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Circadian Fluctuations of period Protein lmmunoreactivity in the CNS 
and the Visual System of Drosophila 

Danielle M. Zerr,‘,” Jeffrey C. Hall,’ Michael Rosbash,1~2 and Kathleen K. Siwickil-b 

‘Department of Biology and 2Howard Hughes Medical Institute, Brandeis University, Waltham, Massachusetts 02254, 
“Present address: Temple University Medical School, Philadelphia, Pennsylvania 19122, and 
bPresent address: Department of Biology, Swarthmore College, Swarthmore, Pennsylvania 19081. 

When the protein encoded by the period (per) gene, which 
influences circadian rhythms in Drosophila melanogaster, 
was labeled with an anti-perantibody in adult flies sectioned 
at different times of day, regular fluctuations in the intensity 
of immunoreactivity were observed in cells of the visual sys- 
tem and central brain. These fluctuations persisted in con- 
stant darkness. Time courses of the changing levels of stain- 
ing were altered in the per-shorfmutant: In light/dark cycles, 
the phase was earlier than in wild-type, and in constant dark- 
ness the period was shorter. In a per-long mutant and in 
behaviorally subnormal germline transformants (involving 
transduced per+ DNA), staining intensities were much fainter 
than in wild-type. Factors involved in initiating or maintaining 
the per protein cycling were investigated by examining the 
immunoreactivity in visual system mutants and by exposing 
wild-type flies to altered light/dark regimes. These genetic 
and environmental manipulations affected the expression of 
the per protein in ways that usually parallelled their effects 
on circadian behaviors. 

Circadian rhythms are endogenous biological cycles that con- 
tinue with a period of about 24 hr in the absence of environ- 
mental cues. Externally mediated inputs, however, can set these 
cycles in motion and determine the phase of the rhythmicity 
(reviews: Saunders, 1982; Johnson and Hastings, 1986). The 
period @er) gene of Drosophila melanogaster is one of the en- 
dogenous factors involved in the fly’s circadian rhythms. Mu- 
tations at this locus-pers, per=‘, and per0’-shorten, lengthen 
or effectively abolish the fly’s circadian cycles (Konopka and 
Benzer, 197 1; review: Konopka, 1987). 

An antibody against the per protein has been used in im- 
munohistochemical assays to localize sites of the gene’s expres- 
sion in embryos, pupae, and adults (Siwicki et al., 1988). Among 
the most prominent locations ofper protein staining in the adult 
fly are photoreceptor nuclei, putative glial cells in various gan- 
glia, and certain neurons in lateral regions of the central brain. 
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The intensity of anti-per staining in the visual system was found 
to be distinctly different at 2 opposite phases of a 24 hr cycle: 
readily detectable in the middle of the night and essentially 
absent in the middle of the day (Siwicki et al., 1988). While 
daily fluctuations in the staining of other cells and tissues were 
not observed in the original study, they could not be ruled out 
with data from only 2 time points. 

One objective of the current experiments was to determine if 
similar staining fluctuations occur in the fly’s central brain. 
Another goal was to compare the temporal modulation of the 
mutant perS and peP proteins to that of the wild-type per gene 
product, to determine whether such comparisons would cor- 
relate with the effects of these mutations on adult behavior. We 
also assessed the effects of various visual system mutations and 
manipulations of light/dark cycles on both the basic tissue dis- 
tribution and the cyclical expression of the per protein. Our 
principal conclusions follow: (1) There are circadian fluctuations 
of per protein immunoreactivities in all of the nervous system 
cell types where they are detectable by the antibody-mediated 
staining; the periodicity, phase, and strength of a given staining 
cycle are altered by a variety of genetic variants involving the 
per gene. (2) Manipulations of light/dark cycles known to influ- 
ence the fly’s circadian behavioral rhythms strongly tend to exert 
analogous effects on the fluctuating per protein stainings. (3) 
Transduction of the light stimuli that initiate and set the phase 
of these immunoreactivity cycles seems not to involve standard 
pathways of photoreceptor excitation. 

Materials and Methods 
Drosophila strains. The per+ flies were from either Canton-S (wild- 
type), yellow white, white tan, or rosy strains. Circadian activity rhythms 
in-these genetically normal or marker-bearing flies are strong, with ca. 
24 hr oeriods (Hamblen et al.. 1986: Dushav et al.. 1989: and M. 
HambGn-Coyle, unpublished odservations, for-the w t houble mutant). 
Stocks containing period mutations were (1) peF;ry506 and peP1;Adhrn23 
pr cn; the adult locomotor activity of these marked per-zero strains is 
essentially arrhythmic (e.g., Hamblen et al., 1986); and (2) the pers and 
perL1 mutants; these had been induced on a Canton-S genetic background 
and are descendants of the original short- and long-period strains of 
Konopka and Benzer (197 1). 

Several types of visual mutants were assayed immunohistochemi- 
tally: (1) One was an rdgB (retinal-degeneration-B) mutant, which ex- 
hibits light-induced degeneration of certain photoreceptors in the com- 
pound eye; mutant rdgB adults were aged in LD conditions for 5 or 19 
d posteclosion, before being sectioned between ca. 6 and 11 hr after 
lights-off I=Zeitaeber Time (ZT) 18-23 (see Figs. 2. 4)l. (2) Adults ex- 
pressing the noriAp24, norpA‘P4’,‘or ninalZ%‘117 vi&al-%&o& mutations 
were sectioned and stained at about the same two 180” out-of-phase 
times, during LD, as just noted. (3) A disconnected(disco) visual system- 
defective/circadian-arrhythmic mutant was studied in LD and in DD 
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sectioning/staining experiments similar to those performed for wild- 
type, i.e., with several time points taken per cycle. We used a stock 
carrying the disco2 allele, flanked on the X chromosome by white and 
forked markers (see Dushay et al., 1989). Mutant disco individuals, 
which happened to have one of their eyes connected to their brain (via 
optic ganglia) and the other eye disconnected (hence, no optic ganglia), 
were selected before sectioning and staining. These bilaterally normal/ 
mutant flies were detected optically as in Dushay et al. (1989). 

Certain germ-line transformants, involving DNA cloned from the per 
locus, were assayed immunohistochemically: (1) The 14.6 and 8.0 kb 
per-locus DNA fragments had been previously transformed into 
peF1;Adhfn23 pr cn flies, as described by Zehring et al. (1984); these 
transduced per+ inserts also carry an Adh + allele (“fn23” being null for 
alcohol dehydrogenase activity); transformed peP;14.6:21/In(2LR)O, 
Cy AdhnB and per01;8.0:4/In(2LR)0, Cy AdhnB flies were crossed to 
peF ;Adhrnz3 pr cn homozygotes. [The numbers after the colons designate 
2 particular strains of these transformant types (see Zehring et al., 1984); 
the In(2LR)O balancer, carrying a Curly (Cy) wing mutation, is hereafter 
called CyO.] From the non-Cy progeny, peF;14.6:21 (or 8.0~4) Ad/P3 
pr cn flies were verified by ethanol tolerance testing (which selects for 
Adh+, hence per+; see Zehring et al., 1984); the survivors were exposed 
to light/dark cycles (see below), then their locomotor activity was mon- 
itored (see below). (2) The 13.2 kb per+ DNA fragment had been pre- 
viously transformed into flies whose genetic background is peP;ryso6 
(Citri et al., 1987; Yu et al., 1987a; theper+ inserts-here are marked by 
rv+ DNA): transformed ner0’:13.2:34/C~O:rv~~~ narents (whose 13.2 kb 
per+ insert is on chromosome 2) were crossed io peF;rySo6; the peP; 
13.2:34;ry506 progeny were selected (as Cy+ ry+ flies) then monitored 
behaviorally (see below). Flies carrying 3 copies of transduced per-locus 
DNA fragments (y w;13.2:34/CyO;l3.2:2/13.2:2), were constructed by 
genetic crosses using 2nd- and 3rd-chromosomal balancers (strain 13.2~2 
has a per+ insert on chromosome 3); it was confirmed that this stock 
had 3 transduced “doses” of uer + , bv in situ hvbridization of uer DNA 
probes to salivary gland chromosome squashes, before these trans- 
formed flies were used on behavioral and histochemical experiments. 

Light/dark regimes. Drosophila were exposed to various different con- 
ditions of light and/or darkness before they were sectioned and stained. 
All of the following experiments were carried out at 25°C. Flies were 
reared on a commeal/molasses/yeast/agar/“Tegosept” medium (the lat- 
ter ingredient being a mold inhibitor). Exposure of adults to a given 
light /dark (or other) regime (see below) was effected by putting the flies 
into food-containing glass vials (usually 2-5 animals/vial), which were 
in a constant-temperature (25°C) incubator whose lights were pro- 
grammed as follows: ( 1) “Entrained” flies were raised in 12 hr light/ 12 
hr dark (12/12 LD) cycles, then-as adults-exposed to 3-7 further LD 
cycles before being frozen for sectioning. (2) “Free-running” flies had 
been raised and entrained as above(l), then were transferred to constant 
dark (DD) conditions during the D phase of the final LD cycle; the 
transfer involved putting the food vials containing LD-exposed flies 
into light-tight cans and returning them to the 25°C incubator, whose 
LD cycles were switched off, in both the LD and LD - DD experiments, 
flies were usually sectioned at 2-4 hr time points throughout the “assay 
window,” which consisted of at least one 24-hr cycle. [Exceptions: Ex- 
periments involving certain of the visual mutants involved only 2 time 
points per LD cycle (see above).] (3) In “entrainment/constant light” 
experiments, wild-type flies were put through LD cycles, as in (1) above, 
and subsequently transferred to “LL” conditions during the L phase of 
the final LD cycle. (4) “Constant condition” animals, raised in LL or 
DD, were placed in one of these conditions as l- to 2-hr-old embryos; 
for LL, the culture and fly-containing vials were exposed to incandescent 
white light whose intensity was ca. 160 foot-candles; DD rearing was 
effected by wrapping vial cultures in aluminum foil and placing them 
in light-tight cans; these LL or DD cultures remained in LL or DD for 
15-22 d; 5-20 adults emerged per culture (after the 10 d developmental 
period at 25”(Z), and these were left undisturbed in such vials, posteclo- 
sion; the adults were therefore 5-l 2 d old at the time they were frozen 
and had their per immunoreactivities determined. (5) “Single transi- 
tion” flies were first raised in LL from l- to 2-hr-old embryos, as above 
(4); 15-l 7 d later, the resulting adults were transferred to DD, as in (2) 
above. (6) “Pulsed” flies were first raised in DD, as above (4); 15-l 7 d 
later, the flies were subjected to one 12 hr period of light (intensity ca. 
160 foot-candles), after which they were placed back into DD, as in (2) 
above. 

Circadian rhythm monitoring. Transformed flies (see above) usually 
had their circadian locomotor activity rhythms monitored prior to being 

assayed immunohistochemically. These behavioral tests were per- 
formed by first entraining the adults in 12/ 12 LD cycles; then the flies 
were put into constant darkness (in 25°C incubators), where activity 
events were counted automatically as described by Hamblen et al. (1986). 
After determination of their free-running locomotor behavior, the trans- 
formants were removed from the monitoring devices, put individually 
into food vials, then placed back into LD for 3-5 d before sectioning 
and staining. Other behavioral tests were performed using wild-type 
flies that were not subsequently assayed immunohistochemically. In 
these experiments, LL-reared adults (with the light intensity as specified 
above) were monitored for locomotor activity either in continuing con- 
ditions of constant light or after a transition to constant darkness. “LL” 
for this behavioral testing was fluorescent light whose intensity ranged 
from ca. 40 to 65 foot-candles, at different locations within the incubator 
containing the monitors. 

Immunohistochemical assays. Expression of the per gene product was 
assayed in tissue sections, using an antibody-called “anti-S”-raised 
in a rabbit by Siwicki et al. (1988). Frozen flies were sectioned at 10 
pm, in the horizontal plane, and stained with affinity-purified anti-S 
antibody and a Vectastain ABC immunoperoxidase kit (Vector Labs), 
as described by Siwicki et al. (1988). 

Scoring of immunoreactivity intensities. The stained and mounted 
sections were coded (see below), then viewed with Nomarski optics at 
160 x . Levels of staining were subjectively scored using an intensity 
scale of O-4, in increments of 0.5. Fly identities and times of freezing 
were decoded only after the scoring was completed. An exception in- 
volved scoring of stained disco sections; the genotype of these flies was 
apparent by inspection (see legend to Fig. 7), so that scoring for this 
mutant was blind only with respect to times of sectioning. The 2 scores 
for each of the 3 cell types in each fly were averaged (except in the case 
of Table 2, where the data came from blind scoring by one investigator 
only). In some of the experiments (e.g., Figs. 3-5), the plotted points 
represent the mean scores (GEM) of several flies of a given genotype 
at a given time point. For these, the averages of the 2 investigators’ 
scores was first computed for the cell type in question, followed by 
calculating a mean (-tSEM) for all the animals sectioned at the same 
time (i.e., a mean of a mean). 

Results 
Daily cycling of the per protein in wild-type and per mutants 
The per protein in the nervous system of D. melanogaster adults 
entrained in 12/12 LD cycles exhibited daily fluctuations in 
the intensity of this gene’s expression, detected immunohisto- 
chemically by application of the “anti-S” reagent. This antibody 
is specific for the per protein (Siwicki et al., 1988). The im- 
munogen used to produce anti-S was a synthetic peptide (14- 
mer), called “peptide-S” because it occurs in the per polypeptide 
near the site of the perS mutation (cf. Baylies et al., 1987; Yu 
et al., 1987b). 

Figure 1 shows the approximate peaks and troughs of staining 
for the per protein in the 3 cell types that were immunoreactive: 
photoreceptors, nerve cell bodies in lateral regions of the central 
brain cortex, and glial cells. These temporally dependent dif- 
ferences in per protein immunoreactivity had been previously 
observed in the photoreceptors and optic lobe glial cells by 
Siwicki et al. (1988); that report also presented evidence on the 
nuclear nature of the photoreceptor staining. 

In the more detailed studies reported here, stainings of neu- 
rons and putative glia in the central brain were found to cycle 
as well. The relevant neuronal cell bodies are shown in Figure 
1, A, C. The signals in these perikarya have routinely appeared 
to be cytoplasmic (see Siwicki et al., 1988), though this has been 
determined only at low resolution. The tentative identification 
of the small stained cells at the edges of neuropil regions as glial 
(Fig. 1A) is based on their similar positions to those of neuropil 
glia in other insects (Wigglesworth, 1959; Hoyle, 1986; and see 
Siwicki et al., 1988, for further discussion). 

The fluctuations in staining intensity were determined by mi- 
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Figure 1. Staining of the per protein in the heads of wild-type flies exposed to light/dark cycles. Horizontal sections of the heads of wild-type flies 
were stained with the anti-per antibody. After 7 d in 12 hr light/ 12 hr dark cycles (12/l 2 LD), the 2 flies depicted in A and B were sectioned and 
stained at opposite phases of the LD cycle. Lights were on from 0000 to 1200, and off from 1200 to 2400 [see Zeitgeber Time (ZT) bar in Fig. 21. 
A, Late in the night (in this specific fly, ZT = 1930), staining in the photoreceptors (tilled arrows), glia (arrowheads), and lateral neurons (open 
arrows) is strongest. B, Late in the day (ZT = 0950 in this case), there is no evidence of staining. C, The brain neurons (arrows) expressing the per 
protein are clustered in a region of cell body-containing cortex, lateral to the protocerebral neuropil and medial to the optic lobes. There are 
approximately 15-20 stained neurons on each side of the brain, about half of them being in this section. This f ly was sectioned late in the night 
(ZT 2230). The material marked by the asterisk is debris (not additional per-expressing neurons). Scale bars, 50 pm. 

croscope observations and subjective scorings, which were per- 
formed as follows: The basic immunohistochemical procedures 
for anti-S-mediated staining of the per protein were carried out 
according to the detailed description of these methods in Siwicki 
et al. (1988). These standarized conditions were adhered to as 
closely as possible in every experiment. Furthermore, to verify 
the consistency of these staining results and to allow compari- 
sons to be drawn among data from different experiments, at 
least 2 wild-type flies were sectioned during times of peak stain- 
ing intensities (i.e., late dark phase through early light), as con- 
trols accompanying tests of the effects of a given genetic variant 
or environmental manipulation. To quantify the variable de- 
grees of immunoreactivities, a score of “4” was assigned to the 

highest intensity observed in a given tissue. A score of “0” means 
that no staining was detectable above the level of background 
reaction observed in the peP mutant. This arrhythmic per vari- 
ant, caused by a nonsense mutation located upstream of peptide-S 
(Baylies et al., 1987; Yu et al., 1987b), provided a genetic control 
for the specificity of the antibody (Siwicki et al., 1988). The 
intensities of staining in each fly were scored blindly and in- 
dependently by 2 investigators. After examination of the sec- 
tions from a given fly, separate scores were assigned for the 3 
per-expressing cell types in the adult head (see above). 

Figure 2 shows the time course of daily changes in per protein 
staining in wild-type flies exposed to LD. Staining was most 
intense at the end of the dark phase of the LD cycle and began 
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Figure 2. LD cycling of the per protein in wild-type adults. Levels of 
immunoreactivities in the lateral neurons (A), photoreceptors (B), and 
glia (c), in per+ flies, were quantified by determining staining intensities 
(ordinates). The flies had been entrained for 3-7 d in 12 hr light/l2 hr 
dark (LD) cycles before they were sectioned at 2-4 hr intervals, during 
a final LD cycle. This cycle is designated in Zeitgeber Time (ZT), for 
which 0000-1200 hr is the light phase (open portion of bar below the 
abscissa) and 1200-2400 is dark @led portion of bar). The intensity 
values were arrived at by observing stained sections through the mi- 
croscope and subjectively specifying, on a scale of O-4, the level of 
immunoreactivity in a given cell type; these assignments were done 
blind (see Materials and Methods). The points on these 3 graphs rep- 
resent the averages of scores assigned by 2 investigators, for 58 animals 
for 8 separate experiments. Several of the plotted values on each graph 

to decrease after the lights came on. The immunoreactivity con- 
tinued to diminish throughout the day and was undetectable by 
the end of the light phase. Staining was detected again starting 
about 2 hr after lights went off and increased in intensity through 
the night. 

While the time courses of increasing staining intensity during 
the night were virtually identical for all 3 cell types, the rates 
of decay of the staining during the day appear to differ. Specif- 
ically, staining in photoreceptors and glial cells (Fig. 2B, C’) 
decayed faster during the day than did neuronal staining (Fig. 
2A). Indeed, several individual animals sectioned during the 
day were notable for exhibiting no staining in the visual system, 
though their neurons were still reactive. These differences ac- 
count for the fact that we did not observe cycling in the lateral 
brain neurons in our earlier study (Siwicki et al., 1988) since 
those data were collected from only 2 time points: the middle 
of the day and the middle of the night. As illustrated in Figure 
2, there is, overall, a noticeable difference in the intensity of 
photoreceptor staining between 0600 and 1800 (nominally a 
3-fold greater score at the latter time), whereas the intensity of 
neuronal staining at these 2 time points is rather similar (nom- 
inally a score of “2” at each phase). 

The anti-S antibody detects per-specific signals in the adult 
thorax (Siwicki et al., 1988): scattered cells (which may be glia) 
in the ventral ganglia and many cells in the gut (Liu et al., 1988). 
Although the intensity of thoracic immunoreactivity was not 
quantified systematically in the current study, it appeared as if 
the levels of staining in the ventral ganglia cycled in phase with 
that in the brain, whereas such intensities did not fluctuate in 
the gut (data not shown). 

The time courses of per protein staining in the central and 
peripheral nervous system of the head were different from wild- 
type in flies expressing mutant per alleles. In peP (Fig. 3), the 
staining in LD was less intense than in wild-type. The time 
course (Fig. 3C) shows an apparently low-amplitude cycling of 
per’-’ protein staining. The putative cycles in this mutant were 
so “gentle” that it is difficult to compare the shapes and peak 
times of these curves to those determined for per+ (Fig. 2 vs 
Fig. 3C). 

The peak staining intensity of thep& protein was comparable 
to that of per+ (Fig. 4). Yet several differences were observed 
between the mutant and normal time courses (Fig. 4). For ex- 
ample, in the brain neurons, the staining of the perS protein 
decayed sooner than the per+ protein during the day (Fig. 4A). 
The trough for the mutant’s neuronal immunoreactivity was 
about 4 hr earlier than in wild-type. In the photoreceptors and 
glia, staining of the perS protein peaked earlier in the night, 
compared to wild-type, and began to decline well before the 
lights came on (Fig. 4, B, C). Also, in the photoreceptors, the 
rise of the staining intensity during the night occurred somewhat 
faster in perS than in per+ (Fig. 4B). These pe+induced alter- 
ations in the phases of the protein cyclings were reproducible, 
in that similar time courses of fluctuations in pers protein stain- 
ings were obtained in 3 additional LD experiments-one that 

t 

represent 2-3 overlapping data points. In addition, there are only 56 
noints in A (vs 58 in B and C’) because. for 2 of the flies. the aualitv of 
the particular sections at the plane of the lateral neurons’ locationhid 
not permit their staining intensities to be scored (also see legend to 
Table 2). The curves were drawn based on software-aided fittings of the 
plotted points to polynomial functions. 
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Zeitgeber time 
Figure 3. Low-amplitude cycling of the peP protein in LD. Mutant p&l flies were sectioned and stained after 7 d in 12/ 12 LD cycles. During 
a final LD cycle, f ly A was frozen early in the day (ZT 0140) and B early in the night (ZT 1330). The peak intensity of the perL’ protein staining is 
exemplified in A by the rather faint labeling of photoreceptor nuclei (filled arrows) and brain neurons (open arrows); no glial immunoreactivity was 
detectable in this fly. B represents the trough of staining for this mutant. Scale bars, 50 pm. C, Quantified perL1 cycling: The plots for the neuronal 
and photoreceptor stainings include data from 2 separate experiments, with each time point representing a mean score (*SEM) from 4 sectioned 
flies. The 3 per+ controls in these experiments, sectioned late in the dark phase or early in the light phase, had mean staining intensities of 3.7 + 
0.1 in lateral neurons and 3.1 + 0.3 in photoreceptor nuclei. Staining scores were determined as described in Materials and Methods. 
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Figure 4. Cycling of the pers protein in LD. Wild-type and mutant 
pers flies were exposed to LD for 7 d before being sectioned and stained 
during a final LD cycle. In this experiment, 16 mutant and 16 wild- 
type flies were processed in parallel. The wild-type data are a subset of 
those plotted in Figure 2. Each point represents the mean (*range) of 
staining scores from 2 flies. Scores were determined as described in 
Materials and Methods. The 3 separate graphs represent fluctuations in 
staining intensities exhibited by (A) lateral brain neurons, (B) photo- 
receptor nuclei, and (c) central brain plus optic lobe glia. 

directly compared mutant to wild-type (as shown here) and 2 
involvingperS only. Even the finer distinctions in question, such 
as the earlier trough for perS neuronal staining (Fig. 4A) and the 
premature rise for this mutant’s photoreceptor immunoreactiv- 
ity (Fig. 4B), were evident in the replications of the basic ex- 
periment. 

In spite of the phase differences just described, both the perS 
and wild-type proteins fluctuated with the same cycle durations 
in LD, in that there is one peak and one trough per 12 hr light/ 
12 hr dark cycle in the plots shown in Figure 4. Similarly, both 
pep and per+ adults behaviorally entrain to these kinds of LD 
cycles: Flies expressing either allele and placed in these condi- 
tions exhibit 24 hr periodicities in their locomotor activity (M. 
Hamblen-Coyle and D. A. Wheeler, unpublished observations). 

In constant darkness (DD), the free-running behavioral cir- 

wild-type free-run 

36 42 48 54 60 66 

B 
per s free-run 

41 

36 42 48 54 60 66 

hours in DD 

Figure 5. Free-running fluctuations of per+ and perS protein stainings 
in constant darkness. After 6 d in LD, flies were transferred into constant 
darkness (DD) at ZT 1200 of the last LD cycle and remained in DD 
for 40-60 hr before sectioning. Thus, time “0” on the abscissas (not 
shown) was the beginning of constant darkness. In lateral brain neurons 
and in photoreceptor nuclei, staining of the per+ (A) and pep(B) proteins 
continued to cycle in DD. Glial staining was usually undetectable after 
2-3 d in constant darkness. Each point on the 2 graphs represents the 
mean score from 2-3 flies. In the horizontal bar at the bottom, the 
shaded portion represents “subjective day” and the filled portion “sub- 
jective night,” which correspond to the times when it would have been 
light or dark, respectively, if the LD cycle had continued. 

cadian rhythms of D. melanogaster have periods of about 24 
hr in wild-type and about 19 hr in pep flies (e.g., Konopka and 
Benzer, 1971; Yu et al., 1987b). We monitored free-running 
fluctuations in the intensity of per protein staining in flies ex- 
pressing these 2 per alleles. Adults were exposed to LD cycles 
and then transferred into DD for 40-60 hr before they were 
sectioned. Both the wild-type and the mutant perS proteins con- 
tinued to cycle in DD. Figure 54 illustrates the cycling of the 
per+ product in constant darkness, showing what we infer to be 
the second free-running cycle. By extrapolating back to the point 
where the flies were transferred into DD, the period was cal- 
culated to be approximately 24 hr, as follows: First, the lowest 
point on this wild-type was estimated to be ca. 43-48 hr (Fig. 
St). In LD, the staining troughs occur at the end of the light 
phases, between ca. ZT 9 and 12 (cf. Fig. 4). If the free-running 
staining cycles are ca. 24 hr in duration for the wild-type per 
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Figure 6. .utal tion 
were frozen and sectioned after 4-10 d of entrainment in 12/12 LD..A, The fly was frozen du&g the night at ZT 2045. B.-The fly was frozen 
during the day at ZT 0735. During the night photoreceptor nuclei (arrows), gha (arrowheads), and lateral neurons (not in this plane of section) 
stained intensely. During the day, only weak photoreceptor staining was detected. Scale bars, 50 pm. 

protein, the first trough in DD (for which no data were collected) 
would have been between ca. 2 l-24 hr on the abscissa in Figure 
5A, and the second should be between ca. 45-48 hr, as it was. 

Figure 5B shows the staining fluctuation of the perS protein, 
for what appears to be the third cycle in DD. By an extrapolation 
(similar to that performed for wild-type), the period of this 
mutant’s immunoreactivity cycle was calculated to be approx- 
imately 20 hr. Thus, the troughs in this mutant’s plot (Fig. 5B) 
were at ca. 40-42 hr then at ca. 54-58 hr. If the free-running 
perS protein cycles become ca. 5 hr shorter than in wild-type 
immediately the flies proceed from LD to DD, the first trough 
(no data collected) would have been between 17-19 hr, the 
second between 36-38 hr (it was actually a bit later), and the 
third at ca. 55-57 hr (as did occur). Thus, the free-running 
periods in Figure 5B are approximately 4 hr shorter than in 
Figure 5A. 

Since the peak versus trough differences in staining intensities 
forpe+l flies were so minimal in LD (Fig. 3) we did not attempt 
to characterize a free-running staining rhythm for this mutant. 

The maximum levels of immunoreactivity for photoreceptors 
and neurons in DD were generally less than those determined 
in LD (Figs. 2 and 4 vs Fig. 5). Also, the troughs of the neuronal 
stainings in DD were never as low as during LD cycles (Figs. 2 
and 4 vs Fig. 5). This kind of “DD dampening” has been ob- 
served in other biochemical circadian rhythms (e.g., Takahashi 
et al., 1980; Besharse and Iuvone, 1983). Yet, it must be ac- 
knowledged that we are not per se reporting “staining rhythms” 
for the per protein, in that only about one cycle’s worth of 
immunoreactivity fluctuations was determined in Figure 5. 

Visual system mutants 

Mutant rdgB flies were examined to determine whether the per 
protein staining found in the eye is truly in the photoreceptor 
cells, as suggested in previous reports (Liu et al., 1988; Saez and 
Young, 1988; Siwicki et al., 1988). rdgB (retinal-degeneration- 
B) mutations result in light-induced, age-dependent degenera- 

tion of photoreceptors; this morphological deterioration tends 
to be specific for the “outer” photoreceptors in each ommatid- 
ium (Harris and Stark, 1977) called Rl-6. In flies expressing 
the allele we used, rdgBKSZZ2, the “inner” photoreceptors in each 
facet (R7-8) and accessory cells of the eye are not affected (Stark 
and Sapp, 1987). We sectioned both rdgBKS222 and wild-type 
flies during the night (ZT 18-23) at 5 and 19 d posteclosion. 
Obvious deterioration of eye staining was seen in 19-d-old 
rdgBKS222 adults (n = 4) unlike the wild-type (n = l), for which 
aging had no apparent effect on per protein staining (data not 
shown). In the older rdgBKS222 flies, staining of the R7 and R8 
nuclei was only slightly diminished, compared to 5-d-old mu- 
tant individuals (n = 3) or wild-types (n = 2). The results of 
this “genetic dissection” confirmed the hypothesis that the per 
protein in the eyes is in the photoreceptor cells. 

Experiments on the photoreceptor mutants rzorpAp24, norpAp41, 
and ninaEu1’7 were undertaken to study the effects of light- 
mediated potentials on per protein staining. The former 2 mu- 
tants are physiologically unresponsive to light in all their ex- 
ternal photoreceptors, resulting in animals that are blind in 
terms of standard visually mediated behaviors (Pak, 1979; Blo- 
omquist et al., 1988). The spatial distribution and intensities of 
staining in the norpAp4’ and norpAp mutants-sectioned late 
in the night-were found to be comparable to the wild-type 
immunoreactivities at this time. For results obtained from a 
pair of flies expressing the former norpA mutation, see Figure 
6. Another pair of norpAp4’ adults was processed at ca. ZT 21 
and ZT 8, yielding the same staining results as depicted in Figure 
6, A, B-strong and very weak staining, respectively. For norpAp24, 
5 adults were sectioned between ZT 20-22, and 1 was sectioned 
at ZT 8; the staining results (not shown) were the same as just 
noted. 

A partially blind ninaE (neither-inactivation-nor-ajier-poten- 
tial-E) mutant was similarly applied. This gene codes for the 
fly’s major visual pigment, rhodopsin #l, expressed in photo- 
receptors Rl-6 (review: Monte11 et al., 1988); the absence of 
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rhodopsin # 1 in ninaEo117, a null mutant (O’Tousa et al., 1985) 
causes these outer cells in each eye facet to be unresponsive to 
light. Four of these mutant flies were sectioned at ZT 2 1, and 
one was sectioned at ZT 9. There was strong staining at the 
former time and little or none at the latter (not shown; cf. Figs. 
1, 6). 

These experiments, using the 3 mutants with impaired visual 
function, also indicated that the intensities of per immunoreac- 
tivity in the neurons, photoreceptors, and glial cells of these 
visual mutants cycled (in LD) with phases roughly like that of 
wild-type. Thus, elicitation of the basic expression and the daily 
oscillations of per protein in LD are independent of the normal 
pathway for photoreceptor excitation. Also, the normal brain 
neuronal staining in norpA adults may correlate with the fact 
that these blind flies respond to LD cues by exhibiting strong 
circadian rhythms of locomotor activity in subsequent darkness 
(Dushay et al., 1989). 

Mutant disconnected (disco) flies have eyes unconnected to 
their optic lobes @teller et al., 1987) and are largely arrhythmic 
in free-running conditions (Dushay et al., 1989). The absence 
of normal eye-brain connections in this mutant results in the 
disappearance of the deep-pseudo-pupil, or DPP (see discussion 
in Dushay et al., 1989); this morphological phenotype can occur 
on both sides of the brain (DPP-) or on one side only (DPP+/+) 
in a given disco adult; the space between the eye and the 
central brain, normally occupied by the optic ganglia, is filled 
instead with disorganized muscle tissue and/or unidentifiable 
structures @teller et al., 1987). In the rare disco adults with one 
connected (DPP+) eye, some anatomical disorganization of the 
visual system is still apparent; such flies-as do their thoroughly 
DPP- sublings-perform poorly in tests of behavioral responses 
to visual stimuli, and they are largely arrhythmic in their lo- 
comotor activity (Dushay et al., 1989). DPP+‘m individuals were 
studied to determine if neuronal pathways between the eye and 
the brain are necessary for expression and cycling of the per 
protein. 

Staining of the photoreceptors in disco mutants was found to 
be reasonably robust and cycled in LD as well as in DD (Fig. 
7) with time courses like those observed in wild-type (Figs. 2, 
5). The connected eyes of disco mutants stained with intensities 
similar to wild-type, while the staining in disconnected eyes was 
somewhat less intense (Fig. 7). Rather strong glial staining (Fig. 
2) was present throughout the brains of disco adults and seemed 
to cycle normally. It is important to note (as implied by the 
plots in Fig. 7) that the brain neurons which usually express per 
were poorly detectable in disco by application of this antibody: 

t 
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Only about 15% of these mutant adults had a small number of 
lateral neurons staining in their usual locations; another 30% of 
the disco individuals examined contained a few per-expressing 
cells that were apparently CNS neurons, but these were scattered 
in ectopic (nonlateral) regions of the brain. 

P-element mediated transformants 

Flies with various fragments of the per gene transformed into a 
per0l background were sectioned and stained with the anti-per 
reagent. The transformed types 14.6:21, 8.0:4, 13.2:34, and 
y w; 13.2:34/CyO; 13.2:2/13.2:2 (see Materials and Methods) 
were compared to one another and to wild-type in LD. 

Flies transformed with a single copy of the 14.6 or the 8.0 kb 
per-DNA fragments frequently exhibit rhythmic adult behavior, 
though such rhythms are not like those of wild-type (Zehring et 
al., 1984; Hamblen et al., 1986; Yu et al., 1987a, b). About two- 
thirds of the 14.6:21 flies are strongly rhythmic, exhibiting pe- 
riods of 27-28 hr, whereas about half the flies from the 8.0:4 
strain are weakly rhythmic, with ca. 24-25 hr periods (e.g., 
Zehring et al., 1984). 

Several 14.6:21 adults were monitored, and both rhythmic 
and arrhythmic individuals were subsequently sectioned in an 
attempt to correlate rhythmicity with per protein staining in 
these transformed flies. The overall staining intensities in these 
animals were quite low. A modest correlation could be inferred 
between rhythmicity and staining, in that the 3 arrhythmic in- 
dividuals were not immunoreactive (Table l), although 2 of the 
7 rhythmic cases were also unstained. After monitoring and 
subsequently sectioning transformed 8.0:4 flies, per immuno- 
reactivity was not detected in any of the 9 individuals examined, 
though 5 had been weakly rhythmic behaviorally (Table 1). 

Most 13.2:34-transformed individuals are strongly rhythmic; 
their periods are 0.5-l hr longer than normal (Citri et al., 1987; 
Yu et al., 1987a). A low level of staining was found consistently 
in the 13.2:34’s (Table l), which may be associated with the 
slightly slow clock running in these transformants (see Discus- 
sion). However, no correlation was found between the intensity 
of per protein staining in the 13.2:34 flies and the presence or 
absence of rhythmicity (Table 1). 

Flies were constructed to carry multiple doses of per+ DNA: 
one copy on the X chromosome in the gene’s normal location, 
plus 3 transduced 13.2 kb inserts [one dose heterozygous on 
chromosome 2, plus 2 doses homozygous on chromosome 3 
(see Materials and Methods)]. Behavioral tests showed that these 
“13.2 x 3” transformants exhibited strong rhythms of loco- 
motor activity (Table l), with shorter than normal periods (cf. 

Figure 7. LD and DD cycling of the per protein in a disconnected mutant. Mutant disco individuals with one eye disconnected and the other 
connected (see text) were chosen as described by Dushay et al. (1989) and used in immunohistochemical experiments involving the anti-S reagent. 
A, This disco2 f ly was sectioned and stained late in the night (ZT 22) in an LD cycle; the large asterisk marks the disorganized optic lobes of the 
disconnected (left) side, and the large open arrow points to an optic lobe neuropil on the connected (right) side. The photoreceptor nuclei (large 
filled arrows) were stained in both eyes, though less intensely on the disconnected (left) side. Glial staining (arrowheads) was normal in the optic 
lobes of the connected side and in the central brain. Stained lateral neurons were rarely observed in disco2 flies. Small asterisk, debris. Scale bar, 
50 pm. B-E, Time courses of the changing staining intensities of the per protein in disco photoreceptors and glia in LD cycles (B, C), and after 40- 
60 hr in constant darkness, postentrainment (D, E). Separate scores were recorded for photoreceptors of connected (corm) and disconnected (disc) 
eyes, before plotting the data in B and D. Each time point in the 4 panels represents scoring of 2-3 flies, averaged as described in Materials and 
Methods. For B, in which both the disc and corm curves reach troughs at zero staining, the filled diamonds plotted at ZT 9 and 13 represent 
overlapping points on the 2 curves. The horizontal time bars are explained in Figures 2 and 5. After the DD scores were plotted (D, E), extrapolations 
were performed as in Figure 5 and indicated that the free-running rhythms of the per protein in disco photoreceptors and glia had periods of ca. 
24 hr. Panel E shows that glial staining was detected in this mutant after 54-58 hr in DD, in contrast to the lack of staining in wild-type glia under 
these conditions (see Fig. 5). 
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Table 1. Behavioral rhythms and per protein staining of per transformants 

Genotype 

Mean period 
for rhythmic 
flies 
(hr + SEM) 

Relative staining intensity in brain neurons 
in flies whose behavior was 

Rhythmic (n) Arrhvthmic (n) Not tested (n) 

“ 13.2” transformant 24.8 k 0.2 1.0 + 0.2 (5) 1.8 * 1.3(2) 1.7 f  0.4 (5) 
“13.2 x 3” transformant: 

Male 23.0 + 0 (see footnote) (3) - - 
Female 23.5 + 0 (3) - - 

“ 14.6” transformant 27.9 k 0.5 0.4 I!I 0.1 (7) 0 (3) - 
“8.0” transformant 24.4 -t 0.5 0 (5) 0 (4) 0 (9) 
per+ control - - - 2.4 k 0.4(9) 

Flies carrying the transduced per+ DNA fragments (against a genetic background of pefl’) had their locomotor activity 
monitored in DD, after LD entrainment (see Materials and Methods and Hamblen et al., 1986, for further details). The 
adults were then subjected to a few additional days of LD, before being frozen, sectioned, and stained using the anti- 
per antibody. Flies were frozen late in the night (ZT 1930-2230). For 3 of the genotypes, some additional animals were 
processed without having been monitored for behavioral rhythmicity (right-most column); these flies had been in LD 
conditions and were frozen between ZT 2030 and 2300. Details about the specific transformed strains used are in 
Materials and Methods (also see Zehring et al., 1984; Citri et al., 1987). The per+ flies were from a Canton-S wild-type 
or from y w or ry strains; these controls were done independently of those in Figures 2 and 4, and Table 2. All of the 
transformed and control flies were males, except for 3 of the “13.2 x 3” animals (a transformant strain carrying 3 copies 
of the transduced 13.2 kb pet+ insert: see Materials and Methods). Assessments of rhythmicity, including best estimates 
of circadian periods, were accomplished by x2 periodogram analyses (Hamblen et al., 1986). Scorings of staining intensities 
were done blind (with regard to genotype and behavioral rhythmicity), using the “0-to-4” scale described in Materials 
and Methods and Results. These numbers led to computations of mean staining scores (GEM), which are tabulated 
here for the lateral brain neurons (cJ: Fig. 1, A, C). The scores for photoreceptors and glia were generally correlated with 
those for the neurons, though there were some exceptions: For example, the glia were uniformly 0 in the 13.2 transformants, 
and both the eyes and glia were 0 in the 14.6 transformants. For the “13.2 x 3” transfonnants, staining intensities in 
the lateral brain neurons were appreciably greater than in 3 per+ controls sectioned in parallel; however, the wild-type 
staining intensities for this experiment were unusually low, so these results were not tabulated. The numbers of flies (n) 
are in parentheses. 

Smith and Konopka, 1982). The intensities ofper protein stain- 
ing in these flies were higher than that seen in the per+ controls 
done in parallel (see Table 1 footnote). 

Alterations of light and dark conditions 

In wild-type culture of Drosophila that are transferred into DD 
after exposure to LD cycles; there are peaks of eclosion occurring 
ca. 24 hr apart; in contrast, cultures transferred into constant 
light (LL) do not eclose rhythmically (review: Saunders, 1982). 
It has also been shown that adult flies, entrained by LD then 
put into DD, exhibit rhythms of locomotor activity which, upon 
their subsequent transfer into LL, degenerate into arrhythmicity 
(Konopka et al., 1989). We raised 20 wild-type flies in LL, then 
monitored their locomotor activity in this condition (see Ma- 
terials and Methods)-an experiment which seems not to have 
been done previously with Drosophila. Only one fly was weakly 
rhythmic (by x2 periodogram analysis, cf. Hamblen et al., 1986), 
and its period was barely circadian, i.e., 21 hr. The largely ar- 
rhythmic behavior of wild-type flies in constant light is essen, 
tially a phenocopy of the per0 mutants, since 3-5% of adults 
expressing per-null alleles are weakly rhythmic by these statis- 
tical methods (Hamblen et al., 1986). 

In immunohistochemical experiments carried out against a 
background of conditions similar to those just described, wild- 
type flies transferred into LL after a few days of entrainment 
showed very weak staining of the per protein (Table 2, line 3). 
Animals raised from embryos in LL also exhibited, as adults, 
essentially no per immunoreactivity (Table 2, line 6). 

One light-to-dark transition was sufficient to elicit robust per 
protein staining (Table 2, line 7). In the analogous behavioral 
experiments, flies subjected to one LL -+ DD transition have 

exhibited reasonably robust free-running activity rhythms (e.g., 
Petersen et al., 1988). Further behavioral tests of this kind (see 
Materials and Methods) showed that, of 23 per+ flies reared in 
LL (using the same light intensity as in the immunohistochem- 
ical experiments), then transferred to DD, 19 were significantly 
rhythmic (mean 7 + SEM, 23.8 f 0.2 hr). 

Flies raised from embryos in DD are poorly rhythmic: Only 
about 25% of them have exhibited weak circadian rhythms; 
about 10% showed very short-period rhythms; another 10% 
exhibited weak long-period behavioral cycles; and about 50% 
were completely arrhythmic (Dowse and Ringo, 1989). Staining 
for the per protein in wild-type flies raised in DD was usually 
faint in the photoreceptors, but it was relatively strong in the 
brain neurons (Table 2, line 4). These immunohistochemical 
results superficially do not seem to correlate with the behavioral 
ones (however, see Discussion). 

One 12 hr cycle of light confers rhythmicity to insects that 
are raised in DD (review: Saunders 1982), although this has 
apparently not been documented for Drosophila. An analogous 
result was found immunohistochemically: DD-reared flies, giv- 
en 12 hr of light as adults, exhibited more intense staining- 
especially in the photoreceptors-than seen in flies with no ex- 
posure to light (Table 2, line 5). 

The effects of various light/dark regimes on the intensity of 
per protein staining in the thoracic gut did not correlate well 
with the influences of these environmental manipulations on 
either neuronal stainings or behavioral rhythms (data not shown). 
These observations included detection of staining intensities 
appreciably above background levels in flies raised and subse- 
quently maintained in LL, a condition that led to almost no per 
immunoreactivity in the head (Table 2, line 6). 
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Table 2. Effects of light/dark manipulations on per protein staining 

conditions 

lm m 
** 

- - 
** 

2- 
** 

3D - I 
* * 

4 
** 

5-- * * 
61 I 

** 
7r 

relat iue stainina intensities 

neuron3 (n) photoreceptors (n> 

LD 3.0 + 0.3 (8) 3,3 + 0.2 (9) 

LD-->DD 1.6 + 0.6 (6) 2.3 + 0.5 (6) 

LD-->LL 0.3 2 0,2 (6) 0.6 + 0,l (6) 

DD 1.9 2 0.5 (9) 0.6 2 0,2 (10) 
DD-->L-->DD 203 + 0.6 (6) 1.7 t 0.2 (7) 
LL 0,l + 0.1 (8) 0.0 !: O-0 (9) 

LL-->DD 306 + 0.3 (5) 1.2 + 0.5 (6) 
Wild-type flies were subjected to various light/dark regimes that are known to affect behavioral rhythms (see text). The experimental conditions are represented by the 
open and filled bars. A short stretch of filled or empty bar corresponds to 12 hr. (Thus, for example, there are 3.5 12112 LD cycles in line 1.) The asterisks denote very 
roughly (see below) the times when flies were sectioned, with reference to the previous L + D or D - L transition. In the experiments on lines 4 and 6, there were no 
such transitions; so these constant DD and constant LL flies were processed over the course of a few days, i.e., at various ages posteclosion (the widely spread out 
asterisks are thus meant to indicate that these animals were unsynchronized). The intensities of per protein stainings in lateral neurons and photoreceptors were scored 
blindly as described in Materials and Methods and Figure 2. The numbers of flies (n) whose sections were scored is sometimes less for “neurons” than for “photoreceptors,” 
because the integrity of certain sections, corresponding to the positions of the per-expressing lateral neurons (cf: Fig. 1 C), was occasionally not good enough to allow 
for careful quantitative assessment of staining intensities; in contrast, nearly any plane of section through the head allows such intensities in the compound eyes to be 
reliably scored. The LD and the LD + DD experiments were performed independently of those plotted in Figures 2 and 5, respectively. In the LD - LL experiment 
(line 3) the flies were first entrained by 5 12/12 LD cycles (though only 1.5 of these are symbolized in line 3); they were then maintained in constant light for lengths 
of time (43-56 hr) that put most of them in late subjective night or early subjective day-which would have yielded relatively intense stainings had this been an LD or 
LD - DD experiment. In the 12 hr light-pulse experiment (line 5), the flies were returned to DD for either 33-35 or 80-84 hr (n = 3 and 4, respectively; only the first 
of these durations is indicated by the asterisks); this would put the flies in late subjective night/early subjective day; hence, staining should be near its peak of intensity 
(see above). In the experiment involving one light-to-dark transition (line 7) the flies were again frozen and sectioned 33-35 hr (n = 2) or 80-84 hr (n = 4) after the 
environmental change. 

Discussion 
We have used an immunohistochemical assay for the protein 
encoded by the period locus of Drosophila melanogaster and 
found that this gene product both defines its own circadian 
fluctuations and influences the phase and period of these time 
courses. Daily fluctuations in the intensity ofper protein staining 
describe an endogenous type of cycling, which “free-runs” in 
constant darkness after being entrained by light/dark cycles (Fig. 
5). Like Drosophila’s circadian rhythms of eclosion and loco- 
motor activity, these protein changes are sensitive to the period- 
shortening effects of the peF mutation. We believe that the daily 
fluctuations of per immunoreactivity must be relevant to the 
mechanism by which this gene influences the fly’s circadian 
clock. 

This same antibody has been used to track diurnal cycling in 
another protein, extracted from the eye of Aplysia californica; 
the anti-per reagent also stained circadian pacemaker neurons 
in the eyes of this mollusc, as well as in another gastropod, Bulla 
gouldiana (Siwicki et al., 1989). The antigenic protein in Aplysia 
eyes was detected on Western blots as a 48 kDa band, whose 
intensity fluctuated in LD cycles. The phase of this apparent 
rhythm was the same as that of the per protein cycling in Dro- 
sophila (Figs. 2, 4), in that peak band intensities occurred at 
about lights-on (Siwicki et al., 1989). Similar kinds of biochem- 
ical experiments using this antibody have not been possible in 
Drosophila because the anti-S reagent does not detect a per- 
specific protein in immunoblotting assays involving fly extracts 
(Siwicki et al., 1988). 

The per protein has, however, been readily detectable in situ 
(Siwicki et al., 1988). This has now allowed for the fluctuations 
ofper protein staining to be monitored immunohistochemically 
in specific cell types within the nervous system of adult flies: 
(1) photoreceptors of the compound eye (Siwicki et al., 1988), 

(2) certain neurons in the lateral protocerebral cortex (Fig. 1, A, 
C), and (3) cells that are probably neuropil glia. 

The circadian changes in the per protein could be either an 
integral component of the fly’s pacemaker mechanism or merely 
an element of the clock’s output. Molecular circadian rhythms 
in the latter category include those involving vasopressin mRNA 
in the rat suprachiasmatic nucleus (Uhl and Reppert, 1986; 
Robinson et al., 1988), and a rhythm in the mRNA encoding 
the light-harvesting chlorophyll a/b (Cab) protein in plants (Nagy 
et al., 1988; Taylor, 1989). We would predict that a mutation 
in the Cab gene should not alter the plants’ other circadian 
rhythms, just as a severe mutation within the rat gene encoding 
vasopressin allows for readily apparent (albeit somewhat weak- 
ened) sleep rhythms (Brown and Nunez, 1989). In contrast, per 
mutations cause dramatic changes in several of the fly’s biolog- 
ical rhythms (reviews: Konopka, 1987; Hall and Rosbash, 1988; 
Young et al., 1989), suggesting that the per protein is actually 
a gear in Drosophila’s circadian clock. 

Of the several cell types that showed anti-per labeling, the 
neurons in the lateral protocerebrum (Fig. 1 C) seem to be the 
best candidates for the anatomical substrates of the fly’s circa- 
dian pacemaker. As discussed in our previous report (Siwicki 
et al., 1988), some of the lines of evidence supporting this hy- 
pothesis are (1) genetic mosaic studies implicating tissues in the 
fly’s head as the site of per’s influence on circadian locomotor 
activity rhythms (Konopka et al., 1983); (2) results of mutant 
and lesioning studies indicating that dipteran circadian pace- 
makers are not likely to be in the eyes or optic lobes (reviewed 
by Hall and Kyriacou, 1990; though see Hofbauer and Buchner, 
1989); and (3) staining experiments showing that the lateral 
neurons were the only anti-S-labeled structures in the heads of 
late pupae (Siwicki et al., 1988), which do have functional cir- 
cadian pacemakers (Saunders, 1982). These arguments are now 
augmented by (4) the poor detectability of the lateral neurons 
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(which could mean that they are usually absent) in the arrhyth- 
mic disco mutant (Fig. 7; see also Dushay et al., 1989) and (5) 
the reasonably good correlations of staining intensities in these 
brain cells with the “strengths” and/or periodicities of circadian 
behavioral rhythms in the pe+’ mutant or in per transformants 
(see below). 

In this regard, pe? adults exhibited weak staining and a low- 
amplitude rhythm in LD (Fig. 3). Whereas it was difficult to 
compare the time courses of the perL1 and per+ protein fluctua- 
tions, the weak expression of per in this long-period mutant fits 
loosely with schemes relating quantities of the gene’s product 
with period lengths: the lower these levels, the longer the cycle 
durations (Smith and Konopka, 1982; Cot6 and Brody, 1986; 
Baylies et al., 1987). 

The overall pattern of results from behaviorally monitoring, 
then sectioning and staining, per transformants was consistent 
with the levels of immunoreactivity seen in the long-period 
mutant. Thus, more intense (peak) staining levels in transformed 
adults tended to correlate with stronger and/or shorter-period 
circadian rhythms (Table 1): The “13.2” transformant type has 
the most nearly normal rhythms of locomotor activity (Citri et 
al., 1987; Yu et al., 1987b) and showed the strongest stainings. 
The “14.6” type has rhythms with much longer periods, though 
these flies’ rest/activity cycles are self-evident in plots of their 
locomotor behavior (Zehring et al., 1984; Hamblen et al., 1986); 
their anti-per-mediated stainings were faint but detectable (Ta- 
ble 1). Finally, the “8.0” transformants, despite their near-nor- 
mal periodicities (24-25 hr; Zehring et al., 1984), exhibit adult 
behavioral rhythms that are very weak (often lacking clearly 
discernible differences between activity peaks and troughs), and 
they sometimes degrade into arrhythmicity (Zehring et al., 1984). 
Examples of these 8.0-mediated activity plots are in Hamblen 
et al. (1986) and Yu et al. (1987b). We believe that at least the 
rhythmic 8.0-transformants contained functional per protein; 
however, staining was not revealed in these experiments (Table 
l), probably because the protein level was below the limit of 
detection with this antibody. Indeed, some adult tissues that do 
express per, such as ovaries and ring gland (Liu et al., 1988; 
Saez and Young, 1988), are not stained by application of the 
anti-S reagent (Siwicki et al., 1988). In this regard, it is notable 
that the 8.0 transformants express extremely subnormal levels 
of per mRNA (Hamblen et al., 1986). 

The most telling case so far is perS. The circadian fluctuation 
in this mutant’s protein in DD had a shorter than normal period 
(Fig. 5). Even in LD (where the periodicity is imposed by the 
24 hr environmental cycle), the time course of changes in the 
perS protein differed from wild-type. The neuronal staining in 
this mutant decayed earlier than in per+ during the day (Fig. 
4A), and the photoreceptor and glial stainings rose faster and 
peaked sooner during the night (Fig. 4, B, C). This effect of perS 
in a sense parallels the mutant’s behavior in 12 hr light/ 12 hr 
dark cycles: Whereas the periods of such activity rhythms are 
“forced” to be 24 hr, perS locomotor activity peaks occur sub- 
stantially earlier than those of wild-type flies (M. Hamblen- 
Coyle and D. A. Wheeler, unpublished observation). 

It has been inferred, though never demonstrated, that the perS 
mutant is hyperactive for the function of this gene or its product 
(Smith and Konopka, 1982). More specifically, perS is hypoth- 
esized to be about 35 times more active than the normal allele, 
given the degree of period shortening effected by this mutation 
(CotC and Brody, 1986). Since there are apparently normal levels 
of per transcript in this mutant (Bargiello and Young, 1984; 

Hardin et al., 1990), and because perS is accounted for by a 
missense mutation (Baylies et al., 1987; Yu et al., 1987b), it 
would seem as if the hyperactivity in question occurs at the level 
of a given protein molecule. Consistent with this inference is 
the fact that the peak levels ofpeP protein stainings determined 
in the current experiments are not elevated above those of wild- 
type (Figs. 4, 5). 

Other parallels between behavioral rhythms and per expres- 
sion were revealed by manipulating the environmental condi- 
tions (Table 2). For most of the light/dark regimes tested, the 
effects on per protein staining were consistent with the behav- 
ioral effects ofthe same conditions (Petersen et al., 1988; Konop- 
ka et al., 1989). The only ambiguous case was that of flies raised 
in constant darkness (DD). Although about half of the animals 
always kept in DD have been reported to be arrhythmic (Dowse 
and Ringo, 1989), we found reasonably strong per staining in 
the lateral brain neurons of every such fly we examined im- 
munohistochemically (Table 2). One interpretation of these re- 
sults is that per expression in these neurons is necessary but not 
sufficient for rhythmicity. Some additional factor (e.g., exposure 
to light) might be required to “start the clock.” Another pos- 
sibility which is consistent with these findings is that the protein 
cycles independently in the individual per-expressing neurons 
of DD flies and that the effect of an environmental transition 
is not so much to start the clock as to synchronize the separate 
cellular pacemakers. 

We could not determine whether the per protein cycled in 
DD flies since, in the absence of entrainment cues, any putative 
rhythms in the individual adults were likely to have been un- 
synchronized. Consider, though, the possibility that the level of 
per product simply does not fluctuate appreciably in the neurons 
of flies kept in constant darkness (even within a given cell, let 
alone in synchrony among cells). This would imply that it is not 
sufficient for the relevant neurons merely to contain per product; 
for behavioral rhythmicity to be strong, the protein would also 
have to exhibit robust oscillations in its abundance. The effects 
of DD (Dowse and Ringo, 1989) could therefore approach in 
severity those of the opposite kind of treatment: the fact that 
putting the flies into, or always keeping them in, constant light 
leads to arrhythmicity and little or no per neuronal staining 
(Konopka et al., 1989, and Table 2 of this report). 

Our studies of visual mutants have shed new light on several 
aspects of the expression and function ofper. The case of disco, 
with its nonstaining of the lateral brain neurons, not only sug- 
gests that these cells are the fly’s circadian pacemaker structure 
(see above), but is also informative with regard to per immu- 
noreactivity in the photoreceptors. The circadian fluctuations 
of per protein staining appeared to be normal, in disco eyes, 
when these structures were either connected or disconnected 
from the brain (Fig. 7). Recall that almost every disco adult 
tested has been arrhythmic and that they exhibited such loco- 
motor activity rhythm defects irrespective of whether their eyes 
were connected, via optic ganglia, to the brain (Dushay et al., 
1989). Thus, there is a dissociation of the behavioral and pho- 
toreceptor staining rhythms. Nonetheless, this is consistent with 
several lines of evidence indicating that the presence or function 
of the fly’s external eyes is not necessary for its behavioral cir- 
cadian rhythms (review: Hall and Kyriacou, 1990). 

It is possible that the Drosophila eye may have an autonomous 
rhythm which would be influenced by per protein oscillations. 
There is, in fact, an apparent rhythmicity associated with rhab- 
domere turnover in these photoreceptors (Stark et al., 1988), 
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which is probably not related to the fly’s behavioral circadian 

eye rhythm is controlled by output from the brain. Thus, there 

cycles. In this respect, it is noteworthy that the lateral neuron 
and photoreceptor CNS staining rhythms have slightly different 
phases in LD (Figs. 2, 4). It is still, however, possible that the 

could be a functional central pacemaker in disco which might 
regulate the photoreceptor rhythm by hormonal signals (not 
requiring the eye to be connected to the brain via efferents in 
the optic ganglia). Yet, other output pathways from the CNS, 
those controlling locomotor activity, would be disrupted by dis- 
co mutations, accounting for their effects on behavioral rhythms 
(Dushay et al., 1989). 

Bloomquist BT, Shortridge RD, Schneuwly S, Perdew M, Monte11 C, 

duced amplitude of the circadian sleep rhythm. Physiol Behav 46: 
759-762. 

Steller H, Rubin GM, Pak WL (1988) Isolation of a putative phos- 
pholipase C gene of Drosophila, norpA, and its role in phototrans- 
duction. Cell 54~723-133. 

Brown MH, Nunez AA (1989) Vasopressin-deficient rats show a re- 

Whether the circadian pacemaker regulating the per protein 
fluctuations in photoreceptors is endogenous to the eye or is in 
the central brain, its entrainment by light is independent of the 
normal pathways of photoreceptor excitation. This is because 
photoreceptor cells that lack rhodopsin, in a ninuE mutant 
(O’Tousa et al., 1985) or are “phototransduction-null” for other 
reasons, in norpA (Bloomquist et al., 1988) nevertheless had 
normal day versus night differences in per staining. Thus, these 
cells (Fig. 6) receive and process the signals necessary to turn 
on per cycling (Table 2) by an as yet unidentified transduction 
pathway. 

In summary, we infer that there is a circadian rhythm in the 
protein product of the period gene. The changing levels (or qual- 
ity) of the per protein are likely to be an important aspect of 
the mechanism by which this gene regulates the fly’s circadian 
rhythms. Since the qualitatively altered protein encoded by the 
perS allele (Baylies et al., 1987; Yu et al., 1987b) changes the 
temporal modulation of this gene’s product, we hypothesize that 
some kind of feedback loop is involved in the fly’s circadian 
clock. That is, the activity of the per protein directly or indirectly 
influences its own abundance. This effect probably involves os- 
cillations in the rate of per protein synthesis, given the recent 
discovery of a robust circadian rhythm in the levels of the 4.5 
kb RNA transcribed from this gene (Hardin et al., 1990). The 
phase of this mRNA abundance rhythm is approximately 6 hr 
in advance of the per protein rhythm (Hardin et al., 1990). Thus, 
it is likely that the oscillations in staining intensity reflect changes 
in the quantity, rather than the quality (e.g., epitope accessibil- 
ity), of the protein. Other elements of the loop, and hence of 
this molecular circadian clock, may include factors regulating 
the turnover of per’s transcript, the rate of degradation of the 
protein, or both. 

By analogy to the rhythmic changes in the membrane poten- 
tial of circadian pacemaker neurons in the eye of Bulla (McMahon 
et al., 1984) we might expect physiological oscillations in Dro- 
sophila’s per-expressing cells to be part of this feedback loop. 
The presence of a per-like antigen in these molluscan pacemaker 
neurons (Siwicki et al., 1989) offers interesting prospects for 
identifying the links between the molecular rhythms in the per 
or per-related gene products and the neurophysiological prop- 
erties of circadian pacemaker neurons. 
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