associated with cyclic
activity of the molecular clock we sought to look at the
cycling of downstream genes regulated by PER and
TIM. We chose the recently identified circadian rhythm
gene, vri. vri is expressed in lateral neurons and photoreceptor cells, and the RNA displays robust cycling in both
LD and DD, with a peak at ZT14/CT14 and trough at
ZT2/CT2 (Blau and Young, 1999). We conducted in situ
hybridization experiments to assay vri RNA on the second day of DD in both rescued (rhythmic) and nonrescued (arrhythmic) flies carrying the “double rescue”
transgenes. Slides probed for vri RNA expression were
subsequently stained with an anti-PDF antibody.
PDF-positive lateral neurons were located and the vri
RNA signal was “blind” scored (without knowledge of
genotype or time of day) on a scale of 0–4. Representative sections from rhythmic flies and quantitation of the
staining are shown in Figure 4. The vri RNA not only
cycled in the rhythmic “double rescue” flies but did so
with an amplitude higher than that seen for TIM expression in “single rescue” flies carrying the same tim transgene. We infer, as mentioned above, that the lower amplitude of TIM cycling was due to the difficulty in
specifically scoring LN expression when TIM is also ectopically expressed. vri RNA did not cycle in arrhythmic
flies, showing that cycling of PER/TIM-controlled genes
correlates with behavioral rhythms.
Photic Resetting Is Affected in Flies that
Constitutively Express per and tim RNA
These data indicate that flies in which neither per nor
tim RNA is rhythmically transcribed can support clock
activity. However, there is clearly variability in the pene-

(A) Representative staining of the tim rescued flies at CT20 and CT8. TIM (green) and PDF (red) staining were also superimposed to show
colocalization. TIM staining is widespread, as would be expected with an elav driver that is expressed in all neurons but cycles only in small
ventral lateral neurons (indicated with the arrow). The high background in the eye is due to autofluorescence produced by the eye pigment.
(B) The relative staining intensity was “blind” scored in yw and tim rescued flies and is shown as mean ⫾ SEM for each time point. Data for
the tim rescued flies are based upon the analysis of ⵑ15 flies per time point. For yw, ⵑ6 flies were assayed per time point. Staining in both
large LNvs and small LNvs was scored. Kruskal-Wallis nonparametric ANOVA analysis indicated that staining at the four time points in small
LNvs of tim rescued flies was significantly different (p ⬍ 0.01). Subsequently, two group comparisons were made using the Dunn’s test. The
two time points assayed in yw flies were analyzed using the Mann-Whitney U test. Significant differences found in all two-group comparisons
are indicated in the figure. The staining in large LNvs was not significantly different between all time points in both yw and tim rescued flies
(p ⬎ 0.1).
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Figure 3. elav-Gal4 Drives Constitutive Expression of per and tim RNA in Lateral Neurons of Rhythmic Flies
Flies were entrained to LD cycles for 3 days
and then transferred to DD. They were collected at CT2, CT8, CT14, and CT20 during
the first and second days of DD, and sections
of adult heads were subjected to in situ hybridization using per and tim probes. The lateral neurons were subsequently labeled with
an anti-PDF antibody.
(A) per RNA in a UAS-per line (elavC155,
per01/Y; P{Per}2-4/⫹).
(B) tim RNA in a UAS-tim line (elavC155/Y;
P{Tim}2-5,tim01/tim01). For tim expression experiments, rhythmic flies were selected as
described in Figure 2. Representative RNA
staining along with PDF staining (red) at four
time points on the second day of DD is shown
on top. Arrows, small LNvs. The RNA signal
in small LNvs was “blind” scored and the
mean ⫾ SEM for each time point is depicted
at the bottom. For the tim transgenic line,
8–10 flies were assayed at each time point
for the first day of DD and ⬎20 flies per time
point for the second day of DD. For the per
line, ⵑ10 flies were assayed per time point
over both days. The intensity difference between days 1 and 2 is due to experimental
variations in the overall intensity of staining
(these two days were assayed at different
times). As in Figure 2, Kruskal-Wallis ANOVA
analysis was used to determine significance.
There was no significant difference among
all four time points for each of the two days
assayed in each of the two genotypes (p ⬎
0.05). Please note that the PDF staining is
not as bright as normal, probably due to the
conditions used during the in situ hybridization (e.g., high temperature ⵑ60⬚C). In addition, in many cases the PDF signal was excluded from the specific part of the cell that
showed the strongest per RNA staining but
stained the area around it.

trance and strength of rhythmicity. We sought to determine if rhythms in these flies were also deficient in other
aspects. One of the major features of clocks is that they
can be reset by environmental cues, such as light. A
light pulse in the early part of the night causes a phase
delay, while a light pulse in the late night generates a
phase advance through the same mechanism—lightinduced degradation of the TIM protein (Scully and Kay,
2000). One hypothesis for the differential response at
different times of night invokes the level of tim mRNA.
In the early night, tim RNA levels are high, and so the
reduced TIM protein pool can be replenished by translation, causing a phase delay, while in the late night, tim
RNA levels are low, resulting in an advance to the next
cycle (Myers et al., 1996). If this is true, light exposure

in flies that constitutively express per and tim should
always cause a shift in the same direction. To test this
hypothesis, and also to determine whether the double
rescued flies showed normal phase resetting, we assayed their response to both advancing and delaying
light pulses. As shown in Figure 5, these flies displayed
an advance or a delay in response to the appropriate
light pulse, but the response to the delaying pulse was
not statistically significant.
Overexpression of Either per or tim Eliminates
Behavioral Rhythms in Wild-Type Flies
Through the experiments described above we showed
that behavioral rhythms do not correlate with cycling of
per and tim mRNA. Although we can not exclude some
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Figure 4. vri RNA Cycles in Lateral Neurons of Flies that Constitutively Express Both per and tim
Since ⵑ40% of the “double rescue” flies (elavC155,per01/Y; P{Tim}2-5,tim01/P{Per}2-4,tim01) (R, rhythmic; AR, arrhythmic flies for this genotype)
were rhythmic, the rhythmic flies were selected through activity assays, reentrained, and then collected at CT14 and CT2 during the second
day of DD. Sections of adult heads were subjected to in situ hybridization with a vri probe and costained for PDF expression.
(A) Representative staining for control flies (yw) and rhythmic “double rescue” flies. Arrow, small LNvs.
(B) Staining in both large and small LNvs was “blind” scored and is depicted here as mean ⫾ SEM for each time point. For yw, ten flies were
stained for each time point, but only five were costained with PDF and scored. For the “double rescue” line, a total of ⬎25 flies were stained
for each time point. The plot is based on one experiment of about ten flies per time point (staining differences from one experiment to another
made it difficult to pool experiments; see also Figure 3). There was no difference between the two time points in all groups in large LNvs (p ⬎
0.1, Mann-Whitney U test) or in small LNvs of the arrhythmic “double rescue” flies (p ⬎ 0.1). Significant differences in small LNvs in yw and
rhythmic “double rescue” flies are indicated in the figure.

Neuron
460

Figure 5. Phase Resetting in Flies that Constitutively Express Both
per and tim
Flies were entrained in LD for 3 days. During the last entrainment
cycle, a saturating light pulse (2000–3000 lux, 5 min) was given at
ZT20 to one group of flies and at ZT15 to a second group of flies.
Unpulsed controls were included for each condition. Pulsed and
unpulsed control flies were moved to DD and assayed for locomotor
activity rhythms. The mean phase was determined for each rhythmic
fly whose period fell within 1 hr of the average period as described
previously (Yang et al., 1998). Both pulsed and unpulsed flies of each
group are plotted on one clock face. Each small circle represents the
phase of a single fly. Open circles, unpulsed; solid circles, pulsed.
The length of the arrow represents the strength of the synchrony in
the group (Rayleigh’s test, p ⬍ 0.001 for all populations), and the
arrow points to the mean phase of each group (dotted arrow, unpulsed; solid arrow, pulsed). The phase shift in hours is shown within
the clock face. Significant phase shifts were observed in the control
(yw) groups (p ⬍ 0.001, Watson-Williams test). For “double rescue”
flies, the phase advance produced by the pulse at ZT20 was significant (p ⬍ 0.001) but the phase delay with the pulse at ZT15 was
not (0.05 ⬍ p ⬍ 0.1), as judged by the Watson-Williams test.

low-level, undetectable cycling, it is unlikely that such
cycling could account for the behavioral rescue observed. On the other hand, cycling of the two proteins
appears to be controlled independently of the two
mRNAs and has never been dissociated from overt
rhythms. To address the role of protein cycling we assayed the effects of overexpressing each protein, reasoning that this might saturate endogenous turnover/
translational mechanisms that drive cycling. Overexpression of per and tim in a wild-type background was
achieved with many different insertions of the same UAS
transgenes together with the elav/Act5C-Gal4 drivers
used for the rescue experiments. Since both elav and
actin are widely expressed, making it difficult to distinguish overexpression from misexpression, we also used
tim-Gal4 and pdf-Gal4 drivers. The tim-Gal4 driver was

previously shown to drive very high levels of expression
(Emery et al., 1998).
We generated several independent transgenic lines,
of which seven UAS-per transgenic lines and eight UAStim lines were randomly selected for locomotor activity
assays (Tables 2 and 3 for per and tim, respectively). In
the absence of any Gal4 driver, greater than 80% of the
UAS transgenic flies were rhythmic, which is comparable to numbers obtained with wild-type flies. elav and
Act5C drivers resulted in significant arrhythmicity in both
per and tim lines. Act5C was associated with more arrhythmicity, most likely because it is a stronger promoter
than elav. In support of the idea that higher levels of
expression yield more arrhythmia, two copies of the UAS
transgene always gave a stronger phenotype than a
single copy. Similar dose dependency was observed
with other UAS-linked target genes (Lin and Goodman,
1994). With the tim-Gal4 driver, the UAS-per transgenic
lines were marginally arrhythmic (Table 1), but the UAStim lines displayed a severe phenotype (Table 2). Generally, tim lines were more arrhythmic than per lines of
each category. The pdf-Gal4 driver did not yield obvious
arrhythmicity with either UAS-per or UAS-tim. This could
be due either to weaker activity of this driver or to its
restricted expression (Emery et al., 2000; Kaneko et al.,
2000).
To verify that the arrhythmia correlated with the level
of expression, we collected flies on the second day of
DD and carried out Western blots (Figure 6). For each
gene, we chose one transgenic line that was predominantly rhythmic and one or two that were arrhythmic.
P{Per}3-1/Act5C-Gal4 and elavC155; P{Per}2-3 were selected as the rhythmic and arrhythmic per lines, respectively. For tim, we chose the rhythmic elavC155; CyO/
P{Tim}2-1 line and the arrhythmic elavC155; P{Tim}2-1 and
P{Tim}3-1/Act5C-Gal4 lines. Transgenic flies that lacked
Gal4 were assayed as controls. In the per control lines,
PER expression was low and cycled with very low amplitude (Figure 6A). The reduced level and dampened oscillation is typical for flies maintained in constant darkness,
although the effect appears to be greater in these flies
as compared to Canton S, perhaps due to Gal4-independent expression of the UAS transgene. In the rhythmic
per overexpressing line, PER levels were increased but
still cycled despite the widespread expression. In the
arrhythmic per overexpressing line, PER levels were
clearly higher than in the rhythmic line and there was
no difference in the expression level between CT20 and
CT8 (Figure 6A).
TIM expression was low in control flies and cycling
could not be detected. This was not surprising given
our immunocytochemistry data in which we found that
on the second day of DD TIM cycles robustly in small
ventral lateral neurons, but its expression in photoreceptor cells is weak and relatively flat, while PER cycles in
both tissues (Figure 7 and data not shown). Since lateral
neurons do not contribute much to the TIM signal on
Westerns of fly heads, cycling is difficult to detect. In
the rhythmic tim overexpressing line, TIM was overexpressed (Figure 6B). However, in both arrhythmic lines
the expression level was substantially higher than in the
rhythmic line (Figure 6B). Although the levels depicted
on Western blots reflect expression in the entire head
and not just in LNs, these data suggested that the degree
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Table 2. Activity Rhythm Phenotypes Produced by Overexpression of per in a Wild-Type Background
Genotype
P{Per}2-1
CyO/P,I
elavC155/Y; CyO/P,I
P,I/⫹; Act5C-Gal4/⫹
tim-Gal4/P
P{Per}2-3
P/P
elavC155/Y; CyO/P
elavC155/Y; P/P
P/⫹; Act5C-Gal4/⫹
tim-Gal4/P
P{Per}2-4
P/P
elavC155/Y; CyO/P
elavC155/Y; P/P
P/⫹; Act5C-Gal4/⫹
tim-Gal4/P
P{Per}3-1
P/P
elavC155/Y;; TM3,Sb/P
elavC155/Y;; P/P
P/Act5C-Gal4
tim-Gal4/⫹; P/⫹
P{Per}3-2
P/P
elavC155/Y;; TM3,Sb/P
elavC155/Y;; P/P
P/Act5C-Gal4
pdf-Gal4/⫹; P/⫹
tim-Gal4/⫹; P/⫹
P{Per}X-1
P/Y
P/Y;; Act5C-Gal4/⫹
P/Y; tim-Gal4/⫹
P{Per}X-2
P/Y
P/Y;; Act5C-Gal4/⫹
P/Y; tim-Gal4/⫹

N

AR (%)

WR (%)

R (%)

 ⫾ SEM (n)

22
27
23
27

0
1
5
0

(0)
(3.7)
(21.7)
(0)

0
0
6
4

(0)
(0)
(26.1)
(14.8)

22
26
12
23

(100)
(96.3)
(52.2)
(85.2)

23.3
23.3
24.4
25.7

⫾
⫾
⫾
⫾

0.1 (22)
0.1 (24)
0.2 (9)
0.08 (23)

30
29
61
31
34

0 (0)
2 (6.9)
47 (77.0)
11 (35.5)
2 (5.9)

0
0
5
8
7

(0)
(0)
(8.2)
(25.8)
(20.6)

30 (100)
27 (93.1)
9 (14.8)
12 (38.7)
25 (73.5)

23.4
23.0
22.1
24.3
25.2

⫾
⫾
⫾
⫾
⫾

0.07 (30)
0.1 (22)
0.5 (7)
0.2 (9)
0.1 (24)

49
30
32
32
30

1 (2.0)
0 (0)
16 (50)
0 (0)
3 (10)

1
0
7
4
0

(2.0)
(0)
(21.9)
(12.5)
(0)

47 (95.9)
30 (100)
9 (28.1)
28 (87.5)
27 (90)

23.1
23.0
23.4
23.9
24.3

⫾
⫾
⫾
⫾
⫾

0.05 (42)
0.1 (30)
0.5 (7)
0.1 (25)
0.09 (27)

34
30
32
62
31

2
3
9
3
1

4
4
1
0
3

(11.8)
(13.3)
(3.1)
(0)
(9.7)

28
23
22
59
27

22.9
22.9
23.0
23.2
23.7

⫾
⫾
⫾
⫾
⫾

0.07 (27)
0.09 (20)
0.1 (21)
0.06 (51)
0.2 (26)

39
30
64
58
26
79

0 (0)
14 (46.7)
64 (100)
17 (29.3)
1 (3.8)
20 (25.3)

1 (2.6)
2 (6.7)
0 (0)
11 (19.0)
2 (7.7)
14 (7.7)

38 (97.4)
14 (46.7)
0 (0)
30 (51.7)
23 (88.5)
45 (57.0)

23.1 ⫾ 0.07 (36)
23.0 ⫾ 0.1 (13)

24
41
56

0 (0)
26 (63.4)
14 (25)

1 (4.2)
5 (12.2)
7 (12.5)

23 (95.8)
10 (24.4)
35 (62.5)

23.7 ⫾ 0.05 (22)
26.0 ⫾ 0.4 (7)
28.8 ⫾ 0.3 (33)

24
27
30

2 (8.3)
2 (7.4)
3 (10)

2 (8.3)
4 (14.8)
2 (6.7)

20 (83.3)
21 (77.8)
25 (83.3)

23.6 ⫾ 0.06 (20)
23.2 ⫾ 0.09 (20)
24.3 ⫾ 0.08 (25)

(5.9)
(10)
(28.1)
(4.8)
(3.2)

(82.4)
(76.7)
(68.8)
(95.2)
(87.1)

25.1 ⫾ 0.1 (25)
25.0 ⫾ 0.1 (23)
24.8 ⫾ 0.1 (44)

See Table 1 legend for nomenclature of UAS transgenic lines. All lines that carry the same UAS insertion are listed under the original UAS
line (in bold). P: the UAS-per transgene. “P,I” indicates that the transgene is homozygous lethal. The elav Gal4 driver is on the X chromosome
and so was only tested with non–X chromosome insertions.

of overexpression of per and tim correlates with the
percentage of arrhythmicity.

Protein Oscillations and Feedback Activity
Are Eliminated in Overexpressing Lines
We next determined whether protein oscillations persisted in lateral neurons of the overexpression lines by
costaining for TIM and PDF in immunofluorescence
assays. Data for the Tim 3-1 line are shown in Figure 7.
In control flies that lacked Gal4 expression, TIM staining
was intense in small LNvs at CT20 but absent at CT8.
In the arrhythmic Tim 3-1 line containing tim-Gal4, TIM
staining in small LNvs was intense at CT8 in almost
every section in which LNs were identified, suggesting
that the TIM oscillation in the small LNvs is abolished
or greatly reduced. In these flies TIM was also overexpressed in photoreceptor cells, so the signal was not
masked by pigment autofluorescence as in control flies,
and no cycling was observed. We also assayed a second
line, Tim 2-1, and likewise found that control flies carrying the Tim 2-1 insertion showed robust TIM cycling

in LNvs, but arrhythmic flies that also contained the elavGal4 driver showed no cycling (data not shown).
While this work was in progress, another study showed
that overexpression of per eliminated or reduced PER
and TIM cycling in lateral neurons and also reduced
feedback, as measured by the amplitude of per or
tim promoter driven oscillations of luciferase activity
(Kaneko et al., 2000). However, the luciferase signal was
derived from the entire head. To directly assay the effect of per overexpression on endogenous tim RNA in
lateral neurons, we carried out in situ hybridization experiments on head sections from control (UAS-per alone),
a rhythmic overexpressing transgenic line (P{Per}3-1/
Act5C-Gal4), and an arrhythmic per-overexpressing line
(elavC155; P{Per}2-3). Cyclic expression of tim RNA was
observed on the second day of constant darkness in
flies carrying UAS-per alone and in the rhythmic per
overexpressing line (Figure 8 and data not shown). The
tim RNA signal was strong at CT14 but very faint at CT2
in both lateral neurons and photoreceptor cells. In the
arrhythmic per overexpressing flies, it still cycled in photoreceptor cells such that tim mRNA was undetectable
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Table 3. Activity Rhythm Phenotypes Produced by Overexpression of tim in a Wild-Type Background
Genotype
P{Tim}2-1
P/P
elavC155/Y; CyO/P
elavC155/Y; P/P
P/⫹; Act5C-Gal4/⫹
tim-Gal4/P
P{Tim}2-4
CyO/P,I
elavC155/Y; CyO/P,I
P,I/⫹; Act5C-Gal4/⫹
tim-Gal4/P
P{Tim}2-5
P/P
elavC155/Y; CyO/P
elavC155/Y; P/P
P/⫹; Act5C-Gal4/⫹
P/P; Act65C-Gal4/⫹
tim-Gal4/P
P{Tim}2-7
CyO/P,I
elavC155/Y; CyO/P,I
P,I/⫹; Act5C-Gal4/⫹
tim-Gal4/P
P{Tim}3-1
P/P
elavC155/Y;; TM3,Sb/P
elavC155/Y;; P/P
P/Act5C-Gal4
pdf-Gal4/⫹; P/⫹
tim-Gal4/⫹; P/⫹
P{Tim}3-3
P/P
elavC155/Y;; TM3,Sb/P
elavC155/Y;; P/P
P/Act5C-Gal4
tim-Gal4/⫹; P/⫹
P{Tim}X-3
P/Y
P/Y;; Act5C-Gal4/⫹
P/Y; tim-Gal4/⫹
P{Tim}X-4
P/Y
P/Y;; Act5C-Gal4/⫹
P/Y; tim-Gal4/⫹

N

AR (%)

WR (%)

R (%)

 ⫾ SEM (N)

48
61
55
31
31

2 (4.2)
4 (6.6)
52 (94.5)
29 (93.5)
29 (93.5)

7
1
3
1
2

(14.6)
(1.6)
(5.5)
(3.2)
(6.5)

39 (81.3)
56 (91.8)
0 (0)
1 (3.2)
0 (0)

23.5 ⫾ 0.06 (35)
23.7 ⫾ 0.1 (50)

32
25
35
22

0 (0)
6 (24)
22 (62.9)
22 (100)

2
1
8
0

(6.3)
(4)
(22.9)
(0)

30 (93.8)
18 (72)
5 (14.3)
0 (0)

23.5 ⫾ 0.1 (29)
24.0 ⫾ 0.2 (18)
25.8 ⫾ 1.8 (2)

60
24
37
24
32
31

0 (0)
1 (4.2)
22 (59.5)
8 (33.3)
32 (100)
6 (19.4)

4
0
2
7
0
2

(6.7)
(0)
(5.4)
(29.2)
(0)
(6.5)

56 (93.3)
23 (95.8)
13 (35.1)
9 (37.5)
0 (0)
23 (74.2)

23.6
23.4
23.2
24.0

30
23
31
32

0 (0)
0 (0)
10 (32.3)
6 (18.8)

1
0
7
2

(3.3)
(0)
(22.6)
(6.3)

29
23
14
24

23.0
23.3
23.6
24.7

31
40
27
70
31
52

0 (0)
32 (80)
27 (100)
63 (90)
3 (9.7)
50 (96.2)

0
5
0
5
1
0

(0)
(12.5)
(0)
(7.1)
(3.2)
(0)

31 (100)
3 (7.5)
0 (0)
2 (2.9)
27 (87.1)
2 (3.8)

23.3 ⫾ 0.06 (27)
24 (1)

32
38
40
32
41

0 (0)
38 (100)
40 (100)
32 (100)
31 (75.6)

3
0
0
0
4

(9.4)
(0)
(0)
(0)
(9.8)

29 (90.6)
0 (0)
0 (0)
0 (0)
6 (14.6)

23.3 ⫾ 0.06 (28)

27.9 ⫾ 1.0 (6)

24
26
32

0 (0)
16 (61.5)
30 (93.8)

1 (4.2)
7 (26.9)
1 (3.1)

23 (95.8)
3 (11.5)
1 (3.1)

23.7 ⫾ 0.09 (20)
24.0 ⫾ 0.3 (3)
30.5 (1)

30
28
23

1 (3.3)
26 (92.9)
21 (91.3)

2 (6.7)
2 (7.1)
1 (4.3)

27 (90)
0 (0)
1 (4.3)

23.3 ⫾ 0.06 (25)

(96.7)
(100)
(45.2)
(75)

24 (1)

⫾
⫾
⫾
⫾

0.07 (54)
0.09 (22)
0.07 (13)
0.4 (5)

25.0 ⫾ 0.2 (23)
⫾
⫾
⫾
⫾

0.08 (29)
0.1 (23)
0.3 (11)
0.2 (24)

24.6 ⫾ 0.5 (27)
24.0 ⫾ 1.4 (2)

24.5 (1)

The nomenclature and the description of the lines are the same as that described in Tables 1 and 2 except that “P” here represents the UAStim transgene.

at CT2 in all sections examined. However, we observed
intense tim mRNA staining in small LNvs at CT2 in ⬎50%
of the heads from this line (Figure 8). Lack of staining
in some heads could be either due to the omission of
sections containing lateral neurons or reflect the persistence of molecular rhythmicity in flies that were behaviorally rhythmic (23%; see Table 2). Thus, overexpression of PER attenuates feedback activity and thereby
RNA cycling in lateral neurons.
Discussion
We report here an extensive analysis of the role of cycling clock gene products in Drosophila. Based upon
the oscillations of their RNA and protein, together with
the phenotypes associated with various mutant alleles,
both per and tim can be tentatively classified as genes
that encode state variables of the circadian clock, a

state variable being a molecule that imparts time-of-day
cues. However, the importance of the oscillations was,
until now, based upon correlative studies—mutations
that affect behavior similarly affect molecular oscillations. In addition, the question of which molecule is the
state variable was not addressed. Our data indicate that
oscillations of per and tim RNA are dispensable for the
manifestation of behavioral rhythms. Thus, autoregulation, which is a hallmark of central clock genes in all
organisms examined, may not be a prerequisite, in the
case of per and tim, for sustaining a clock and driving
an overt rhythm. However, cyclic feedback activity of
PER and TIM appears to be essential, most likely for
the transcriptional regulation of downstream genes in
the circadian system. In fact, we show here that robust
cycling of vri RNA occurs in rhythmic flies that constitutively produce per and tim. In support of the idea that
cycling of downstream genes is required for behavioral
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Figure 6. UAS-per and -tim Transgenes Are Overexpressed in the
Presence of Act5C-Gal4 and elav-Gal4 Drivers
Flies were entrained to LD cycles for 3 days and then transferred
to DD. They were collected at CT20 and CT8 during the second day
in DD and head extracts were subjected to Western blots. Rhythmic
and arrhythmic lines (see Tables 2 and 3 for behavioral data) that
contained an elav or an Act5C Gal4 driver (abbreviated as elav and
Act5C, respectively, in this figure) were chosen, as well as UAS
control flies that lacked Gal4 expression. (A) PER expression in UASper lines. (B) TIM expression in UAS-tim lines. The membranes were
stripped and reprobed with an anti-N-cadherin antibody (Iwai et al.,
1997) to verify equivalent loading and transfer. This experiment was
done twice and similar results were obtained.

rhythms, vri cycling was not observed in arrhythmic flies
carrying the same constitutive per and tim transgenes.
This is not to say that RNA oscillations do not play a
role under normal circumstances. Clearly, the penetrance of rhythmicity is reduced with constitutive tim
expression, although it is not as sensitive to constitutive
per expression. In addition, as discussed elsewhere
(Hardin and Sehgal, 1999), there are several other possible roles for RNA cycling. (1) It may be required to maintain temporal precision of the behavioral rhythm. We
have found that alterations in the profile of per RNA
expression affect the periodicity of behavioral rhythms
(Chen et al., 1998). Although some of the lines reported
here displayed rhythms that had approximately wild-type
periods, the measurements are not accurate enough for
us to be certain of this. For species in the wild, a difference of ⬍0.1 hr in circadian periodicity could have a
significant effect. (2) It may be a redundant mechanism
that ensures cyclic expression of protein. (3) It may be
required for appropriate photic resetting. In fact, we
show here that flies that constitutively express per and
tim show deficits in resetting. Our data suggest that
although the RNA level alone does not account for the
opposite direction of the phase shift (advance versus
delay) at different times of the night, it may be a contributing factor.
Expression of per alone in per01;tim01 double mutants
led to some rescue of behavioral rhythmicity. As mentioned earlier, 5% of tim01 flies display rhythms, usually

of long periodicity (Sehgal et al., 1994). We believe the
number of rhythmic flies is higher when per is expressed
behind a heterologous promoter because per expression no longer requires Clock, which is also downregulated in tim01 flies. The rhythmicity in tim01 could be due
either to per alone or to the presence of a truncated
TIM protein. The tim01 mutation deletes a small region
in the middle of the tim gene, thereby allowing expression of a TIM protein that is half the wild-type
size. Although not detectable in immunocytochemistry
assays, we have frequently detected a band of the correct size on Western blots of tim01 flies (data not shown).
This truncated protein is predicted to contain at least
one, and possibly both, PER interaction domains as
well as the TIM nuclear localization signal. Thus, it may
allow limited nuclear expression of PER although it fails
to transport a PER-␤ galactosidase fusion protein to
the nucleus (Vosshall et al., 1994). Alternatively, small
amounts of PER may be imported to the nucleus without
TIM. Nuclear PER could mediate feedback either by
itself, as recently reported (Rothenflugh et al., 2000), or
together with the truncated TIM.
Constitutive overexpression of the frq clock gene results in loss of overt rhythms in Neurospora crassa
(Aronson et al., 1994). We show here that the same is
true for per and tim in Drosophila. The variability in the
level of expression from one UAS line to another most
likely reflects position effects surrounding each insertion.
Variability of expression or phenotype has previously
been noted in UAS lines (Lin and Goodman, 1994; Parkes
et al., 1998; Kaneko et al., 2000). By generating multiple
independent lines, we were able to confirm that the
arrhythmic phenotype was related to the level of overexpression. Recently, Kaneko et al. also reported that overexpression of per, using the tim-Gal4 driver, produced
considerable arrhythmia. In our experiments the timGal4/UAS-per combination did not result in much arrhythmia, but most likely this is because we assayed
single UAS-per insertions whereas Kaneko et al. monitored flies containing two insertions of UAS-per (Kaneko
et al., 2000). As indicated in Tables 2 and 3, doubling
the dose of the UAS transgene had a significant effect
on rhythmicity. The loss of rhythms with high levels of
expression could be due either to the dampening of
protein oscillations or to some other deleterious effect
of overexpression. As protein cycling in lateral neurons
was lost in all cases where behavioral arrhythmia dominated, we favor the explanation that protein oscillations
are essential for behavioral rhythms.
In support of the importance of molecular oscillations,
we found that clock components and clock-controlled
genes cycle robustly on the second day of DD in the
small LNvs of rhythmic flies. Previous reports indicating
that molecular oscillations dampen under freerunning
conditions were based upon measurements of cycling
in whole flies or fly heads or in populations of LNs that
included both large and small cell types (Hardin et al.,
1990; Zerr et al., 1990; Edery et al., 1994; Sehgal et al.,
1995; Stanewsky et al., 1997). These data indicated that
behavioral rhythms were not congruent with the cycling
of clock gene products. We propose that cycling of
clock gene products (or more specifically the proteins)
in small ventral LNs underlies rhythmic behavior in DD.
The relevance of these small LNvs was also indicated

Neuron
464

Figure 7. Overexpression of tim Eliminates
Protein Cycling in Lateral Neurons
Flies were entrained and collected as described in Figure 6 and then subjected to a
coimmunofluorescence assay to detect TIM
and PDF. Top, UAS-tim control flies; bottom,
tim overexpressing flies (see Table 3 for behavioral data). TIM (green) and PDF (red) signals were superimposed to show colocalization. Arrowhead, photoreceptor cells; arrow,
small LNvs. Sections from about ten fly heads
were analyzed for each time point. In control
flies, no TIM staining was seen in small LNvs
in all sections at CT8. For the tim overexpressing flies, almost all sections showed intense TIM staining in LNvs at CT8. Please
note that the TIM signal in photoreceptor cells
in control flies, but not in tim overexpressing
flies, is masked by autofluorescence. Presumably, the signal in the overexpressing
flies is strong enough to be observed despite
the autofluorescence in the background.

by studies showing that clock proteins cycle in small
but not large LNvs of cryb flies and that PDF is released
rhythmically from the terminals of small LNvs (Stanewsky et al., 1998; Park et al., 2000).
What maintains protein cycling in the absence of
rhythmic transcription is still unanswered. Both proteins
are subject to cyclic phosphorylation, which probably
underlies their cyclic turnover. Phosphorylation of PER
by the DBT casein kinase renders it unstable in the
absence of TIM (Price et al., 1998). Since dbt appears
to be constitutively expressed (Kloss et al., 1998), it is
unlikely that it drives PER cycling. More likely, it is the

stabilization of PER by the cycling TIM protein that controls its oscillation and also its apparent cyclic phosphorylation (PER is increasingly phosphorylated as it
accumulates [Edery et al., 1994]). This dependence of
PER on TIM would explain why constitutive tim expression is associated with more arrhythmicity than constitutive per expression. Lower rescue rates by constitutive
tim may also be due to the lack of protein cycling that
is so quickly achieved with TIM overexpression. Clearly,
overexpression of TIM resulted in higher levels of arrhythmia in a larger number of lines than did overexpression of PER. We speculate that this is because DBT is
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Figure 8. Elimination of Feedback Activity in
Lateral Neurons of Flies that Constitutively
Overexpress pe
Flies were entrained to LD cycles for 3 days
and then transferred to DD and collected at
CT14 and CT2 during the second day of DD.
Heads were sectioned and assayed for tim
RNA expression through in situ hybridization.
In the rhythmic line (P{Per}3-1/Act5C-Gal4,
top panel; see Table 2 for behavioral data),
expression was high at CT14 and low at CT2,
similar to the staining pattern in control (UAS
alone) flies (data not shown). In the arrhythmic
line (elavC155; P{Per}2-3, bottom panel; see Table 2 for behavioral data), tim RNA continued
to cycle in photoreceptor cells such that expression was low at CT2. However, intense
staining was observed at both time points in
most lateral neurons. This experiment was
done twice.

not limiting. Thus, excess PER is phosphorylated and
rapidly turned over until levels are high enough to saturate the activity of endogenous DBT. The mechanisms
that regulate expression of TIM may be limiting and thus
may contribute directly to its cycling.
Thus far, all we know about TIM turnover relates to
its response to light. In response to light, TIM is phosphorylated on tyrosine residues, ubiquitinated, and degraded by the proteasome (Naidoo et al., 1999). However, the identity of the kinase or the relevance of these
molecules to freerunning oscillations is not known.
Based upon our work with Drosophila, we predict that
clock protein oscillations in other organisms will also be
controlled by RNA-independent mechanisms, making it
important to investigate these mechanisms.
Experimental Procedures
Fly Stocks
elavC155 and Act5C-Gal4 flies were provided by the Bloomington
stock center. yw; ; Ki delta 2-3 flies were provided by Paul Hardin.
tim-Gal4 and pdf-Gal4 flies were provided by Michael Rosbash and
Jeff Hall, respectively.

Constructs and Germline Transformation
An EcoRI fragment corresponding to the full-length per cDNA was
cloned into the pUAS-CasPer vector. A SwaI-KpnI fragment (nucleotides 182–end) was cloned into NotI(blunted)-KpnI sites of the same
vector. per and tim constructs were injected into eggs derived from
the cross yw ⫻ yw/Y;; Ki ⌬2-3. Multiple, independently tranformed
lines were generated, mapped to individual chromosomes, and
crossed to different Gal4 lines. P{Per},tim01 and P{Tim},tim01 flies
were generated by recombining each UAS transgene onto a tim01
chromosome. Recombinants were selected on the basis of their eye
color and their arrhythmic phenotype in locomotor activity assays
and then crossed to elavC155 flies that carry elav-Gal4 to obtain the
rescue shown in Table 1. For rescue of the per01 flies, the elavC155
allele was recombined onto a per01 chromosome and similarly selected.
Locomotor Activity Assay
Flies, aged 1–5 days, were entrained to light:dark (12:12) cycles for
3 days at 25⬚C and then activity was monitored for at least 6 days in
constant darkness using the Trikinetics system. Data were analyzed
using the tau (Minimitter) and/or MATlab (The Mathworks Inc) software. The rhythmicity of each fly was evaluated by examining both
the actogram and the periodogram. The ones that showed clear
activity onsets and offsets through actogram analysis and a single
well-defined peak in the periodogram were classified as rhythmic
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and included in the calculation of average period (those that were
clearly rhythmic but yielded multiple or broad peaks in the periodogram analysis were counted as rhythmic but excluded from calculation of average period). Those that failed to yield a single, significant
period in the periodogram analysis and showed random distribution
of activity in actograms were classified as arrhythmic. Some flies
showed recognizable daily activity onsets and offsets in actograms
but their activity was not well consolidated, resulting in periodograms that displayed insignificant or barely significant periods.
These were considered weak rhythms. To confirm our classification
of rhythmic, weakly rhythmic, and arrhythmic flies, we used MATlab
software to perform Fast Fourier Transform (FFT) analysis on 699
rhythmic, 63 weakly rhythmic, and 181 arrhythmic flies from the tim
rescue experiment. The average FFT numbers for each of these
categories were 0.147, 0.0796, and 0.0442, respectively, and the
differences between all categories were significant (Student’s t test,
p ⬍ 0.001). The average FFT values for yw, per01, and tim01 flies were
0.117 (range ⫽ 0.023–0.241), 0.0267 (range ⫽ 0.005–0.061), and
0.0168 (range ⫽ 0.003–0.064), respectively.

Chen, Y., Hunter-Ensor, M., Schotland, P., and Sehgal, A. (1998).
Alterations of per RNA in noncoding regions affect periodicity of
circadian behavioral rhythms. J. Biol. Rhythms 13, 364–379.
Cheng, Y., and Hardin, P.E. (1998). Drosophila photoreceptors contain an autonomous circadian oscillator that can function without
period mRNA cycling. J. Neurosci. 18, 741–750.
Dunlap, J.C. (1999). Molecular bases for circadian biological clocks.
Cell 96, 271–290.
Edery, I., Zwiebel, L.J., Dembinska, M.E., and Rosbash, M. (1994).
Temporal phosphorylation of the Drosophila period protein. Proc.
Natl. Acad. Sci. USA 91, 2260–2264.
Emery, P., Venus, W., Kaneko, M., Hall, J.C., and Rosbach, M. (1998).
CRY, a Drosophila clock and light-regulated cryptochrome, is a
major contributor to circadian rhythm resetting and photosensitivity.
Cell 95, 669–679.
Emery, P., Stanewsky, R., Helfrich-Forster, C., Emery-Le, M., Hall,
J.C., and Rosbach, M. (2000). Drosophila CRY is a deep brain circadian photoreceptor. Neuron 26, 493–504.

Western Blot
Western blots were performed as previously described (Yang et al.,
1998). TIM protein was detected with a 1:1000 dilution of rat antiTIM antibody (Hunter-Ensor et al., 1996). PER protein was detected
with a 1:2000 dilution of rabbit anti-PER antibody (generously provided by Michael Rosbash).

Frisch, B., Hardin, P.E., Hamblen, C.M., Rosbash, M., and Hall, J.C.
(1994). A promoterless period gene mediates behavioral rhythmicity
and cyclical per expression in a restricted subset of the Drosophila
nervous system. Neuron 12, 555–570.

Immunofluorescence Staining
Immunofluorescence staining was carried out as described previously (Yang et al., 1998). TIM and PDF were detected simultaneously with rat anti-TIM (1:500) and rabbit anti-PDH (1:100,000), respectively. Extensive washes in 1⫻ PBS (phosphate buffer saline)
containing 0.1% Triton X-100 were included before, between, and
after antibody incubations to dissolve the screening pigment in compound eyes.

Hardin, P.E., and Sehgal, A. (1999). Molecular components of a
model circadian clock: lessons from Drosophila. In Handbook of
Behavioral State Control: Cellular and Molecular Mechanisms (Boca
Raton, FL: CRC Press), pp. 61–74.

In Situ Hybridization
per, tim, and vri RNA probes used in this study correspond to nucleotides 6316–6560, 4963–5192, and 899–1279 of the transcript of each
gene, respectively. Sense and antisense RNA probes were synthesized and labeled using the digoxigenin RNA labeling kit from Boehringer Mannheim. In situ hybridization was carried out essentially
as described (Vosshall et al., 1999). For double labeling with PDF,
the slides were washed in 1⫻ PBS containing 0.1% Triton X-100 after
in situ hybridization and then processed for immunofluorescence
staining with anti-PDF antibody.
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