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Monopolar Cell Axons in the First Optic Neuropil of the Housefly,
Musca domestica L., Undergo Daily Fluctuations in Diameter That

Have a Circadian Basis

E. Pyza® and l. A. Meinertzhagen

Neuroscience Institute, Life Sciences Centre, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4J1

Two types of monopolar cell interneurons, each with a single
representative in every unit cartridge of the first optic neu-
ropil, or lamina, of the housefly’s optic lobe, have axons that
undergo cyclical changes in diameter. The axons are largest
during the beginning of day in a normal LD light cycle and
smallest during the middle of the night, changes that were
however significant only for one of the cells (L2). The axon
cross-sectional area and its cyclical change for both L1 and
L2 were both larger in the proximal lamina. The changes are
not a simple consequence of relative osmotic change. De-
hydration paradoxically increases axon size, and also fails
to alter the day/night rhythm of axon size changes. Under
conditions of constant darkness, both axons decrease in
size, and one of the cells (L2) retains its cyclical size changes,
being larger in the subjective day than in the subjective night.
Under conditions of constant light, both axons increase in
size, and L2 again shows a cyclical size change, just as
under conditions of constant darkness. These changes seen
under constant conditions are, by definition, circadian in or-
igin. The effects of exposure to light or darkness can partially
reset these circadian changes. One extra hour of light during
the day increases the size of L1 and L2, whereas 1 hr of
extra dark during the night does not decrease their size. It
takes 13 br of light to reverse the rhythm in size. The mech-
anism for all these changes is unclear but may involve ionic
fluxes, possibly that are secondary to osmotic shifts and
probably that involve at least two independent processes.

[Key words: axon size, lamina ganglionaris, neuronal plas-
ticity, dehydration, ionic flux, optic lobe]

The visual systems of all animals respond to the natural cycle
of day and night, resulting in daily oscillations in the function
and sensitivity of the eye. Some of these oscillations, so-called
circadian rhythms, are also maintained in constant darkness.
Under such rhythms, the function of the eye is regulated en-
dogenously so that the visual system not only responds directly
to light but also anticipates the changes in light conditions that
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occur during a daily cycle. In the eyes of many vertebrate and
invertebrate animals, photoreceptors exhibit day/night and cir-
cadian rhythms in both sensitivity and many physiological pro-
cesses (Barlow et al., 1989; Remé et al., 1991). For example, a
circadian rhythm has been recorded in the electroretinograms
(ERGs) of insects (Wills et al., 1985) and mammals (White and
Hock, 1992). As part of their circadian repertoire, vertebrate
photoreceptors shed outer segment disks, and synthesize do-
pamine and melatonin in a daily cycle (Remé et al., 1991), while
in invertebrates, the size of the rhabdom, and the turnover of
photosensitive membrane and visual pigment all show day/
night and circadian oscillations (Blest, 1988; Barlow et al., 1989).

In higher Diptera, the size of rhabdomeres and the turnover
of photosensitive membrane do not oscillate during the day and
night (Williams, 1982), as in other arthropods (Blest, 1988).
Both processes are continuous, however, and in Drosophila the
turnover of visual pigment is under circadian control (Stark et
al., 1988). Thus, the function of photoreceptors in Diptera is
also controlled by a circadian mechanism, even if this is not
structurally obvious. Moreover, a circadian rhythm exists in the
terminals of the photoreceptors in the first optic neuropil, or
lamina, of the fly’s optic lobe, as revealed by the frequency of
synaptic profiles. These changes are compatible with the control
of circadian function amongst the photoreceptors of higher Dip-
tera being modulated through transmission in the lamina (Pyza
and Meinertzhagen, 1991, 1993).

In the lamina, six photoreceptors, R1-R6, from the eight in
each ommatidium of the compound eye, form terminals that
innervate a fixed cluster of interneurons so as to constitute a
module or cartridge (Trujillo-Cendz, 1965; Braitenberg, 1967).
Two other photoreceptors, R7 and R8, bypass the lamina and
terminate in the second optic neuropil, or medulla (Trujillo-
Cenbz, 1965; Boschek, 1971). In each lamina cartridge, the
terminals of R1-R6 contact two large lamina cells, the mono-
polar cells L1 and L2, upon which in Musca they each form
about 200 afferent tetrad synapses (Burkhardt and Braitenberg,
1976; Nicol and Meinertzhagen, 1982). In turn, L2 feeds back
synaptic input upon the receptor terminals (Strausfeld and Cam-
pos-Ortega, 1977). The numbers of both tetrad and feedback
synapses depend upon the light conditions under which flies are
reared (Kral and Meinertzhagen, 1989) or held (Rybak and
Meinertzhagen, 1990, unpublished observations), and oscillate
during the day and night (Pyza and Meinertzhagen, 1993). This
rhythm in the feedback synapses is also circadian (Pyza and
Meinertzhagen, 1993).

A circadian rhythm in the number of feedback synapses formed
by L2 in the lamina suggests that the function of this monopolar



408 Pyza and Meinertzhagen + Circadian Size Changes in Monopolar Cell Axons

1

Groups 1 AB.C

2 3 4 5] 3] 7
- L

ABC

1 2 g 4 S 3] 7
Gepoer HEL NN EE BN BN BN N
DEF

2 3 4 5 3] 7
I I =N N =N = F
A 2]

1

Groups | AB

2 3 4 5 6 e i
copsiine L HE HE HE BN B

A B8
1 2 3 4 5 (5] 7
cowpsvas N TN TN N N O
i )

1 5 6

2 3 4 5 d
I I : ' ;‘ L
AL B

Groups V AB

i 2 3 4 5 6 7
GoupsviAB | N HE HE BE B

* I
A 13

1 2 3 4 5 & 7
copsvine NN N HE BN BN .

A

Figure I. Summary of experimental conditions. Flies are exposed ei-
ther to light or dark (open and solid portions of bar, respectively). Before
being fixed during their 7th day postemergence, flies received visual
experience designed to test whether the axonal calibers of L1 and L2
undergo a daily rhythm (Groups ITA, I1B); the waveform of that rhythm
(Groups I4-1F), the effect of water deprivation on this rhythm (Groups
1114, I1IB);, the presence of a circadian rhythm (Groups IV, V); the
resetting of the rhythm (Groups Vi, VII), Water deprivation commences
12 hr prior to sampling in Group 11 (asterisk, Group 1114; triangle,
Group 1IIB).

cell might be regulated by a circadian mechanism or even that
L2 itself might be a component of an optic lobe circadian system,
one that regulates in turn the function of photoreceptors. To
address this question further, we sought other day/night and
circadian rhythms among monopolar cells. During the process
of this search, we examined the sizes of the lamina axons of L1
and L2, which both receive identical synaptic input from R1-
R6 (Nicol and Meinertzhagen, 1982). These revealed an un-
suspected rhythm when examined under the normal cycle of
day and night (LD), as well as under either constant darkness
(DD) or continuous light (LL). A preliminary report has ap-
peared (Pyza and Meinertzhagen, 1992).

Materials and Methods

Animals. The housefly (Musca domestica L.) was reared under labo-
ratory conditions at a temperature of 23°C + 1°C, in either LD 12:12
(12 hr light/12 hr dark) or in a reversed light regimen DL 12:12 (12 hr
dark/12 hr light). Lights came on at 09:00 hr in LD and at 21:00 hr in
DL. The reversed light DL regimen allowed us to carry out experiments
during the day on flies that were in their subjective night. During the
night, flies were not in complete darkness but were illuminated by a
dim 10 W incandescent red bulb at a distance of 2 m. Details are given
in Pyza and Meinertzhagen (1993).

Experimental conditions. After emergence, male or female experi-
mental flies were kept under one of the following seven light regimes
(Fig. 1) before being fixed for light microscopy.

Flies from group I (males) were held for 6 d under either LD or DL
conditions and were then fixed on the next day at 4 hr intervals, at 09:
00, 13:00, 17:00 hr (groups 1A, B, C, respectively). For DL reared flies,
fixation during the night of DL gave night conditions at times corre-
sponding to 21:00, 01:00, and 05:00 hr for LD flies (groups ID, E, F,
respectively).

Flies from group II (females) were held for 6 d in LD and then fixed
on the 7th day at either 10:00 hr (group ITIA) or 22:00 hr (group IIB).

Flies from group IIT (males) were held for 6 d in LD and fixed on the
7th day at either 10:00 hr (group IITA) or 22:00 hr (group IIIB), thus
receiving the same treatment as groups IIA and IIB, but were water
deprived for 12 hr before fixation.

Flies from group IV (females) were held for 3 d in LD, then 3 d in
DD, and were finally fixed on the 7th day postemergence, at either 10:
00 (group IVA) or at 22:00 hr (group IVB).

Flies from group V (males) were held for 3 d in LD, then 3 d in LL,
and were finally fixed on the 7th day at either 10:00 (group VA) or 22:
00 hr (group VB).

Group VI (males) were held for 6 d in LD, transferred to reversed
light DL conditions on the 7th day, and then fixed at either 10:00h
during the new night (group VIA) or at 22:00 hr of the new day (group
VIB) in DL.

Flies from group VII (males) were held for 6 d in DL, transferred to
LD on the 7th day, and then fixed at either 10:00 hr (group VIIA) during
the new day or at 22:00 hr (group VIIB) during the new night in LD.

Light microscopy. Fly heads were fixed using a cacodylate buffered
glutaraldehyde-paraformaldehyde primary fixative, followed by osmi-
cation, and prepared for semithin sectioning. Flies from the night or
from constant darkness were dissected and fixed under dim red light,
all as described previously (Pyza and Meinertzhagen, 1993). Tangential
sections of the lamina were cut to obtain cross-sections of the cartridges
at a proximal depth, close to the external chiasma, the fiber tract ex-
tending between the lamina and the medulla. Sections were cut at 1 um
thickness, collected and stained with 1% toluidine blue, and then viewed
and photographed with a Zeiss Photomikroskop II using a 63/1.4 plan-
apochromat objective. The curvature of the lamina means that sections
containing a portion of the chiasma at their center cut lamina cartridges
at progressively more distal levels towards the section’s edges (Fig. 2.4)
(Kral and Meinertzhagen, 1989). 35mm negatives of those cartridge
cross-sections that were located on both sides of the circular profile of
the chiasma, along the dorsoventral axis of the eye, were enlarged to a
final magnification of 4400 using a microfilm reader (Zeiss Jena, Dok-
umator DL2) and the profiles of L1 and L2 were drawn. These profiles
were then traced and their sizes calculated using a computer morpho-
metric system. The cross-sectional area, perimeter length, and maxi-
mum diameter of the axons of L1 and L2 in cross-section were measured
at five depths (/-5) of the lamina (Fig. 2B). Differences between ex-
perimental groups were similar in all the morphometric parameters
calculated, so that only the measured cross-sectional areas of L1 and
L2 axons are presented. The length of L1 and L2 axons were also
measured from longitudinal sections of the lamina.

Statistical analyses. The cross-sectional areas of L1 and L2 axons
measured at different times of the day in all experimental conditions
were calculated as the mean of 2040 cells at each of the five depths in
the lamina of every fly examined. At least three flies were examined in
each experimental group, so that at least 60 cells were sampled for each
depth. In groups IIA, I1IB, IVA, and IVB we examined more flics (seven,
six, seven, and eight individuals, respectively), because in these groups
we also wished to compare differences that occur between individuals
within a group with the differences that existed between experimental
groups. Differences between groups were calculated from the means of
individuals within a group. For all tests the one-factor analysis (ANO-
VA) was used, followed by the Scheffe F test.

Results

In all experimental groups, the cross-sectional areas of L1 and
L2 axons were largest at the most proximal level of the lamina
(level 1) and tapered gradually toward the distal level (level 5),
The axon of L2 was larger than that of L1 (Figs. 3, 4), especially
at level I. At levels 2 and 3, the difference was smaller while
at levels 4 and 5 the areas of both axons’ cross-sections were
similar, or L1 was even larger than L2. These results may be
seen by comparing 4 and B in each of Figures 5-11, and confirm
the earlier findings of Braitenberg and Hauser-Holschuh (1972)
for the same regions of the lamina.

L1 and L2 axon sizes in day/night conditions

The cross-sectional areas of L1 and L2 axons were measured
during the day and night. This was done in males (groups [A-



F) at 4 hrintervals, and at the beginning of day and the beginning
of night in both females (groups IIA, B), and after water depri-
vation in males (groups IIIA, B).

In males, the sizes of the axons of L1 and L2 from flies fixed
at 4 hr intervals were measured for alterations in their cross-
sectional areas during the course of a 24 hr cycle.

L2 was largest at 09:00 hr (group IA, 14.5 + 3.70 pm? SD at
level I; 3.0 = 0.84um? SD at level 5). Compared with the
beginning of day, L2 in male flies decreased an average of 20%
in cross-sectional area in the middle of day (group IB), whereas
at the end of day (group IC) and at the beginning of night (group
ID) it remained similar to the area during the middle of day
(Fig. 54). L2’s axon was smallest (6.4 + 2.20 pum? SD at level
I; 1.8 + 0.92 um? SD at level 5) at 01:00 hr (group 1E), and
the difference in mean cross-sectional area between groups IA
and IE was statistically significant (p = 0.02). At the beginning
of day (group IA), L2 was larger by between 56% (at level I)
and 39% (at level 5) than at the middle of night (group IE). At
035:00 hr (group IF) L2 increased slightly compared with its size
at 01:00 hr, but this difference was not statistically significant,

L1 in males was also largest at 09:00 hr (group IA, 7.3 + 2.30
pm? SD at level /; 3.5 + 0.76 um? SD at level 5). In the middle
of the day (group IB), axon size decreased, increasing again at
the end of day (group IC) and at the beginning of night (group
ID). These differences were not statistically significant. In the

The Journal of Neuroscience, January 1995, 15(1) 409

Figure 2. Monopolar cell profiles in
the lamina. A, Semithin section of the
optic lobe, 1 pm thick, showing the lam-
ina neuropil (/) at a proximal depth.
Because of the curvature of the eye the
central region of the section is cut at a
deeper level and contains a portion of
the chiasma (ch), while the edge cuts
the overlying retina (re), separated from
the optic lobe by the basement mem-
brane (arrowhead). The right of the fig-
ure points in a ventral direction. B, A
dorsoventrally orientated transect, out-
lined in A, drawn through a row of
transversely sectioned cartridges and
divided into five regions (levels I-5),
each corresponding to a particular depth
at which the cross-sectioned areas of the
axons of L1 and L2 were measured.
Magnification, 660 x; scale bar, 25 pm.

middle of night, at 01:00 hr, the cross-sectional area of L1
decreased 26% to its minimum (becoming 3.4 + 1.34 um? SD
at level I; 2.1 £ 0.75 um? SD at level 5); at 05:00 hr its size
was unchanged, an average 45% smaller than at 09:00 hr (Fig.
5B). Although the difference in the sizes of L1 at the beginning
of day and at the end of night was significant for all five separate
depth levels in the lamina (p < 0.05), there was no statistically
significant difference in the size of L1 for the mean of the five
cross-sectional areas.

We did not extend observation of axon size into a second 24
hr cycle, but if at 09:00 hr in a second cycle cell size were the
same as at 09:00 hr in the first (group IA), the greatest change
in cell size would occur in the hours between 01:00 hr and 09:
00 hr. That change would be most visible for a 24 hr cycle
starting at 17:00 hr or 21:00 hr.

The axons of L1 and L2 were also measured in females, to
examine if their size also changed, as in males. This examination
was carried out at the beginning of day and night, but 1 hr later
(10:00 and 22:00, respectively) than in the males in group I
above.

L2 was larger at 10:00 hr (14.2 + 3.91 um? SD at level I; 3.3
+ 1.04 um? SD at level 5) than at 22:00 hr (8.4 + 2.07 yum? SD
at level I; 2.5 + 0.68 um? SD at level 5) (Figs. 34,B, 64).
This difference was seen at all five lamina depths (Fig. 64). The
difference was 41% at level /, decreasing to 23% at level 5, was
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Figure 3. Electron micrographs of the lamina cartridge in female flies reared in LD. A4, Fixed in the day, at 10:00 hr. B, Fixed at night at 22:00
hr. L1 and L2 are larger in the day (4), while surrounding epithelial glial cells (g) are larger in the night (B). Typically, the receptor terminals have
pigment granules (arrowhead in 4). Magnification, 6280 x; scale bar, 2.0 um.

larger than in males measured at 09:00 and 21:00 hr, and was
statistically significant (p < 0.05). The difference in significance
between males (group I) and females (group II) can be explained
if cell sizes in males were measured on the night/day and day/
night transitions whereas in females they were measured one
hour after the beginning of day and night, when the day/night
differences in cell size were greater. Not only were day/night
differences in L2 similar between males and females, but the
absolute sizes were also similar, in males at 09:00 hr (group IA)
the size for L2 was less than 1% different than in females at 10:
00 (group IIA). At 21:00 hr (male flies) L2 was about 15% larger,
however, than it was in female flies at 22:00, and similar dif-
ferences were seen in L1 for both 09:00 and 21:00 hr when
compared with the corresponding values in females. None of
these differences was statistically significant, however.

In turn, L1 at 10:00 hr (5.6 = 1.58 pum? SD at level /; 3.3 +
0.85 um? SD at level 5) was similar in size to L1 at 22:00 hr
(5.6 = 1.82 um? SD at level I; 2.3 + 0.73 um? SD at level 5)
(Figs. 34,B, 6B). Only at distal levels of the lamina was L1 larger
at 10:00. At level 4 it was 13% larger and at level 5 31% larger
during the day than during the night; only the difference at level
5 was statistically significant (p < 0.005). In both groups IIA
and IIB there were no statistically significant differences between
individual flies.

The results thus reveal a day/night rhythm of axonal size in
L2 in both male and female flies. L1, on the other hand, did
not show a clear rhythm of size changes, its size merely de-
creasing in the middle and at the end of night. L2 was always
larger during the day, especially at the beginning of day, and
was smaller during the night, especially in the middle of night.
The largest day/night difference in the cross-sectional area of
L2’s axon was observed at proximal levels of the lamina (levels
1, 2).

To examine whether changes in the girth of L1 and L2 may
have been offset by changes in their lengths, so as to conserve
cell volume, the lengths of both axons were also measured, as
a pair, from longitudinal sections of the lamina examined during
the day (group IA) and night (group IE). During the day, the
axons were 8.5% longer (54.5 + 4.39 um SD, n = 37) than
during the night (49.9 + 4.33 um SD, n = 70). This difference
was statistically significant (p = 0.0001). Thus the day/night
volumetric differences between the lamina monopolar cell axons
were not offset by the length of L1 and L2, but were increased
further.

The effects of water deprivation

Since a day/night osmotic cycle would provide an obvious ex-
planation for a general increase in lamina cell sizes, flies were
water deprived to examine the effects of osmotic shifis on the
lamina cells. Water deprivation for 12 hr (groups I1I) induced
an increase in the sizes of L1 and L2’s axons, which was, how-
ever, statistically significant only for group IIIA. After water
deprivation (group III) L1’s axon, as a mean of the cross-sec-
tional area at five lamina depths, was 50% larger at 10:00 hr
(group ITIA) and unchanged at 22:00 hr (group IIIB), while L2
was 29% larger at 10:00 hr and only 4.4% larger at 22:00 hr,
than the corresponding values in group II flies. Thus, only de-
hydration before the beginning of the day had a physiological
effect, but a paradoxical one in increasing cell size.

Water deprivation also increased the day/night difference in
cell sizes. After dehydration, both L1 and L2 were larger at the
beginning of day (L1, 15.4 + 5.21 um? SD at level I; 3.5 +
0.64 um? SD at level 5; L2, 22.1 + 5.39 um?® SD at level I; 3.4
+ 1.02 um? SD at level 5) than at the beginning of night (L1,
5.7 £ 1.78 um? SD at level I; 2.5 + 1.20 um? SD at level 5;
L2, 10.0 + 2.81 um? SD at level I; 2.33 + 0.80 um? SD at level



5) (Fig. 74,B). L1 was larger at all lamina depths, between 63%
(level 1) and 37% (level 5) larger in group IIIA than in group
IIIB. L2 was likewise larger at all depths, between 55% (level
I)and 31% (level 5) larger | hr after light-on (group IIIA) than
1 hr after light-off (group I1IB). The day/night differences in the
sizes of L1 and L2 after dehydration were statistically significant
only for L2 (p < 0.01), however, and not at all for L1.

The difference in the amount of swelling in L1 and L2 induced
by water deprivation, when that swelling was compared between
the beginning of day and the beginning of night, was more pro-
nounced than the swelling observed without water deprivation,
in groups I and II. L1 was especially enlarged at 10:00 hr after
water deprivation, whereas in groups I and II, the size of L1 at
10:00 hr was similar to its size at 22:00 hr. Thus, dehydrating
flies for 12 hr magnified the day/night differences in the sizes
of L1 and L2

In order to examine whether the day/night differences were
of circadian origin, and if so to what extent, flies were also
examined that had been held in constant conditions.

L1 and L2 axon sizes in constant darkness

Under constant darkness (DD) (group IV), L1 and L2 were both
smaller than under day/night (LD) conditions (group II). At 10:
00 hr (the fly’s subjective day) L1 and L2 were both 39% smaller,
while at 22:00 (subjective night) L1 was 39% smaller and L2
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Figure 4. Electron micrograph of a
lamina cartridge from a female fly reared
in LD and dissected at night (22:00 hr).
Representative of some cartridges in the
night-fixed lamina, one of the mono-
polar cells is of smaller size, shrunken
appearance and with cytoplasm that is
more electron dense, than other car-
tridges in the lamina (cf. Fig. 3B). De-
fining positions of the terminals of R/-
R6, the axon of L3, a third monopolar
cell, lies between R5 and R6. Magnifi-
cation, 10,600 x; scale bar, 2.0 um.

30% smaller than the corresponding LD values. These differ-
ences were all statistically significant (p < 0.05). At 10:00 hr,
the cross-sectional area of L2 was 8.5 & 2.17 um? SD at level
1t02.2 £ 0.88 um? SD at level 5 and L1 was 3.8 £ 1.72 yum?
SD at level 1 to 1.78 + 0.48 um? SD at level 5. At 22:00 hr,
the size of L2 was 5.8 = 1.36 um?2 SD at level / to 1.8 = 0.52
um? SD at level 5 and L1 was 3.3 + 1.28 pum? SD at level [ to
1.5 + 0.43 um? SD at level 5 (Fig. 84, B). The sizes of both cells
were larger during the subjective day at 10:00 hr (group IVA)
than during subjective night at 22:00 hr (group I[VB) at all lamina
depths, but only the differences in L2’s size were statistically
significant (p < 0.05). L2 was between 32% larger at level J and
17% larger at level 5 at the beginning of subjective day than at
the beginning of subjective night. The differences between in-
dividual flies within groups IVA and IVB were not statistically
significant.

LI and L2 axon sizes in constant light

Under constant light (LL) conditions (group V), the size of L1
and L2 both increased with respect to their size in flies held
under LD (group II). The respective increases at 10:00 hr were
50% and 21.8%, and at 22:00 hr were 33% and 32%. These
differences were all statistically significant (p < 0.05). At 10:00
(group VA), the cross-sectional area of L1’s axon ranged from
13.1 = 4.48 um? SD (level 1) to 5.2 = 2.22 um? SD (level 5);
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Figure 5. A and B, Changes in the axonal cross-section areas of L2 (4) and L1 (B) at levels I-5 in the lamina measured every 4 hr in LD in male

flies. Mean + SD.

that of L2 from 18.4 + 3.7 um? SD (level /) to 5.7 = 1.93 um?
SD (level 5) (Fig. 94,B). Within LL, a comparison of cell sizes
during the subjective day and night indicated that L1 and L2
axons were both larger during the subjective day than during

the subjective night. Their changes thus resembled those seen
in DD. The axon of L2 was larger at 10:00 hr than at 22:00 hr,
by an increase ranging from 25% at level I to 42% at level 3,
but 35% at level 5. The difference between the subjective day
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Figure 6. A and B, Changes in the axonal cross areas of L2 (4) and
L1 (B) at levels 1-5 in the lamina measured at 10:00 hr (open bars) and
22:00 hr (solid bars) in LD in female flies. Mean + SEM.

and subjective night in the mean axon size of L2 at the five
lamina depths was statistically significant (p < 0.02). The axon
size of L1 was also larger at 10:00 hr than at 22:00 (by 29% at
level I to 39% at level 3 and 34% at level 5), but these differences
were not statistically significant.

The Journal of Neuroscience, January 1995, 15(1) 413

281 L2:LD
26 MALES
24 water deprived

18+

Area (pm?2)
®

Depth of lamina

281 L1:LD
26+ MALES
24 water deprived

Area (pm?2)
>

2 -
0 1 T T L]

1 2 3 4 5

Depth of lamina

Figure 7. A and B, Changes in the axonal cross areas of L2 (4) and
L1 (B) at levels I-5 in the lamina measured after 12 hr of water de-
privation at 10:00 hr (oper bars) and 22:00 hr (solid bars) in LD in
male flies. Mean + SEM.

L1 and L2 axon sizes in flies held in a reversed light regimen

In order to examine whether the circadian rhythm of cell size
changes could be synchronized to a different LD cycle, finally
flies were examined after reversing their day/night regime. Flies
from group VIA were held first in LD for a total of 6 d and then
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Figure 8. A and B, Changes in the axonal cross areas of L2 (4) and
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in the next day were brought into the reversed light regime (DL).
Such flies were designated LDDL and, as a result, prior to fix-
ation were exposed to darkness for one extra hour at the begin-
ning of their seventh day (during the “new night”). This ex-
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Figure 9. A and B, Changes in the axonal cross areas of L2 (4) and
L1 (B) atlevels I-5 in the lamina measured at 10:00 hr (open bars) and
22:00 hr (solid bars) in constant light in male flies. Mean + SEM.

tended the exposure to darkness received during the preceding
night to 13 hr (Fig. 1). Thus, axon sizes were measured in two
groups of flies, one that received exposure to one extra hour of
night (13 hr of darkness; group VIA) and one that received one
additional hour of day after 24 hr of darkness (group VIB). After
one extra hour of night, the mean axonal cross-sectional area
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Figure 10. A and B, Changes in the axonal cross areas of L2 (4) and
L1 (B) at levels -5 in the lamina measured at 10:00 hr (“new” night;
open bars) and 22:00 hr (“new” day; solid bars) in male flies in the first
day of a reversed-light regime. Mean = SEM.

of L1 was 7.6 = 1.92 um?SD and of L2 was 11.3 + 1.49 um?
SD, in both cases similar to the sizes measured during the day
in LD. The sizes of both L1 and L2, however, increased after
one extra hour of day (group VIB), to 7.1 = 1.56 um? SD for
L1 and to 10.1 + 1.82 um? SD for L2 (Fig. 104,B). So, in spite
of exchanging the time of day and night, L2 was larger at the
beginning of the new night than at the beginning of the new day,
according to the pattern established in LD 24 hr earlier, although
this difference was not statistically significant. The size of L1
was the same in the reversed light regime as in LD.

In turn, the next procedure of holding flies in the reversed
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Figure 11. A and B, Changes in the axonal cross areas of L2 (4) and

L1 (B) at levels I-5 in the lamina measured at 10:00 hr (“new” day;
open bars) and 22:00 hr (“new” night; solid bars) in male flies in the
first day of a LD regime after flies were held in a reversed-light regime.
Mean + SEM.

light regime DL and 1 d in LD, exposed flies to 13 hr of the
day (group VIIA) and 1 hr of darkness after 24 hr of light (group
VIIB). In these new light conditions, L1 and L2 were similar in
size in group VIIA [5.7 + 0.44 um? SD (L1), 8.8 + 0.79 um?
SD (L2)} as in group VIIB [6.0 + 1.87 um2 SD (L1) and 8.0 +
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2.35 um? SD (L2)] (Fig. 114,B). In this case, exchanging the
times of light and darkness lengthened the light period to 13 hr
and the day/night rhythm of L2 size changes disappeared. The
sizes of L1 and L2 at levels 7 and 2 in the lamina, however,
were larger at the beginning of new day than at the beginning
of new night. At the distal level of the lamina, on the contrary,
the size of both was larger at the beginning of new night than
at the beginning of new day. The two experiments, exposing
flies either to LDDL (group VIA,B) or to DLLD (group VIIA,B)
conditions, therefore indicate that exchanging the times of day
and night can mask the daily rhythm of changes in the size of
L2’s axon. One hour of light during the night can increase the
size of L1 and L2 but 1 hr of darkness during the day cannot
decrease its size. A period of light as long as 13 hr can reverse
the rhythm, but this process is slow, takes more than one cycle
of a new regime and the difference in size is first visible only at
the proximal level of the lamina.

Discussion

The results show clearly that L1 and L2, the two chief output
interneurons of each cartridge in the fly’s lamina, undergo a
daily cycle of changes in the size of their axons, and that at least
for L2 this process exhibits a circadian rhythm. The first sig-
nificance to attach to these results is therefore that they offer
evidence for the involvement of L2 in the circadian system of
the fly’s optic lobe, for which the location of the pacemaker is
variously described (Helfrich, 1986; Ewer et al., 1992). While
not necessarily a component of the pacemaker, L2 may nev-
ertheless be driven by the pacemaker and thus, in turn, an ef-
fector of the pacemaker’s rhythm.

In the housefly’s visual system the number of synapses that
transfer information between the photoreceptor terminals and
lamina monopolar cells oscillates during the day and night and,
in the case of the feedback synapses between L2 and the receptor
terminals, their frequency has a circadian rhythm (Pyza and
Meinertzhagen, 1991, 1993). Possibly related to these rhythms,
or to rthythms that may also exist among the output synapses
of L1 and L2’s terminals in the medulla, the circadian rhythm
in the cross-sectional size of L2, presented here, provides the
second example of an endogenous rhythm detected in the fly’s
lamina. This rhythm is, moreover, much more readily assayed,
from a single semithin section in each fly, than are the frequen-
cies of synaptic profiles, and so provides an easy marker for the
circadian state of the lamina. The rhythm of axonal size is, to
our knowledge, the first example to suggest the existence of either
a daily or circadian rhythm in the size of insect neurons, for
which old observations that cells in the antennal lobe of the
honey bee’s brain are larger in diameter in the morning than in
the evening (Hodge, 1892) possibly form another instance.

The changes in axon caliber of the two chief output cell classes
in the housefly’s lamina appear to differ during a 24 hr period.
L2 shows a clear day/night and circadian rhythm in its axonal
cross-sectional area, with a peak not only during the day, but
also during the subjective day in flies exposed to both DD and
LL conditions. The changes are seen in female as well as in male
flies. The changes in L1’s cell size during a 24 hr period of LD
and under constant conditions are smaller than those of L2 and
are not significant. Moreover, oscillations in the size of L1 were
not observed in group I flies exposed to LD conditions. We
tentatively interpret this to mean that a possible rhythm in the
cross-sectional area of L1 is offset by a second effect, that due
to the direct action of light or darkness. This interpretation is

based on the observation that L1 is apparently more sensitive
than L2 to long exposures to light. Under LL conditions, for
example, L1 was larger by about 41% than under LD, whereas
L2 was larger by only 26% than it was under LD. A direct action
of light and dark has been previously reported on the related
visual system of Limulus, but in the retina (Chamberlain and
Barlow, 1987).

This difference between L1 and L2 is hard to reconcile with
the electrophysiological responses of these two cells. Changes
in the axonal diameters of L1 and L2 have not been explicitly
considered in the cable model that best fits the electrophysio-
logical responses of these cells (van Hateren and Laughlin, 1990).
Both monopolar cells are invariable partners at all input syn-
apses (Nicol and Meinertzhagen, 1982), and so receive the same
visual information from photoreceptor terminals. They exhibit
responses to light flashes that are indiscriminable except to off-
axis illumination (Laughlin and Osorio, 1989). The differences
seen in this study between L1 and L2 now indicate that in
response to longer periods of illumination the volumetric changes
of these cells differ too. L1 responds more than L2 to the direct
action of light exposure, while any possible circadian oscillation
in its cross-sectional area might be masked by the volume in-
crease due to light stimulation. L2 on the other hand maintains
a circadian rhythm, which the reversed light regime shows can
be synchronized by light. It is furthermore possible that L2 could
act as an output component of the circadian pacemaker, by
driving circadian information through L2’s input to the pho-
toreceptor terminals, at feedback synapses.

The mechanism for changes in lamina monopolar cell volume
changes is no more clear than their functional outcome. Cell
volume changes have been seen in response to three types of
stimulus: to light, which increases cell volume; to water depri-
vation, which also increases cell volume (with dehydration be-
fore the beginning of day having a stronger physiological effect
than before the beginning of night); and, lastly, to an endogenous
circadian rhythm.

Osmotic shifts might immediately be suggested as the prox-
imate cause of a circadian rhythm, but apparently a generalized
osmotic effect is not involved. Apart from the different size
changes seen in L1 and L2, we have also made preliminary
measurements of the cross-sections of terminals R1-R6 in LD
and DD, and these show no clear volume changes (E. Pyza,
unpublished observations). Moreover, if the circadian rhythm
were an osmotic phenomenon, it nevertheless survives the most
obvious osmotic perturbation, dehydration. While it 1s true that
water deprivation did result in a volume change in L1 and L2,
this paradoxically was either an increase in cell size, or at least
not a decrease. Possibly the cells undergo a regulatory volume
increase in response to hypertonicity, as happens in the nephron
(Montrose-Rafizadeh and Guggino, 1990). The mechanisms for
such regulation involve ionic fluxes (Grinstein and Foskett, 1990),
for which several described conductance channels exist in lam-
ina monopolar cells, especially for potassium channels (Hardie
and Weckstrom, 1990). Potassium is involved in volume reg-
ulation in the pigment epithelium cells of the frog’s retina (Ador-
ante and Miller, 1990), which probably shrink in response to a
light-evoked increase of the volume of the subretinal space and
a decrease in ionic concentration (Huang and Karwoski, 1992).
It is also involved in cell volume changes amongst neuropil glial
cells of the leech ganglion (Ballanyi et al., 1990). Light-evoked
changes in the concentrations of calcium and sodium and in
extracellular volume have also been detected in the insect retina,



as part of the mechanism of light adaptation (Orkand et al.,
1984; Ziegler and Walz, 1989; Sandler and Kirschfeld, 1991).
Possibly they occur in the underlying lamina, too, where L1 and
L2 predominantly hyperpolarize to light (Jarvilehto and Zettler,
1971) through light-evoked chloride conductance increases (Zet-
tler and Straka, 1987; Laughlin and Osorio, 1989).

Over and above these responses to light exposure, which plau-
sibly result in ion fluxes, or even the responses to water depri-
vation, for which ion fluxes are possibly responsible but quite
unproven, there still lies an entrained rhythm in cell volume,
for which any mechanism may still be entertained. In other
systems, ionic concentration changes are important regulators
of circadian rhythms. In neurons of the circadian oscillator in
the mollusc’s eye, for example, they modify the free-running
period of the circadian rhythm of electrical activity (Khalsa et
al., 1990; Ralph and Block, 1990), while in chick pineal cells
ionic concentration changes that cause swelling or shrinkage of
cells also regulate the phase of the circadian rhythm of melatonin
synthesis (Zatz and Wang, 1991). While osmotic change and
light activity both modulate cell size among L1 and L2 cells,
they do not extinguish their circadian rhythm, which for the
moment we therefore infer to be an independent process.

The magnitude of cell volume changes seen in L1 and L2 is
largely that of the increase in axon cross-sectional area (up to
50%), but is also augmented by a small increase in axon length.
These changes in cell volume seem to be offset by a compen-
satory decrease in the volume of the surrounding epithelial glial
cells (Fig. 3), but whether they are wholly accommodated within
the lamina or whether the lamina itself also swells is not clear.
Changes among the glial cell population provoke the same ques-
tions as those previously raised for L1 and L2, as to the recip-
rocal mechanism of volume regulation in these cells.

Volume changes in L1 and L2 provide an example not just
of circadian rhythms in the fly’s visual system, but also of plas-
ticity amongst its neurons. Neuronal plasticity involving some
form of morphological change has been widely reported in the
adult nervous system. In response to acute injury or denerva-
tion, for example, neurons frequently exhibit sprouting (Rais-
man, 1969; Brown et al., 1981). A comparable reaction is also
seen in the fly’s lamina, during reactive synaptogenesis following
deafferentation (Brandstitter et al., 1992). Plasticity is also seen
in response to physiologically reversible challenges to the visual
system, such as the effect of visual experience. Cells in the LGN,
for example, shrink and are of smaller size if they are relatively
deprived of their retinal inputs (Wiesel and Hubel, 1963; Kup-
permann and Kasamatsu, 1983). Conversely, the caliber of L2’s
axon increases after ocular occlusion in the housefly (Kral and
Meinertzhagen, 1989). More general stimuli such as water de-
privation in animals can also result in various morphological
changes among neurons, including volume changes. Swelling of
cells after dehydration has been observed in the supraoptic nu-
cleus among neurosecretory neurons of the rat’s hypothalamus
(Hatton and Walters, 1973). This finds a direct parallel in the
present study on the housefly’s lamina, where dehydration also
increases the sizes of L1 and L2, even if significantly only when
water deprivation occurs just before the time of the animal’s
peak activity, which for flies is during the day (Helfrich et al.,
1985).

Finally, neuronal plasticity also occurs on a more predictable
time scale, and embraces cyclical changes in the adult nervous
system. Some examples are seasonal, as in hormone-induced
changes in brain volume and neuron number in birds (Notte-
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bohm, 1981; Arnold, 1985) and in humans (Hofman and Swaab,
1992). Other examples are tidal, as in changes in the Golgi
complex of cells in the neural ganglion and gland of adult tu-
nicates (Georges, 1978). To date, however, there have been few
reports of circadian oscillations involving either the volume or
morphology of neurons, even though a diurnal rhythm is re-
ported in the variation of magnocellular cell size in the rat’s
hypothalamus (Armstrong and Hatton, 1978) and of short pho-
toreceptor cell size in the lamprey’s retina (Hara et al., 1990).
To these should now be added the subtle but repeatable size
changes reported here among monopolar cells in the fly’s lamina,
and their circadian basis.
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