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Expression of the period Clock Gene within Different Cell Types in
the Brain of Drosophila Adults and Mosaic Analysis of these Cells’
Influence on Circadian Behavioral Rhythms

John Ewer,' Brigitte Frisch,’ Melanie J. Hamblen-Coyle,' Michael Rosbash,'? and Jeffrey C. Hall'
'Department of Biology and 2Howard Hughes Medical Institute, Brandeis University, Waltham, Massachusetts 02254

The product of the period (per) gene of Drosophila mela-
nogaster is continuously required for the functioning of the
circadian pacemaker of locomotor activity. We have used
internally marked mosaics to determine the anatomical lo-
cations at which per expression is required for adult rhyth-
micity, and thus where the fly’s circadian pacemaker is likely
located in this holometabolous insect.

We first provide a detailed description of the distribution
and nature of per-expressing cells in the fly’s CNS. Using
an antibody to the per gene product, or to that of a reporter
of per expression, in conjunction with an antibody to the
embryonic lethal-abnormal visual system (elav) gene prod-
uct—which is used as a marker of neuronal identity—we
have experimentally confirmed previously proposed assign-
ments of per-expressing cells to the neuronal and glial class-
es. Thus, we found that per expression and elav immuno-
reactivity colocalized in large cells located in the lateral cortex
of the central brain, as well as in more dorsally located cells
in the posterior central brain. In contrast, we found that cells
located at the margins of the cortex and the neuropil, and
within the neuropil, as well as smaller cortical cells found
throughout the brain’s cortex, were elavnegative, supporting
the notion that they are glial in nature.

Using internally marked mosaics, we find that the pace-
maker is located in brain but is not exclusive to the eyes,
the ocelli, or the optic lobes, which is consistent with pre-
vious reports obtained in this and other insects of this class.
Although the pacemaker may be a paired structure, we show
that the functioning of one of them is sufficient for rhythmic-
ity.

Finally, we report that glial expression is sufficient for some
behavioral rhythmicity to be manifest. However, the rhyth-

Received Jan, 23, 1992; accepted Mar, 17, 1992,

We thank Kathleen K. Siwicki for providing anti-S anti-per antibody, Kalpana
White and Steven N. Robinow for the anti-e/av antibody, and Lawrence J. Zwiebel
for the anti-Ecoper anti-per antibody. We are grateful to Xin Liu for the strain of
transformant flies bearing the per-p-galactosidase fusion. We thank Verodnica
Cambiazo for assistance in mosaic scoring. We appreciate comments on parts of
the manuscript from John S. Edwards, Karl-Friedrich Fischbach, and Steven N.
Robinow. We thank John S. Edwards, Karl-Friedrich Fischbach, and Ian Mei-
nertzhagen for their impressions concering the identity of per-expressing cells. We
are grateful to the Department of Zoology at the University of Washington for
the use of the confocal microscope (NIH Grant S10 RR04646). This work was
supported by NTH Grant GM-33205.

Correspondence should be addressed to Jeffrey C. Hall, Biology Department,
235 Bassine Building, Brandeis University, 415 South Street, Waltham, MA 02254-
9110.

= Present address: Department of Zoology, NJ-15, University of Washington,
Seattle, WA 98195.

Copyright © 1992 Society for Neuroscience 0270-6474/92/123321-29$05.00/0

micities of animals for which per expression was confined
to glia were weak, suggesting that neuronal per expression
as well may be required for normal pacemaker function.

Circadian rhythms are endogenous ones with periodicities
of approximately 24 hr. Little is known about the mechanism
that generates these rhythms or, in most metazoans, where the
pacemaker that drives them is located and how it is organized.
In holometabolous insects in particular, nothing is known about
the location of the oscillator, other than that it is not exclusive
to the eyes or the optic lobes. Indeed, surgical lesion or ablation
of these structures in Manduca (Truman, 1974), the housefly
(Helfrich et al., 1985), and the mosquito (Kasai and Chiba, 1987)
does not abolish rhythmicity. Likewise, adult Drosophila mel-
anogaster bearing mutations that remove the eyes and/or the
ocelli, eliminate photoreceptor function, or lead to greatly re-
duced optic lobes, express essentially normal locomotor activity
rhythms (Helfrich and Engelmann, 1983; Helfrich, 1986; Du-
shayetal., 1989). In certain hemimetabolous insects, in contrast,
the circadian pacemaker has been localized to the optic lobes
(for review, see Chiba and Tomioka, 1987).

Mutations at the period (per) locus of D. melanogaster length-
en, shorten, or apparently abolish the circa 24 hr rhythm of
eclosion and locomotor activity of adult flies (Konopka and
Benzer, 1971; for reviews, see Rosbash and Hall, 1989; Young
et al., 1989; Hall, 1990). This and additional circumstantial
evidence indicates that the product of the per gene is required
for the expression of circadian rhythmicity. Moreover, there is
direct evidence (Ewer et al., 1990) strongly suggesting that the
per gene product is central to circadian pacemaker function
itself.

Given this central role that the per gene product may play in
pacemaker function, the location of cells expressing the per pro-
tein in the adult could be of heuristic value for determining the
location of the circadian pacemaker in this holometabolous in-
sect. In addition, the characterization of these cells might iden-
tify the types of cells that are involved in the generation of
circadian rhythms.

The per protein is widely distributed in the adult, in both
neuronal as well as non-neuronal tissues (Liu et al., 1988, 1991,
1992; Saez and Young, 1988; Siwicki et al., 1988). In addition,
even within the CNS - which presumably houses the circadian
pacemaker— per appears to be expressed in different cell types.
Indeed, in the CNS, per-expressing cells occur both at locations
at which glial cells have been described in insects, as well as in
a small group of larger cells located in the cortex of the dorsal
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anterior brain, which have been hypothesized to be neurons
(““lateral neurons,” or LNs; Siwicki et al., 1988; Zerretal., 1990).
Thus, the determination of per’s spatial expression in the adult
fly has not (necessarily) resulted in the localization of the pace-
maker. To do so requires determining where the presence of per
product is sufficient and/or necessary for rhythmicity to be ex-
pressed. In D. melanogaster, such a question can be addressed
through the use of genetic mosaics. Mosaics are composite or-
ganisms made up of normal and mutant tissue. By correlating
the animal’s phenotype with the location of wild-type tissue,
the site at which wild-type gene function is sufficient and/or
necessary for the expression of a wild-type phenotype can be
inferred.

We report here the result of a mosaic analysis for the loco-
motor activity rhythm phenotype using internally marked
per*| per’ mosaics. We first provide a more detailed description
than was previously available of the distribution of per-express-
ing cells in the CNS of adult D. melanogaster. In addition, we
have initiated a characterization of the nature of these cells. To
do so we have carried out double-label experiments using an
antibody to the elav gene product, a putative neuron-specific
nuclear antigen (Bier et al., 1988; Robinow and White, 1988,
1991). We report here experimental evidence that supports the
previously proposed assignment of the various per-expressing
cells to the glial and neuronal classes. Thus, we find that cells
located at the borders between cortex and neuropil in the optic
lobes and the central brain, as well as cells within neuropilar
regions of the brain and lamina of the optic lobes, and a few
smaller cortical cells in both the optic lobes and the central
brain, do not express the elav gene product. This suggests that
these cells are glial in nature. The same situation obtains in the
thoracic and abdominal ganglia. In contrast, we found that the
larger cortical per-immunoreactive cells, as well as a small group
of previously identified cells located in the dorsalmost cortex
of the central brain, coexpress the per and elav gene products,
providing experimental support to their proposed neuronal
identity.

The results obtained from our analyses of internally marked
mosaics confirm and significantly extend the results obtained
by Konopka et al. (1983) in an analysis of per*|per® mosaics.
Thus, as they reported, and consistent with the results of trans-
plantation experiments (Handler and Konopka, 1979), we found
that the focus for this gene’s action mapped to the head. In the
study by Konopka et al. (1983), the genotype of the internal
tissue was not determined. Thus, a more precise localization of
the gene’s focus within the head was not possible. We now report
that a patch of mutant tissue that included the ocelli, the eyes,
and/or the optic lobes did not abolish rhythmicity, consistent
with previous studies that made use of lesions, ablations, or
mutations. Finally, we found that a very small patch of per-
expressing tissue, which was essentially restricted to the sub-
esophageal ganglion, was sufficient to confer rhythmicity. Since
per-expressing cells in this region do not express e/av, and are
thus probably glia, this finding indicates that per expression in
glial cells is sufficient for rhythmicity to be expressed. However,
the rthythms of these animals were weak and of long period,
suggesting that while glial expression may be sufficient for
rhythmicity per se, it may not contain the entirety of the gene’s
focus for normal rhythmicities. In particular, few if any of the
LNs were contained within these patches of wild-type tissue.
Thus, per expression in these cells may indeed be required for
normal rhythmicity to be manifest.

Materials and Methods

Stocks

The standard genetic variants used for this study are described in Linds-
ley and Grell (1968) or Lindsley and Zimm (1990). The flies were raised
at 25°C on a cornmeal, agar, molasses, yeast, and Tegosept medium,
on a 12 hr:12 hr light/dark (LD) cycle (lights on at 8 A.M.).

A preexisting germline transformant line bearing a fusion between a
fragment of DNA from the per locus and the sequences encoding the
bacterial enzyme B-galactosidase was used. The structure of this con-
struct has previously been described (Liu et al., 1988). In transformants
bearing this fusion (hereafter referred to as per-Ggal), 8-galactosidase
expression is a faithful reporter of per expression (Liu et al., 1988, 1991;
see Results). In the transformant line used, the per-8gal-containing
P-element is located on a pert-bearing X chromosome. Thus, in this
line, the location of internally per*-expressing cells is revealed by virtue
of their B-galactosidase expression. This chromosome was generated
from the original per’’ per-8gal chromosome (Liu et al., 1988) by re-
combination with a pert w sn’ (w, white, sn’, singed) chromosome by
one of us (M.J.H.-C.). It is hereafter referred to as pert per-ggal. By
virtue of its construction, it is marked with w.

pert per-Bgal/per+ flies were generated from a cross between a per'
per-Bgal male and Canton-S (per*) females, per* controls flies were the
(non-w) male progeny from this cross, while per?’ controls were the
(non-w) males obtained from an outcross between a per* per-Bgal male
and per’’ females.

Histochemistry

All the histochemistry was done on frozen sections. Anesthetized flies
were embedded and frozen in O.C.T. medium (Tissue-Tek, Miles), sec-
tioned using an SLEE cryostat, and mounted on gelatin-coated slides.
Flies were entrained to at least three 12 hr:12 hr LD cycles prior to
sectioning. For animals that had been in constant darkness (DD) for
monitoring of “free-running” locomotor activity (see below), this reen-
trainment increases the intensity of per promoter-driven 8-galactosidase
expression (M. J. Hamblen-Coyle, unpublished observations) and im-
munohistochemical detection of native per protein (Zerr et al., 1990).
In general, animals were sectioned between Zeitgeber time (ZT) 21 (i.e.,
3 hr before lights on) and ZT 4 (4 hr after lights on). In wild-type flies,
per immunoreactivity is highest at this time (Zerr et al., 1990), as is
(-galactosidase activity in per* per-Bgal transformants (Zwiebel et al.,
1991).

B-Galactosidase histochemistry. B-Galactosidase histochemistry was
carried out on 15-um-thick sections as described in Liu et al. (1988),
using the chromogen X-gal (5-bromo-4-chloro-3-indolyl-8-p-galacto-
syranoside; Boehringer Mannheim Biochemicals).

Immunohistochemistry. Anti-per, anti-8-galactosidase, and anti-elav
solyclonal antibodies were used for immunohistochemistry. Two dif-
erent anti-per antibodies were used. The first, referred to as anti-S, was
_enerated in rabbit against a synthetic peptide corresponding to a se-
quence located near the site of the per’ mutation (Siwicki et al., 1988).
The second, here called anti-Ecoper, was raised in rat against an in-
complete per protein synthesized in Escherichia coli (cf. Liu et al., 1991,
1992). Both anti-per antibodies produce qualitatively identical patterns
of staining when used on wild-type flies. Quantitatively, however, the
anti-Ecoper produces a more intense signal. The antibody to 8-galac-
tosidase was a rabbit antibody purchased from Cappel (a subsidiary of
Organon Teknika Corporation, Durham, NC). The anti-e/av antibody
was raised in rat (Robinow and White, 1991).

All immunohistochemistry was carried out on 6-10 um frozen sec-
tions. Sections stained using biotinylated secondary antibodies and av-
idin-biotin-peroxidase (Vectastain ABC kit, Vector Labs, CA) were
treated as described in Siwicki et al. (1988) with only minor modifi-
cations. For immunohistochemistry involving fluorescent antibodies,
sections were treated as described in Siwicki et al. (1988) through the
application of the relevant biotinylated secondary antibody. Following
this step, sections were rinsed in phosphate-buffered saline (PBS; pH
7.2) plus 0.1% Triton X-100 (PBST) for 5 x 10 min, at room temper-
ature. Fluorochrome-conjugated avidin (Texas Red or fluorescein DCS,
Vector Labs) was then applied at a dilution of 1:200 for 1 hr, at room
temperature. Then, sections either were rinsed 3 x 10 min in PBST
and 2 x 10 min in PBS and then mounted in glycerol, or, if double
labels were to be done, were rinsed 5 x 10 min in PBST, after which
the procedure used for the first primary antibody was repeated for the
second one. In some experiments involving the anti-elav antibody, a



directly conjugated rhodamine (RITC) anti-rat antibody was used (Sig-
ma), at a dilution of 1:200.

Primary antibodies were applied at the following dilutions: anti-S
antibody, 1:50; anti-Ecoper, 1:200; anti-B-galactosidase, 1:4000; anti-
elav, 1:50.

To avoid cross-reactivity of secondary antibodies, double-label ex-
periments using anti-per and anti-e/av (rat) antibodies were carried out
using the anti-S antibody (rabbit), whereas for those involving anti-per
and anti-g-galactosidase (rabbit) antibodies, the anti-Ecoper (rat) an-
tibody was used.

Fluorescently stained sections were viewed under normal fluorescence
as well as confocal (Bio-Rad confocal imaging system) microscopy. In
the latter, the aperture was set to produce the minimal depth of field
(0.6 um). In order to confirm that colocalization was not an artifact due
to the wider absorption spectrum of the fluorescein, the two fluoro-
chromes used to visualize different antigens were reversed.

Controls. Controls for specificity of staining were (1) experiments in
which the primary antibody was omitted (n = 3-6 flies, depending on
the antibody used, in at least two separate experiments) and (2) exper-
iments involving sections of flies lacking the relevant epitope. These
were (1) per?’ flies (n = 18), for the anti-S antibody—per?’ flies carry a
non-sense mutation upstream of the sequence that encodes the S peptide
(Yu et al., 1987); (2) per Aflies, for the anti-Ecoper antibody (n = 6)—
these flies were Dff1)TEM202/Df{1)64j4 trans-heterozygotes, which are
viable, behaviorally arrhythmic (Smith and Konopka, 1981; Hamblen
et al., 1986), and molecularly per (Bargiello and Young, 1984; Reddy
et al., 1984); and (3) per* flies (n = 6, in three separate experiments)
for anti-3-galactosidase. In addition, for double-label experiments, cross-
reactivity of an anti-rat (rabbit) secondary antibody to a primary an-
tibody of rabbit (rat) origin was determined using the anti-rat (rabbit)
secondary antibody in conjunction with the relevant rabbit (rat) primary
antibody (n = 3-6, depending on the antibody used, in at least two
separate experiments). None of these controls showed any localized
staining.

Generation of mosaic animals

Gynandromorph mosaics were produced by making use of the second
chromosome mutation paternal loss (pal, Baker, 1975). When homo-
zygous in males, this mutation can induce the somatic loss (as well as
the loss prior to the first zygotic division) of any paternally inherited
chromosome (Baker, 1975). Three types of mosaics were produced. In
the first (*‘test” mosaics), somatic loss of a paternal per' per-Bgal X
chromosome uncovered a patch of genotypically per”’ tissue in an oth-
erwise per* per-Bgal/per’’ animal. These gynandromorphs were recov-
ered from a cross between a per* per-8gal; pal male and per’’ females.
In the second (“‘control” mosaics), the mother carried the wild-type per
allele. In this case, somatic loss of the paternal X chromosome resulted
in animals that were mosaic for (at least) the per-ggal-bearing X chro-
mosome (see below), but which were genotypically per* in all tissues.
They were generated to control for the effects that somatic loss of this
chromosome per se might have on an animal’s rhythmicity. Finally,
mosaics that were also per* in all tissues but that did not carry the fusion
gene were generated. These internally unmarked “all per+”” mosaics were
made to control for the effects of mosaicism on rhythmicity that could
not be due to mosaicism of per-ggal expression. They were recovered
from a cross between a per* pal male (which also carried the mutation
vellow that was present in the stock) and per* females. In all three cases,
the females’ X chromosomes carried the recessive eye color mutation
chocolate (cho) and the bristle mutation s#* in addition to the relevant
per allele. Thus, mosaic animals were identified by the presence of
patches of cho- and/or sn’-marked external tissue. Internally, per-ex-
pressing tissue that had lost the paternal per* per-8gal X chromosome
would be identified by the lack of histochemically detected S-galacto-
sidase activity. In test mosaics, these tissues would be genotypically
per’’. In some cases the males (but not the females) also carried the
fourth chromosome mutation sparkling-poliert, which was present in
the original pal stock. Crosses were made using a single male and four
or five virgin females. To maximize the number of progeny obtained,
parents were transferred onto fresh food every 3—4 d, three or four times.
In most of these crosses, mosaic animals were recovered at a frequency
of 1-3%.

Nonmosaic per* per-Bgal/per®’ flies were generated from a cross be-
tween a per’’ cho sn’ male and per' per-8gal females. In addition, ex-
ternally nonmosaic per-8gal/per®’; pal/pal* and per-8gal/per+; pal/pal*
females, and per’’ cho sn’; pal/pal* and per* cho sn*; pal/pal* males
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were collected. They were derived from the progeny of the relevant
mosaic-generating cross.

In order to control for the effects that heterozygosity for the pal
mutation per se might have on a fly’s rhythm, generated (nonmosaic)
per* per-Bgal/pert animals for which the pal-bearing chromosome was
derived either from a homozygous pal father or from a heterozygous
pal/pal* mother. If the phenotype of a pal-bearing fly were due to
heterozygosity for pal per se, such a phenotype should be found among
the offspring of either parent. In contrast, if it were due to the effects of
pal on chromosome segregation, that phenotype would presumably be
found only among the progeny derived from the pal-bearing father. A
caveat to this interpretation is that the effects of this mutation on the
progeny of pal-bearing mothers has not been extensively characterized.

The pal mutation can induce the loss of any chromosome (Baker,
1975). However, of the autosomes, only loss of the fourth chromosome
is compatible with viability. In addition, both the X and the fourth
chromosomes can be lost simultaneously. Thus, it is possible that some
of the mosaic animals that were tested were mosaic for the fourth in
addition to the X chromosome. In order to examine the effects that the
pal-induced loss of the fourth chromosome might have on a fly’s rhythm
phenotype, flies (completely) hemizygous for this autosome were gen-
erated. Hemizygosity for the fourth chromosome gives rise to a Minute
phenotype, as a result of the presence of a Minute [M; M(4)], locus on
this chromosome. Thus, animals that had only one copy of this auto-
some could be identified as the phenotypically Minute progeny (Morata
and Ripoll, 1975) from a cross between a male bearing attached-4*
chromosomes [C(4)RM marked with the wing mutation cubitus inter-
ruptus and the eye mutation eyeless (ey*)] and per* cho sn’ females.

pert and per®’ control flies were the males obtained from an outcross
between a Canton-S male and pert cho sn* and per®’ cho sn’ females,
respectively.

Scoring of per mosaics

Upon collection of a mosaic animal, a rough description was usually
made, indicating which regions of the animal were (externally) mutant.
After testing, sectioning, and staining, the animal’s identity was con-
firmed by examining whether the distribution of externally mutant tissue
and that of the X-gal stain was consistent with the original description.
The animal’s head, thorax, and abdomen was then given a score, de-
pending on the extent to which its tissues expressed 3-galactosidase
relative to that seen in nonmosaic animals: 1 if it was not detectably
mosaic, 0.5 if it was mosaic, and zero if it was apparently entirely null.
For the head, scores of 0.1 and 0.9 were given to animals that had a
very small or a very large patch of mutant tissue, respectively.

A more detailed description of the internal mosaicism of the head
was then obtained. To do so, we indicated whether a given structure
had a mutant patch (large patch if more than ~70% of the cells that are
normally stained were null), or was entirely null, on one or both sides.
The structures considered were ocelli, eyes, central brain, and optic
lobes. For the latter, the lamina, medulla, lobula and lobula plate, and
a small cluster of cells located in the second optic chiasm were scored
separately. These structures (except for the ocelli) are indicated in Figure
10.

The staining of a few exceptional animals of interest was further
characterized more quantitatively. To do so, the number of cells stained
in a given structure or region was counted for each section and quantified
relative to that seen in normal (nonmosaic) animals. See Results and
Figure 10 for a description of the areas that were scored.

Analysis of circadian rhythms

Locomotor activity of individual adult flies was monitored as described
in Hamblen et al. (1986). Locomotor activity rhythm phenotypes in
DD were characterized by inspection of actograms and by performing
x? periodogram analyses (as described in Hamblen et al., 1986; cf.
Sokolove and Bushnell, 1978). Prior to the periodogram analysis, the
data were filtered using a 4-hr-cutoff low-pass filter, described in Dowse
and Ringo (1989). This filtering of the data increases the sensitivity of
the periodogram analysis (data not shown; c¢f. Dowse and Ringo, 1989).
The phenotype of a fly was then classified as being per*-like or per¢-
like based on the amplitude and width of the peak of its periodogram
relative to those seen in the per* and per®’ controls. The amplitude, also
called “power” (Liu et al., 1991), refers to the height of the peak above
the 5% significance line (cf. Hamblen et al., 1986); the width is the
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Figure 1. Distribution of per immunoreactivity in the brain of wild-type flies, visualized using the anti-Ecoper (4-D) or the anti-S antibody (E-
F). A, Distribution of per immunoreactivity in a frontal section of a wild-type fly. Note the occurrence of a dorsalmost cluster (d), and that of the
more ventral group of dorsal (D) and ventral (V) LCs. Unlabeled arrows point to photoreceptor nuclei. Solid star, piece of cuticle. Scale bar, 50
pm. B and C, Higher-magnification views of A (B, dorsal; C, more ventral). Arrowheads, per-immunoreactive cells occurring at the margins of the
cortex of the central brain. Scale bars, 10 um. D, Horizontal section through the dorsalmost region of the head showing the per-immunoreactive
cells in the cortex of the central brain (d). The unlabeled arrow points to the photoreceptor nuclei of the ocelli (Oc). Scale bar, 50 um. E and F,
Sections showing per immunoreactivity on horizontal sections of wild-type flies (E, dorsal; F, more ventral). Note the conspicuous staining in the
dorsal (E, labeled D) and ventral (F, labeled ¥) LCs. In addition, per-specific labeling occurred in the nuclei of the photoreceptors of the eye
(unlabeled arrows in E and F), at the margins of the cortex and the neuropil in the optic lobes and the central brain (F, arrowheads), and within
the neuropil of the lamina (F, arrowhead). Scale bars, 50 um. Other abbreviations: CBr, central brain; Ey, eye; Oc, Ocelli; OL, optic lobes. Open

star, esophagus.

number of period values (in 0.5 hr increments) within a peak that were spatial pattern of per expression as well as a summary of its locomotor
statistically significant (see Results). activity rthythm phenotype. The pattern of per expression was sum-
‘rjnarized( by entering the “staining score” for the head, thorax, and ab-

. R Lo . omen (see above), and by indicating the presence of a mutant patch
Mapping the focus of per’s action: data analysis or of an entirely mutant structure, on one or both sides of the animal,
To aid in the mapping of the focus of the action of the per gene, a for each structure considered (see above, and Fig. 10). The summary
database was constructed. This contained a description of each animal’s of an animal’s locomotor activity rhythm phenotype included the main




periodicity present in the animal’s locomotor activity record, its am-
plitude and width (see above), as well as a verdict as to whether these
values corresponded to per+-like or per®’-like rhythmicities.

This database was constructed and administered by the program EXCEL
(Microsoft). By performing sorting and extraction operations on it, a
search could be made for all those animals whose rhythm or staining
phenotype met particular criteria (e.g., a listing of all arrhythmic ani-
mals, or of those animals that had a large mutant patch in a given
structure and were rhythmic, etc.). This proved to be an efficient way
of storing the large amount of information that was collected, and al-
lowed particular staining patterns, rhythm phenotypes, and statistics to
be rapidly obtainable from these data.

Results

Distribution and nature of per-expressing cells in the

CNS of adult D. melanogaster

Distribution of per-expressing cells in the brain of adult D.
melanogaster

We have used wild-type (per*) and per+ per-Bgal-bearing trans-
formants to determine the distribution of per-expressing cells
in the brain of adult D. melanogaster. Our findings are consistent
with the broad descriptions reported by Siwicki et al. (1988),
Liu et al. (1988, 1991), and Zerr et al. (1990). Thus, we found
that per-expressing cells occurred in the ocelli, in the photore-
ceptors of the eyes, and throughout the central brain and the
optic ganglia (Figs. 1, 2).

In wild-type flies, the most conspicuously per-immunoreac-
tive cells occur in the cortical area located between the inner
margin of the medulla and the central brain neuropil (Fig. 1;
Siwicki et al., 1988; Zerr et al., 1990). These lateral cells (LCs)
are also the largest per-immunoreactive cells in the fly’s brain
(their total diameters ranged from 10 to 12 um). Based on their
position, these cells might correspond to medulla tangential
neurons (Fischbach and Dittrich, 1989; K.-F. Fischbach, per-
sonal communication). The LCs were routinely stained in an-
imals sectioned during the early portion of the day; indeed, they
were observed in 84% (69 of 82) of the flies stained during the
peak of immunoreactivity. We do not know why they were not
seen in the remaining preparations. This was not due to their
being masked by a high background staining. It could have been
that these individuals were “off peak,” with regard to the cycling
of immunoreactivity (for which fairly steep rises and falls have
been observed; Zerr et al., 1990).
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The LCs are restricted to the supraesophageal ganglion, and
are distributed in two separate clusters (Fig. 1). A first one is
located at a depth of 80-100 um (where 0 um corresponds to
the dorsal surface of the brain, with reference to horizontal
sectioning), slightly anterior to the region of the central brain
directly opposite to the inner margin of the medulla (“D” in
Fig. 14,C E). At this more dorsal location, a rather compact
cluster of three to seven (4.5 = 0.2, mean + SEM; n = 40) of
such per-immunoreactive cells were counted on each side of the
brain, distributed over a depth of ~20 um. The second group
of LCs occurs at the height of the esophagus, at a depth of 140-
160 um. Here, four to seven LCs (5.7 = 0.3; n = 42) were
counted, distributed over a depth of 20-30 um. In contrast to
those in the first cluster, these cells tended to occur in a line
that spanned the cortical area between the central brain and the
inner border of the medulla (“V” in Fig. 14,C,F). Thus, the two
groups of LCs are separated by 20-30 um that are devoid of
such cells. Whether these two groups belong to the same func-
tional class is unknown. In their study of the cycling of per
immunoreactivity, Zerr et al. (1990) scored the staining inten-
sities of the LCs, treating all such cells as a single group (K. K.
Siwicki, personal communication). The LCs are the main or
only large cells found at the locations described above, and are
thus potentially identifiable even in unstained preparations (see
Fig. 2C,D,E).

In addition to the LCs, per-immunoreactive cells were also
found within other cortical areas. A group of such cells, located
in the posterior, dorsalmost cortex (at a depth of 25-50 um),
has been noted previously (Siwicki et al., 1988; “d” in Fig.
14, B, D). These cells are smaller (size, 4-6 um), and their staining
is more variable. Thus, they were seen in only 18 of 28 prep-
arations (~65%). In these preparations, between 2 and 10 such
cells could be found on either side of the brain. The relatively
small percentage of preparations that showed staining in these
cells could in part be due to a lower level of per expression in
these cells, as this antibody is known not to be a very sensitive
one (Ewer et al., 1990; Zerr et al., 1990). The characterization
of these cells is further complicated by their position: being so
dorsal, sections containing them are frequently lost, or exhibit
poor morphology, in horizontally sectioned preparations.

In addition, numerous per-expressing cells occurred through-
out the central brain and the optic ganglia (Fig. 1). These in-

—

Figure 2.

A-J are confocal images of anti—8-galactosidase (green) and anti-elav (red) immunoreactivity of horizontal sections of

per* per-Bgal/per* flies. Arrows point to cells that coexpress both antigens; arrowheads point to cells that are only 8-galactosidase immunoreactive.
K shows confocal images of anti-per (anti-S antibody; green) plus anti-elav (red) staining of horizontal sections of per* flies. Arrows point to cells
that coexpress both antigens; the arrowhead points to a cell that is only per immunoreactive. The single-color panels show the pattern of immu-
noreactivity obtained for each of the two antibodies separately. 4, Section through the dorsalmost central brain. Note the presence of an elav-
positive and 8-galactosidase-positive cell. Scale bar, 16.7 ym. B, Higher-magnification view of A. Scale bar, 8 um. C, Low-magnification view
showing colocalization of 3-galactosidase and elav immunoreactivity in LCs, and only 8-galactosidase immunoreactivity in per-expressing cells
located at the borders of the cortex and the neuropil of the optic lobes and the central brain, in the inner chiasm, and within the neuropil of the
lamina and the central brain. Scale bar, 20 um. D, Section showing colocalization of 8-galactosidase and elav immunoreactivity in the more dorsal
LCs, and only $-galactosidase immunoreactivity in per-expressing cells located at the borders of the cortex and the neuropil of the optic lobes and
the central brain. Scale bar, 16.7 um. E, Section showing colocalization of 3-galactosidase and e/av immunoreactivity in the more ventral LCs, and
only 8-galactosidase immunoreactivity in per-expressing cells located at the borders of the cortex and the neuropil of the optic lobes and the central
brain, as well as in a single cell within the cortex. Scale bar, 10 um. F, Section illustrating the colocalization of 3-galactosidase and elav immu-
noreactivity in the photoreceptors of the ocelli. Scale bar, 20 um. G, Section illustrating the colocalization of 8-galactosidase and e/avimmunoreactivity
in the photoreceptors of the eye. Scale bar, 20 um. H, Section showing the occurrence of only 3-galactosidase-immunoreactive per-expressing cells
in the inner chiasm, at the border of the cortex and the neuropil, and within the cortex of the lobula plate. Scale bar, 16.7 um. I, Section showing
the occurrence of only -galactosidase-immunoreactive per-expressing cells at the borders of cortex and neuropil, as well as within the cortex and
the neuropil of the central brain. Scale bar, 16.7 um. J, Section showing the occurrence of only g-galactosidase-immunoreactive per-expressing
cells at the borders of cortex and neuropil, as well as within the cortex and the neuropil of a thoracic ganglion. Scale bar, 16.7 um. K, Section
showing colocalization of per and e/av immunoreactivity in a dorsal LC, and only per immunoreactivity in a cell located at the border of the cortex
and the neuropil of the medulla optic lobe. Scale bar, 7 um. Ey, eye; La, lamina; Me, medulla; Lo, lobula; Lp, lobula plate; Ic, inner chiasm; CBr,
central brain; Th, thorax.
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cluded cells located at the borders between cortex and neuropil
of the central brain and the optic lobes, cells within the neuropil
of both the central brain and the lamina, a small cluster of cells
located within the inner chiasm, as well as cells that occurred
within the cortex of the central brain, and optic lobes (not shown;
compare Fig. 21, E, H). In contrast to the LCs and the dorsalmost
cortical per-expressing cells, which are restricted to the supra-
esophageal ganglion, the distribution of these cells is not limited
to particular levels within the brain (e.g., moving in a dorsal to
ventral, as the flies were sectioned). Instead, they occurred
throughout the entirety of the head’s nervous system, at the
locations summarized above.

The distribution of 8-galactosidase-immunoreactive cells in
heads of per* per-Bgal-bearing transformants was qualitatively
identical to the one described above for per-immunoreactive
cells in wild-type flies. Indeed, as shown in Figure 2, 8-galac-
tosidase—expressing cells that were morphologically similar to
per-immunoreactive ones could be found at all the locations
described above. Quantitatively, however, a much larger num-
ber of cells were stained in the central brain and the optic lobes.
In addition, the staining of most of these cells was more intense.
Exceptions to this were the LCs and the dorsalmost cortical
cells. In contrast to what was obtained in per+ flies, their staining
was comparatively fainter than that of neighboring cells, thus
making them more difficult to visualize in the reporter-bearing
transformant (see below).

We believe that the differences between the pattern of 3-ga-
lactosidase immunoreactivity seen in the transformants and that
of per-immunoreactive cells in wild-type flies are quantitative
rather than qualitative ones, and are due to differences between
the levels of 3-galactosidase expression in the transformants and
those of per in wild-type flies. They are probably due in part to
the relatively high stability of 3-galactosidase, as has been noted
in the case of other gene fusions that use this reporter enzyme
(e.g., Doe et al., 1988), and not solely to a higher affinity of the
anti—3-galactosidase antibody. Indeed, when the expression of
the fusion gene was monitored using the anti-S antibody (in a
per®’ genetic background), a larger number of cells were stained
than when this same antibody was used to stain the per product
in wild-type flies (not shown). This antibody recognizes the
product of the fusion gene because the fragment of DNA con-
tained in this fusion includes the sequences coding for the ep-
itope against which the anti-S antibody was generated (Siwicki
et al., 1988).

In order to test directly whether the expression of the fusion
gene was a faithful reporter of per expression, we asked whether
per and B-galactosidase immunoreactivities were colocalized in
sections of per* per-ggal flies (involving six animals, from two
separate experiments). As shown in Figure 3, in no case were
we able to find per-immunoreactive cells that were unambigu-
ously B-galactosidase negative. As expected, however, per-im-
munoreactivity (per se) was comparatively stronger than that
of 8-galactosidase in the LCs, whereas the opposite was obtained
at other locations. Thus, we conclude that the expression of the
per-Bgal fusion gene does accurately reflect the pattern of per
expression seen in wild-type flies, and that the differences be-
tween the patterns of staining obtained for the two antigens are
quantitative ones. Interestingly, the intracellular distribution of
the reporter gene’s product seemed to be somewhat broader
than that of per immunoreactivity. Thus, whereas the per prod-
uct appeared to be predominantly nuclear (cf. Liu et al., 1992),
that of the fusion gene was detected in both the nucleus and the

cytoplasm. Because of their larger cytoplasm, this was most
evident in the L.Cs. This broader distribution of the fusion pro-
tein could also be due to its enhanced detectability owing to its
greater abundance.

In addition to this immunohistochemical evidence, other ev-
idence suggests that the expression of the fusion gene faithfully
reflects the normal pattern of per expression. Thus, if the frag-
ment of per DNA that mediates the expression of 3-galactosidase
in per-fgal-bearing transformants drives instead the expression
of a complete per gene in transformants, it rescues the arrhyth-
micity of a per’’ host: nearly every individual is rhythmic and
exhibits near-normal periodicities (Citri et al., 1987; Yu et al.,
1987; Ewer et al., 1990) as well as temperature compensation
(Ewer et al., 1990). Likewise, the temporal and spatial pattern
of per-driven (-galactosidase expression in per-Sgal-bearing
transformants is similar to that of the per gene throughout de-
velopment (Liu et al., 1988).

Nature of per-expressing cells

The 1dentity of the cells of the fly’s nervous system that express
per is unknown, other than that of the cells in the eye, which
has been experimentally proven to be photoreceptor cells (Zerr
et al., 1990; see below). per-expressing cells in the optic ganglia
and the central brain were classified by Siwicki et al. (1988) as
(putative) neurons and (putative) glia based on their position,
Thus, the LCs were baptized lateral neurons. In contrast, the
cells found at the border between cortex and neuropil (e.g., in
the optic lobes; compare Fig. 1) were considered to be glial cells.
A class of glia has indeed been described at this position in
Diptera (Musca: interface glia; Strausfeld, 1976). Likewise, the
cells that are located within the neuropil (e.g., in the central
brain; compare Fig. 1) could correspond to neuropilar glia
(Strausfeld, 1976). Finally, the cells within the lamina (compare
Fig. 1) could be the epithelial glia (Liu et al., 1988) that have
been described in Musca (Campos-Ortega and Strausfeld, 1973;
Saint-Marie and Carlson, 1983).

These assignments are unsatisfactory as they are only based
on the cells’ positions. One way to investigate the identity of
per-expressing cells is to examine whether they also express
previously characterized antigens. Given the putative glial na-
ture of at least some of these cells (see above), we sought an
antigen that would be restricted either to glia or to neurons. Of
these, the most useful at present is the product of the elav gene.
Indeed, a growing body of evidence has revealed that, through-
out development, this gene is only expressed in neurons, and
occurs in all identifiable classes of neurons (Bier et al., 1988:
Robinow and White, 1988, 1991). Thus, the product of the e¢lav
gene is a good candidate for a neuron-specific marker. The anti-
elav antibody that we have used is a more useful reagent for our
purposes than anti-HRP, another neuronal marker (Jan and Jan,
1982). Indeed, in contrast to the latter, which labels neuronal
membranes—most conspicuously, in processes—the anti-c/av
antibody identifies a nuclear antigen (near where per is expressed
subcellularly, cf. Liu et al., 1992). In addition, the anti-elav
antibody has, so far, not labeled non-neuronal cells (Robinow
and White, 1991). This is not the case for the anti-HRP antibody
(Jan and Jan, 1982).

We carried out double-label experiments using anti-3-galac-
tosidase and anti-elavantibodies on per' per-Ggal-bearing trans-
formants. For this experiment we used mostly this transformant
(28 flies of this genotype were sectioned, in five separate ex-
periments, all of which led to good, rather invariant signals). In



per* flies (n = 6, from two separate experiments, involving anti-S
and anti-elav), the staining had a higher background and was
less robust and reproducible than that using the transformant.
Nevertheless, the results obtained in both preparations were
qualitatively the same (see below).

Results of such experiments are shown in Figure 2. They show
that the B-galactosidase-immunoreactive cells in the ocelli (Fig.
2F) and the eyes (Fig. 2G) were elav positive. Thus, per-ex-
pressing cells in both the eyes (cf. Zerr et al.,, 1990) and the
ocelli are the photoreceptors (which robustly express elav; Ro-
binow and White, 1991). At the majority of other locations in
the brain, §-galactosidase—expressing cells were elav negative,
Thus, cells located at the margins of cortex and neuropil in the
optic lobes and the central brain (Fig. 2), within the lamina (Fig.
2C,G) and central brain neuropil (Fig. 2/), and in the inner
chiasm (Fig. 2C, H) did not coexpress this neuronal cell marker.
Prominent exceptions to this were the LCs and the dorsalmost
cortical cells described previously. As shown in Figure 2, C-E,
we found that LCs belonging to both the relatively dorsal (Fig.
2D) and the more ventral of these LC clusters (see above; Fig.
2C,E) expressed both $-galactosidase and the ELAV protein.
This also appeared to be the case for the smaller cells located
in the dorsalmost cortex of the central brain (Fig. 24,B), al-
though fewer examples of these were obtained, as these cells are
more difficult to find (see above).

Although the LCs and the dorsalmost cells were not the only
B-galactosidase-expressing cells found within the cortex, they
were the only ones to also express elav. Thus, other cortical
B-galactosidase-positive cells found in the same general location
as that of the LCs (Fig. 2F), or within the cortex of the lobula
plate optic lobe (Fig. 2H) and the central brain (Fig. 2I), were
always elav negative.

The results obtained in the current double-label experiments
strongly suggest that, within the CNS, per-expressing cells belong
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Figure 3. Confocal image of anti-
f-galactosidase (green) and anti-per
(anti-Ecoper antibody; red) immuno-
reactivity on horizontal sections of
per* per-Bgal/per+ transformant. Note
that all per-immunoreactive cells are
also B-galactosidase positive. However,
the dorsal LC (arrow) appears to be more
intensely perimmunoreactive than 8-ga-
lactosidase immunoreactive, whereas
the reverse obtains for the cells located
at the margins of cortex and neuropil
(e.g., arrowhead). Me, medulla; CBr,
central brain. Magnification, 120x,

to at least two separate classes, (putative) neuronal and (puta-
tive) glial, based on the coexpression of the elav gene product.

In the thoracic and abdominal ganglia, we were unable to find
B-galactosidase—-immunoreactive cells that were elav positive
(Fig. 2J). This was the case for cells located within the neuropil,
at the borders between cortex and neuropil, as well as for those
located within the cortex. In these ganglia, in contrast to the
brain, no strongly per-immunoreactive cells have been de-
scribed (cf. Siwicki et al., 1988).

Anti-per/anti-elav double labeling of wild-type flies revealed
results identical to those described above, although the staining
of anti-per immunoreactivity was weaker and had higher back-
ground than that of anti-8-galactosidase in the transformants.
Thus, as shown in Figure 2K, for instance, the LCs were elav
positive, while the comparatively less intensely stained cell at
the margin of the medulla neuropil were elav negative.

Mosaic mapping of the requirement of per gene
expression for the manifestation of a circadian
rhythm of locomotor activity

The mapping of the focus of per’s action is based on the cor-
relation between a mosaic animal’s rhythm phenotype and its
spatial pattern of per expression (visualized through the ex-
pression of per promoter-driven g-galactosidase activity).

Rhythms in per* per-ggal| per® (test) mosaics
Figure 4, A and B, shows, respectively, the distribution of power
as a function of period, and width as a function of power for all
the pert per-Bgal||per® (test) mosaics that had a statistically
significant period. This distribution has been superimposed over
that obtained for all the per* per-Bgal/per® flies that were tested,
and all the per® flies that had a statistically significant period.
Figure 44 shows that the phenotype of per* per-Sgal/per®
flies was characterized by period values that are tightly clustered
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around 24 hr and by power values that are mostly greater than
100. In contrast, the periodicities of per’ flies were, when pres-
ent, of low power and ranged in value between 15 and 35 hr
(cf. Hamblen et al., 1986). In addition, Figure 4B reveals that
the phenotype expressed by these two alleles is entirely separable
on the basis of the power and the width of the peak of their
periodogram. Indeed, the periodicities of per* per-Sgal/per”
flies had amplitudes of at least 50 and/or widths greater than 5
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Figure 4. A, Graph of the power of the dominant period as a function
of period for all the per* per-ggal/per®’ flies that were tested, and all the
per® flies and the per* per-ggal|per® (test) mosaics that had a statis-
tically significant period. B, Graph of the width of the dominant period
as a function of power for all the per~ per-Bgal/per’’ flies that were
tested, and all the per? flies and the per* per-Sgal|per® (test) mosaics
that had a statistically significant period. C, Graph of the power of the
dominant period as a function of period for all the per* per-8gal|per*
(control) mosaics that had a statistically significant period.

half-hour bins, wherease those of per®’ animals had, when pres-
ent, amplitudes of less than ~40 and widths that were strictly
less than 4 bins. These data have been summarized in Tables
I and 2.

In contrast to the separability of the phenotypes associated
with these two alleles, Figure 4, A and B, reveals that the phe-
notypes of per* per-Bgal|per® (test) mosaics spanned the range
defined by per* per-Bgal/per’’-influenced and per®’-influenced
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Table 1. Rhythm phenotypes of control (nonmosaic) per*per-ggal/per” animals in different genetic backgrounds

Period Power Width
Genotype N Nax New Ng %R (hr + SEM) (£SEM) (£SEM)
per* per-Bgal/per’ 22 0 0 22 100 23.6 = 0.07 247 + 14 7.0 £ 0.2
per' per-8gal/per’’; pal/+ 10 0 0 10 100 23.6 + 0.1 184 + 21 7.7 +0.2
per* per-Bgal/per’’; pal/ +; spa/+ 6 0 0 6 100 237 £ 0.1 185 + 37 6.8+ 0.3
per per-Bgal/per’’ (Pooled) 38 0 0 38 100 23.6 + 0.05 220 + 12 7.1 £0.2

N, number of animals tested; V.., NVaw, and N, number of animals that expressed an arrhythmic, weakly rhythmic, and rhythmic phenotype, respectively (see Results
for the definition of these phenotypes); %R, percentage of rhythmic animals; spa, sparkling mutation. The statistics of period, power, and width are those for the rhythmic

animals (see Materials and Methods).

rhythmicities, and they bridged the region within which the
rhythms found in these two control genotypes do not overlap.
Moreover, it shows that these animals could have combina-
tions of period, power, and width values that were never seen
in pert per-Bgal/per®’ or per? control flies. Thus, for instance,
there are examples of animals that expressed periodicities of
~22 hr—which are well outside the normal circadian range —
with powers of over 100. Likewise, there are cases of mosaic
animals that displayed a very wide peak (e.g., > 10) yet have a
power of less than 100 associated with it. The phenotypes ex-
pressed by these mosaics are summarized in Table 3.

Rhythms in per* per-fgal|per+ (control) mosaics

In control mosaics, the pal-induced somatic loss of the
per* per-Bgal chromosome results in @ mosaic animal that is,
while part haplo-X, genotypically per' in all tissues. In spite of
this, the results summarized in Table 4 show that 32% (17 of
53) of these animals were arrhythmic. This frequency is much
higher than the arrhythmicity that is seen in per* flies, which,
in our stocks, is at most 5% (Hamblen et al., 1986; Dushay et
al., 1989; Hamblen-Coyle et al., 1989; Ewer et al., 1990; Liu et
al., 1991; see Table 10). In addition, and as was the case for the
test mosaics, the periodicities of rhythmic control mosaics were
much more variable than those expressed by nonmosaic animals
of the same genotype. This is illustrated in Figure 4C. It can
also be inferred from the relatively high variance associated with
the average period of rhythmic control mosaics, as shown in
Table 4, compared to that for wild-type flies (Hamblen et al.,
1986; Dushay et al., 1989; Hamblen-Coyle et al., 1989; Ewer
et al., 1990; see Table 10).

Results of experiments designed to investigate the cause of
the arrhythmicity found in pert per-Bgal| pert mosaics will be
presented in a later section of the Results. In this context, the
significance of this finding is that arrhythmicity in a test mosaic
is uninterpretable. Indeed, there is no way of distinguishing the
cases of arrhythmicity that are due to the absence of per ex-
pression at an essential site from those that result from mosa-
icism per se. This is especially true in this study, as the frequency
of arrhythmicity in test mosaics (Table 3) was similar to that
obtained in control mosaics (Table 4; see also below).

The occurrence of arrhythmicity due to mosaicism can be
revealed in test mosaics by finding arrhythmic animals bearing
a patch of mutant tissue that could be included within that found
in rhythmic mosaics. An example of one such case is shown in
Figure 5. For this animal, the mutant patch was restricted to
one side of the head. However, this pattern of expression would
not be expected to result in arrhythmicity. Indeed, an animal
could be entirely mutant on one side and yet be rhythmic (Fig.
6; see also Table 5).

In addition to arrhythmicity, mosaicism per s¢ could also
affect the strength of the rhythmicity expressed by mosaics. In
control mosaics, this is illustrated by the large scatter in the
distribution of period versus power (Fig. 4C). In test mosaics,
it is revealed by finding that there was, by and large, no cor-
relation between the size and location of a mutant patch and
the animal’s rhythm phenotype. Thus, for example, in the mo-
saic shown in Figure 7, mutant tissue occurred in the thorax
and the abdomen; none could be detected in the head (which
includes the focus for this behavior; Konopka et al., 1983: see
also below). However, this fly expressed a rhythm that was
weaker (and of shorter period) than that expressed by the fly
shown in Figure 6, in which staining was restricted to one side
of the head.

Criteria for classifying the rhythm phenotype of
per* per-ggal| per® mosaics

Given the characteristics of the locomotor activity rhythms ex-
pressed by per+ per-Bgal|per’’ mosaics (compare Fig. 44,B), it
was necessary to establish quantitative criteria by which to clas-
sify the phenotypes obtained in these animals. This classification
was based on the value of the power and the width associated
with the periodicity of the record (when present). Thus, animals
for which the power was less than 40 and the width was strictly
less than 4 half-hour bins were classified as arrhythmic (strictly
speaking, per®!-like), whereas those for which these values were
greater than 40 and 4, respectively, were called rhythmic
(per* per-Bgal/per®-like). Cases in which the peak had an am-
plitude that hovered slightly below 40 were classified as rhyth-
mic if their width was greater than 5. These criteria separate
the rhythm phenotypes of per* per-Bgal/per®’ and per”’ flies into
two nonoverlapping domains (compare Fig. 44,8, Table 3).
Mosaic animals that displayed intermediate phenotypes, for in-
stance animals with peaks whose width was less than 3 yet had
an amplitude of over 40, were found in ~6% of the cases (com-
pare Fig. 4). These cases were classified as weakly rhythmic.
They were never obtained in per* per-Sgal/per®’ flies (compare
Fig. 4B, Table 1).

Table 2. Period, power, and width in per® cho sn flies

Average
Parameter Minimum Maximum Median + SEM
Period (hr) 15.5 35.5. 220 23.1 + 1.2
Power 2.7 37.0 14.6 16.8 + 2.1
Width 1 3 2.0 1.8 + 0.15

Total number of flies tested, 29; number of arrhythmic (power < 0) flies, 3. This
table shows the distribution of period, power, and width values in remaining flies.



3332 Ewer et al. « per-Expressing CNS Cells: Mosaics and Behavioral Rhythms

Table 3. Summary of the rhythm phenotype of per* per-8gal|per’ (test) mosaics as a function of the
proportion of per* tissue in the head

Proportion
of per* Period Power Width
tissue Phenotype” N % (hr + SEM) (+SEM) (+SEM)
0.0 AR 4 100

RW 0 0 - — -

R 0 0 - — —
0.1 AR 14 78

RW 0 0 — —

R 4 22 327 +23 4] + 4 70 £ 1.5
0.5 AR 51 35

RW 9 6 24.6 + 0.8 21 + 4 49 + 04

R 84 58 237+ 0.2 132+ 7 7.0 £ 0.2
0.9 AR 0 0

RW 1 25 24,5 33 4

R 3 75 23.7 £ 0.6 172 + 30 8.3+03
1.0 AR 0 0

RW 1 4 25.5 66 3

R 22 96 23.9 £ 0.1 136 + 14 7.9 +03
Total AR 69 36 - - -

RW 11 6 24.6 + 0.7 26 =5 4.6 + 0.4

R 113 59 24.1 £ 0.2 130 + 6 7.2 £0.2

2 For abbreviations, see Table 1 notes.

B8-Galactosidase staining in per* per-Sgal|per®! (test) and per+
per-ggal|per* (control) mosaic flies
Except at the border between diplo- and haplo-X tissue, staining
in mosaic flies was qualitatively identical to that seen in non-
mosaic flies of the same genotype. In the gynandromorphs, the
borders of a patch of null tissue were always clearly discernible.
In addition, the staining phenotype of structures that were mu-
tant for the cuticular markers was consistent with their external
phenotype (e.g., a cho patch seen at the surface of the eye resulted
in a null patch in the corresponding photoreceptors).
However, the extent of internally mutant tissue in mosaics
could not be accurately predicted from the animal’s external
phenotype (cf. Hall et al., 1976; Kankel and Hall, 1976). For
instance, out of 88 mosaics that had mutant tissue restricted to
one side of the head, 35 had, internally, mutant tissue on the
contralateral side. Likewise, out of 29 animals that were almost
entirely mutant except for a small crescent of cho* in one eye,
11 were not entirely mutant internally on the contralateral side.

B8-Galactosidase staining in nonmosaic animals

per* per-f3gal/per® and per® flies. 3-Galactosidase expression
in the nervous system of the head of per-8gal-bearing trans-
formants has been described previously (Liu et al., 1988, 1991;
see above). In the head of per®’ flies, X-gal staining occurred
only as a reticulate-like staining at the border between the lamina
and the photoreceptors (not shown; compare Fig. 6). This stain-
ing did not occur in all the flies of this genotype and did not
appear to be associated with cell bodies; its origin is unknown.
It was not obtained using an anti-3-galactosidase antibody (not
shown) and thus probably does not result from the activity of
B-galactosidase.

The mapping

Two hundred and thirty test mosaics were generated for this
study. Of these, 193 survived locomotor activity testing and
reentrainment (see Materials and Methods) and were success-
fully sectioned and stained. The large majority of these were

Table 4. Summary of the rhythm phenotype of per* per-8gal)per* (control) mosaics as a function of
the proportion of diplo-X tissue in the head

Pro-

portion

of

diplo-X Period Power Width
tissue N Nar New Ny %R (hr + SEM) (=SEM) (£SEM)
0.0 2 1 0 1 50 37.0 67 9

0.5 48 16 1 31 64 242 + 0.4 153 + 16 73 +03
1.0 3 0 0 3 100 23.7+ 04 149 + 92 7.7+03
Total 53 17 1 35 66 24.5 + 0.5 151 £ 16 7.4 +03

For abbreviations, see Table 1 notes.
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Figure 5. Pattern of per-driven §-galactosidase expression (fop), ac-
togram (middle), and periodogram (bottom) of per* per-pgal|per’’ mo-
saic MJE102. In this and all figures of this type, the pattern of staining
that is seen on the particular section that is shown is representative of
the distribution of per* and per?’ tissue that was observed throughout
the whole head of the animal.

complete; that is, they included all the sections of the fly’s head.
The remaining ones were complete enough to allow for an ac-
curate reconstruction of the pattern of staining; therec were usu-
ally never more than two consecutive sections missing. Strong
statements (below) are never based exclusively on animals for
which critical sections were missing.
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Figure 6. Pattern of per-driven p-galactosidase expression (fop), ac-
togram (middle), and periodogram (bottom) of per* per-ggal|per’’ mo-
saic MJE188.

Given that mosaicism could, in itself, result in the expression
of an arrhythmic phenotype, arrhythmicity in a test mosaic is
uninterpretable. Thus, the mapping carried out here can only
reveal in which region(s) of the fly per expression is sufficient
for rhythmicity. Indeed, it must be based only on the analysis
of the pattern of expression found in rhythmic animals.

The focus for rhythmicity (probably) lies in the head. Figure 8
shows the distribution of rhythm phenotypes as a function of
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Figure 7. Pattern of per-driven p-galactosidase expression (fop), ac-

togram (middle), and periodogram (bottom) of per* per-fgal| per®’ mo-
saic MJES85.

the extent of per expression in the head (assessed grossly and
qualitatively; see Materials and Methods); these data are sum-
marized in Tables 3 and 4. They show that all (23 of 23) of the
animals that had no mutant tissue in the head (and were thus
mosaic in the thorax and/or the abdomen) were rhythmic (one
of them was weakly rhythmic). Figure 8 also shows that the
frequency of arrhythmicity among mosaics increases with the
size of the mutant patch. In particular, all (4 of 4; compare
Tables 3, 4) animals that were entirely mutant in the head were

100 1M
80 -
>
ﬂ 60 1
c
g
[+7]
o 40 -
20 -
0

0.0 0.1 0.5 0.9 1.0

Proportion of per * tissue in head

O Arrhythmic
[0 Weakly rhythmic

B Rhythmic

Figure 8. Percentage of per' per-Sgal|per” mosaic animals that ex-
pressed an arrhythmic, weakly rhythmic, or rhythmic phenotype as a
function of the proportion of per* tissue in the head. These data, in-
cluding the number of animals tested and the average period, power,
and width for the animals that expressed a weakly rhythmic or a rhyth-
mic phenotype, are summarized in Table 3.

arrhythmic. Such correlations were not seen when the data were
organized as a function of the size of mutant patch in the thorax
or the abdomen (not shown).

These results indicate that the requirement for per expression
and the arrhythmicity induced by mosaicism per se both map
to the head. Indeed, all the animals that were genetically normal
on the external surface of the head were rhythmic, and all the
animals that had a completely mutant head were arrhythmic.
These results are consistent with those obtained by Konopka et
al. (1983). They are also in agreement with those obtained by
one of us, in a study involving 193 per*| per® mosaics that were
marked only on the external cuticle (Hamblen-Coyle, unpub-
lished observations).

Regarding the effects that mosaicism had on an animal’s
rhythm phenotype, the data shown in Figure 8 are also consis-
tent with those obtained in control mosaics (compare Table 4).
Thus, in the latter, all those for which the head was genetically
normal externally were rhythmic (although only three of such
animals were tested).

A comparison of Tables 3 and 4 also reveals that the frequency
of arrhythmicity was similar in control (17 of 53, or 35%) and
test (69 of 193, or 36%) mosaics. Thus, it is possible that most,
if not all, of the cases of arrhythmicity in test mosaics were due
to mosaicism per se. This would imply that it is very difficult
to make a fly arrhythmic from lack of per expression. Indeed,
as shown below, we have found that a small patch of pert-
expressing tissue can be sufficient for rhythmicity to be manifest.

Structures in which per expression is dispensable for rhythmic-
ity. In order to map the focus for the action of the per gene
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Table 5. List of animals showing per expression restricted to one side (or less)

Structures expressing per on one side Mosaic’s Period

(or less) name (hr) Power Width Comments®

1. Ocelli, eyes, and optic lobes mje200 24.0 22.4 5 +C, Cb(I)
MIJE226 34.5 29.8 7 Ch(]), +C,
MIJE21 24.0 43.9 4 +C, Cb(I)
MIJE6 325 44.2 6 +Cp, Ch(1)
MIE162 35.5 51.7 4 +C,
MIE124 24.0 107 7 +C,, M(2)
MIE166 24.0 124 7 Cb(D), +C,
MIJE9%4 23.0 126 11 M(1)
MIJE198 23.5 161 7 +C, Cb(3)
MJE184 23.0 130 5 M(2)
MIJEI132 23.5 168 6 +C, Cb(6)
MJE230 24.0 217 7 +C, Cb(I), M(1)

2. Ocelli, eyes, optic lobes, and brain mje53 22.5 5.5 4 +C,
mjel49 30.5 11.2 4 +C,
mjel42 24.5 36.4 4 +C,
MIE229 37.5 439 11 +C,
MIJEI185 26.5 47.6 4 +C,
MIJEI101 22.5 92.2 6 +C
MJE143 22,5 93.5 5 +C,
MJE214 21.5 132 7 +C
MIJES2 21.5 149 7 +C
MIJE188 23.5 161 6 +C

Within each group, animals are listed by increasing power values. The names of animals expressing weak rhythmicities

(see Results) are in lower case.

21, Patch of mutant tissue on ipsilateral side; C, patch (C,, large patch) of mutant tissue on contralateral side; B, patch
of mutant tissue on both sides (B,, large patch); Cb, central brain; M, medulla. Numbers in parentheses indicate the

number of cells that were stained within an otherwise entirely mutant structure.

within the head, we determined whether particular patterns of
expression were compatible with rhythmicity.

The following two general questions were asked. (1) Is ex-
pression in only one side of the head compatible with rhythmici-
ty? If this were so, and assuming that the focus for this behavior
is a paired one, this result would indicate that per expression in
only one of these brain structures is sufficient for rhythmicity.
(2) Which structures of the brain can be bilaterally null in a
rhythmic animal? Finding such an animal would demonstrate
that per expression in these structures is not essential for rhyth-
micity. If this behavior had a discrete focus (or foci), this result
would indicate that this focus (or foci) lies elsewhere. The struc-
tures considered were the eyes, ocelli, and the optic lobes. In
addition, we examined the requirement for per expression in
the neurons located in the dorsalmost cortex of the central brain.
The relevance of per expression in the LCs will be discussed in
a later section of the Results.

Operationally, this mapping was done by searching the da-
tabase for flies that showed the desired pattern of expression
and had a rhythmic phenotype.

The results of this analysis are presented in Tables 5 and 6.
For each distribution examined, a list is given of all the animals
that showed the desired spatial pattern of expression and ex-
pressed a rhythmic phenotype. The animals listed include only
those for which a given structure was entirely null (slight ex-
ceptions are indicated under Comments). For many of the an-
1mals listed, the mutant patch included more than the structure
that was considered (e.g., among the animals that are listed as
being bilaterally null for the lamina optic lobe, some may also

have, e.g., a mutant patch in the adjacent medulla, etc.; compare
Table 7). Mosaics are designated by “MJE” followed by an
arbitrary number.

The results summarized in Tables 5 and 6 show that per
expression in one side of the brain is sufficient for rhythmicity
(Table 5). In addition, they reveal that expression in the eyes,
the ocelli, and the optic ganglia is not essential for a rhythmic
phenotype to be manifest (Table 6).

In some cases (e.g., for the medulla), the only rhythmic ani-
mals found for which a given structure was bilaterally null did
not express a strong rhythm. These results are difficult to in-
terpret. (1) These animals (e.g., MJE226 and MJE229, which
were bilaterally null in the medulla) were also null or almost
null in most of the rest of brain (Tables 5, 6; see also Table 7),
and thus the weak rhythmicity of these animals could be due
to the lack of per expression in more than one structure; and (2)
the power of the rhythms obtained in mosaics did not seem to
bear any relationship to the distribution of per expression (see
above). Moreover, for cases such as these in which the animal
had a very large mutant patch, weak rhythms might be expected
based on the results obtained in control mosaics. Indeed, as
shown in Table 4, out of the two flies that were completely
haplo-X in the head (yet were per* in all tissues), one of them
was arrhythmic and the other one had a weak (power, 67) and
long (37.0 hr) period rhythm. Thus, it is not possible to tell
whether the test mosaic animals that showed no staining in the
medulla expressed weak rhythms because of the lack of per
expression in this structure, or because they were also null in
many other regions of the brain, or whether this was simply a
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Table 6. List of animals with structures showing no per expression on either side

Mosaic’s Period
Structure bilaterally null name (hr) Power Width Comments®
1. Ocelli MIE226 34.5 29.8 7
mje235 26.0 31.9 5
mjel42 24.5 36.4 4
MJE229 37.5 439 11
MIE6 32,5 442 6
MJE185 26.5 47.6 4
MIE97 24.0 74.3 6
MIJEI101 22.5 92.2 6
MJE174 23.5 109 7
MIE184 23.0 130 5
MIE214 21.5 132 7
MIJE150 23.5 147 8
MIJEI159 23.5 203 7
MIJE230 24.0 217 7
MIEL56 23.0 259 8
2. Eyes MIJE226 34.5 29.8 7
mje235 26.0 31.9 5
MIE229 37.5 439 11
MIJE6 325 442 6
MIE185 26.5 47.6 4
MIE162 35.5 51.7 4
MJE230 24.0 217 7
3. Lamina MIJE226 34.5 29.8 7
mje235 26.0 31.9 5
MIJE133 27.5 36.2 8
MJE229 37.5 43.9 11
MIJE6 32,5 442 6
MIEI185 26.5 47.6 4
MIE162 35.5 51.7 4
MIJE171 23.5 57.1 5
MIJE157 23.0 60.1 5
MIE124 24.0 107 7
MIJE%4 23.0 126 11
4. Cells in inner optic chiasm MIJE226 345 29.8 7
mje235 26.0 31.9 5
mjel42 24.5 36.4 4
MIJE229 37.5 439 11
MIE6 32.5 44.2 6
MIE185 26.5 47.6 4
MIE162 35.5 51.7 4
MIJE124 24.0 107 7
MJE166 24.0 124 7
MIJE94 23.0 126 11 Ie(1)
5. Lobula MIE226 345 29.8 7
mjeld2 245 36.4 4
MJE229 37.5 439 11 Lo(1)
MIJE6 325 44.2 6
MIE185 26.5 47.6 4 Lo(1)
MIJE162 35.5 51.7 4 Lo(1)
MIE143 22,5 93.5 5
6. Lobula plate MIJE226 34.5 29.8 7 Lp(1)
mje235 26.0 31.9 5
mjel42 245 36.4 4
MIJE229 37.5 439 11
MIE6 32.5 44.2 6
MIE185 26.5 47.6 4 Lp(1)
MIJE162 35.5 51.7 4 Lp(1)
7

MIJEI124 24.0 107
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Table 6. Continued

Mosaic’s Period
Structure bilaterally null name (hr) Power Width Comments?
7. Medulla MIJE226 345 29.8 7

MJE229 37.5 439 i1

MJE6 325 44.2 6 M(1)
8. Dorsalmost region of the central brain mje235 26.0 31.9 5

mjel42 24.5 36.4 4

MJE229 37.5 439 11

MIJE6 325 44.2 6

MIJEIL85 26.5 47.6 4

MIJE162 35.5 51.7 4

MIJEI150 23.5 147 8 Cb(2)

For explanation of format, see Table 5 notes.

@ Cb, central brain; M, medulla; Lo, lobula; Lp, lobula plate; Ic, inner chiasm. Numbers in parentheses indicate the

number of cells that were stained within an otherwise entirely mutant structure.

consequence of their having a large patch of hemizygous tissue.
Nevertheless, the rthythmicity of these animals indicates that,
at the very least, per expression in this structure is not necessary
for rhythmicity. In reality it may not even be necessary for
normal rhythms to be expressed.

No animals were found that were rhythmic yet showed no
per* expression in the central brain. However, this result does
not allow one to conclude that expression in this structure is
essential for rhythmicity. Indeed, no animals were recovered
(irrespective of their rhythm phenotype) that were (completely)
null in the central brain yet had per*-expressing tissue in other
regions of the anterior CNS (e.g., the optic lobes). As discussed
previously, all the animals whose heads were completely mutant
internally were arrhythmic (compare Table 3).

Rhythmicity in test mosaics lacking per expression in multiple
structures. The data presented in Tables 5 and 6 have been
rearranged in Table 7 to show that rhythmic animals could be
found that lacked per expression (bilaterally) in more than one
structure. For instance, MJE124 showed no expression (i.e., was
bilaterally null) in both the lamina, the lobula plate, and the
inner optic chiasm (in addition to being null or almost null in
all the other optic lobes on one side), yet expressed a strong
rhythm. A perusal of this table reveals that rhythmic animals
could be found that showed no expression in any of the optic
ganglia (e.g., MJE6, MJE226, and MJE229; as indicated in the
Comments, these animals also had large mutant patches in the
brain). These results allow one to conclude that per expression
in the optic lobes is not essential for rhythmicity, and thus that
per expression in the central brain is sufficient for rhythmicity.

The question of whether per expression in the central brain
is necessary could not be addressed. Indeed, this would require
having found an animal that was completely null in the central
brain and had per‘-expressing tissue in other regions of the
brain. As noted above, no such animal was ever found, irre-
spective of its rhythm phenotype.

We found that a very small patch of per-expressing tissue in
the head, which was mostly restricted to the subesophageal gan-
glion, appears to be sufficient for rhythmicity to be manifested.
One example of three of such animals that were recovered is
shown, together with its thythm phenotype, in Figure 9. Other
than a few solitary cells in particular optic lobes, no expression
is seen other than in a small patch in the ventralmost sections
of the central brain.

Detailed scoring of exceptional mosaics. We have attempted
to quantify the size and specify the location of the minimal
patches that were compatible with rhythmicity. To do so, we
have taken a few exceptional mosaics that showed very large
patches of mutant tissue yet were rhythmic (e.g., the animal
shown in Fig. 9) and counted the number of stained cells present
in each structure (or region; see below) in every section. These
values were then quantified relative to the number of cells pres-
ent in the same structure and at the same level in a nonmosaic
(control) animal. The structures (and regions) that were scored
are shown in Figure 10. In this more detailed description, the
brain and medulla were divided into subregions that were count-
ed separately. Thus, the anterior and posterior central brain
areas were divided into two quadrants (front and lateral, and
lateral and rear, for the anterior and posterior central brain,
respectively). Likewise, the three borders of the medulla that
exhibit stain were also scored separately (inner, outer, and the
lamina/medulla border).

An attempt was also made to quantify the number of putative
neurons (“‘lateral neurons,” or LNs; Siwicki et al., 1988) that
were stained in the mosaics that were scored in detail. These
neurons are of interest because they are among the most con-
spicuous per-expressing cells within the fly’s central brain and
optic lobes (see above). They have been suggested to be the most
likely candidates for the pacemaker cells of the fly’s circadian
rhythm (Siwicki et al., 1988; Zerr et al., 1990). Since the ex-
pression of the fusion gene in these LNs resuits in a stain that
is not as discrete as that of the many per-positive cell bodies in
the lateral brain region, scoring the number of these cells was
difficult, and hence impractical. Instead, we scored the region
within which these cells are found. The rationale for this was
that if this area were entirely null (which is the case of interest),
presumably the LNs within it would also be null. This region
is bounded laterally by the inner margin of the medulla and the
outer margin of the anterior lateral brain that is located opposite
to the medulla (cf. Siwicki et al., 1988; see above). Anteriorly
and posteriorly this region is bounded by the anterior region of
the brain and the posterior margin of the inner medulla, re-
spectively. This area is indicated as “Brain/medulla” in Figure
10. This region was scored as follows. For a given section, a
score of 2 was given if both neuropil borders had at least some
stained cells, whereas a score of 1 was given if stained cells were
found in only one of these borders (e.g., if the region scored as
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Table 7. Rhythm phenotypes of per* per-fgal|per’ mosaics that had mutant tissue in multiple structures

B-Gal expression Rhythmicity
Central brain and Inner Period (hrs),
optic lobes Ocelli chiasm Mosaic’s name (power, width) Comments®
o : mje200 24.0 (22.4,5) Cb(Dy, +C
‘ @ Pre) ® MJE2I 24.0(43.9, 4) Cb(1), +C
mje53 22.5(5.5, 4) +C,
mje149 30.5(11.2,4) +C,
© E MIJES82 21.5(149,7) +C
‘ @ @0 C®O% MIJE188 23.5(161, 6) +C
MIJE198 23.5(161,7) Cb(3), +C
MIJE132 23.5 (168, 6) Cb(6), +C
MIJE97 24.0(74.3, 6)
p % _ MJE174 23.5(109, 7)
@ MJE150 23.5(147, 8)
Q @ o0 $O:C0 MJEI59 23.5(203,7)
MJE156 23.0 (259, 8)
()
Y ) MIJE184 23.0 (130, 5) M(2)
® MJE10] 22.5(92.2, 6) +C
‘ § o0 MIJE214 21.5(132,7) +C
O ,
e0 G e MIJE166 24.0(124,7) Cb(), +C,
0O X MIJE133 27.5(36.2, 8)
Q g o0 $0i0% MJEI71 23.5(57.1, 5)
MJE157 23.0(60.1, 5)
O
O ¢ 905 MIJE143 22.5(93.5,5) +C,
(U
‘ @ o0 (' STor MJE230 24.0(217,7) Cb(l), M(1), +C

—

Figure 9. Pattern of per-driven g-galactosidase expression (4—F), actogram (lower lefi), and periodogram (lower right) of per* per-8gal|per” mosaic
MIJE6. A-F show a dorsal-to-ventral series of consecutive sections that contained the entirety of the per-expressing tissue found in this animal’s
head. These sections all belonged to the subesophageal region of the brain. Note that most of the per-driven g-galactosidase expression is confined
to a small patch of tissue (arrows).
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Table 7. Continued

B-Gal expression

Rhythmicity

Central brain and Inner Period (hrs),
optic lobes Ocelli chiasm Mosaic’s name (power, width) Comments®
‘O&% 'DO .O. o MIJE94 23.0(126, 11) M(1), Ie(1)
"(j@ .DO .‘oo’. MIJE124 24.0 (107, 7) M(2), +C,
()
(o)
QO&\ o0 sTT e mje235 26.0 319, 5)
‘O& "‘ .’oo’. mje142 24.5(36.4, 4) +C,
()
‘ D LYo, Co o MIJE162 35.5(51.7,4) Lo(1), Lp(1), +C,
"m ". .‘.. ® MJE185 26.5 (47.6, 4) Lo(1), Lp(1), +C,
@“ "‘ - .. ’ MIJE226 34.5(29.8,7) Cb(By), Lp(1)
[ ) @ MJE229 37.5(43.9, 11) Cb(4), Lo(1)
"(7,\ o0 oo, MJE6 32.5(44.2, 6) Ch(1), M(1), Cb(C,)

Mutant tissue is shown in black. Only those structures that were entirely mutant are indicated; slight exceptions are noted under Comments. See Tables 8 and 9 for a
more detailed summary of the staining pattern of some of the animals listed. Entries are organized by increasing amount of mutant tissue; within a group, they are
organized by ascending power values. The names of animals expressing weak rhythmicities (see Results) are in lower case.

< Abbreviations and format are as in Tables 5 and 6.

“medulla inner” was null but the relevant region of the central
brain did have stained cells). Finally, a score of 0 was given if
neither of these borders (as well as the areas between them)
showed staining. Scores were given starting at the first section
in which this area could be visualized (which was either the
section at which the medulla was first visible or the following
one), down to and including the second subesophageal section.
We have found these to be conservative boundaries for the

distribution of these cells. Thus, approximately eight sections
in the supraesophageal and two sections in the subesophageal
ganglion were scored for staining in this region [giving scores
of (8 x 2) + (2 x 2) = 20 per half head in a nonmosaic animal].

From this more detailed scoring, “profiles” of staining were
constructed, which showed, for each structure, the percentage
of control expression that was found at each level (not shown).
These results have been summarized in Tables 8 and 9 by in-



dicating the total number of cells present in the right, left, and
right plus left sides in the supra- and subesophageal halves of
each structure as percentage of wild-type staining.

Rhythmic mosaics showing the least per expression. The re-
sults shown in Tables 8 and 9 summarize the staining and rhythm
phenotypes of those rhythmic mosaics that had the largest patch-
es of mutant tissue. They reveal that the number of per-ex-
pressing cells that are sufficient for rhythmicity can be very small
relative to the total number of these cells that are seen in control
animals. Indeed, many of the animals listed in these tables either
were null or had less than ~10% of the normal number of cells
stained in most of the brain. An exception to this is the ventral
brain, for which the number of per‘-expressing cells could be
similar to that found in nonmosaic control animals. For in-
stance, some sections of MJE6 (compare Fig. 9) had 100% of
the number of cells that are normally stained in this region.
Nevertheless, in absolute terms, this percentage does not amount
to many cells (Tables 8, 9).

Does circadian rhythmic behavior have a discrete focus (or
foci)?

Superimposing the different profiles of staining obtained in the
exceptional mosaics did not reveal an area that was always
stained in these rhythmic animals. The only candidate for such
a region is the ventral brain, which is stained in most of these
animals. However, even there, some animals showed very little
staining (e.g., MJE 230; see Fig. 12). Thus, we were unable to
pinpoint a discrete focus (or foci), and can only conclude that
expression in the ventral brain appears to be sufficient for
rhythmicity.

Rhythmicity and per expression in the “lateral neurons.” We
believe that the results obtained in mosaic animals makes it
unlikely that per expression in these cells is essential for rhyth-
micity, although it may be required for normal rhythmicities
(see Discussion). The strongest evidence in this regard is the
fact that some of the rhythmic mosaics (e.g., MJE229, MJES6,
and MJE185; see Table 9) showed, bilaterally, no staining in
any of the locations at which these cells are usually found. In
addition, if per expression in these cells were essential (which
would imply that some of them expressed per and were missed
in the scoring of the three mosaics listed above), one would
expect animals that are bilaterally null at these locations to be
overrepresented among the arrhythmic animals. However, this
was not the case. Thus, out of 59 arrhythmic animals that had
patches of mutant tissue at this location, 5 showed staining in
this region in very few (3 or 4, considering both sides of the
head) sections, and 7 were bilaterally null (of these 7, 6 were
almost entirely mutant in the rest of the head). In contrast, out
of 36 rhythmic animals that had mutant tissue that included
the “Brain/medulla” region, 5 had few stained sections and 7
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Anterior

Brain/
medulla

Central
brain
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Inner chiasm

Lobula plate
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Figure 10. Diagram of the areas of the brain that were scored in the
mosaics. Arrowheads indicate the regions that express per-driven §-ga-
lactosidase in per* per-Bgal/per® flies, they were scored separately in
the detailed scoring of exceptional mosaics (see Results). See text for
the definition of the Brain/medulla area.

(the ones listed above) were entirely null. Thus, the proportion
of these “brain/medulla” null animals was similar for both
groups.

Could the focus for this behavior be a diffuse one? An alter-
native possibility is that this behavior does not have a discrete
focus (or foci), but that instead it is only the number of cells
that express per that determines an animal’s rhythm phenotype.
This interpretation is suggested by the impression that, except
for the LNs, the other per-expressing cells in the optic lobes and
the brain could all belong to the same class of cells. Thus, most
of them occur at similar types of locations (e.g., at the boundaries
of cortex and neuropil) and appear to share the few properties
that we examined (e.g., similar morphology and lack of elav
immunoreactivity). Thus, they may all belong to a single func-
tional group of cells. If this were the case, it is conceivable that
per expression in a certain number of them would be sufficient
for rhythmicity to be manifest, regardless of their location.

A “diffuse™ focus is consistent with the results obtained in
mosaic animals. In Figure 11, the percentage of control expres-
sion found in the brain, brain/medulla, and the medulla of the
exceptional mosaics has been plotted. In these graphs, the values
for the supraesophageal and the subesophageal ganglion, and
for the total brain (i.e., for the supraesophageal plus subesopha-
geal ganglia) have been plotted separately. The mosaics have
been ordered by ascending power values. Thus, these percent-
ages for animals expressing rhythms with the lowest powers are

Table 8. Average number of cells expressing the per-g8-galactosidase fusion gene in half a head of a nonmosaic (control) animal

Brain Br/Med  Medulla Lamina  Lobula L. plate In. Ch. Eyes Ocelli
Sup. 288 + 28 16 122 + 12 100 22 + 2.7 26 £ 29 20+ 19 100 100
Sub. 65 + 6.9 4 94 + 10 100 11 + 1.8 14 + 2.0 14 + 1.6 100 -
Total 353 + 35 20 216 + 22 100 33+ 4.5 40 + 49 34+ 35 100 100

This table shows the average number of cells stained in each structure in nonmosaic per* per-8gal|per®’ controls. The values indicated are the average (+SEM) derived
from the count of 16 half heads; for the ocelli, eyes, and lamina. the percentage of the structure that was stained is indicated. Sup. and Sub., supra- and subesophageal
ganglion; L. plate, lobula plate; In. Ch., inner chiasm. See Results for a definition of Br/Med (brain/medulla area).



3342 Ewer et al. - per-Expressing CNS Cells: Mosaics and Behavioral Rhythms

Table 9. Stain and rhythm phenotype of selected per' per-ggal|per’ meosaic animals

B-Gal expression

Rhythmicity

Central brain and Inner Mosaic’s Period (hr),
optic lobes Ocelli chiasm Br/Med name (power, width)
(i 1/16 | 1/16 MIJE226 34.5(29.8,7)
o0 o..é. .
0/4 || 0/4
00,
® 2/16 || 2/16 MIJE235 26.0 (31.9, 5)
o0 ' 08,
.’.. 9 174 | 1/4
(i 0/16 || 0/16 MJE229 37.5(43.9, 11
P S [ AN n ] (439, 11)
To % 0/4 | 0/4
[ ) 0/16 | 0/16 MJE6 32.5(44.2, 6)
o0 ° 00,
‘ . 3 0/4 || 0/4
(U 0/16 || 0/16 MIJE185 26.5 (47.6, 4)
o0
0/4 | 0/4
(U : 0/16 || 3/16 MJE 162 35.5(51.7, 4)
oe %
.’oio * 0/4 || 3/4
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Table 9. Continued

B3-Gal expression Rhythmicity
Central brain and Inner Mosaic’s Period (hr),
optic lobes Ocelli chiasm Br/Med name (power, width)
OO' ;00... 4/16 | 0/16 MJE143 22.5(93.5, 5)
?oo b 1/4 | 0/4
COO ...... 2/16 || 4/16 MIE124 24.0(107,7)
.O..Q. 34| 1/4
... .O.OQ; 4/16 | 10/16 MJE94 23.0(162, 11)
2/4 || 4/4
‘.. 1/16 || 13/16 MJE184 23.0(130, 5)
by oo 3 0/4 || 3/4
‘.' OOO... 11/16 [ 0/16 MJE214 21.5(132,7)
4/4 | 0/4
... ?,,.. 216 | 0/16 MJE230 24.0 217, 7)
¢ oo e 3/4 || 0/4

This table shows the staining pattern and the rhythm phenotype of per' per-8gal|per” mosaics that were scored in detail. For each animal, the top and bottom entries
summarize the staining pattern for the supraesophageal and suboesophageal ganglion, respectively. The rhythm phenotype is indicated by the period (in hours) and, in
parentheses, its power and the width. Entries are ordered by increasing power values.

« Br/Med, brain/medulla area. Percentage of the number of cells stained in nonmosaic controls: il 0%, B, 0%-5%; &, 5%-30%; [, >30%.
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Mosaic's name
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B Brain/medulla
O Medulla
Figure 11. Histogram of the percentage of control stain seen in the

per* per-fgal||per” mosaics that were scored in detail, in the supra-
esophageal (/), subesophageal (2), and supraesophageal plus subesopha-
geal regions (3; total) for the central brain, brain/medulla, and medulla.
Mosaics have been ordered in ascending power values (those with pow-
ers greater than 50 are to the right of the bar indicated at the fop).

graphed to the left of those whose rhythms had larger power
values.

As expected, these graphs show that some of these animals
had no expression in the medulla and the brain/medulla. In
addition, they show that animals that expressed rhythms with
powers greater than 50 tended to show more staining than those
with powers that were less than 50. Note also that the outline
of these graphs is smoother for the data corresponding to the
supraesophageal ganglion than it is for those of the subesopha-
geal ganglion, and tends to increase monotonically from left to
right. This suggests that animals with greater number of cells in
the supraesophageal ganglion tended to express stronger
rhythmicities, or that animals with more cells in the supra-
esophageal ganglion also tended to have more cells stained in
the rest of the brain. There are, however, exceptions to this
trend. This might be expected, if only because the power of the
rhythms obtained in mosaic animals clearly did not depend only

300
I
1

200
T

Amplitude

100
T

i | s 2 " s " . "

20 30
Period (Hrs)

Figure 12. Pattern of per-driven 3-galactosidase expression (fop), ac-
togram (middle), and periodogram (bottom) of per* per-ggal|per’ mo-
saic MJE230.

on the amount of pert-expressing tissue. Thus, for instance, it
cannot account for the weaker rhythmicity of MJE235 relative
to MJEG6. Some of the exceptions may, however, be informative.
One of these is MJE230. As shown in Figure 12, this animal
had a strong 24.0 hr rhythm, yet Figure 11 shows that this fly
had very little per expression in the structures that were con-
sidered. Nevertheless, as shown in Table 9, this animal had
some staining in all of the other regions of the brain excepting
the eyes and the ocelli. Thus, it could be that this animal man-
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Table 10. Effects of the presence of the pal mutation, hemizygosity for the fourth chromosome, and mosaicism per se on locomoter activity

rhythm phenotypes

Period Power Width

Genotype N Nar New Ne %R (hr + SEM) (£SEM) (£SEM)
1. per* per-Bgal/per*; pal*/

pal from pal/pal father 34 8 2 24 71 23.6 = 0.08 152 £ 13 6.6 0.2

pal from pal/CyO mother 24 5 0 19 79 23.5 + 0.09 165 + 13 6.7 £ 0.2
2. pert/pert cho sn; O/1V 20 5 1 14 70 239 + 0.2 85+ 13 6.9 + 0.3

pert/per* cho sn, IV/IV (siblings) 12 0 0 12 100 24.2 + 0.09 202 + 12 8.7+0.2
3. pert cho sn/'Y; 0/1V 4 3 1 0 0 — - -

per* cho sn/'Y;, IV/IV (siblings) 13 0 0 13 100 24.2 £ 0.07 198 £ 9.2 79 +£0.2

pert cho sn'Y 9 0 0 9 100 23.8 £ 0.1 169 + 23 7.3+£0.5

per* cho sn/Y (pooled) 22 0 0 22 100 240 + 0.07 186 + 11 7.7 £ 0.2
4. per*/per*; pal/+ mosaic 50 5 5 40 80 242 + 0.1 166 = 12 6.7 0.2

For abbreviations, see Table |1 notes.

ifested a strong rhythm because it had appreciable per expression
in parts of the brain other than the central brain.

Possible etiologies of the arrhythmicity of control mosaics

As shown in Table 4, about one-third of control mosaics ex-
pressed an arrhythmic phenotype. This is a much higher pro-
portion than that seen in the wild-type strains that we have
tested (see Table 10; Hamblen et al., 1986; Dushay et al., 1989;
Hamblen-Coyle et al., 1989; Ewer et al., 1990; Liu et al., 1991),
and in the nonmosaic animals of this genotype (compare Table
10). This proportion of arrhythmicity is similar to that reported
by Konopka et al. (1983) in per* | per® mosaics.

Heterozygosity for the pal mutation. In order to determine
whether this arrhythmicity was due to heterozygosity for the pal
mutation per se, we determined the rhythm phenotype of (non-
mosaic) per* per-8gal/pert animals that were heterozygous for
the pal/ mutation, in which the pal/-bearing chromosome was
either derived from a homozygous pal father, or from a hetero-
zygous pal/pal* mother. As shown in Table 10, arrhythmicity

was obtained among all pal-bearing progeny, regardless of the
origin of the pal/ chromosome. However, the presence of the pa/
mutation per se does not account for the entirety of the arrhyth-
micity found among control mosaics. In addition, it cannot be
the cause of the arrhythmicity of the per* || per® mosaics that were
generated by Konopka et al. (1983) using a mitotically unstable
ring-X chromosome.

Heterozygosity for autosomes. The easiest to investigate of the
effects on rhythmicity due to the loss of an autosome are those
that result from the loss of the fourth chromosome. As shown
in Table 10, a high fraction of (completely) haplo-4 animals
were arrhythmic. An animal in which somatic loss of the fourth
chromosome had occurred would be expected to bear anatom-
ical abnormalities, due to the growth disadvantage of the patch
of Minute/+ tissue relative to that of the +/+ tissue (Morata
and Ripoll, 1975). A candidate Minute mosaic is shown in Fig-
ure 13. The section shown in this figure is from the same animal
as that shown in Figure 12, and is that of a strongly rhythmic
animal. Thus, in spite of its structural abnormalities, this animal
expressed a robust 24 hr rhythm.

Figure 13. Horizontal section of a per* per-pgal||per®’ mosaic that may also be a Minute mosaic. This animal (MJE230) shows evident structural
abnormalities in the optic lobes of the left side (4, arrow). Note that the outer cortex of the lamina is smaller than that seen on the contralateral
side, while the inner one seems larger; likewise, the second optic chiasm is ill defined, as is the border between the lobula and the lobula plate.
Finally, the cells that are usually located within the second optic chiasm are not clustered, and seem to be within the neuropil of the medulla. See
Figure 12 and Tables 5-7 for a summary of this animal’s rhythm phenotype.
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Imbalance of per expression in neighboring cells of a mosaic.
The arrhythmicity that is due to mosaicism per se might be
caused by an imbalance in per expression among the two dif-
ferent classes of cells that are present in a mosaic. In all the
“test” per mosaics made to date (Konopka et al., 1983; present
results; Hamblen-Coyle, unpublished observations), the patch
of haplo-X tissue has expressed a different per allele than that
expressed by the diplo-X one. [In the case of the present study,
the diplo-X cells express the product of the per-ggal fusion gene,
in addition to the wild-type per protein, which is expressed by
both types of cells. Since this fusion gene contains some of the
per coding sequences, its expression could influence the expres-
sion of the normal per gene (cf. Hardin et al., 1990; Zerr et al.,
1990). Evidence for an influence of the per-ggal fusion gene prod-
uct on per expression is that the period of per* per-8gal/per’!
flies is shorter than that of per*/per®’ flies. Indeed, as shown in
Tables 1 and 2, per* per-Ggal/per’’ flies had an average period
of 23.6 + 0.1 hr. In contrast, pert/per’’ flies express longer
periodicities, usually about 24.9 hr (Smith and Konopka, 1981;
Citri et al., 1987; Hamblen-Coyle et al., 1989).]

In order to test this hypothesis, we generated mosaics that
were internally unmarked and were simply per* in all tissues.
Since all of the cells of such mosaics are of the same genotype,
these animals should have all been rhythmic if “imbalance” of
perexpression were the cause of the arrhythmicity in the mosaics
discussed previously. However, as summarized in Table 10, a
much higher than normal proportion (14 of 40) of such animals
was arrhythmic or weakly rhythmic.

In summary, the arrhythmicity that is caused by mosaicism
appears to be due to a combination of many factors, and could
not be entirely accounted for by any of the ones that we tested.

Discussion

Strong circumstantial evidence accumulated over the last 20
years, and more recently obtained direct evidence, strongly sug-
gests that the per gene of D. melanogaster is critical to circadian
pacemaker function. Thus, the study of this gene, its expression,
and the distribution of its product might provide an entry point
to the mechanism that underlies circadian rhythmicity. Of par-
ticular neurobiological interest are the cells that express this
gene, as they would presumably include the cells in which the
per product is required for the generation of these rhythms. In
addition, the characterization of the types of cells that express
per might provide an insight into the mechanism and/or the
pathway by which circadian rhythms are generated in this or-
ganism.

We have initiated a detailed characterization of per-express-
ing cells in the CNS of adult D. melanogaster, using wild-type
flies as well as germline transformants in which 3-galactosidase
serves as a reporter for per expression. Our results have con-
siderably extended previous descriptions (Liu et al., 1988, 1991;
Siwicki et al., 1988). Those studies proposed, in part, that the
cells that express per in the adult CNS included both neurons
and glia. This supposition was based on cell location. Thus, for
instance, the large per-immunoreactive cells that occur in the
dorsal anterior cortex (lateral cells, or LCs) were thought to be
neuronal (“lateral neurons,” or LNs; Siwicki et al., 1988). In
contrast, most of the other per-expressing cells were thought to
be glia (Liu et al., 1988; Siwicki et al., 1988), as they are located
at positions where glia have been described in Diptera (Straus-
feld, 1976) and other insects (cf. Wigglesworth, 1959; Carlson,
1987; Meyer et al., 1987).

We have approached this question experimentally using an
antibody to the neuron-specific product of the elav gene in con-
junction with anti-G-galactosidase on per-ggal/-bearing trans-
formants, or anti-per antibody on wild-type flies. Our results
have confirmed and extended the proposed assignments of the
different per-expressing cells to the neuronal and glial classes.
Thus, we found that only the LCs, as well as a group of smaller
per-immunoreactive cells restricted to the dorsalmost region of
the central brain, were elav positive, thus supporting the notion
that these cells are neurons. All other per-expressing cells, in
contrast, were elav negative, suggesting that they are indeed glial
in nature.

We have found cortical per*-expressing cells that are elav
negative. However, we could not definitively determine the con-
verse, namely, whether all the e/lav-negative cortical cells express
per (which might imply that all cortical glia are per positive).
From observations of per immunoreactivity that permitted
counting the number of cells present in a given image (Liu et
al., 1992), it was estimated that well less than one-half percent
of the cells in the cortex express per. This is a much lower
percentage than the proportion of cells that are glia in the CNS
of insects. In such nervous systems, estimates of 1.5-8 times as
many glia as neurons have been quoted (for review, see Carlson
and Saint-Marie, 1990). Thus, it is likely that there are many
elav-negative cells that also do not express the period gene.

Given that most neurons in the fly’s CNS are not identifiable,
it is possible that the elav-negative per-expressing cells belong
to a rare, and heretofore unidentified, class of neurons that do
not express elav. However, at least in the optic lobes, this pos-
sibility is unlikely. Indeed, most of the classes of neurons that
have been described there are part of optic cartridges, of which
there are the same number as the number of ommatidia. There
are too few per-expressing cells for them to correspond to these
types of optic lobe neurons (unless they are cells that are present
in a subset of cartridges). In addition, the cell bodies of optic
lobe neurons seem to be located well within the cortical layer
(Strausfeld, 1976; Fischbach and Dittrich, 1989), not at the
margins of the neuropil. Nevertheless, most of the cell types
that have been described in these reports have been identified
using Golgi impregnation. Since this process stains only a very
small fraction of cells, infrequent cell types are likely to go
unnoticed. So, although we believe this to be unlikely, the pos-
sibility remains that the elav-negative per* cells are neurons.

In insects, the nature of pacemaker cells is unknown. In fact,
only in a few cases has the anatomical region that contains a
pacemaker been even broadly defined. We have approached this
problem using internally marked per*|per®’ mosaics to deter-
mine the locations at which per expression is required for cir-
cadian locomotor activity rhythms. Given that per expression
appears to be essential to the actual functioning of the pace-
maker, the focus of this gene’s action should identify the ana-
tomical location of the circadian clock.

Using such mosaics, we have shown that per expression in
the central brain is sufficient for locomotor activity rhythmicity
of adult D. melanogaster, whereas expression in the eyes, the
ocelli, and any of the optic lobes is not required for this phe-
notype to be manifest. These results imply that the central brain
contains the, or at least a, circadian pacemaker, and that the
other brain structures either do not contain a pacemaker or do
not contain the only pacemaker that drives the fly’s circadian
rhythmicity.

Since we did not recover animals that expressed the per—



reporter fusion only in the optic lobes, we were unable to de-
termine whether expression in the central brain is both sufficient
and necessary for rhythmicity.

An unexpected finding of the present study was that a very
small patch of pert-expressing tissue seemed to be sufficient for
rhythmicity to be manifest, albeit weak and of long period. In
the few examples that were found of such animals, the patch of
per* tissue was in the ventral brain, and thus in a region that is
devoid of per‘-expressing neurons.

A role for glial cells in circadian pacemaker function may be
unexpected. However, a number of recent observations provide
at least circumstantial evidence that this could be the case. In
mammals, the suprachiasmatic nuclei (SCN) of the hypothal-
amus, which contains the main circadian pacemaker in this
organism (e.g., Meijer and Rietveld, 1989; Ralph et al., 1990),
can be specifically delineated using an antibody to a vertebrate
glial maker (glia fibrillary acidic protein; Morin et al., 1989). In
addition, SCN astrocytes exhibit ultradian oscillations of cal-
cium concentration (as do neurons). These oscillations, which
may underlie circadian pacemaker function, can be influenced
by SCN transmitters (van den Pol et al., 1992), some of which
are present in astrocytes (van den Pol and Tsujimoto, 1985). In
the mollusk Bulla, a screen for antibodies to the eye, which is
believed to contain this animal’s circadian pacemaker (Jacklet,
1985), produced a monoclonal antibody that recognized an an-
tigen present in the putative pacemaker cells; this antigen ex-
hibited a circadian fluctuation in abundance. In addition to these
cells, the antibody also labeled what are believed to be glial
processes in the CNS and the eyes (Roberts et al., 1989; Bedian
et al., 1991). Our results suggest that glial cells may likewise
play a role in pacemaker function in Drosophila. The ever-
increasing number of tools (e.g., Bier et al., 1989) and markers
(e.g., Buchner et al., 1988; Buchner, 1991) that are becoming
available in Drosophila for the study of CNS development and
structure should aliow the nature of per-expressing cells to be
further investigated.

While glial expression appears to be sufficient for some
rhythmicity to be manifest, per expression in LNs might be
required for the manifestation of robust circadian rhythmicity.
A separate role for neuronal and glial per expression in the
generation of pacemaker activity can be hypothesized based on
the rhythmicity and pattern of per expression seen in different
transformant strains bearing incomplete per genes. Thus, for
instance, transformant flies from the ““8.0” strain express weak
rhythmicities whose periods are, nonetheless, on average close
10 24 hr (Hamblen et al., 1986; Liu et al., 1991). The (inferred)
pattern of per expression in these flies shows a nonuniform
decrease with respect to wild-type, such that per expression is
much lower at most brain locations except in the general vicinity
of the LNs (Liu et al., 1991). In contrast, flies from the trans-
formant strain called “CG” show an overall lower level of per
expression than wild-type, which is, however, higher than the
average level of per expression found in “8.0” transformants.
Flies from this “CG” strain express stronger rhythmicities than
those expressed by 8.0 transformants. However, the average
period of these rhythms is significantly longer than that of “8.0”
transformants. These results suggest that robust rhythmicity can
be achieved through high overall levels of per expression (which
would correspond mostly to glial expression), while wild-type
periodicities may require normal levels of per expression in the
LNs (cf. Liu et al., 1991).

The mechanism by which the per-expressing neurons and glia
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might interact to generate circadian rhythmicity is unknown,
yet the results obtained in mutants bearing the disconnected
(disco) mutation suggest that the role of glial activity might be
effected through per-expressing neurons: disco mutants, which
are virtually arrhythmic in freerun (Dushay et al., 1989), show
apparently normal glial expression, whereas LNs are seen in-
frequently and tend to be located in ectopic position {Zerr et
al., 1990; B. Frisch, unpublished observations; M. Kaneko, per-
sonal communication). This suggests that the actual presence of
LNs may be required for rhythmicity. In this view, if the LNs
were present but were genotypically per’, they might still be
influenced by the activity resulting from per*-expressing glia,
and drive the expression of some behavioral rhythmicity. Such
may be the situation obtained in the weakly rhythmic mosaics
that apparently showed only per expression in glial cells. Thus,
given the potential for electrical coupling between glial cells (cf.
Lane, 1984), their role could be, primarily, to couple the pace-
maker activity of the LNs throughout different regions of the
CNS. Such a coupling might also be achieved via a humoral
pathway (cf. Handler and Konopka, 1979). In contrast to the
LNs, the per-expressing neurons located in the dorsalmost cor-
tex of the central brain are present in quasi-wild-type numbers
in disco flies. This suggests that the presence of these cells is not
sufficient for rhythmicity. Using mosaics, we have shown that
per expression in these neurons is probably not required for
circadian rhythmicity.

We found that approximately one-third of the control mo-
saics—flies that are haplo|diplo-X mosaics, but per' in all tis-
sues—were arrhythmic. Similar levels of arrhythmicity were
also obtained by Konopka et al. (1983) in mosaics bearing per
alleles that rarely result in the expression of an arrhythmic phe-
notype. Mosaicism-induced arrhythmicity could also be re-
vealed in the per*|per’’ mosaics used in the present study by
finding arrhythmic animals with a patch of mutant tissue that
could be included within that found in a particular rhythmic
mosaic. In addition to inducing arrhythmicity, we found that
mosaicism weakened animal’s rhythm phenotype.

We do not know whether the debilitating effects that mosa-
icism had on locomotor activity rhythms are particular to this
phenotype, or whether they would be manifest in other behav-
iors. Indeed, for the few behaviors that have been analyzed using
mosaics (reviewed in Hall, 1978, 1985), the relevant control
mosaics were not examined. Nevertheless, reports of anomalous
behaviors in (test) mosaics suggest that this may indeed be the
case. Thus, for instance, Hall (1979) reported that the courtship
of gynandromorphs that behaved as males (i.e., performed the
relevant courtship actions, qualitatively) was less vigorous and
more variable than that of control (nonmosaic) males.

The confounding effect that mosaicism has on circadian
rhythms compels one to be cautious in the interpretation of the
results obtained in test mosaics. The weak rhythms expressed
by animals that lacked per expression in the LNs were inter-
preted as evidence that these may be the fly’s circadian pace-
maker neurons. However, such mosaics had large patches of
hemizygous tissue. Based on the results obtained in control
mosaics, these animals would be expected to express weak
rhythmicities solely due to the extent of haplo-X tissue. Thus,
it is conceivable that a patch of per* tissue that does not include
the LNs may not only be sufficient for some rhythmicity to be
manifest; it could, in a nonmosaic, be sufficient for the expres-
sion of normal rhythmicities.

It is unlikely that the focus of per’s action can be further
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mapped using chromosome-loss mosaics. An alternative ap-
proach may be the transplantation of marked per* cells into a
per® embryo. Such transplantations have been used successfully
to address questions of gene action (Fischbach and Technau,
1984; Lawrence and Johnston, 1984) and cell lineage (Prokop
and Technau, 1991). Using this approach, hosts that have re-
ceived cells from donors bearing the same number of X chro-
mosomes could be identified. Thus, the problems associated
with the presence of haplo- and diplo-X tissue in the same
individual would be eliminated. Alternatively, the use of pro-
moter fusions that would restrict per expression to specific cell
types could be used. Of particular interest at present would be
the generation of fusions between the elav promoter and per’s
coding region. Indeed, in transformants bearing such fusions per
expression would occur in the LNs but not in the per-expressing
glial cells. We have previously shown that indiscriminate per
expression has no gross deleterious effects (Ewer et al., 1990).
This approach should become increasingly useful, as the number
of cloned genes showing specific patterns of CNS expression
(e.g., Buchner et al., 1988; Bier et al., 1989; Buchner, 1991)
increases.

The results obtained in mosaics show that per expression is
not required for rhythmicity in all the cells that express this
gene product. per expression at these other locations may reflect
a requirement for per in the other processes in which this gene
may be involved (see Hall and Kyriacou, 1990, for review).
Alternatively, it could be that this gene product has a more
widespread expression than what is strictly required for the
expression of a wild-type phenotype. A broader-than-essential
distribution of a gene’s product may be quite common in this
and other organisms. Thus, for instance, in Drosophila, the prod-
uct of the sevenless gene (for review, see Tomlinson, 1988) has
been shown to be only required in photoreceptor R7, yet the
expression of this gene is not restricted to this photoreceptor
type. In fact, this gene is even expressed in the adult brain
(Banerjee et al., 1987). Likewise, Greenspan et al. (1980) found
from mosaic experiments that the product of the Acetyicholin-
esterase (Ace) gene was required for viability in only a small
subset of the locations where this gene is expressed. A caveat
to this statement is that the product of such genes may play
different roles in different tissues or cell types. This is certainly
the case for Ace. Indeed, while a small patch of Ace-null tissue
was usually compatible with viability, the neuropil associated
with such a patch was always morphologically abnormal. Thus,
Ace function is essential for viability at only a few locations but
is, nevertheless, needed at many more locations for normal
morphology. A similar situation also obtains in mammals. Thus,
for instance, whereas the murine proto-oncogene Wnt(1) is quite
broadly distributed in the developing CNS, its targeted disrup-
tion results in severe abnormalities that are confined to the
midbrain and cerebellum (McMahon and Bradley, 1990; Tho-
mas and Capecchi, 1990).
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