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The Drosophila period gene (per) is a likely component
of a circadian pacemaker. per protein (PER) participates
in the regulation of its own expression, at least in part
at the transcriptional level. There is at present no direct
evidence that the effect of PER on its own transcription
is intracellular. Results presented in this paper show that
(i) the circadian oscillations of both per mRNA and PER
protein are quantitatively similar in eye photoreceptor
cells and in brain; (ii) constitutive overexpression of PER
only in photoreceptors Rl -R6 represses endogenous per
RNA cycling in these cells but not in other per-expressing
cells; (iii) the overexpression construct has no effect on
locomotor activity rhythms. These results indicate that the
autoregulation of per expression is a direct, intracellular
event and suggest that each per-expressing cell contains
an autonomous oscillator of which the per feedback loop
is a component.
Key words: circadian rhythm/per/rhodopsin/transcriptional
regulation

Introduction
Several lines of evidence indicate that the Drosophila
melaogaster period (per) gene product (PER) is a component
of a circadian pacemaker (for reviews see Hall and Rosbash,
1988; Rosbash and Hall, 1989; Hardin et al., 1993). Null
mutations (per°) abolish the fruit fly's circadian rhythms,
as manifested by the absence of both eclosion and locomotor
activity rhythms. Missense mutations can give rise to short
or long periods under free-running conditions (Konopka and
Benzer, 1971; Baylies et al., 1987; Yu et al., 1987). These
period changes are also reflected in locomotor activity phase
alterations under light/dark conditions (Hamblen-Coyle
et al., 1992). Manipulations of per gene dose or expression
level also lead to altered periods (Smith and Konopka, 1982;
Baylies et al., 1987; Rutila et al., 1992). Finally, a pulse
of heat-induced PER expression causes a stable and longlasting phase shift of locomotor activity (Edery et al.,
1994a). Taken together, these features ofper's influence on
a circadian clock make it likely, if not certain, that per is
a bona fide clock component.
Despite the cloning ofper a decade ago (Bargiello et al.,
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1984; Zehring et al., 1984; Jackson et al., 1986; Citri et al.,
1987), its biochemical function(s) has remained elusive.
There are, however, a few intriguing clues that come from
recent experiments. Both per mRNA and PER protein levels
undergo robust circadian oscillations (Siwicki et al., 1988;
Hardin et al., 1990; Zerr et al., 1990; Edery et al., 1994b).
The cycling of per mRNA is probably regulated at the
transcriptional level, e.g. the promoter of the per gene

drive the circadian cycling of unrelated reporter gene
et al., 1992). As the per mRNA
oscillations are altered by per mutations, there must be a
feedback loop in which PER affects the circadian transcription
of its own gene (Hardin et al., 1990). The effect appears
to be a negative one, since per RNA levels decline while
PER levels increase; RNA levels do not rise again until PER
falls to basal levels. Two considerations suggest that PER
might act rather directly to influence its own transcription.
First, PER is a predominantly nuclear protein (Liu et al.,
1992). Second, PER bears a so-called PAS (per-arnt/ahrsim) domain, present in a sub-family of bHLH transcription factors and able to mediate homotypic and heterotypic
protein-protein interactions (Huang et al., 1993). It is
therefore conceivable that PER could function to affect
transcription quite directly, by interacting with one or more
transcription factors. A common mechanism might then be
exploited to keep the clock running, by causing per mRNA
to oscillate, as well as to communicate output information,
by causing 'downstream' transcripts to oscillate (Hardin
can

transcripts (Hardin

etal., 1992).
Although attractive, this hypothesis has no direct support.
Moreover, there is no evidence that PER's influence on its
own mRNA's cycling is an intracellular phenomenon. Rather
than being a central feature of the pacemaker, per mRNA
cycling may be an output property. For example, it is
possible that PER functions as a clock component in one
(master) cell type and influences per mRNA cycling only
indirectly elsewhere, i.e. mRNA oscillations may require
coupling or communication between different cells. The fact
that PER is expressed in a large number of neural and nonneural tissues (Liu et al., 1988; Saez and Young, 1988;
Siwicki et al., 1988; Ewer et al., 1992) also complicates
interpretation. Although histochemical staining of PER has
been observed to cycle within individual cells (Siwicki et al.,
1988; Zerr et al., 1990), neither RNA nor protein cycling
has been quantitated at the single-cell (or homogeneous
tissue) level, making it possible that the existing picture is
oversimplified, if not misleading. For example, much of the
RNA cycling in the head may be due to intense per expression in the eye photoreceptor cells (cf. Hardin et al., 1993),
which are more likely to be an output target rather than the
location of a central pacemaker (Helfrich and Engelmann,
1983; Ewer et al., 1992; Wheeler et al., 1993).
Because they represent a nearly homogeneous cell type,
we have focused a set of experiments on eye photoreceptor
© Oxford
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Fig. 1. per RNA and protein cycling in dissected eyes and brains of Canton-S ffies. (A) RNase protection assay of RNA from ffies collected every
2 h in LD conditions. RNA in each lane is from 30 pairs of eyes (eft panel) or 30 brains (right panel). The probe used for per mRNA is per2/3
(see Figure 2; Hardin et al., 1990), which protects two fragments of per (of 259 nt and 134 nt, respectively). The level of total RNA in each time
point is indicated by the control RP49 band. The left and right panels are of equal exposure times. Note that the time course of the right panel goes
from right to left. (B) Western blotting, with anti-baculoPER (Edery et al., 1994b), of proteins from the same time points in the RNA assay above.
To show both strong and weak time points clearly, the upper panel (Eye) is a 6 min exposure, whereas the lower panel (Brain) is 30 mm. Molecular
weight markers are indicated at the left. Arrowheads denote non-specific bands. (C) Quantitation of the relative abundance of per RNA (A) and
protein (B). All the raw data for RNA are normalized to RP49. No internal control was used in the quantitation of the PER protein signal, but the
non-specific bands in (B) indicate that equal amounts of total protein were loaded for every time point. Although the actual peak values of both RNA
and protein are about three times higher in eyes than in brains, the relative abundance is adjusted such that the maximum level in each set of data
(eye or brain, RNA or protein) is 1.0.

cells. By separating adult fly heads into eyes and brains
(eyeless heads), we were able to quantitate RNA and protein
cycling in eyes as well as to compare the cycling between
eyes and brains. We then proceeded to ask if PER can affect
its own tanscription, by overexpressing PER in photoreceptor
cells utilizing the promoter of the Drosophila ninaE (Rh1)
gene (O'Tousa et al., 1985; Zuker et al., 1985; Mismer and
Rubin, 1987). By examiing per RNA from the endogenous
wild-type gene, we found that the high PER levels from the
rh-per construct suppressed the normal per RNA cycling
in eyes. However, per mRNA and protein cycling elsewhere
in the head (per-expressing neurons and glia in the CNS)
were indistinguishable from conventional wild-type cycling.
As expected from this normal expression pattern in the brain,
the transgenic ffies had completely normal locomotor activity

rhythms. The results suggest that the autoregulation of per
transcription is a direct, intracellular event and that each
per-expressing cell may contain an autonomous clock, of
which the per autoregulation loop is a component.

Results
Quantitation of per RNA and protein cycling from
wild-type tissues
To achieve a more detailed description of PER and per
mRNA cycling than previously reported, we separated eyes
and brains (eyeless heads) of Canton-S flies and assayed them
separately. The only PER-expressing cells in the eye are the
photoreceptor cells Ri -R8 (Zerr et al., 1990; Ewer et al.,
1992). The brain (eyeless head; see Materials and methods)
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Fig. 2. Schematic representation of the rh-per transformation
construct. The 5.4 kb per genomic sequence (starting from the ATG)
is put under the control of the complete 2.8 kb promoter of ninaE
(upper panel). The genomic structure of per (ower panel) is shown
for comparison. The open boxes denote the exons of the per gene.
The hatched box denotes the 5' untranslated part of exon 1 of the
ninaE gene. The regions covered by the two probes used in the RNase
protection assay, per2/3 and cperl, are also shown.

contains PER-expressing neurons in the central brain and
PER-expressing glial cells in the central brain and the optic
lobes, as well as PER-expressing cells in the anterior gut
(esophagus) and ocelli (e.g. Ewer et al., 1992). Protein
cycling as well as RNA cycling was quantitated from the
same batch of entrained ffies, providing a comparison which
was previously incomplete. The quantitation also provided
the basis for analyzing the effect of rh-per expression on
endogenous per expression (see below).
Flies were collected and frozen every 2 h during a 12 h
light: 12 h dark (LD) cycle. Fly heads were dissected into
eyes and brains, which were then used in assays of RNA
and protein cycling. For RNA cycling (Figure lA), 30
fly heads from each time point were dissected and subjected
to RNA extraction and RNase protection assay as previously
described (Hardin et al., 1990). Consistent with a preliminary
experiment (Hardin et al., 1993), both tissues exhibited robust
per mRNA cycling, with no obvious difference in the phases
of the peaks or the troughs. Maximum levels of per mRNA
in eyes (Figure 1A, lanes 1-11) were approximately three
times greater than in brain (Figure lA, lanes 12-22). The
cycling amplitude was also higher in eyes, 15- to 20-fold
as compared with - 5-fold in brains (Figure 1C). This
difference might be related to the greater homogeneity of
PER-expressing cell types in eyes.
To assay protein cycling (Figure IB), eyes and brains from
the same flies were homogenized, and protein extracts
prepared and analyzed by Western blotting with antibaculoPER as described (Edery et al., 1994b). This previous
study (Edery et al., 1994b) not only confirmed the protein
cycling observed with histochemical procedures (Siwicki
et al., 1988; Zerr et al., 1990), but also reported that PER
underwent temporal (circadian) phosphorylation, visible as
a prominent mobility shift of the PER band on SDS-PAGE.
In the current experiments, the temporal fluctuations in
mobility as well as abundance are as previously reported
(Edery et al., 1994b), and indistinguishable between eyes
and brains (Figure 1B). The quantitation indicates that in
both tissues maximum levels occur at ZT 17-21, and
minimum levels at ZT 5-9 (Figure 1C). Although equivalent
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Fig. 3. rh-per expression in per+ (eft panel) and per0l (right panel)
backgrounds, as examined by Western blotting. All other lines gave
similar results to the one presented here for rh-per-i. Molecular
weight markers are indicated at the left. Arrowheads denote
non-specific bands.

exposures indicate that there is two to five times more PER
in eyes than in brain (data not shown), the cycling
amplitudes,
10-fold, are similar if not identical in
the two tissues.
The data indicate that in both eyes and brains per mRNA
and protein oscillate in a similar manner, suggesting that the
mechanisms that give rise to these fluctuations are similar
in the different cell types. In both eyes and brains, the protein
peak was delayed by at least 4 h relative to the RNA peak,
indicating that the mRNA cycling is insufficient to account
completely for the detailed features of the protein time
-

course (see Discussion).

PER levels in the eyes of rh-per transformants are
constantly high
The rh-per construct (Figure 2) contains the entire 2.8 kb
promoter region of the Drosophila ninaE (RhI) opsin gene
followed by a 5.4 kb NcoI - ClaI genomic fragment of per.
The per DNA begins at the ATG start codon in exon 2 and
is missing all 5' upstream untranscribed sequences, the large
first intron, and some 3' untranscribed sequences; these are
where known or suspected circadian regulatory information
is located (Hardin et al., 1992; Frisch et al., 1994). The
2.8 kb ninaE fragment has been shown to direct nearly
wild-type expression in photoreceptor cells R1 -R6 (Mismer
and Rubin, 1987). Five independent transformed lines
containing this fusion gene (rh-per-0, -1, -2, -3, -4) were
obtained and analyzed.
PER was assayed by Western blotting on separated eyes
and brains from the rh-per lines. In transgenic flies that
lack PER from the endogenous gene (perol ;rh-per),
rh-PER was only detected in eyes (Figure 3). The absence
of a signal in brains indicates that little or no eye tissue
contaminated the brain during dissection. In per';rh -per
flies (Figure 3), PER was detected in both eyes and brains.
In these strains, eye PER was 15 times more abundant
than brain PER, or five times more abundant than the peak
level in eyes from wild-type flies. Moreover, eye PER in
the per';rh -per strains did not undergo detectable cycling
in abundance or mobility; in contrast, brain PER cycled
indistinguishably from a wild-type strain. Because the level
-

and mobility of eye PER in per+;rh-per are indistinguishable from those in pero';rh -per, we assume that eye PER
is mostly rh-PER. The rh-PER bands are more
heterogeneous than those of endogenous PER (Figure 3),
suggesting that the phosphorylation state of rh-PER is more
heterogeneous than that normally observed with PER (Edery
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Fig. 4. Distribution of per immunoreactivity in the adult heads of one rh-per transgenic line, rh-per-0. (A) In perA ';rh-per-O, PER
immunoreactivity is only detectable in the eye and lamina. PER appears to be present in both nuclei and cytoplasm of R1-R6 cells and to have
diffused into the underlying lamina where the axons of Rl -R6 terminate; this pattern resembles the expression pattern of ninaE itself (Mismer and
Rubin, 1987). (B) In per+;rh-per-0, rh-PER expression does not affect per protein cycling in other parts of the head. Compared with ZT12 (data
not shown, but identical to A), the endogenous per expression is clearly seen at ZTO in lateral neurons (long arrow), some glial cells (short arrow)
and R8 nuclei (arrowhead). Signal in R7 nuclei is hard to distinguish from that in the surrounding RI -R6 cells. These sections were carried out in
different experiments and hence are not suitable for quantitative comparison.
et

al., 1994b). Lower

exposures

confirmed the migration

rate heterogeneity, indicating that it is unlikely due to
overexposure of a strong signal from a compact band. The
results suggest that the phosphorylation cycle normally
characteristic of eye PER is out of (circadian) control,

perhaps disrupted by the high level expression of rh-PER
in this tissue.
Immunohistochemical staining with an anti-PER polyclonal
antibody was consistent with the biochemistry. In a per01
background, rh-PER expression was visible in eyes, in what
appeared to be photoreceptor cell cytoplasm as well as nuclei
(Figure 4A). Two lines of evidence indicated that expression

was restricted to photoreceptor cells Rl -R6. First, the only
detectable staining outside of the eye was in the lamina, the
region of the optic lobes to which the RI -R6 cells project
(for a review see Kunes and Steller, 1993). Second, there
was no detectable staining of R8 nuclei, which are well
separated anatomically from R1 -R7 nuclei (Figure 4A). In
per';rh-per strains at the time when PER is maximally
expressed (e.g. ZTO, Figure 4B; Zerr et al., 1990), the
intense staining of Rl -R6 was accompanied by staining in
all of the other normal sites of expression (Figure 4B; note
staining of RB nuclei and of 'lateral neurons'). PER cycling
in these other locations was apparent, as at ZT12 only
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Table I. Behavioral analyses

Genotype

Mean period

(h
Canton-S (per+)
per+;rh-per-O

per+;rh-per-1
per+;rh-per-2

per+;rh-per-3
per+;rh-per-4
perL
perL;rh-per-O

pero';HAN-21/+
pero';HAN-21/+;rh-per-O
pero';HAN-43a/HAN-43a
pero';HAN-43a/HAN-43a; rh-per-O
pero1
perO';rh-per-0,-1,-2,-3,-4

L

23.9
24.1
23.8
23.9
23.8
24.1
28.9
29.1
21.9

Mean power

No. tested

Penetrance (%)

66
104
98
88
88
98
78
84
133
132
88
61

15
29
16
14
15
16
13
34
16
16
12
11
12
77

93
83
75
86
73
100
85
85
100
100
83
55
0
0

SEM)
X
X
+
w
L
h

+
+
X

21.9 k
21.2 X
21.1 4
AR
AR

0.1
0.1
0.1
0.1
0.2
0.1
0.4
0.5
0.1
0.1
0.1
0.1

AR = arrhytmnic. For definitions of power and penetrance see Materials and methods.

expression in the R1 -R6 photoreceptors was visible (a
pattern identical to Figure 4A, data not shown).
Locomotor activity rhythms are not affected by the
rh-per transgene
Biochemical and histochemical criteria both indicate that
PER cycling in the brain is unaffected by high level PER
expression in R1 -R6 photoreceptor cells. Similar results
were obtained for per RNA cycling (see below). To determine
whether the fusion gene affects locomotor activity rhythms,
the rh-per transgenes were crossed into a number of genetic
backgrounds and assayed by several criteria. The results were
that the period, power and penetrance of the free-running
rhythms were unaffected by rh-per expression (Table I).
Specifically, per';rh -per flies behaved like wild-type
(Canton-S, per') control flies, with periods of -24 h
and high power values. The per0l;rh -per strains were
completely arrhythmic as is per0l. perL and HA/N backgrounds were also tested because they contain two different
types of biochemically altered PER. The perL mutation, a
VaI243-Asp change (Baylies et al., 1987), gives rise to
weak rhythms (Dowse and Ringo, 1987) with long periods
of 29 h. HA/N is a strain which carries a per transgene
bearing a hemagglutinin epitope (HA) at the N-terminus of
PER; it has a short period of -22 h (Rutila et al., 1992).
In one perL and two HA/N backgrounds, the presence of
rh-per did not affect the free-running rhythms significantly.
Neither did rh-per cause any phase change of the evening
activity peak during LD cycles in all the above strains tested
(data not shown); this peak is consistently shifted in per
mutants or transgenics that have altered periods (HamblenCoyle et al., 1992). We conclude that a central circadian
pacemaker is unaffected by the high level eye expression
mediated by the rh-per fusion gene.
-

Transcrption of the endogenous per gene is
repressed in eyes of rh -per transgenics
We then asked whether the feedback regulation of per
transcription was affected by the high level of rh-PER in
RI -R6 cells. To this end, RNA cycling was assayed in
separated brains and eyes from per';rh -per strains with
3594

a probe that distinguished the endogenous (per') transcript
and the rh-per transcript.
As expected, the endogenous per transcript's cycling in
brain was unaffected by the presence of the rh-per gene
(Figure 5A), indicating that the high PER level in eyes has
no effect on the cycling of per mRNA in the per-expressing
lateral neurons and/or glial cells in the brain. The cycling
amplitude (3- to 5-fold) was indistinguishable from that of
wild-type brains (Figure 5C). The rh-per transcript was
undetectable in these brain RNA preparations, indicating no
significant contamination of the two fractions. The normal
per RNA cycling in brain is entirely consistent with the
protein cycling and behavioral results described above.
In contrast, endogenous per RNA cycling in the eyes was
dramatically reduced by the presence of the rh-per gene.
Peak transcript levels were unusually low, whereas trough
levels were similar to control levels (Figure 5B and D).
Although other interpretations are possible, we suggest that
the low level of residual cycling (amplitude = 4- to 5-fold)
is due to normal cycling in the R7 and R8 cells, which are
present in the dissected eyes and apparently unaffected by
rh-per expression in R1 -R6 (e.g. Figure 4). Control
experiments indicated that the low level of endogenous per
mRNA in per+;rh-per was not due to competition for
limiting probe by the much higher level of rh-per mRNA
(data not shown).
In these same eye RNA samples, the rh-per transcript's
level also did not fluctuate (Figure SB). Consistent with this
observation, we observed no circadian oscillation in
endogenous Rhi (ninaE) mRNA levels (our data, not
shown). In contrast, vertebrate rhodopsin mRNAs have been
shown to undergo circadian cycling (Bowes et al., 1988;
Korenbrot and Fernald, 1989; Pierce et al., 1993). Like the
relationship between rh-PER and peak level of PER, the
rh-per transcript was about five times more abundant than
the peak level of endogenous per RNA in wild-type eyes.
It was notable, however, that rh-per RNA levels were
much lower than those of endogenous ninaE mRNA (data
not shown), despite the fact that the rh-per gene harbors
most, if not all, of ninaE's transcriptional regulatory
elements. The results therefore suggest that theper transcript
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Fig. 5. Level and fluctuation of different per transcripts in wild-type and rh-per flies in LD conditions, as determined by RNase protection assay
with the cperl probe. For Canton-S (CS), per0l and per+;rh-per-0, each time point contains total RNA from 40 cuticle-less brains (which are
eyeless heads without cuticles, see Materials and methods) or pairs of eyes. In per+;rh-per-3 and per+;rh-per-4, each lane is from 50 brains
(which are eyeless heads) or pairs of eyes. The other two lines, rh-per-I and rh-per-2 gave similar results (data not shown). (A) In brains only the
endogenous per transcript is detectable, as a 324 nt band. (B) In eyes both the endogenous per transcript (324 nt band) and rh-per transcript (285 nt
band) are visible. The apparent doublets are caused by incomplete digestion during RNase treatment, which gives rise to the upper band in each
doublet. (C) Quantitation of the 324 nt endogneous per bands from brains (A). The relative abundance refers to the value of perlRP49 and is
adjusted so that the peak value of CS brains (at ZT15) is 1.0. (D) Quantitation of the 324 nt bands from eyes (B). The level of RNA is also
normalized to RP49 and the peak value of CS eyes (at ZT15) is set to 1.0.

has a short half-life compared with the ninaE transcript. Most
importantly, they indicate that the relatively high rate of per
transcription, which nonnally takes place between ZT10 and
ZT20, is inhibited by the constant high level of rh-PER.

Discussion
The data presented in this communication lead to three
conclusions about per expression and circadian rhythms. (i)
In the eye as well as the brain, there is a substantial delay
between the per RNA and protein curves. (ii) Expression
of rh-PER in photoreceptor cells RI -R6 significantly
reduces the level as well as amplitude of per RNA cycling

in the eye, suggesting that the previously observed effect
of PER on its own mRNA's cycling is an intracellular
phenomenon. (iii) Attenuation of the eye rhythms has no
detectable effect on brain rhythms, measured biochemically
or behaviorally.
Although previous results suggested a substantial delay
between the RNA and protein curves (Zerr et al., 1990;
Hardin et al., 1990), the true relationship between them was
uncertain. The protein curve has been initially assayed
immunohistochemically (Zerr et al., 1990). Although PER
cycling was detectable at the level of individual cells, the
subjective and somewhat qualitative nature of the technique
made the amplitude of this time course, if not its phase,
3595
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uncertain. We recently verified these immunohistochemical
observations by Western blotting (Edery et al., 1994b), but
the signals were too low to permit quantitation. With some
modifications of the blotting procedures (see Materials and
methods), we have been able to quantitate the protein curve,
which allows a direct comparison with the RNA curve.
There is no single cell or tissue culture model with which
to study the PER cycling or more generally Drosophila
circadian rhythms; expression of PER in per-transfected
Schneider cells led to no detectable RNA or protein cycling
(H.V.Colot and M.Rosbash, unpublished observations). By
assaying eyes and brains separately, however, some of the
problems arising from cell heterogeneity are reduced.
Whereas three groups of neurons and many glia-like cells
are PER-positive in the brain, only the R1 -R8 photoreceptor
cells express PER in the eye (Zerr et al., 1990; Ewer et al.,
1992). As there is no evidence that these eight photoreceptor
cells differ in their per expression (e.g. Zerr et al., 1990),
the relative amplitudes as well as the relative phases (i.e.
the 4 h lag) of the two eye curves (Figure IC) are likely
to reflect the situation within an individual photoreceptor cell.
The data indicate that the same delay between the protein
and RNA curves exists both in eyes and brains. Given this
substantial delay and the robust amplitude of the protein
cycling, it is difficult to derive the protein curve from the
RNA curve with a simple transcriptional mechanism (data
not shown; see also Wuarin et al., 1992). Therefore, it is
likely that some post-transcriptional control mechanism
contributes to the PER dynamics (Zwiebel et al., 1991;
Edery et al., 1994b). A similar inference can be made from
the difference between the brain and eye curves, namely,
the substantial difference in amplitude between the two RNA
curves without a difference in amplitude between the two
protein curves. Given the difficulty in measuring accurately
the low values of ZT 5-9 by Western blotting (see Figure
lB and C), however, we cannot be certain that the amplitudes
of the two protein curves are identical. There is also an
additional caveat, namely, the temporal phosphorylation
process could affect PER's antigenicity, which might affect
the apparent amplitude or phase of the protein curves.
In contrast to PER from wild-type strains, migration of
rh-PER is aberrant, suggesting that PER overexpression
leads to disruption of the temporal phosphorylation cycle.
This might result indirecty from PER's effect on btrascription,
or it might be a direct effect on the phosphorylation system,
e.g. by presenting an inappropriate substrate concentration
at an inappropriate time. The normal phosphorylation cycle
may be part of the proposed post-transcriptional regulation
that contributes to the delay between the protein and RNA
curves. Yet aspects of PER phosphorylation are not tightly
coupled to the PER accumulation profile, as increasing
phosphorylation is apparent when there is little or no change
in PER levels (ZT 17-21; Figure lB and C).
As described above, it is possible that PER's effect on
its own transcription is direct, i.e. PER interacts with DNA
or with one or more transcription factors in the same cells
that manifest per RNA cycling (Hardin et al., 1992). In
support of this view are two more recent observations: the
new rhythm mutant timeless eliminates per RNA cycling and
appears to prevent PER nuclear localization (Sehgal et al.,
1994; Vosshall et al., 1994); also, ovaries are the only PERpositive tissue with no detectable nuclear localization (Liu
et al., 1988, 1992) and no per RNA cycling (P.E.Hardin,
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submitted). We also interpret the data in Figure SD to support
the view that PER's effect is direct, as expression of rh-PER
in photoreceptor cells RI -R6 reduces substantially per RNA
cycling only in the eye. The fact that endogenous per RNA
levels are low in these strains also suggests that PER's effect
is negative, consistent with the view that PER might function
by sequestering a positive transcription factor (Huang et al.,
1993). This is in concert with the more general view that
the per RNA and protein cycles constitute a gene expression
negative feedback loop which contributes to oscillator
function (Hardin et al., 1990). Recent studies on the
expression of the Neurospora frequency (frq) clock gene
also support a similar negative feedback model (Aronson
etal., 1994).
This interpretation of a direct, negative effect is not unique,
however, because rh-PER expression might eliminate
constitutive eye rhythmicity and only indirectly cause low
levels of endogenous per transcription. There are other hints
that transcriptional inhibition is likely to be an incomplete
description of PER's effects if not functions. The simple view
predicts that the levels of endogenous perAl mRNA in
perA';rh-per eyes would be lower than that in eyes
dissected from the control (per0l) strain. This was not
observed, as the levels of pee0l transcript from both strains
were indistinguishable (data not shown).
That the effects of rh-PER expression appear restricted
to R1 -R6 confms abundant evidence in the literature that
a central pacemaker functions well in insects in the absence
of functional eyes (Truman, 1974; Helfrich and Engelmann,
1983; Ewer et al., 1992). It also suggests that in a normal
fly each photoreceptor cell might harbor a substantial fraction
of the pacemaker machinery. We assume tht the eye rhythms
underlie some circadian oscillation in visual function, but
there is as yet no evidence for this hypothesis in Drosophila
(cf. Chen et al., 1992). Recent evidence from other systems
supports the view that circadian rhythms can run within
single cells, indicating that intercellular communication
(humoral, neural, gap junctions, etc.) may not be an essential
feature of the pacemaker (Robertson and Takahashi, 1988;
Michel et al., 1993; Aronson et al., 1994).
If each photoreceptor cell contains an autonomous (or
nearly autonomous) pacemaker, we might be able to confirm
this hypothesis by culturing in vitro dissected eyes. In any
case, it is likely that in the future Drosophila eyes will prove
to be a good source of material for biochemical as well as
physiological experiments on Drosophila circadian rhythms.

Materials and methods
Plasmid construction and germ lihe transformation
A 2.8 kb genomic KpnI-Ba,nH fragment from the ninaE (RhI) containing
the 5' promoter and untranslated sequence in exon 1 through the ATG start
codon was subcloned into pTZ19U. The sequence around the ATG start
codon was mutagenized in vitro to form an NcoI site. The KpnI site was
destroyed and an XhoI site was inserted into the EcoRI site in the polylinker
upsteam of the Rhi sequences A 1.6 kbper genomic NcoI fragment srting
at the ATG was inserted into the NcoI site constructed at the Rhl ATG.
This clone was digested with XhoI and ClaI (present in per intron 3) and
cloned into pBluescript KS-. A 4.2 kb per genomic ClaI fragment
including 0.9 kb of 3' untranslated sequence was inserted into the ClaI site,
forming an rh-per fusion gene (Figure 1). An XhoI-EcoRI fragment
containing the entire rh-per fusion gene was transferred into a pBluescript
vector where the SmaI site had been replaced by a Kpnl site. Finally, the
rh-per fusion gene was digested with X7OI and KpnI and cloned into a
modified P-element vector (cp2O. 1) where a KpnI linker had been inserted
into the XbaI site. This construct was called cpR:P.
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per01 ;ry506 embryos were transformed with cpR:P by standard
procedures (Rubin, 1985). In the first round only one transformant line was
obtained which contained the insertion on the third chromosome. This line
(named rh-per-O) was then mobilized by A2-3 transposase and new
insertions which landed on the second chromosome were specifically selected.
Four independently mobilized lines were obtained (rh-per-1/2/3/4). The
rh-per transgene was placed in various per backgrounds by crossing these
rh-per lines with per', perL or per0';HA/N ffies.
Behavioral analysis
Young male ffies were subjected to behavioral assays as described previously
(Hamblen et al., 1986). Briefly, each fly was put in an individual tube of
an activity monitor at 25°C and entrained for 3 days in 12 h light: 12 h dark
(LD) cycles. Lights were then turned off and activities ('free-running') were
monitored under this constant darkness condition for 5-10 days. Activity
periods were determined by Chi-square periodogram analysis (Hamblen
et al., 1986). Power was defined as the amplitude from the top of the activity
peak to the cutoff line (ca = 0.01) in the Chi-square periodogram. Penetrance
was the percentage of rhythmic flies (defined as those with power 210
and width -2) out of the total flies tested in a particular strain. Flies having
two copies (rh -perlrh -per) or one copy of rh-per with a balancer
(rh-per/TM2 or CyO) or without (rh-perl+) gave rise to essentially
identical activity patterns, so the results from them were pooled for each line.

Immunohistochemistry
Flies were entrained in LD cycles for 3-4 days before they were collected
for immunohistochemistry. Sectioning and staining were performed as
described by Siwicki et al. (1988) with modifications as described in Frisch
et al. (1994). Basically, fly heads were pre-fixed in 4% paraformaldehyde
and washed thoroughly. They were then embedded in Tissue-Tec, frozen
and sectioned (10-12 ltm). Polyclonal antibody anti-EcoPER (Liu et al.,
1992) was employed as the primary antibody at a dilution of 1:150. The
sections were then incubated in biotinylated rabbit anti-rat secondary antibody
(1:200) and avidin-biotin-HRP (Vectastain ABC kit), and visualized with
DAB plus H202.
Dissection of fly heads
Flies that had been entrained in LD for 3-5 days were collected on dry
ice at each time point. Heads were isolated and immersed in cold acetone
on dry ice (-70°C) for at least 2 h, then at -20°C overnight. These heads
were kept in acetone at -20°C and used for dissection within a month.
When ready for dissection the heads were air-dried and stuck onto doublestick tape on a slide. Eyes were popped off with a dissecting needle or
Dumont No. 5 forceps under a dissecting microscope. The separating face
was usually the distal side of the lamina, although occasionally it lay between
the lamina and the medulla. The cuticle could be removed from the remainder
of the eyeless head to obtain the brain (along with the optic lobes) only,
although this usually was not done, to allow for easier handling during later
extractions. Antennae and proboscis were usually removed during the
procedure. Eyes and brains (eyeless heads) were placed into separate microcentrifuge tubes and either used for RNA or protein extraction directly or
stored at -700C.
RNase protection assay
Total RNA was extracted from fly heads or dissected eyes and brains and
treated with RNase-free DNase (Promega) to remove contaminated DNA.
The RNase protection assay was carried out as described (Hardin et al.,
1990) except that the RPA II RNase Protection Assay kit (Ambion) and
RNase ONE (Promega) were used. Each sample contained RNA from
Itg
30-50 pairs of eyes or 30-50 brains, which was equivalent to 2-10
of total RNA. The relative amount of total RNA from sample to sample
was assayed by a ribosomal protein 49 (RP49) RNA probe which protects
a 58 nt fragment. Two probes, per2/3 and cperl (Figure 2), were used to
measure the mRNA levels of both endogenous per and rh-per. The per2/3
probe, cloned from an SpeI -Bgll fragment of genomicper sequence, would
generate two protected bands of endogenous per transcript (Figure IA),
a 259 nt fragment of exon 3 and a 134 nt fragment of exon 2. The cperl
probe, cloned from a PCR product spanning positions + 192 to + 653 of per
cDNA sequence, was cut with SpeI (position +329) and protected a 324 nt
fragment of endogenous per and a 285 nt fragment of rh-per. The protected
bands were quantified using a Phosphorimager from Molecular Dynamics.
Westem blotting
Protein extract was made from 20 pairs of eyes or 20 brains for each time
point as in Edery et al. (1994b), with minor modifications. Each sample
of eyes or brains was homogenized in 20 yl ice-cold extraction buffer

(20 mM HEPES, pH 7.5, 100 mM KCI, 10% glycerol, 50 mM NaF,
10 mM EDTA, 1 mM DTT, 0.1 % Triton X-100, 0.5 mM PMSF, 20 Ag/ml
aprotinin, 5 jig/ml leupeptin, 5 ug/ml pepstatin). Another 10 Al extraction
buffer was then used to rinse the tip of homogenizer, collected and combined
with the extract. Since no internal control was included in the assay, care
was taken not to lose any protein from the starting material. Ten microliters
of 4 x SDS sample buffer were added and the sample was boiled for 5 min
and microfuged to pellet the undissolved debris. All the supernatant was
loaded on a 5.7% SDS-PAGE gel. Western blotting was done as described
(Edery et al., 1994b). For quantitation of the chemilunminescence (ECL,
Amersham), the blot was exposed to a chemiluminescence screen (Bio-Rad)
for 0.5-3 h and quantified in a Bio-Rad Phosphorimager. For quantitative
comparison between eyes and brains, equivalent exposures were used.
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