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Daily rhythms in cells of the fly’s optic lobe:
taking time out from the circadian clock
I.A. Meinertzhagen and E. Pyza 

Considerable progress has recently been reported in locating the cellular basis and molecular
mechanisms of the circadian clock in the fruitfly, Drosophila melanogaster.To advance beyond the
clock, towards the outputs that lie between the clock itself and the circadian rhythms in behaviour
that it regulates, will present new challenges.This is because most behaviours are generated by
complex neuronal circuits,which are themselves difficult to unravel.Recently described anatomical
changes in the optic lobe of the related housefly, Musca domestica, exhibit a circadian rhythm that
is, by contrast, relatively easy to assay.This rhythm is apparently controlled by at least two sets of
diffuse modulatory neurones. One of these, immunoreactive to the peptide pigment-dispersing
hormone,also expresses in Drosophila the product of the period (per) gene,the most widely studied
of the so-called clock genes that are essential for the correct expression of circadian rhythmicity.
The second, called LBO5HT, is immunoreactive to 5-HT, a widely invoked transmitter system in
insect circadian rhythms.The identification of these elements, and a widening cascade of events
which their actions apparently trigger,opens up new opportunities to examine old problems in the
regulation of circadian rhythms in the nervous system.
Trends Neurosci. (1996) 19, 285–291

WHILE IT MIGHT be true that recent develop-
ments in the molecular biology of the per gene

have not been without debate1, they do nevertheless
begin to clarify mechanisms that are centrally
involved in the manifestation of many biological
rhythms in Drosophila. A second recently identified
gene, timeless2, is for example also a component of the
circadian clock, with a product that binds the product
of the per gene3. These and other genes (such as
frequency4) might also have homologues in mammalian
species; there are suggestions of putative per homo-
logues, and the tau mutant in the hamster exhibits a
phenotype that is functionally similar to an allele of
per5. Furthermore, the action of per, and detailed mol-
ecular differences, have been identified in other
insects, in flies other than Drosophila6 and in the moth
Antheraea pernyi7, indicating the widespread role that
this gene plays in generating biological rhythms. The
behavioural repertoire regulated by such clock genes
has been systematically characterized, especially in
the rhythms of locomotor activity (for example, see
Ref. 8). Those persisting under constant conditions
and with a period of about one day are, by definition,
circadian. Such circadian rhythms, not only in behav-
ioural activity but in other functions too, have an

underlying basis in cyclical gene expression [for 
example, see Ref. 9 (per) and Ref. 4 (frequency)]. In ad-
dition to its role as a clock gene, per might also have
other functions, even though its pleiotropy is largely
unexplained and the effects of its mutation have pre-
viously been overestimated1.

Expression of PER helps identify a neural substrate

Expression sites for clock genes such as per are now
identified in the brain of Drosophila10–12. As a result,
the traditional preoccupation of chronobiology, that
of locating the clock governing all biological rhythms
by approaches that amount to physiological psychol-
ogy as applied to the fly, is now unveiled as a much
broader and more-complex problem in neurobiology,
one that can no longer be answered within the realm
of behavioural genetics. Not only might there be more
than one clock13, but the sites of the expression of the
per gene product PER are widespread, and indicate that
the cellular basis of per is not only a distributed prop-
erty, but also involves the actions of glia as well as of
neurones12. The expression of PER product is of par-
ticular significance in a group of cells, the lateral 
neurones10, that are arranged in two groups, dorsal
and ventral12. Essential for the expression of a normal
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locomotor rhythm12,14, the lateral neurones are located
in the optic lobe, the anterior cortex of the second
optic neuropile, or in the medulla. They arise among
cells that are the earliest to appear in the optic lobe 
or that might even transform from precursors in the 
larval visual system15.

A subgroup of lateral cells in Drosophila is also
immunoreactive to an antibody raised against pigment-
dispersing hormone (PDH) (Ref. 16), a peptide con-
trolling pigment migration in crustaceans, including
pigment dispersion and ommatidial light adaptation
in the eye17. It appears that these PDH cells in the
brain and optic lobes in flies might be responsible for
effecting a number of different circadian rhythms.
This is true not only in Drosophila; in other species,
there is a clear correlation between the anatomy of
PDH cells and the behavioural expression of circadian
rhythms. In crickets and cockroaches, for example,
the coupling between the oscillators of the two optic
lobes varies with the extent of arborization of PDH
cells18. This correlation is further demonstrated in a
more dynamic way for the PDH cells in individuals of
a single species. Lesions that cause the PDH cells in the
cockroach to degenerate cause the rhythm of locomo-
tor activity initially to disappear, but this rhythm sub-
sequently reappears with a timecourse that matches
the extent of regeneration in PDH-immunoreactive
neurites19. In crickets, on the other hand, circadian
rhythmicity in locomotor activity does not disappear
after lesions, but endures, it is claimed, through 
the persistence of severed PDH-immunoreactive 
neurites20.

How should we study the relationship between per
expression and actual circuits of neurones that under-
lie circadian rhythms? The analysis sought is really
part of the neurobiology of Drosophila, and must draw
on evidence from analysis of the circadian regulation
of behaviours. Yet, locomotor activity in Drosophila is
governed by the highest control centres of the brain21,
by complex distributed circuits not readily amenable
to analysis of circadian effects at the molecular level.
However, the visual system, the pathway for entrain-
ment of circadian rhythms, also exhibits its own cir-
cadian rhythms. Moreover, the substrate for these is
far more tractable than locomotor circuits, at least at
the level of their functional anatomy. Descriptions
now exist in Drosophila for: (1) the cell types in the
optic lobe22; (2) their synaptic connections in the first
optic neuropile23 or lamina, especially those of the
chief first-order relay interneurones, the monopolar
cells, that project to the medulla; (3) the light-elicited
responses of the photoreceptors24 and their monopolar-
cell targets in the lamina25; as well as (4) the patterns
of deoxyglucose uptake in the optic neuropiles, such as
in the medulla in response to moving visual stimuli26. 

Structural changes in visual interneurones exhibit
a circadian rhythm

The utility of the visual pathway for the analysis of
circadian rhythms has emerged with the report of two
well-identified circadian rhythms in the optic lobe of
the fly. Various rhythms exist in photoreceptors of the
insect’s compound eye27, but in flies unfortunately
these are less pronounced28,29 than in other insect
groups. Paradoxically, it is the lamina terminals of
photoreceptors and their target cells, rather than the
somata in the retina, that exhibit the most obvious

circadian changes in flies. These changes, however,
have only been reported formally in the housefly,
Musca domestica30,31, even though it is now clear that
rhythmic changes also occur in Drosophila32. We will
therefore take the calculated risk of comparing data
from two fly species, bearing in mind that fly species
might differ in some respects32. 

The two circadian rhythms that have been studied
in the visual system of Musca are: (1) fluctuations in
the numbers of synapses between the photoreceptor
terminals (R1–R6: Fig. 1) and their chief target
interneurones, L1 and L2 (Ref. 30), in each module, or
cartridge (Fig. 1C), of the lamina34; and (2) novel size
changes in the axons of L1 and L2 (Ref. 31) which, like
their synapses, are dynamically modulated during a
daily cycle of changes (Figs 1F,G). Musca was used ini-
tially because the approaches adopted were more read-
ily applied to the larger fly. Not only is the anatomi-
cal structure of the lamina in the housefly more
regular34 than in Drosophila22,23, but the size of its cells
can be measured in cross-sections using light
microscopy31, which is not possible for the smaller
cells of Drosophila23. It is also possible to lesion the
pathways of, and make injections into, the larger optic
lobe of Musca. Changes in the size of axons of L1 and
L2 are readily assayed in semi-thin sections in Musca,
the axons swelling by day and shrinking by night31.
The changes in synaptic number are clearest for the L2
feedback synapses (Fig. 1E), which shows a 40–60%
modulation in its numbers, increasing both by night,
during a light and dark cycle, and by subjective night,
under constant conditions30. The changes in axon 
calibre are again only clearly significant for L2, which
increases between 30–50% in the cross-sectional area
of its axon in the most-proximal lamina31, closest to
the brain.

What do circadian changes in L1 and L2 signify?

The immediate questions we face are what func-
tional significance to attach to a change in both
synaptic population size and axon calibre, and what
mechanisms are involved. Do they, for example, adapt
the visual system to the functional conditions to
which the fly is exposed during a normal daily cycle
or, alternatively, do they result secondarily from such
adaptations? Sadly, no answer can be provided to
either question for either phenomenon. The function
of the L2 feedback synapse is not clear37, nor is the
recurrent circadian modulation in synapse number30.
Changes in the axon calibre of L1 and L2, when in-
corporated into a model for the cable properties of the
monopolar cells38, are likewise functionally trivial31,
yet might reflect more cryptic changes amongst 
dendrites. However, even if we are confuted on these
points at present, we can nevertheless use such 
simple changes as a means to assay the circadian state
of the lamina. This in turn gives us a powerful tool to
look at circadian effector systems in the nervous 
system.

The changes in cell size are circadian, persisting in
flies that are initially entrained to a cycle of light and
darkness and then held under constant conditions31.
Although these changes are circadian, and so are quite
distinct from activity-dependent changes, light ex-
perience also has a direct effect on axon size. For 
example, in constant darkness the axons of L1 and L2
both decrease in size relative to their sizes under a
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light and dark cycle, whereas in constant light they
both increase in size31. The changes are not equal in
the two cells, however, and the effect of exposure to
light is greatest in L1. Moreover, the differential effect
of light on L1 is mimicked by injecting histamine39,
the transmitter at the photoreceptor input synapse 
to the cartridge40, the so-called tetrad synapses23 

(Fig. 1D). Histamine acts on a chloride channel at the
monopolar cells41 that are postsynaptic at the tetrad
synapse. 

PDH cells are probable effectors of circadian
changes in the lamina of the housef ly

What is the effector of these circadian changes in
the visual system? The candidate pathway16 provided
by the small but important system of widely ramifying
PDH-immunoreactive neurones in the optic lobe was
postulated for this role based on its suggestive
anatomy42. Pigment-dispersing hormone also happens

to be one of a family of octadecapeptides implicated
in the circadian rhythm of pigmentary changes in the
crustacean eye43, and the b-homologue of the peptide,
pigment-dispersing factor (PDF) exists in insects44.
Endogenous insect PDF has at least 50% sequence
similarity with the b-form of PDH (Ref. 43).

In Drosophila, PDH immunoreactivity is exhibited
by two groups of neurones with somata in the anterior
medulla (Fig. 1B), that are either large or small45. The
four large cells arborize widely in the optic lobe. It is
the nuclei of this group of cell bodies that are
immunoreactive to anti-PER, corresponding with the
ventral subgroup of per-expressing lateral neurones16.
This already suggests that these cells provide a path-
way for the distribution of circadian information to
the optic neuropiles, and further evidence from the
mutant disconnected (disco) supports that implication.
This mutant lacks PDH cells in the optic lobe45, and
therefore lacks an important site of normal PER
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Fig. 1. Structural signs of circadian change in the lamina of the housefly, Musca domestica. (A) Illustrates the plane of frontal (F) and 
horizontal (H) slices in the fly’s head. (B) Shows a horizontal section, revealing the protocerebrum (P) of brain and, beneath the retina (R) of the
compound eye, successive neuropiles of the optic lobe (L, lamina; M, medulla; III, the third optic neuropiles of the lobula complex). The circles
denote the approximate site of lateral neurones. Modified, with permission, from Ref. 33. (C) Represents a single cartridge. Six 
photoreceptor terminals (R1–R6) seen in cross-section innervate a small cluster of lamina cells. Two of these, the monopolar cells L1 and L2, have
axons at the cartridge axis which contribute dendritic spines in pairs at postsynaptic sites of all input tetrad synapses. Three epithelial glial cells
surround the cartridge, forming a continuous barrier within which each cell is shared by three surrounding cartridges. These are the only cells with
nuclei (n) in the neuropile layer itself. Two are illustrated (g), in positions exploded away from the cartridge (arrows), omitting the front cell for
clarity. Varicose neurites of LBO5HT and the PDH cells contribute some of the tangential fibres (tan) in a plexus above and beneath the lamina,
connected by elements penetrating the neuropile layer between. Modified, with permission, from Ref. 34. (D) Shows an input photoreceptor
synapse, or tetrad, exhibiting a characteristic presynaptic ribbon (arrow) at the terminal of R2, opposite postsynaptic locations of L1 and L2.
Modified, with permission, from Ref. 35. (E) L2, in turn, establishes a presynaptic ribbon (arrow) at a feedback synaptic site formed back upon
R1–R6, in combination with T1, another lamina element. Modified, with permission, from Ref. 36. (F and G) L1 and L2 exhibit size changes,
visible in EMs at the same magnification, of the lamina from a night-fixed (F) and day-fixed (G) fly (cf. cartridge cross-section in C). Modified,
with permission, from Ref. 31. Scale bars, 0.2 mm (D and E), and 0.1 mm (G).
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expression. It is significant that this
mutant is also arrhythmic in loco-
motor activity46,47. There is, however,
some retention of circadian rhyth-
micity, for example in cyclical ex-
pression of the per gene, suggesting
that the impairment lies in the out-
put pathways that distribute circa-
dian information to at least some
parts of the nervous system47.
Cycling of PER is not measurable in
the lateral neurones, however, be-
cause these cells are rarely stained
in disco11; residual cyclical expression
might therefore be attributed to
other cells47, such as the glia and
photoreceptors11 (see also Ref. 12).
A pleiotropic action of the gene
can also not be ruled out.

How could the PDH cells pro-
duce the lamina changes seen in L1
and L2? Injections of PDF in Musca
increase the girth of L1 and L2,
mimicking the changes seen in the
day phase of a 24-hour cycle39.
Moreover, PDH-cell arborizations in
Musca show circadian fluctuations
in the girth of their own neurites48,
as if there were a cyclical rhythm of
peptide release. However, direct
connection between PDH-cell neur-
ites and L1 and L2 does not appar-
ently occur in the lamina of Musca
even though, unlike their counter-
parts in Drosophila49, their PDH cells
do actually ramify here (E. Pyza and
I.A. Meinertzhagen, unpublished
observation). Although there are
two possible sites of contact, in the
distal plexus above the lamina 
neuropile and a less-distinct plexus
just proximal to the lamina (Figs 1C
and 2A), or possibly at infrequent
radial neurites that connect the two
plexuses (Fig. 2A), direct synaptic
connections are not described50. In
Drosophila23, synaptic connections
seem wholly unlikely because the
PDH neurites fail to extend right
up into the lamina49.

There are other PER-expressing
cells in the optic lobes of Drosophila,
and these are all glial10,11. Indeed, it
is suggested that the PDH cells exert
their circadian actions through the
mediation of PER-expressing glial
cells16. Although the expression
patterns are not treated individ-
ually for different glial cell types10,
published figures11 reveal PER ex-
pression in two clearly identifiable
classes of optic-lobe glia, in both of
which PER expression is cyclical11

(K.K. Siwicki, pers. commun.). These
are: (1) glial cells lying between the
cortex and neuropile of the medulla,
corresponding in position with
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Fig. 2. Circadian structural changes in the lamina of the housefly are regulated by two sets of presumed 
modulatory cells with neurites that co-distribute throughout the optic lobes. (A) A confocal image stack of a 
double-stained frontal section of Musca domestica’s head. Despite their different origins, both pigment-dispersing 
hormone (PDH)- (red) and 5-HT- (green) immunoreactive sets of arborizations have similar trajectories throughout 
the optic neuropiles. This partnership has led to the suggestion that both cells might have common follower neurones42.
Varicose neurites extend over the frontal face of the medulla (M), arising from somata at its anterior margin (PDH, 
large arrows; 5-HT, small arrows). Somata of LBO5HT in the protocerebrum (P) are not included in this section plane.
Single fibres of both cells (arrowhead) extend across the chiasma (ch) to innervate the lamina (L), forming a lateral
plexus at the proximal and distal faces of this neuropile, connected by radially directed neurites (small thin arrows) 
penetrating between the cartridges. (B) A confocal image stack of a horizontal brain slice, showing the central 
brain and one optic lobe. 5-HT-like-immunoreactive cells include one pair of LBO5HT neurones with, distant from the
PDH somata, large cell bodies in the ventral protocerebrum shown on one side (large arrow). Bilateral arborizations
innervate the optic neuropiles, notably the medulla (m), distal to which fibres traverse the chiasma (small arrow) 
to reach the lamina (l), where they establish a distal plexus. (C) A confocal image stack of a frontal brain slice 
displaying four pairs of bilateral PDH cells, with somata (small arrows) in the anterior cortex of the medulla (m). 
Cells also arborize in the central brain, crossing in the posterior optic tract (larger arrows). Scale bars, 100 mm (A),
250 mm (B and C). 



TINS Vol. 19, No. 7, 1996 289

interface glia33; and (2) a prominent class of lamina
cartridge glia, the epithelial glial cells (Fig. 1C). Other
lamina glia also exist51 that might also express PER,
but epithelial glia are the only nucleated columnar
cell type in the lamina neuropile and are therefore
unmistakable, as well as having the most obvious
anatomical credentials to mediate PDH circadian
rhythmicity in the lamina. Given that PDH cells fail to
extend in the lamina49, and that PDH neurites fail to
establish synaptic contact with L1 and L2 in the lam-
ina in Musca50, some involvement of lamina glial cells
in circadian change seems almost certain in Drosophila
(Fig. 3A), and most likely in Musca (Fig. 3B). 

Other efferent pathways of the circadian
pacemaker play a complementary role

Are PDH cells the sole efferent pathway from the
circadian pacemaker? Probably not. The two LBO5HT
cells, immunoreactive to 5-HT (Ref. 52), have arboriz-

ations that coextend with those of the PDH cells in
Musca (Fig. 2A). Their somata, one on each side of the
ventral protocerebrum, have quite different locations,
and presumably quite different ontogenetic origins15

from those of the PDH cells (Fig. 2B). Although they
lack any described PER expression, there is evidence that
LBO5HT, or any of the other 5-HT-immunoreactive
optic-lobe cells52, are also involved in circadian
rhythms. Not only is 5-HT widely implicated in cir-
cadian changes in insects53,54, but injecting 5-HT
increases the girth of the lamina axons of L1 and L2.
Thus not only PDF but also 5-HT causes the axons of
L1 and L2 to swell but, unlike PDH, the action of 5-HT
on the two cells seems to differ39. The increase in size
is more pronounced for L1 than for L2 (Ref. 39). By
contrast, injecting the selective 5-HT neurotoxin 
5,7-dihydroxytryptamine decreases the size of L2,
whereas L1 is hardly affected39. This effect can be
attributed to the loss of 5-HT-containing processes,
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Fig. 3. Scheme to illustrate circadian events in the lamina cartridge of the fly. The sequence of proposed action incorporating the day and night
differences seen in Drosophila melanogaster (A) and Musca domestica (B) can be constituted as: (1) cyclical expression of the circadian gene,
per (Drosophila) in somata of PDH cells (black cytoplasm) in the anterior medulla (AM). PER product peaks either during the night, or, if in con-
stant darkness, during the subjective night10; (2) PDH-immunoreactive neurites distribute throughout the optic neuropiles (Fig. 2C), including the
proximal lamina (La) and distal medulla (Me), where they exhibit cycling in both their immunoreactivity (peaking during the day48) and their pre-
sumed peptide contents (Musca); (3) cyclical expression of PER also occurs in glial cells (which are immunoreactive only during the night or sub-
jective night10). This occurs in the epithelial glial cells (EG) in the lamina, or in the interface glial cells (IG) of the medulla (Drosophila). Epithelial
glial cells are proposed to act in the lamina, with neurites of the PDH cells, in propagating circadian changes to L1 and L2 (L). Although these cells
do not themselves express per in Drosophila, they nevertheless exhibit cyclical (day and night) changes in: (4) cell size (arrowheads, Musca and
Drosophila); and (5) the number of feedback synapses. The change in size of L2, which swells by day in Musca, is circadian. The number of pre-
synaptic ribbons at the feedback synapses opposite photoreceptor terminals (R) in Musca, increases during the night or, under constant darkness,
during the subjective night30. This sequence of steps is thought to be activated through per, even though in Drosophila PER peaks in the night (or
the subjective night) whereas in Musca PDH release is thought to peak during the day. Also involved is a parallel system of modulatory neurites
immunoreactive to 5-HT (shown as large cells with black nuclei), which emanate from LBO5HT in the protocerebrum, as well as, possibly, from
other 5-HT-immunoreactive cells in the anterior medulla close to the PDH cells. Two other classes of possible lamina glial-cell participants include
the marginal glia (MG) and satellite glia (SG). Details of innervation by PDH- and 5-HT-immunoreactive neurites differ between the two species.
Cells with nuclear PER expression are shown in blue.
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presumably those of LBO5HT, which either exhibit
reduced immunostaining for 5-HT or lose such stain-
ing completely. So, apparently the size of L2’s axon
normally depends on the presence of either LBO5HT
or a sufficient concentration of 5-HT from alternative
sources. Thus, injecting 5-HT mimics the daytime
state of both L1 and L2 (or their condition during the
subjective day, for flies kept under constant condi-
tions), whereas the opposite effect (that is, a reduction
in axon size) is seen after chemical lesions of 5-HT-
containing cells. This suggests that there is normally
some form of 5-HT release in the lamina, release that
leaves the daytime concentration of 5-HT sufficient to
saturate the size increase of L2, whereas that concen-
tration is still insufficient to increase the size of L1
significantly39. These two monopolar cells are thus
proposed to differ in the ranges of 5-HT concen-
trations to which they respond by size increases39. The
lesion of LBO5HT is also attainable surgically, by sec-
tioning the posterior optic tract. However, this severs
the commissural pathways not only of LBO5HT but
also of the PDH cells (Fig. 2C), and the resulting
decreases in the sizes of both L1 and L2 thus cannot
be attributed to either modulatory cell, separately.
Thus, the relationship between the actions of 5-HT-
containing cells such as LBO5HT and the separate
actions of the PDH system is still unresolved, as is the
possibility of their interaction.

It is not clear how these putative modulators
achieve their effects on the sizes of L1 and L2.
Varicosities along the length of neurites from both
LBO5HT and PDH cells (Fig. 2A) are sites of presumed
release of their contents. The PDH-cell varicosities
have not yet been investigated, but those of LBO5HT
apparently lack both presynaptic ribbons and the
direct apposition of postsynaptic elements, at least in
the blowfly Calliphora erythrocephala55, and are sug-
gested to release their contents non-synaptically52,55.
Neither type of varicosity has direct lamina synaptic
input to any of the fly’s monopolar cells, at least in
Drosophila23. Varicosities belonging to LBO5HT, the
proposed source of paracrine 5-HT release52, are seen
in EM adjacent to varicosities with dense-core vesicles
that do not contain 5-HT55, presumably those of the
PDH cells. The anatomical characteristics of both cells
qualify their presumed transmitter contents to act as
modulators in the lamina, in volume transmission56.
In a possibly related action, 5-HT modulates the K+

channels in Drosophila photoreceptors57 and in a
similar fashion mediates diurnal changes in locust
photoreceptors58. 

Issues that are still to be resolved include: (1) the
pattern of light-elicited or entrained presynaptic ac-
tivity that releases modulator from either of these 
cells [although direct evidence is lacking, release of
modulator in Musca is postulated to occur during the
day39, when PER activity in Drosophila is low11 (Fig. 3)];
(2) how PER activity actually regulates PDH release 
(to link PER production with PDH release requires
comparing these two activities in the same species);
and (3) the exact cells responsible for the action of
each modulator (there is no direct evidence that the
action of 5-HT in the lamina occurs from LBO5HT, as
distinct from the population of cells of similar
immunoreactivity, even though LBO5HT is anatomi-
cally the best-qualified cell to synchronize that
release).

The problem of comparisons between species
How justified are we in comparing data from Musca

with those from Drosophila? We do not know whether
Musca has counterparts to the lateral neurones,
expressing a homologue of the per gene. Even if the
cells are the same, their expression patterns might well
differ. For example, the expression pattern of the per
homologue in another holometabolous insect, the
moth Antheraea, differs considerably from that in
Drosophila, with a total of only eight cells that express
PER in the brain59. We might even anticipate that the
cellular details of circuits should in fact vary according
to the functional requirements of the particular
species, even if the molecular steps are closely related.
In a second obvious difference, the patterns of
arborization of PDH- (Ref. 49) and 5-HT- (Ref. 52)
immunoreactive neurites differ in different flies. In
Drosophila, the PDH cells have a sparser distribution of
neurites than they do in larger fly species. Although
these differences might emphasize the common 
elements of the circuits in the two species, they speak
against there being a single unifying mechanism for
relaying clock information to the lamina identically in
all features for both species.

Circadian circuits can be viewed as a central
pattern generator

In the past, studies on the action of per have con-
centrated on three aspects: the molecular biology of
the gene and its product, the localization of the cir-
cadian clock, and the widespread and cyclical pattern
of gene expression. With the search for pathways link-
ing per gene expression to structural circadian changes
in the nervous system, we now converge on the inter-
face between chronobiology and systems neuro-
science. This new phase will involve the problems
associated with studying distributed properties in ner-
vous systems, problems that are in principle similar to
those of studying the very central pattern generators
(CPGs) for which we seek the mechanisms of circadian
modulation, for the CPGs of behaviours such as flight
or locomotion (for example, Ref. 60). To make this
jump requires not only that we can account for all the
circuit components in question (PDH cells, glia, etc.),
and for their interactions operating within the mode
of wiring transmission56, but also that we deal with
the role of modulation in configuring those circuits61.
Where should we begin this task? We might return to
the mechanism responsible for size changes in L1 and
L2 for one suggested point of entry into this network
of contingent interactions. L1 and L2 pump chloride
ions, and it has been revealed in Calliphora that light
adaptation leads to an apparent increased internal
concentration of this ion62 under the same conditions,
broadly speaking, that in Musca increase the girth 
of the lamina axons in these cells31. Although a 
histamine-gated inward chloride flux might cause size
changes in L1 and L2, this alone would not explain
their circadian basis. Nor are changes in axon calibre 
a simple consequence of relative osmotic change,
because dehydration not only causes a paradoxical
increase in axon size but it also fails to alter the day
and night rhythm of changes31. Nevertheless, we
should remember that the axons of L1 and L2 share
their extracellular space with the epithelial glial cells
(Fig. 1C), that the latter are the proposed link between
L1 and L2 and the outflow of circadian information
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(Fig. 3), and that they exhibit a high rate of deoxy-
glucose uptake in the lamina of dark-exposed flies
(B.R. Bausenwein, Habilitationschrift der Fakultät für
Biologie der Albert-Ludwigs-Universität Freiburg, 1994).
Little else is known about the physiology of these
energetic cells but it would not be so hard to imagine
that they might possess a cyclically-modulated ion
pump, nor to devise experiments to test this possibility.
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