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Summary 

Polyclonal antibodies were prepared against the period 
gene product, which influences biological rhythms in 
D. melanogaster, by using small synthetic peptides 
from the per sequence as immunogens. The peptide 
that elicited the best antibody reagent was a small do- 
main near the site of the pers (short period) mutation. 
Specific immunohistochemical staining was detected 
in a variety of tissue types: the embryonic CNS; a few 
cell bodies in the central brain of pupae; these and 
other cells in the central brain of adults, as well as im- 
aginal cells in the eyes, optic lobes, and the gut. The in- 
tensity of per-specific staining in the visual system was 
found to oscillate, defining a free-running circadian 
rhythm with a peak in the middle of the night. 

Introduction 

Circadian clocks function in most organisms to coor- 
dinate physiological processes with daily changes in the 
environment. The mechanisms underlying clock func- 
tions have been investigated with physiological and ana- 
tomical methods and, more recently, with the techniques 
of genetics and molecular biology. Among the various 
genes known to affect circadian rhythms in different spe- 
cies (Hall and Rosbash, 1987a) the period (per) gene of 
Drosophila melanogaster is the best characterized. The 
nature of per mutant phenotypes suggests that the gene 
product is an integral component of the circadian clock: 
mutations either shorten (per’) or lengthen (perl) the 
period of circadian rhythms or abolish rhythmicity (per? 
(Konopka and Benzer, 1971). Yet the effects of per are 
not limited to circadian rhythms. The per>, perL, and 
per” mutations also shorten, lengthen, or abolish (re- 
spectively) a rhythm with a much shorter period (nor- 
mally about 1 min) in the male’s courtship song (Kyria- 
cou and Hall, 1980, 1986). Physiological defects have 
also been found in per mutants, for example, in mem- 
brane potential fluctuations of larval salivary gland cells 
(Weitzel and Rensing, 1981), in the conductance of gap 
junctions in these glands (Bargiello et al., 1987), and in 
the regularity of the heartbeat (5. 0. Aceves-Piria and 
M. S. Livingstone, personal communication; C. l? Kyria- 
cou, personal communication; H. B. Dowse and J. M. 
Ringo, personal communication). 

Molecular studies of the per gene in the past few years 
have resulted in the identification of three closely re- 
lated species of4.5 kbper transcripts (for review see Hall 

and Rosbash, 1987b). The heads of adult flies were found 
to contain the highest levels of per transcripts, whereas 
lesser amounts were detected in adult bodies, mid to 
late embryos, and late pupae (James et al., 1986; Bar- 
giello et al., 1987). per mRNA has been localized by 
in situ hybridization to the embryonic nervous system 
(James et al., 1986) and salivary glands (Bargiello et al., 
1987) and to adult CNS, eyes, and ovaries (Liu et al., 
1988). Sequencing data and immunochemical studies 
have suggested that the gene product is a proteoglycan 
(Jackson et al., 1986; Reddy et al., 1986; Bargiello et al., 
1987). Yet precisely how and where per acts to regulate 
behavioral rhythms remain unknown. 

Insect circadian clocks have been localized to specific 
neural ganglia in a few species (for review see Saunders, 
1982). For example, surgical transplantation and lesion 
studies in the cockroach have shown that circadian 
pacemakers reside bilaterally in the ventral regions of 
the optic lobes (Page, 1984). In contrast, the optic lobes 
seem not to be required for behavioral circadian rhythms 
in flies (Helfrich and Englemann, 1983; Helfrich et al., 
1985; Helfrich, 1986). More precise information on the 
specific cellular substrates underlying circadian rhyth- 
micity in insects is lacking. 

The objectives of this study were to develop specific 
antibodies to the per product and to use them immuno- 
histochemically to localize the cellular sites of the gene’s 
expression in hopes of labeling the fly’s circadian oscilla- 
tor. Polyclonal antibodies were raised to peptides from 
the deduced amino acid sequence of the major per tran- 
script (Citri et al., 1987). Specific staining of the per pro- 
tein was detected in the central nervous system and gut 
of adults, in the CNS of embryos, and in a few cells of 
the pupal brain. Staining in the adult visual system was 
far more intense at night than during the day. The evi- 
dence suggests that the per gene product is regulated, 
either quantitatively or qualitatively, by a circadian 
clock. 

Results 

Antibody Binding to Synthetic per Protein 
Figure 1 indicates the positions in the per sequence of 
the four peptides used to generate polyclonal antibodies. 
These peptides are designated by arbitrary letters, except 
in the case of peptide S, which specifies a 14-mer delib- 
erately chosen as near the site of the Ser+Asn amino 
acid substitution in the per‘ mutant (Yu et al., 1987; 
Baylies et al., 1987). 

lmmunoprecipitation experiments (Figure 2A) showed 
that antibodies against peptides C, D, and S precipitated 
?-labeled per protein that had been translated in vitro 
from SP6-derived per RNA (see Experimental Proce- 
dures). No specific precipitation was detected with pre- 
immune sera or with antibodies against peptide A (Fig- 
ure 2A). Similar results were obtained in Western blot 
experiments (Figure 2B). Binding to the in vitro trans- 
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Figure 1. Schematic Diagram of the per Locus Illustrating the Posi- 
tions in the Sequence of the Peptides (A, S, C, and D) Used to 
Generate Anti-per Antibodies 

The intron-exon structure shown hqe corresponds to the most 
abundant ofthe three alternatively spliced forms ofper mRNA (Citri 
et al., 1987). Also indicated are the sites of the per mutations (LI, 
07, s) that have been mapped molecularly (Vu et al., 1987; Baylies 
et al., 1987) and the position of a series of tandemly repeated 
Thr-Gly (TG) pairs (see Hall and Rosbash, 1987a). 

lated per protein was strongest when antibodies against 
peptides D and S were combined but was also detect- 
able with either antibody alone. No binding was de- 
tected with either preimmune serum (Figure 28, lanes P) 
or antibodies against peptides A or C (data not shown). 

Antibody Binding to Endogenous per Protein in Situ 
Specific binding of anti-peptide antibodies to the native 
per product was identified as immunoreactivity present 
in animals expressing the wild-type per+ allele and ab- 
sent in those that were per- (see Experimental Proce- 
dures for full description of the latter genotype). A second 
genetic control was provided by the pePr mutation 
(Konopka and Benzer, 1971), which has been identified 
molecularly (Yu et al., 1987; Baylies et al., 1987) as a 
nonsense mutation upstream of peptides S, C, and~D in 
the per sequence (Figure 1). By these criteria, antibodies 
to peptides S and D recognized the endogenous per pro- 
tein in frozen sections of adult flies. Similar patterns of 
specific staining were obtained with both antibodies, 
but were usually stronger with anti-S. In frozen sections 
of embryos and pupae, the staining pattern revealed by 
anti-S in per+ individuals was deemed specific by its ab- 
sence in peror mutants. No specific staining was de- 
tected with antibodies to peptides A or C. Although anti- 
C labeled several small cell bodies and medial fiber 
tracts in the adult subesophageal ganglion, the staining 
was identical in per+ and per- flies, indicating that the 
antigen is not a product of the per gene. 

Pattern of per Expression in Wild-Type Adults 
In entrained wild-types flies examined during the night, 
the anti-S antibody revealed specific per expression in 
the head, the thoracic nervous system, and the gut. The 
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Figure 2. Immunochemistry of a Synthetic per Protein 

(A) Autoradiograms of [%]methionine-labeled, in vitro translated 
per protein. Rabbit reticulocyte lysate (2 pl) with ~5 ng of per pro- 
tein before precipitation (lane R). lmmunoprecipitations were car- 
ried out with 1:50 and 1300 dilutionspf preimmune serum (P) and 
with 1:50, 1300, and 1:500 dilutions of antisera against synthetic 
peptides (A, C, D, and S) from the per sequence. Antibody-antigen 
complexes were precipitated with protein A-Sepharose, and pre- 
cipitates were run on 7.5% acrylamide gels. The arrow indicates the 
position of the per protein. 
(B) Autoradiograms of Western blots of 10 pl of rabbit reticulocyte 
lysate with 25 pg of in vitro translated per protein (+) or 10 pl of 
lysate without per protein (-). Samples were run on 7.5% acryl- 
amide gels, blotted onto nitrocellulose, and incubated with 1:500 
dilutions of antisera, followed with 12sl-labeled secondary anti- 
body. P, preimmune serum; D, anti-peptide D; S, anti-peptide S; 
D/S, pooled anti-D and anti-S. The arrow indicates the position of 
the per protein. 

most prominent staining was in the eyes, the optic lobes, 
and the central brain. These features are illustrated in 
Figure 3A; their absence in pePI (Figure 3B) and per- 
(data not shown) is strong evidence that this staining 
represents the endogenous per protein. The distribution 
of immunoreactivity in the eyes (Figure 3A, large arrows) 

l 

(D and E) The prothoracic and mesothoracic (Tl-T2) neuromeres of the ventral ganglia of per+ (D) and peror (E) flies. Specific staining in 
the ventral ganglion consists of many small cells (open arrowheads) located at the interface between the central neuropil and cortical rind 
of cell bodies. Nonspecific staining (asterisks) is defined as any staining detected in pePI (E). Bars, 50 pm. 
(F) High magnification view (bar, 10 pm) of stained neuronal cell bodies lateral to the protocerebral neuropil. The staining appears to be 
in the cytoplasm and not in the nuclei. 
(C) A very dorsal section through the protocerebral lobes and ocellar nerve (star) of a per+ fly. Posterior to the neuropil, neuronal cell bodies 
are labeled bilaterally (arrows). Bar, 50 pm. 
(H) The central brain of a per+ fly showing many small stained cells (open arrowheads) at the borders between neuropil and cell body 
regions as well as in fiber tracts in the central regions of the neuropil. One of the stained neuronal cell bodies in the lateral protocerebrum 
also appears in this section (open arrow). Asterisks indicate nonspecific staining (also seen in per”‘) of fat tissue surrounding the brain. Bar, 
50 pm. 
(I and J) Specific per expression in the gut was most apparent in the cardia. The central part of the cardia (asterisk) stained nonspecifically 
in both per+ (I) and per“’ (I) flies. However, the nuclei of the outer layer of epithelial cells (open arrows) stained specifically in per+. Bar, 
50 pm. 
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Figure 3. Distribution of the per Protein, Detected with Antibodies Against Peptide S, in Horizontal Sections of Adult Flies Examined during 
the Night 

(A and B) Specific per expression is readily apparent in the eyes and optic lobes of per+ flies (A), particularly when compared with the lack 
of staining in per”’ (6). In the eyes, a dense row of stained profiles is present distally, and a fainter row is present proximally (large arrows). 
A band of punctate staining is present along the distal edge of the lamina neuropil (small arrows). Many small stained cells are detected at 
the edges of the medulla neuropil (open arrowheads). Stained neuronal cell bodies (open arrows) are found medial to the optic lobes and 
lateral to the protocerebral neuropil. Nonspecific staining, defined as any staining present in per”’ controls (see text), is seen here (B) in the 
fat tissue surrounding the brain as well as between the eye and the lamina (asterisks). Bars, 50 urn. 
(C) High magnification view (Bar, 10 urn) of the distribution of the per protein in the distal portion of the eye. 



Figure 4. Comparison of per Expression at Night with That during the Day, as Detected with the Anti-S Antibody 

(A and 8) Staining in the eyes of per+ flies examined in the middle of the night (A) and in the middle of the day (B) after 4 days of entrain- 
ment in a 12 hr light/l2 hr dark cycle. Staining in the distal eye is apparent at night (A) but is not detectable during the day (B). 
(C and D) In the same experiment, other per+ flies were examined after 3 days in free-run. These flies were entrained in a light/dark cycle 
for 4 days, then transferred to constant darkness for 3 days, Assuming that their circadian clocks free-run in constant conditions with a 24 
hr period, they were examined in the middle of the subjective night (C) or in the middle of the subjective day (D). The night/day cycling 
of staining in the eye is still apparent under these conditions. 
(E and F) The photoreceptors of the ocelli also exhibit night/day cycling of staining with the anti-S antibody. These per+ flies were examined 
in the middle of the night (E) and in the middle of the day (F) after 7 days of entrainment in a 12 hr light/l2 hr dark cycle. 
All bars, 50 urn. 

Figure 5. Expression of the per Protein in the Visual System of per Mutants 

lmmunohistochemical staining in the eyes and optic lobes of per+ and per mutant flies was examined in the middle of the night after 4-7 
days of entrainment in a 12 hr light/T2 hr dark cycle. From one experiment, per+ (A), per‘ (B), and per” (Ci flies are shown; from another 
experiment, per+ (D), per” (E), and per”” (F) flies are shown. In the wild type (A and D; see also Figure 3A), staining is present in the eye 
(large arrows), in the distal lamina (small arrows), at the edges of the medulla (open arrowheads), in cells sandwiched between the medulla, 
the lobula, and the lobula plate (large arrowheads), and in other cells lateral to the protocerebral neuropil (open arrow). All of these features 
are stained in per’ (B) with about the same intensity as in the wild type (although the lamina staining is not apparent in this example). In 
pert’ (E) the patten is qualitatively similar, but noticeably less intense than in the wild type: faint staining is detectable in the distal eye (filled 
arrows), in the lateral brain cells (open arrow), and in a few small cells surrounding the medulla (open arrowheads). Staining in per”’ (F) 
in fat tissue and between the lamina and the eye (asterisk) is identified as nonspecific by its presence in per”’ (C: also see Figure 3B). Bars, 
50 urn. 

corresponds to the positions of the nuclei of photore- stained profiles in the eye were similar in size and shape 
ceptor cells Rl-R8. In each ommatidium, the nuclei of to photoreceptor nuclei stained with a nuclear-specific 
Rl-R7 are in distal regions of the photoreceptor layer, monoclonal antibody, MAb 8C5 (Fujita et al., 1982) 
whereas the nucleus of R8 is proximal (e.g., Pak, 1975). (data not shown). Photoreceptor nuclei of the ocelli, 
When viewed at high magnification (Figure 3C), theper- dorsal to the brain, were also stained (Figure 4E). 
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A variety of cells in the optic lobes showed specific per 
expression. A band of punctate staining was present in 
the distal portion of the lamina neuropil (Figure 3A, 
small arrows) near the terminals of the Rl-R6 photore- 
ceptors. Wedged between the medulla, the lobula, and 
the lobula plate, approximately 20 cells were stained in 
each side of the head (see Figures 5A and 5D, large ar- 
rowheads). Finally, very small ceils (~1 urn in diameter) 
were stained at the interface between the medulla neu- 
ropil and the surrounding cell body regions (Figure 3A, 
open arrowheads). 

In the central brain, the strongest staining was in neu- 
rons lateral to the protocerebral neuropil (Figure 3A, 
open arrows). Approximately 15 stained cells were scat- 
tered through this region between the protocerebrum 
and the optic lobes on each side of the brain. When 
viewed at high magnification (Figure 3F), these cells 
were clearly larger than neuronal nuclei stained with 
MAb 8C5 (data not shown). Also, the per immunoreac- 
tivity appeared to be donut-shaped, as if it were in the 
cytoplasm of these ceil bodies. Another group of stained 
neurons was found in the dorsal posterior protocere- 
brum, where -6 cells were stained in each hemisphere 
(Figure 3G, arrows). Throughout the central brain, at the 
borders of neuropil regions and within fiber tracts,,were 
very small stained cells (Figure 3H, open arrowheads) 
like those surrounding the medulla (Figure 3A, open ar- 
rowheads). These appear to be the cell bodies or nuclei 
of neuropil glial cells (see Discussion). 

In the thorax, very small cells were stained throughout 
the ventral ganglion (Figures 3D and 3E). Like the small 
stained cells in the brain, they were found primarily 
within fiber tracts and at the interface between neuropil 
and cell body regions. Specific staining was also ob- 
served in the gut (Figures 31 and 3J). Large nuclei of epi- 
thelial cells were stained in the cardia and in more pos- 
terior portions of the alimentary tract (Figure 31, open 
arrows). 

Day/Night Cycling 
The pattern of per expression in the visual system was 
most prominent in wild-type flies sectioned during the 
night. In contrast, during the day staining in the eyes and 
optic lobes was dramaticaily reduced and usually unde- 
tectable. This difference is illustrated in Figures 4A and 
4B. Photoreceptors of the ocelli were also strongly stained 
at night, but not during the day (Figures 4E and 4F). In 
fact, among the various features of the nighttime pattern 
ofper expression in the head, only the lateral brain neu- 
rons (Figure 3A, open arrows) were consistently stained 
during the day (data not shown). This kind of temporally 
controlled experiment has been repeated 5 times, and 
the same results were found each time. 

To test whether the day versus night differences de- 
tected by the anti-S antibody might be regulated by an 
endogenous circadian oscillator, wild-type flies were en- 
trained in a 12 hr light/l2 hr dark cycle for 4-7 days, then 
transferred to constant darkness for 3-4 days before sec- 
tioning. Circadian locomotor rhythms persist under these 
conditions for at least 10 days (Smith and Konopka, 

1981, 1982; Hamblen et al., 1986). The immunohisto- 
chemical results were identical to those obtained during 
entrainment conditions: staining was present in the 
eyes and optic lobes of flies sectioned during their “sub- 
jective night” (Figure 4C) but undetectable during the 
“subjective day” (Figure 4D). 

per Mutants 
The staining of entrained per’, perL7, and per”+ mutants 
was compared with that of per+ and perof flies (Figure 
5). At night, when the wild-type staining pattern was 
most prominent, per’ (Figure 5B) was indistinguishable 
from per+ (Figure 5A), whereas per”’ (Figure 5C) and 
pe@ (Figure 5F) were similarly devoid of all staining. 
The staining of peru flies during the night (Figure 5E) 
was qualitatively similar to per+ (Figure 5D), but consis- 
tently less intense. Day versus night differences similar 
to those in the wild type were observed in per’ mutants: 
staining in the eyes and optic lobes was much less in- 
tense during the day than at night, whereas the lateral 
brain neurons were stained both night and day (data not 
shown). 

Embryos 
Specific per expression was revealed in the CNS of late 
embryos with the anti-S antibody. In wild-type embryos, 
but not in peP, diffuse “puffs” of immunoreactivity 
were present in each segment of the ventral nerve cord 
(Figure 6B). This staining pattern was detectable in stages 
15-17 (see Campos-Ortega and Hartenstein, 1985). We 

were unable to detect anti-S-mediated staining in any 
other embryonic tissues. 

Pupae 
Entrained pupae (12 hr light/l2 hr dark cycles) were sec- 
tioned and stained during the night just prior to eclo- 
sion. Whereas most of the adult nighttime pattern ofper 
expression was not detected in these late pupae, the 
notable exceptions were the lateral brain neurons (Fig- 
ure 6a). These cells were strongly stained in wild-type, 
4 day old pupae but were not detected in per”‘. 

Cross-Reactive Staining in larvae 
The anti-S antibody, which produced the specific stain- 
ing of adults, embryos, and pupae described above, re- 
vealed a complicated but nonspecific staining pattern in 
larvae. Dissected CNSs of first and second instar larvae 
were stained as whole mounts. The same staining pat- 
tern was observed in both per- and per+ CNSs (Figure 
6C): midline clusters of small cells in each segment of 
the ventral nerve cord (arrowheads in Figure 6C) and an 
irregular matrix of immunoreactivity in cell body re- 
gions. Salivary glands of first and second instar larvae 
also stained nonspecifically with the anti-S antibody 
(Figures 6E and 6F); immunoreactivity was present be- 
tween cells and in the lumen of both per+ (Figure 6E) 
and per- (Figure 6F) glands. No anti-S-mediated stain- 
ing was detectable in dissected salivary glands of third 
instar larvae (data not shown). 

Although anti-D antibodies produced the same spe- 
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Figure 6. Developmental Expression of the per Protein and of 
Cross-Reactive Material 

(A) Section of the head of a 4 day old wild-type pupa stained with 
the anti-S antibody. Entrainment in a 12 hr light/l2 hr dark cycle be- 
gan on day 1 of pupal life. In the middle of the night just prior to 
eclosion, the animal was dissected from its pupal case. sectioned, 
and stained. In contrast to adult flies stained in the middle of the 
night (see Figure 3A), the eyes and optic lobes of the pupa are un- 
stained. Neurons in the lateral protocerebrum, however, are 
strongly stained (arrow). Bar, 50 pm. 
(B) Section of a stage 16 (Campos-Ortega and Hartenstein, 1985) 
wild-type embryo stained with the anti-S antibody. Diffuse patches 
of per immunoreactivity are visible in at least 10 segments of the 
ventral nervous system. Similar but less intense staining was also 
present in stages 15 and 17. Bar, 50 km. 
(C) Cross-reactive staining in the CNS of a per+ first instar larva 
stained as a whole mount with the anti5 antibody. Medial clusters 
of small cells (arrowheads) are labeled in each segment of the ven- 
tral ganglion. Also, an irregular, granular matrix of staining is pres- 
ent in cell body regions throughout the CNS. The same features 
were stained in per- larval nervous systems. Bar, 50 em. 
(D) Cross-reactive staining in a per+ second instar CNS stained 
with the anti-D antibody. A bilateral pair of large, dorsolateral cell 
bodies stained in each segment of the ventral ganglion. Their axons 
project medially and form paired longitudinal fiber tracts that ex- 

cific results as anti-S antibodies in adults, they revealed 
a completely different pattern of nonspecific staining in 
the larval nervous system (Figure 6D). In both the per+ 
and the per- larval CNS, the anti-D reagent stained bi- 
lateral pairs of large dorsolateral neurons in each seg- 
ment of the ventral nerve cord. These cells bodies pro- 
ject medially and form paired longitudinal fiber tracts 
that ascend into the brain (Figure 6D, arrow) and cross 
into the contralateral hemisphere. Thus, it appears that 
these two antibodies, both of which recognize the en- 
dogenous per protein in adults, cross-react with distinct 
non-per antigens in larvae. 

Discussion 

Spatial and Temporal Expression of the period 
Clock Gene 
Specific expression of the per protein was detected by 
antibodies to peptide S in the head and thorax of adult 
flies. Three general classes of ceils were stained in the 
nervous system: photoreceptors in the eyes and ocelli; 
neuronal cell bodies in the lateral brain, the dorsal pos- 
terior brain, and the optic lobes; and very small cells in 
fiber tracts and between neuropil and cell body regions 
throughout the CNS. These small cells appear to cor- 
respond to the cell bodies, or perhaps only the nuclei, 
of neuropil glia, which have been described in other in- 
sects (Wigglesworth, 1959; Hoyle, 1986). 

All of these features were prohinently stained in en- 
trained wild-type flies during the night. However, only 
the lateral brain neurons (Figure 3F) were reliably stained 
during the day. Significantly, the differences in the stain- 
ing between night and day persisted when flies were 
transferred to constant darkness after several days of en- 
trainment in a light/dark cycle. This result suggests that 
the expression of the per protein may be regulated by an 
endogenous circadian oscillator. It is unknown at what 
level this regulation occurs. There appears to be no sig- 
nificant day versus night difference in abundance of the 
4.5 kb per transcript by Northern blot analyses (Reddy 
et al., 1984; Young et al., 1985). This suggests that post- 
transcriptional processes regulate the levels of the per 
protein. Other possibilities are that diurnal changes in 
the conformation of the protein alter the accessibility of 
the S peptide epitope or that the protein is dispersed 
throughout the cells during the day and concentrated 
nearthe nuclei duringthe night. Whateverthe biochem- 
ical or cellular processes underlying the daily changes in 
the per protein, they appear to be regulated by a circa- 
dian clock. 

tend anteriorly into the brain (arrow). Identical results were seen in 
per- larval CNSs. Bar, 50 pm. 
(E and F) Salivary glands of second instar larvae stained as whole 
mounts with the antid antibody. In both per+ (E) and per- (F) 
glands, labeling isassociated with cell boundaries, being visible be- 
tween the cells and along their luminal edges. Fat bodies along the 
bottom edges of both salivary glands were also stained nonspecifi- 
cally. Bars, 50 Wm. 
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The patterns of immunoreactive staining in the vari- 
ous per mutants were compared with those in per+ (Fig- 
ure 5). Specific staining was not detected in perrlj flies, 
suggesting that this mutation, like per”‘, results in an ab- 
sence of antigen. Staining in entrained per’ adults was 
indistinguishable from that in per+. In perLf flies during 
the night, the eyes and lateral brain neurons were stained, 
but less intensely than in per+. These results are consis- 
tent with a prediction from behavioral analyses of flies 
whose dosage of per+ had been manipulated (Smith 
and Konopka, 1982; Baylies et al., 1987), that the wild- 
type allele has a higher effective level of gene activity 
than does per”. These behavioral experiments also sug- 
gested that per’ is formally a hypermorph (Smith and 
Konopka, 1982; Cote and Brady, 1986), but our immu- 
nohistochemical results suggest that this is not due to ab- 
normally high levels of the per protein (also see discus- 
sion in Hall and Rosbash, 1987a). However, until the 
time courses of the daily changes in the staining are ana- 
lyzed in per+ and in these two mutants, it is impossible 
to know whether the observed staining in per‘ and perLJ 
represents maximal signals. For example, if the peak sig- 
nal in perL’ occurs several hours later than that in per+, 
it would not have been detected in our experiments. 
Thus, rigorous quantitative comparisons among the mu- 
tants will require further studies. 

Other methods of analyzing per expression have yielded 
results consistent with the specific immunohistochem- 
ical staining patterns described here. Developmental 
Northern blots showed the 4.5 kb per transcript in mid 
to late embryos, late pupae, and adult flies (James et al., 
1986; Bargiello et al., 1987)-the same stages at which 
our antibodies revealed staining of the per protein. Spa- 
tially, expression of per mRNA was detected by in situ 
hybridization in the embryonic CNS (James et al., 1986; 
Liu et al., 1988) and in the eyes, optic lobes, and central 
brain of adults (Liu et al., 1988). Furthermore, a per-IacZ 
(E. co/i Bgal) fusion gene introduced by P-element trans- 
formation into percJJ host flies is expressed in the em- 
bryonic CNS and in the adult nervous system and gut in 
patterns very similar to the staining patterns revealed by 
the anti-S antibody (Liu et al., 1988). The per-&a/ fusion 
protein is also expressed in adult ovaries, in the male 
reproductive system, in Malpighian tubules, and in vari- 
ous adult’appendages (Liu et al., 1988), suggesting that 
these tissues may express lower levels or an alternative 
form of the endogenous per protein, which was not de- 
tectable by our antibodies. 

in contrast to data reported by Bargiello et al. (1987), 
the anti-S antibody failed to detect specific expression of 
per in embryonic or larval salivary glands. However, 
nonspecific staining, as shown in per- glands (Figure 
6F), could have obscured a small specific signal in per+ 
(Figure 6E). Neither in situ hybridizations in our labora- 
tories (James et al., 1986; Liu et al., 1988) nor the afore- 
mentioned per-Bgal transformants (Liu et al., 1988) 
showed per expression in developing salivary glands. 

The per-figa/ fusion protein does not restore per func- 
tion to transformed per’ll hosts (Liu et al., 1988). Yet the 
pattern of Bgal staining in the nervous system of the 

transformants is very similar to the pattern of anti-S stain- 
ing in wild-type flies. These results rule out the possibility 
that the per”’ mutation causes some developmental de- 
fect that eliminates per-expressing cells altogether. For 
example, neuronal cell bodies stained by the anti-S anti- 
body also exhibit Bgal-mediated staining in per”’ flies 
transformed with the per-IacZ fusion gene (K. K. S. and 
X. Liu, unpublished observations). This indicates that the 
per”1 mutation does not eliminate the per-expressing 
cells; it merely eliminates their antigenicity. Such results 
further validate our use of per”’ mutants as nonstaining 
controls. 

The genetic controls (per- and per”‘) were crucial for 
identifying specific binding of the antibodies to the per 
protein (see Pate1 et al., 1987), particularly since cross- 
reactive antigens were detected in per- larvae (Figures 
6C-6F). This implies that proteins related to per are en- 
coded at other loci. Similar suggestions have been based 
on results of Northern blot experiments in which rela- 
tively faint bands were detected by per probes in RNA 
from per- flies (Young et al., 1985). At least one per rela- 
tive has been definitively identified: the single-minded 
(sim) gene, originally defined by the embryonic lethal 
mutation /(3)58 (Thomas et al., 1988). A portion of the 
sim protein sequence is similar to part of the per se- 
quence (Crews et al., 1988). Yet all of our antibodies 
were directed at sequences of the per protein that are 
not included in the sim-homologous region, so the per- 
like antigens we observed in per- larvae are probably 
not the sim product. 

The per protein appears to be localized in different 
subcellular compartments in different cell types, at least 
within the limits of resolving immunoperoxidase stain- 
ing in frozen sections. Staining in the eyes was associ- 
ated with the nuclei of photoreceptor cells. Stained 
neuronal cell bodies had the appearance of donuts, sug- 
gesting that the per protein is in the cytoplasm of these 
cells. Gut staining appeared to be nuclear (see Liu et al., 
1988). Finally, cell boundary-associated staining with 
anti-per antibodies was recently reported in larval sali- 
vary glands (Bargiello et al., 1987). These several obser- 
vations raise the possibility that the per gene products 
might function in diverse physiological processes in dif- 
ferent cell types. The anatomical evidence for nuclear 
and cytoplasmic per products is not inconsistent with 
suggestions that the gene encodes a proteoglycan (Jack- 
son et al., 1986; Reddy et al., 1986; Bargiello et al., 
1987). Although many proteoglycans are associated with 
plasma membranes or extracellular matrix (Evered and 
Whelan, 1986), others are known to be present intracel- 
lularly, for example, in cholinergic synaptic vesicles 
(Carlson and Kelly, 1983), in adrenal chromaffin granules 
(Kiang et al., 1982), and in the nuclei of hepatocytes 
(Ishihara et al., 1986). 

localizing Drosophila’s Biological Oscillators 
An important issue raised by these findings is which of 
the various sites of per expression are relevant to its role 
in regulating behavioral rhythms. The expression of per 
in the eyes and optic lobes, which exhibits dramatic 



day/night cycling, could nonetheless be unrelated to the 
gene’s influence on the central circadian clock. This ex- 
pectation is based on previous findings indicating that 
dipteran circadian clocks and the photoreceptors that 
entrain them are not likely to be in the eyes or optic 
lobes (Page, 1982; Helfrich and Engelman, 1983; Hei- 

frich et al., 1985; Helfrich, 1986). This is in contrast to 
the situation in hemimetabolous insects, whose optic 
lobes are strongly implicated as the locations of circa- 
dian pacemakers (Page, 1984). 

The presence of the per protein in the eyes might be 
related to other defects reported for per mutants, such 
as aberrant photonegative behavior (Palmer et al., 1985). 
Another possibility is that per is a component of a circa- 
dian oscillator in the visual system, distinct from the cen- 
tral brain oscillator controlling locomoter and eclosion 
rhythms, which could regulate some endogenous rhythm 
in the eyes. For example, there are daily cycles of rhab- 
domere membrane turnover in a variety of organisms, 
including one dipteran species (Williams, 1982). In one 
case, involving vertebrate photoreceptors, the cyclical 
shedding of rod outer segment discs defined a free- 
running circadian rhythm (LaVail, 1976). 

More reasonable candidates for sites of per’s influence 
on circadian rhythms are stained neurons in the central 
brain. An interesting point concerning the dorsal pos- 
terior per-staining neurons (Figure 3G) is that they are in 
the same region of the brain as neurosecretory cells 
which are displaced in per0 flies (Konopka and Wells, 
1980). Even more intriguing evidence implicates the 
stained neurons in the lateral brain (Figure 3A, open ar- 
rows) as possible components of the fly’s rhythm system. 
Cells in a position similar to the lateral per-staining cells 
have been found fJ. A. Pollock and S. Benzer, personal 
communication) to stain with an antibody specific for 
photoreceptors (see Zipursky et al., 1984), presenting 
the possibility that these are the extraocular photorecep- 
tors responsible for entraining flies’ central pacemakers 
(see above). Furthermore, the lateral brain per neurons 
are the only features of the adult head pattern that also 
were stained in late pupae (Figure 6A). Since per regu- 
lates the circadian gating of eclosion (Konopka and Ben- 
zer, 1971; Smith and Konopka, 1981); the per product 
must be a functional component of the circadian clock 
of late pupae. Therefore, the lateral brain per cells (Fig- 
ure 3F) are candidates for the neural substrate of the 
clock underlying gated eclosion. 

The per-staining cells in the lateral brain could also be 
involved in controlling circadian rhythms of adult be- 
havior. This is consistent with results of surgical lesioning 
studies in houseflies, in which Helfrich and co-workers 
found a significant correlation between behavioral ar- 
rhythmicity and bilateral degeneration of the lateral 
parts of the brain (Helfrich et al., 1985). Previous efforts 
to localize the sites of per’s actions on behavioral rhythms 
by genetic mosaic analysis have shown that the geno- 
type of tissues in the head is correlated with the circa- 
dian (locomotor) phenotype (Konopka et al., 1983) and 
that per’s influence on the courtship song rhythms (see 
Kyriacou and Hall, 1980) “maps”in mosaics to the thorax 

(Hall, 1984). It should now be possible to extend this 
kind of mosaic analysis to the cellular level by applying 
both immunohistochemical and behavioral analyses to 
individual peF//per+ mosaics. By correlating the ex- 
pression of per in individual cells with its effects on bio- 
logical rhythms, we should be able to identify a specific 
anatomical component of the fly’s circadian clock. 

Experimental Procedures 

Antibody Generation 
From the deduced amino acid sequence of the major 4.5 kb per 
mRNA (Citri et al., 1987). four peptides were synthesized commer- 
cially (Children’s Hospital Peptide Synthesis Facility, Boston, MA). 
These were (Figure 1): peptide A, residues 78-90; peptide S, resi- 
dues 605-618; peptide C, residues 784-795; and peptide D, residues 
1179-1191. The peptides were conjugated to thyroglobulin (Sigma) 
by incubating 5 mg of peptide, 20 mg of thyroglobulin, and 0.2%,; 
glutaraldehyde in 1 ml of 0.1 M phosphate buffer (pH 7.4) overnight 
at room temperature, followed by dialyzing against 0.9% NaCI. Fe- 
male New Zealand white rabbits were immunized intramuscularly 
with 0.3-2.5 mg of peptide-thyroglobulin conjugate in complete 
Freund adjuvant, boosted at 2 week intervals, and bled 2-6 weeks 
after the third injection. Immune sera were assayed by standard 
solid phase enzyme-linked immunoassay procedures (Hudson and 
Hay, 1980). lmmunoglobulins were precipitated from antisera with 
45% ammonium sulfate. Anti-peptide antibodies were affinity- 
purified from ammonium sulfate precipitates on peptide-Affigel 10 
(BioRad) affinity columns. 

Immunochemistry 
lmmunoprecipitation and Western blot assays were used to test the 
reactivity of anti-peptide antibodies with synthetic per protein. The 
latter was produced by cloning the coding sequence of the per 
gene, as found in a specific cDNA type (called type A in Citri et al., 
1987) into transcription vector pSP64 (Promega). Large amounts of 
RNA were transcribed in vitro, according to the manufacturer’s in- 
structions: ~20 pg per reaction, using SP6 polymerase (Promega). 
This RNA was translated in a cell-free rabbit reticulocyte lysate 
(Promega): for immunoprecipitations, 1 pg of RNA per 50 ul assay 
with [?%]methionine (New England Nuclear); for Western blot 
analyses, 5-10 ug of RNA in 200 ul assays with unlabeled methi- 
onine. 

lmmunoprecipitations werecarried out with 2 pl of lysate (-5 ng 
of [‘sS]methionine-labeled per protein) in 200 pl of BBS-Tween (1% 
BSA, 50% Premix, borate buffered saline [pH 7.81, 0.05% Tween- 
20) at room temperature for 2-3 hr. The serum dilutions were 1:50, 
l:lOO, and 1:500. The secondary reagent was protein A-Sepharose 
(Sigma), which was added according to binding capacity and the 
manufacturer’s instructions, then incubated for 1 hr at room tem- 
perature. Complexes were spun at 1000 rpm for l-2 min, washed 
several times with BBS-Tween, and run on 7.5% SDS-polyacryl- 
amide gels (Laemmli, 1970). Gels were then dried and exposed 
overnight (Kodak XAR5). 

Western blot analyses were performed using lo-20 pl of lysate, 
with or without 25-50 ng of unlabeled per protein; these were run 
on 7.5% SDS-acrylamide gels (Laemmli, 1970), electroblotted 
(Towbin et al., 1981) onto nitrocellulose (Schleicher und Schuell), 
blocked in 5% BSA/BBS-Tween, and incubated with peptide an- 
tisera at 4°C overnight (serum dilutions: 1:500). The filters were 
washed several times with BBS-Tween. The secondary antibody was 
goat-anti-rabbit IgC labeled with ‘I51 (New England Nuclear), 1 pCi 
in 1% BSAIBBS-Tween, with incubations at room temperature for 
2-3 hr. After several washes in BBS-Tween, filters were exposed 
overnight (Kodak XAR5) at -70°C with intensifying screens 
(Dupont). 

lmmunohistochemistry 
Adult flies and pupae were briefly anesthetrzed on ice, then em- 
bedded and frozen, in 0.C.T. medium (Tissue Tek) and sectioned (10 
pm) using an S.L.E.E. cryostat. Embryos were dechorionated in 
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50% Clorox for 3 min and rinsed wtth 75% ethanol prior to embed- 
ding and sectiomng. Sections were allowed to dry at room temper- 
ature for l-2 hr on gelatin-coated slides, then fixed for 30 min in 
ice-cold 4% paraformaldehyde in phosphate buffer (0.1 M sodium 
phosphate, pH 7.4). After 3 20 min rinses in phosphate buffer, 
slides were incubated for 30-60 min at room temperature in 3% 
goat serum, 0.1% BSA, 0.3% Triton X-100 in PBS (pH 7.2). Affinity- 
purified anti-peptide antibodies were diluted 1:300 tn 3% goat se- 
rum, 0.1% BSA, 0.03% Triton X-100 in PBS, applied to the slides 
in humidified chambers, and incubated at 4OC for 16-40 hr. Subse- 
quent rinses and incubations with biotinylated secondary antibody 
and avidin-biotin-peroxidase (Vectastain ABC kit; Vector Labs) 
were carried out at room temperature. Slides were then prein- 
cubated for 5 min in 0.5 mglml 3,3’-diamtnobenzidine (DAB, 
Sigma) without H>O!, followed by DAB plus 0.03% H,OL for 
lo-30 min. After several rinses in phosphate buffer, the DAB reac- 
tion product was intensified in some experiment by incubating the 
slides for 2 min in 1% osmium tetroxide (Polysctences) in phos- 
phate buffer. Tissues were dehydrated rn ethanol, cleared in xy- 
lene, and mounted with either Permount (Fisher) or Dpx (Fluka). 
The slides were viewed with Nomarski optics on a Zeiss Universal 
microscope. 

Larval CNS and salivary gJ&ds were dissected in ice-cold 4% 
paraformaldehyde in phosphate buffer, fixed on ice for 3-7 hr, and 
stained as whole mounts. The staining procedure was the same as 
that used for sections, except that all incubations were overnight 
at 10°C. 

Drosophila Strains 
The per+ flies were from either Canton-S wild-type, yellow whrte 
(y w), or rosy fryi? strains. Circadian activity rhythms in flies ex- 
pressing these cuticular marker mutations are normal (e.g., Ham- 
blen et al., 1986). The per- flies were Df~IJTEMZOL/DF(1)64;4 het- 
erozygotes involving two overlapping deletions, each of which IS 
by itself a hemizygous lethal genotype. The vrable, heterozygous 
females are behaviorally arrhythmic (Smith and Konopka, 1981; 
Hamblen et al., 1986) and molecularly per- (Reddy et al., 1984; 
Bargiello and.Young, 1984). Three per” strains were used: per”‘: 
ryroh, per”‘; Adh’“” pr cn, and per”‘; ryi”“. The latter per mutation 
IS a recently isolated arrhythmic allele (see Hall and Rosbash, 
1987a). The per’ and pert’ strains were the original short and long 
period alleles of Konopka and Benzer (1971). Larvae were from a 
DNJJTEM202/DNJJ64j4/y+w+Y strarn in which each deletion was 
linked to yellow’. This allows per- female larvae of any instar 
Of/Elf, exhibiting ye/low mouth hooks) to be distinguished from 
per+ males or rare (but, in this particular stock, not inconsequen- 
tial) XXY females. The X chromosomal genes translocated to the Y 
chromosome cause larval mouth hooks to be wild-type (y+) and 
cover both the per locus and the lethaltty caused by either of the 
delettons (Smith and Konopka, 1981). 

Conditions of Entrainment and Free-Running Rhythms 
Newly emerged adult flies were entrained in a 12 hr light/l 2 hr dark 
cycle at 25’C for at least 3 days. “Night” flies were frozen and sec- 
tioned between 6 and 11 hr after lights-off; “day” flies, between 6 and 
11 hr after lights-on. In free-run experiments, wild-type flies were 
transferred to constant darkness for 3-4 days after 4-7 days of en- 

trainment. Under these constant conditions, and assumtng 24 hr 
periodicities for free-running locomotor rhythms (Konopka and 
Benzer, 1971; Smith and Konopka, 1981; Hamblen et al., 1986). 
subjective night flies were sectioned 6-l 1 hr after expected lights- 

off, and subjective day flies, 6-l 1 hr after expected lights-on. 
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