European Journal of Neuroscience, Vol. 25, pp. 2034-2044, 2007 doi:10.1111/5.1460-9568.2007.05425 x

Novel stimulus-induced calcium efflux in Drosophila
mushroom bodies

Yuegqing Peng'? and Aike Guo'-3

"Institute of Neuroscience, Key Laboratory of Neurobiology, Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences, 320 Yueyang Road, Shanghai 200031, China

2Graduate School of Chinese Academy of Sciences, Beijing 100049, China

SState Key Laboratory of Brain and Cognitive Science, Institute of Biophysics, Chinese Academy of Sciences, 15 Datun Road,
Chaoyang Dist.,Beijing 100101, China

Keywords: calcium imaging, calcium signals, electrical stimulation, GABA receptor, sodium—calcium exchanger

Abstract

The mushroom body (MB) is an important part of the Drosophila brain, and is involved in many behaviors, including olfactory learning
and memory and some visual cognition. However, the physiological properties of MB neurons remain elusive. Here we used a
calcium-imaging technique to study calcium signals in Drosophila MB. We found that, rather than increasing calcium spread,
electrical stimuli dramatically decreased calcium signals in the terminals of MB fibers. This novel calcium decrease occurred at all
developmental stages from larvae to adults, but was specific for certain regions of the MB neurons. GABA receptor blockade
promoted calcium propagation through the MB fibers, but did not disrupt the stimulus-induced decrease in calcium. Furthermore, this
decrease in calcium was independent of extracellular calcium concentration and was not due to altered uptake by intracellular
calcium stores and mitochondria. Rather, we found that inhibition of sodium—calcium exchangers significantly attenuated the
stimulus-induced decrease in calcium, whereas the decrease persisted when membrane calcium pumps were blocked. Our findings
indicate that MB neurons exhibit a novel stimulus-induced calcium efflux, which may be importantly regulated by sodium—calcium

exchangers in the Drosophila MB.

Introduction

Calcium ions (Ca®") are essential intracellular messengers responsible
for controlling numerous cellular processes (for reviews, see Berridge
et al., 2000, 2003; Carafoli, 2002). Once Ca®" has carried out its
signaling functions, it is rapidly removed from the cytoplasm by
various mechanisms (Berridge et al., 2003; Guerini et al., 2005). The
plasma membrane Ca>"-ATPase (PMCA) pump and the Na'/Ca*"
exchanger (NCX) remove Ca®" to the extracellular space whereas the
sarco-endoplasmic reticulum ATPase (SERCA) pump returns Ca”* to
the internal stores. In addition, mitochondria also help regulate
intracellular calcium levels (Bianchi et al., 2004; Saris & Carafoli,
2005).

Recent studies have shown a growing interest in elucidating the
roles of the NCX (for reviews, see Blaustein & Lederer, 1999;
Philipson & Nicoll, 2000; Annunziato et al., 2004). Based on its
dependence on potassium ions, the NCX family can be divided into
two categories: NCX exchangers and NCKX exchangers. Drosophila
encodes three NCX genes. One is Calx (Ruknudin et al., 1997;
Schwarz & Benzer, 1997), which is homologous to mammalian NCX
exchangers. The other two are Nckx30C (Haug-Collet ef al., 1999) and
Nckx-X (Winkfein et al., 2004), which are NCKX exchangers.
Although these three genes have been cloned and characterized on a
molecular level, little is known about their physiological functions
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in vivo. Recent research has shown that the Na*/Ca*" exchanger CalX
plays an essential role in light activation, adaptation and cell survival
in photoreceptors (Wang et al., 2005). However, to date there have
been no reports about the physiological roles of NCX in other brain
regions in Drosophila.

In insects, the mushroom body (MB; for reviews, see Heisenberg,
1998, 2003; Strausfeld et al., 1998; Zars, 2000) is an important brain
structure for olfactory learning and memory (Heisenberg et al., 1985;
De Belle & Heisenberg, 1994; Connolly et al., 1996) and some visual
cognitive behaviors, such as context generalization (Liu et al., 1999)
and choice behavior (Tang & Guo, 2001). The MB comprises
thousands of densely packed parallel neurons (2500 Kenyon cells),
which receive both cholinergic and GABAergic inputs in the calyx
(Yasuyama et al., 2002). Furthermore, the MB exhibits large-scale
rearrangement during metamorphosis (Armstrong et al., 1998).
Neurons projecting into the y lobe are born first, prior to the mid-
3rd instar larval stage, after which o'/’ and o/p neurons are
subsequently born (Lee et al., 1999).

Although much is known about the MB, knowledge of its
physiological properties is quite lacking, due to the extreme difficulty
of electrophysiological access to the tiny Kenyon cells. In the last
decade, the development of calcium imaging using genetically
encoded indicators has provided a powerful tool to investigate
neuronal responses in vivo (Miyawaki et al., 1997, 1999; Nakai
et al., 2001). By taking advantage of calcium-imaging techniques in
Drosophila, here we have shown that electrical stimulus (ES) in the
MB dramatically evoked a spreading calcium efflux. NCX probably
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contributes to this ES-induced spreading calcium decrease. Our study
provides a novel example of calcium decrease, which may be
important for controlling neurotransmitter release in the neuronal
terminals.

Materials and methods
Fly stocks

All fly stocks were cultured on standard Drosophila medium at room
temperature (Guo et al., 1996). UAS-EGFP transgenic flies were
crossed with 247-GAL4 to visualize the structure of the MBs. To
monitor calcium activity, we crossed UAS-GCamp flies (3rd chro-
mosome), which were kindly provided by Dr Yi Zhong (Cold Spring
Harbor Laboratory, NY, USA), with either MB-specific GAL4 lines
OK107-GAL4, 201Y-GAL4, C739-GAL4, 1471-GAL4 and H24-
GALA4 or the control line GH146-GAL4. Progeny flies were used for
all experiments.

Optical recording

Brains were dissected in normal insect saline (128 mm NaCl, 2 mM
KCl, 35.5 mM sucrose, 4 mM MgCl,, 1.8 mMm CaCl,, 5 mM Hepes,
pH = 7.3-7.4, osmolarity = 290-300 mOsm) except for the calcium-
free solution (1.8 mM CaCl, was replaced with 2 mm EGTA) and
sodium-free solution (NaCl was replaced with molar equivalent LiCl
or NMDG). The whole brain was mounted beneath a water immersion
lens (Zeiss, 40x). Fluorescent images (about 256 X 256 pixels) were
collected (1 frame per second) at room temperature by using a cooled
CCD camera (Spot-RT, Diagnostic Instruments, USA) and a shut-
ter/filter wheel (Lambda 10-2, Sutter Instruments, USA) controlled by
MetaFluor software (Universal Imaging Corp., USA). The exposure
time per frame was about 150 ms. The filters for excitation and
emission light were at a bandwidth of 450490 nm and long pass of
515 nm, respectively. A conventional fluorescence microscope (Zeiss)
was used for all experiments of calcium imaging. To view the MB
structure, 1-pm optical sections were acquired using a Zeiss LSM 510
META NLO upright two-photon microscope equipped with a water
immersion lens (Zeiss, 40x). The light source was a titanium—sapphire
(Ti:Sa) laser (Coherent, Mira 900-F) running at a wavelength of
900 nm. All optical slices of one brain were merged using Zeiss LSM
510 software.

Drug application and electrical stimulus

All drugs were purchased from Sigma. Thapsigargin and picrotoxin
(PTX) were dissolved in DMSO (final concentration <0.1%). The
pH 9.0 solution was modified from normal saline with CsOH. Only
fresh pH 9.0 solution was used for the experiments. Drugs were
applied to the brain tissue with bath superfusion (ALA-VMS, ALA
Scientific Instruments) or bath incubation. Thapsigargin was applied
3-5 min before the electrical stimulus, and the brain tissues were
incubated in ruthenium red solution for 20-30 min before stimulation.
Extracellular electrical stimulus was applied for 500 ms through patch
pipettes (1-3 MQ) filled with normal saline. The stimulus location
was near the heel of the MB lobes, which was found under
background fluorescence of the GCamp. The criterion determining
the intensity of the electrical stimulus was determined by those stimuli
inducing significant calcium responses in the MB lobes. After testing
several different intensities, we found that a 200-pA current with a
200-ms duration at 20 Hz was most suitable for inducing explicit
responses in the MB (Iso-Flex; Master-8 Stimulator, AMPI, Jerusalem,
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Israel). Weak stimuli (50-100 pA) on occasion did not reliably induce
significant calcium responses, whereas strong stimuli often damaged
the tissue.

Data analysis

Images of calcium activity were false color-coded and presented as
relative changes in fluorescence intensity normalized to baseline
fluorescence (AF/F). F was calculated for each pixel at the frame just
prior to the electrical stimulus. The value AF was obtained for each
pixel by subtracting the corresponding F from the fluorescence
intensity at a certain frame. However, the AF/F values in the curves
were the averages of fluorescence change within the region of interest.
The time labels inside the figures are the relative time to the stimulus
onset. ANOVAs and Student’s z-tests (two-tailed P-value) were used for
statistical analyses. Post-hoc Tukey’s HSD tests were conducted to
evaluate the differences between individual groups. Asterisks (*)
indicate P < 0.05. The number of samples represents the number of
different MBs. Error bars in the figures represent the SEMs.

Results
Electrical stimulus induced novel calcium decrease in the MB

By using the UAS/GAL4 system in Drosophila, the calcium indicator
GCamp (Nakai et al., 2001; Wang et al., 2004) was expressed in the
MB, driven by MB-specific GAL4 lines. We reconstructed the MB
structure to view the compartments and subcompartments through
two-photon microscopy (see above). As shown in Fig. 1A, the MB
structure consists of the calyx, peduncle and lobes (vertical lobes:
o/o; medial lobes: y/B/B’). For morphological observation, we
chose the 247 line, which is an MB-specific GAL4 line with little
leaky expression. However, to visualize better the calcium activity in
subsequent calcium-imaging experiments, we used the OK107 line as
the MB expression driver, due to its strong expression. Note that the
calcium-imaging experiments were done with a conventional fluores-
cence microscope. Therefore, the resolution limited our ability to
distinguish the MB subcompartments.

To observe the calcium signals, we directly applied an ES near the
heel of the MB lobes (Fig. 1B). We found, surprisingly, that the
fluorescence decreased to below baseline in the distal part of
the ipsilateral medial lobes (y/B/B’) after stimulation (Fig. 2A and
B). Meanwhile, the electrical stimulus did not have any effect on
the contralateral MB lobes. Approximately 60 s after stimulation, the
calcium concentration, which was positively correlated with the
fluorescence intensity, dropped to the minimum level noted. Serial
images of relative calcium change showed that the regions of the
observed calcium decrease covered a large portion of the ipsilateral
medial lobes but not the stimulus site (Fig. 2C). Meanwhile, the
calcium increase observed at the stimulus site did not propagate
through the MB fibers. According to previous studies, most neuronal
activity is conducted by the increase in calcium after electrical
stimulation. We therefore described this ES-induced calcium decrease
in the non-stimulus region as a spreading calcium decrease.

To test whether the intensity of the ES was sufficient for neuronal
activation and calcium propagation, we applied currents of varying
intensities to stimulate the MB. Within a certain range (50-200 pA),
the stronger currents induced higher amplitudes of spreading calcium
decrease (Fig. 2D). At a certain level of stimulation (200400 pA), the
amplitude reached a plateau. Data analysis revealed that the magnitude
of the calcium decrease was negatively correlated with the degree of
calcium influx at the stimulus site (Fig. 2E). This correlation suggests
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FiG. 1. The structure of the MB and a schematic of stimulus site.
(A) The calcium indicator GCamp was expressed in the MB, driven by the
247 GALA4 line. The MB structure was reconstructed by superimposition of
optical sections through two-photon microscopy, which includes the calyx
(c), peduncle (ped), and lobes (vertical lobes: o and o'; medial lobes: v, B
and f). Note that all single somata and the medial cluster do not represent
MB neurons, but may be labeled by leaky expression of the GAL4 line.
(B) The schematic shows the site of electrical stimulus (s), which is near
the heel (h) of the MB lobes. The distal portion of the medial lobes
(y/B/P’) is the main region of interest (the boxed area). The contour
outside the MB represents the outline of the Drosophila brain. Brain
coordinates are shown in the corners. The gray surface in the coordinates is
always vertical to the surface of images in this figure and all subsequent
figures. (Abbreviations: p, posterior; d, dorsal; m, medial). The scale bars
represent 50 pm.
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that stronger activation in one region of the MB induced a great
spreading calcium decrease in another region.

The MB primarily comprises tripartite subunits, o/ neurons, o'/’
neurons and y neurons (Crittenden et al., 1998). To evaluate the
detailed properties of the MB neurons with a conventional micro-
scope, different Gal4 lines were crossed with UAS-GCamp flies. We
found that the ES-induced spreading calcium decrease was also
observed in the medial lobes of the 201Y line (mainly the y-lobe, a
small part of the o/B-lobe; Fig. 3A). However, the same stimulation
failed to evoke a significant spreading calcium decrease in either the
medial or the vertical lobes of the C739 line (o./B-lobe-specific MB
GAL4; Fig. 3B and C). These data suggest that the ES-induced
spreading calcium decrease may be specific to the y-lobe, but not the
o./B-lobe of the MB, which was confirmed by studies in two other
v-lobe-specific GAL4 lines (1471 and H24). When compared with the
C739 line, both the 1471 and H24 lines showed higher magnitudes of
ES-induced spreading calcium decrease, although they exhibited a
lower degree of calcium influx at the stimulus sites (Fig. 3C).

In Drosophila motorneuron terminals electrically stimulated with a
train of action potentials, GCamp revealed increased fluorescence, and
then a prolonged undershoot lasting seconds to minutes (Reiff ez al.,
2005). This undershoot has been interpreted to indicate increased
bleaching of the fluorophore in the more fluorescent state. To exclude
the possibility that the ES-induced fluorescence decrease in the MB
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FIG. 2. Electrical stimulus-induced spreading calcium decrease in the terminals of the MB lobes. (A) GCamp expression revealed the background fluorescence of
the MB, driven by the OK107-GAL4 line. Regions of interest are marked with small boxes. MB medial lobes (y/ /") are marked with an arrow. Brain coordinates:
p, posterior; d, dorsal; m, medial. (B) The curves of fluorescence change showed ES-induced calcium responses in the MB lobes, corresponding to the regions of
interest in A. The stimulus onset is indicated by the arrowhead. (C) False colored series images illustrating the regions of relative calcium change in the MB lobes.
The stimulus site is labeled with the cross. The times at the top refer to relative times after stimulation. The white outlines show the contours of the MB.
(D) The curve of different stimulus intensities and the mean amplitudes of spreading calcium decrease in the MB terminals (region 3, n = 87). (E) The amplitudes
of the spreading calcium decrease in region 3 correlated with the amplitudes of calcium influx in region 1, plotting all data from different stimuli. The straight line

shows the linear regression of the data points (R = —0.75).
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FiG. 3. The ES-induced spreading calcium decrease was largely specific to the MB y-lobe. (A) False colored series images of ES-induced spreading calcium
decrease in individual 201Y-GAL4/UAS-GCamp fly. The MB y-lobe is indicated by the arrow. (B) False colored series images of calcium activity in individual
C739-GAL4/UAS-GCamp fly. The a-lobe and B-lobe are indicated by the arrows. (C) Statistical analyses of the ES-induced spreading calcium decrease in the
terminals of MB medial lobes and calcium influx at the stimulus sites in different MB GAL4 lines (n = 25, n = 38, n = 46, n = 37 and n = 24, respectively). The
amplitude in the C739 line was significantly smaller than those in the other lines (ANOVA test, P < 0.01). (D) Electrical stimulus-induced calcium propagation
through the projection neurons; no spreading calcium decrease occurred in GH146/UAS-GCamp flies. The MB calyx and lateral protocerebral lobe (Ipl) are marked
with the arrow. In A, B and D, the stimulus site is labeled with the cross. Brain coordinates: p, posterior; d, dorsal; m, medial.

lobe is due to photobleaching of GCamp, we also examined ES-
induced calcium activity in projection neurons by using the GH146-
GALA4 line. We found that there was no spreading calcium decrease in
the projection neurons, and the calcium signal was propagated to the
terminal of the fibers (Fig. 3D). This result suggests that the ES-
induced spreading calcium decrease might be a physiological property
specific to the MB lobes.

GABA-mediated Inhibition of calcium propagation in the MB

The ES-induced spreading calcium decrease was also recorded in the
ipsilateral calyx (Fig. 4A). This finding suggests that the entirety of

ipsilateral MB neurons may be inhibited after stimulation. Due to the
presence of GABA receptors expressed in the MB calyx, we applied
PTX (100 pM; an antagonist of GABA, receptors) and CGP54626
(50 pM; an antagonist of GABAg receptors; Wilson & Laurent, 2005)
to explore the function of GABA inhibition in the ES-induced
spreading calcium decrease.

In contrast to the highly localized calcium increases observed in the
absence of PTX, we found that the ES-induced calcium increase at the
stimulus site was propagated in the ipsilateral MB when GABA,
receptors were blocked (Fig. 4B). However, following an initial rising
phase, the calcium concentration in the MB terminal subsequently
decreased. The amplitude of the ES-induced calcium decrease was not
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F1G. 4. GABA receptor inhibition influenced calcium propagation, but did not contribute to the ES-induced spreading calcium decrease in the MB.
(A) Stimulation in the MB lobes (region 1) also induced a decrease in calcium in the ipsilateral MB calyx (c., region 3). (B) Inhibition of GABA,4 receptors with
picrotoxin (PTX, 100 pM) promoted the ES-induced calcium propagation through the MB fibers, but did not eliminate the ES-induced calcium decrease. Drug
application is indicated with the black bar. (C) Electrical stimulus induced a significant calcium decrease in the MB lobes after inhibition of GABAg receptor with
CGP54626 (‘CGP’, 50 um). (D) Effects of inhibition of both GABA, and GABAg receptors. (E) Statistical analyses of the amplitudes of the calcium decrease
with the inhibition of GABA receptors (n = 22, n = 25, n = 20 and n = 19, respectively). Normal extracellular saline (NES) served as the control. In A-D, the
stimulus site is region 1. MB medial lobes (y/f/p’) are indicated with the arrows. Brain coordinates: p, posterior; d, dorsal; m, medial.

significantly different from the control (Fig. 4E). In addition,
following perfusion with CGP54626, electrical stimulation still
resulted in a significant calcium decrease in the MB medial lobes,
although the amplitude was slightly diminished compared with the
control (Fig. 4C and E). Furthermore, simultaneous application of both
PTX and CGP54626 failed to block the ES-induced calcium decrease,
although this dual application promoted calcium propagation through
the MB fibers (Fig. 4D and E). Taken together, these data suggest that

GABA neurotransmission, particularly through GABA, receptors, is
responsible for limiting the spread of calcium increases in the MB, but
is not responsible for the ES-induced spreading calcium decrease.

Pharmacological analysis of ES-induced calcium decrease

Intracellular calcium concentration can be decreased in two different
ways. One is through uptake by calcium stores or mitochondria. The
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other is through calcium efflux to the extracellular region. To examine uniporter (Moore, 1971; Reed & Bygrave, 1974) to block calcium
whether the first possibility was responsible for the ES-induced uptake by calcium stores and mitochondria, respectively. We found
spreading calcium decrease in the MB, we used thapsigargin (Tg, that the ES-induced spreading calcium decrease remained in the MB in
5 uM), an inhibitor of the endoplasmic reticulum Ca”*-ATPase, and both treatment conditions (Fig. SA and B). Following RR treatment,
ruthenium red (RR, 20 puMm), an inhibitor of mitochondria calcium the amplitude of the ES-induced calcium decrease was smaller than
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F1G. 5. Calcium clearance pharmacology. (A) Inhibition of intercellular calcium stores with thapsigargin (Tg, 5 uM) had no effect on the ES-induced spreading
calcium decrease. (B) Effect of ruthenium red (RR, 20 pM) on ES-induced calcium decrease. (C) Effect of calcium-free solution. (D) Effect of pH 9.0 treatment,
inhibiting the calcium pump (PMCA). (E) Inhibition of NCX with Li" eliminated the ES-induced spreading calcium decrease in the MB terminal. (F) Effect of
NMDG on the ES-induced spreading calcium decrease. (G) Calcium decay kinetics at the stimulus site. Percentage decrease from the peak of calcium influx
changed for 90 s in normal saline and sodium-free solutions (n = 25 for NES; n = 21 for Li* n = 19 for NMDG). (H) Statistical analysis of the amplitudes of ES-
induced spreading calcium efflux in the various treatment conditions (n = 25, n = 10, n =33, n = 16, n = 17, n = 21 and n = 19, respectively). Normal
extracellular saline (NES) served as the control. Region 1 was the stimulus site for all cases. MB medial lobes (y/B/f) are marked with the arrows. Brain
coordinates: p, posterior; d, dorsal; m, medial.
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the control (Fig. SH), which may have resulted from very weak
background fluorescence in the RR solution (see Discussion).
Although the incubation of the tissues with calcium-free saline
prevented the calcium increase ordinarily induced by electrical
stimulation, the spreading calcium decrease was unaffected (Fig. 5C
and H). This suggests that the ES-induced calcium increase requires
calcium entry through plasma membrane channels and that the ES-
induced spreading calcium decrease requires neither extracellular
calcium nor intracellular calcium stores. Based on these results, the
first possibility was excluded and ES-induced spreading calcium
decrease in the MB was probably caused by calcium efflux.

Normally neurons have two primary paths for calcium efflux:
PMCA pumps and NCX. PMCA can be inhibited at high pH (Benham
et al., 1992; Park et al., 1996). We found that the ES-induced
spreading calcium decrease remained in a pH 9.0 solution (Fig. 5D).
The amplitude of the spreading calcium decrease in this case was
smaller than in the control (Fig. 5H), which might have resulted from
the influence of high pH value on the baseline fluorescence of GCamp
(Fig. 5D). NCX can be inhibited by replacement of sodium ions with
lithium ions or N-methyl-D-glucamine (NMDG) (Fierro et al., 1998;
Wanaverbecq et al., 2003). We found that the ES-induced spreading
calcium decrease was eliminated following treatment with either
lithium or NMDG saline (Fig. SE and F). Calcium decay kinetics at
the stimulus site showed the recovery of calcium concentration to the
basal level was significantly slower in both sodium-free cases than that
in normal saline (Fig. 5G). Statistical analyses indicated that the
amplitudes of the spreading calcium decrease in both sodium-free
salines were significantly different from those in normal saline
(Fig. 5SH). Together, these results indicate that NCX, and not PMCA,
mediated the ES-induced spreading calcium decrease in the MB lobes.

To study further the function of NCX, we studied Calx® mutant flies
(Wang et al., 2005), and KB-R7943, a selective inhibitor of reverse
NCX (Iwamoto ef al., 1996; Watano et al., 1996; Isaac et al., 2002). In
both cases, we found that the electrical stimulus still induced a
significant spreading calcium decrease in the distal part of the MB
medial lobes, although the amplitudes of the spreading calcium
decrease were slightly smaller than those in the control (see
Supplementary material, Fig. S1). However, manipulation of the
transmembrane Ca>* and K" gradients could eliminate the ES-induced
calcium decrease in the MB lobes (supplementary Fig. S1). This
finding implies that the potassium-dependent exchanger (NCKX) may
be importantly involved in the spreading calcium efflux (see
Discussion).

Developmental effects on ES-induced calcium efflux

Because the MB exhibits a developmental metamorphosis, the
physiological properties of the MB, including the regulation of
calcium signals, might be different among the various developmental
stages. To explore the developmental effects on ES-induced calcium
efflux in the MB, we performed similar observations both in the 3rd
instar larvae and pupae. We observed an ES-evoked spreading calcium
decrease at both stages (Fig. 6A and B). Furthermore, the amplitudes
of the spreading calcium decrease declined gradually during the
developmental stages from larvae to adult (Fig. 6C). Further analysis
indicated that the same electrical stimulus resulted in a larger calcium
influx at the stimulus site in larvae than in adults. The amplitudes of
the calcium influx and spreading calcium efflux in pupae were widely
distributed. Data plotting of all developmental stages revealed a strong
correlation between the amplitude of calcium influx at the stimulus site
and the amplitude of the spreading calcium decrease in the MB
terminal (Fig. 6D). Therefore, a larger spreading calcium efflux in

early developmental stages might result from a larger calcium influx
induced at the stimulus site. The observation of stronger ES-induced
spreading calcium efflux in the 3rd instar larvae, in which stage vy
neurons, but not o/} neurons, are born, supports the notion that this
spreading calcium efflux is y-lobe specific.

Non-electrical stimulus induced calcium efflux in the MB

To mimic physiological conditions, we also evaluated other types of
stimuli in the MB. First, we applied 60 mM K' to the MB. High K*
strongly depolarized MB neurons, which was shown as an initial
increase phase of calcium signals (Fig. 7A). However, following the
peak, there was a significant undershoot of calcium concentration in
the MB lobes. This late phase of decreased calcium to below baseline
levels was similar to the ES-induced spreading calcium efflux.

Second, we applied nicotine (10 puM) to the MB, as acetylcholine
receptors are expressed in the calyx. We also found a similar
undershoot of calcium signal following an increase phase in the MB
lobes after application of nicotine (Fig. 7B). However, the undershoot
was not significant in the calyx of the MB, where a strong calcium
influx was observed. This finding suggests that there are different
mechanisms of calcium clearance in the various MB compartments.

Taken together, non-electrical stimuli also induced a similar calcium
efflux to below baseline levels in the MB lobes, which confirmed our
reasoning that the MB has strong calcium exclusion in the lobes after
neuronal activation.

Discussion

Although the MB is an essential brain structure for many behaviors in
Drosophila, there are few available physiological studies because of
the difficulty of electrophysiological recording in vivo. Here we used
calcium imaging to study the activities of calcium signals in the MB.
Our results support the conclusion that cytoplasmic calcium is directly
removed by the Na*/Ca®" exchanger when the MB is activated. The
spreading calcium efflux occurred at developmental stages from larvae
to adults, but was primarily localized to the MB vy-lobe. Strong
calcium clearance in the MB lobes was confirmed when the MB
neurons were activated by high K or nicotine. Our finding of a
stimulus-induced calcium decrease is consistent with the previous
observation that high K" induces a calcium undershoot in the MB
lobes expressing camgaroo reporters (Yu et al., 2003).

Calcium imaging has been widely used in both vertebrates and
invertebrates, particularly to study the olfactory system (Joerges et al.,
1997, Fiala et al., 2002; Wang et al., 2003, 2004; Wachowiak et al.,
2004). Unlike the normal odorant-elicited calcium increase, some
olfactory receptor neurons respond to odorants with calcium decrea-
ses, which have been described in catfish (Restrepo & Boyle, 1991),
humans (Rawson et al., 1997), salamanders (Delay & Dionne, 2002)
and domestic cats (Gomez et al., 2005). Although the cellular
signaling mechanism for such odorant-elicited calcium decreases has
not yet been elucidated, these previous studies suggest that calcium
decreases, as well as calcium increases, can act as a physiological
signal. Therefore, in addition to the passive role of returning
calcium concentrations to baseline levels following intracellular
calcium increases, calcium decreases may also have active biological
significance.

MB neurons express GABA receptors in the calyx. In crickets,
GABA can induce a sustained calcium decrease in cultured MB
neurons (Cayre et al., 1999). We also found that GABA application
could induce a similar phenomenon in the Drosophila MB calyx (data
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(open boxes) (in total n = 70; R = —0.75). In A and B, the stimulus site is region 1. MB medial lobes (y/f/p") are indicated by the arrows. Brain coordinates:
p, posterior; d, dorsal; m, medial.
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FIG. 7. Non-electrical stimulus induced calcium decrease in the MB lobes. (A) High K* (60 mMm) caused large calcium undershoots in the MB lobes following an
initial phase of increased calcium. (B) Nicotine (10 puMm) strongly induced a calcium increase in both the calyx and lobes. Subsequently, calcium decreased to below
baseline levels in the MB lobes. The times at the top of the false colored images refer to relative times after stimulation. MB medial lobes (y/B/’) are indicated by
the arrows. Brain coordinates: p, posterior; d, dorsal; m, medial.
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not shown). However, the inhibition of GABA receptors did not block
the observed calcium decrease in the terminals of the MB lobes, which
indicated that GABAergic transmission did not probably mediate the
ES-induced spreading calcium decrease. On the other hand, the
inhibition of GABA receptors caused a propagation of a calcium
increase throughout the MB fibers after stimulation, which was not
observed in normal cases. Note that the electrical stimulus was applied
to the MB lobes. One possibility is that the stimulation may also
activate GABAergic neurons, inducing recurrent inhibition of MB
neurons. The feedback circuit of GABAergic neurons to the MB has
been morphologically described in honeybees (Bicker et al., 1985;
Grunewald, 1999; Ganeshina & Menzel, 2001). A previous immuno-
labeling study implied that GABAergic neurons might connect the
o-lobe to the calyx in the Drosophila MB (Yasuyama et al., 2002).
Therefore, we propose that there might exist a GABA-mediated
negative feedback circuit in the Drosophila MB.

The physiological functions of NCX in the central nervous system
are virtually unknown. Mice with an Na'/Ca** exchanger 2
deficiency exhibited enhanced performance in hippocampus-depend-
ent learning and memory (Jeon et al., 2003). In Drosophila,
mutations of the Na*/Ca®" exchanger calx have a profound effect on
activity-dependent survival of photoreceptor cells (Wang et al.,
2005). Moreover, a loss of CalX activity resulted in a transient
response to light, a dramatic decrease in signal amplification and
unusually rapid adaptation. In the present study, our pharmacological
findings suggested that NCX plays an important role in the ES-
induced spreading calcium efflux in the terminal of the MB lobes.
Replacement of Na' in the bath with Li" or NMDG inhibited both
the NCX and the NCKX exchangers. When we blocked the NCX
exchangers, but not the NCKX exchangers, with KB-R7943
(Iwamoto et al., 2001; Czyz & Kiedrowski, 2002), or evaluated
calx* mutant flies, the electrical stimulus still resulted in a spreading
calcium efflux in the MB lobes. Our results demonstrate that calcium
efflux occurred in the axon terminals of the MB, which is consistent
with the NCKX exchanger distribution in the axon terminals in rat
supraoptic magnocellular neurons (Kim et al., 2003). Together these
data suggest that NCKX exchangers might be the primary mechan-
ism underlying the ES-induced spreading calcium efflux in the MB
lobes. NCKX exchangers couple the entry of four Na* ions with the
exclusion of one Ca** and one K' ion. Theoretically, high
extracellular Ca®>" or K could affect the amplitude of the calcium
decrease, as the energy for Ca®" transport by NCKX depends on the
transmembrane Na', K" and Ca®" gradients. We found that a ten-fold
increase in Ca** (20 mM) or K* (20 mM) in extracellular saline
eliminates the ES-induced calcium decrease in the MB lobes
(supplementary Fig. S1). However, high calcium may be deleterious
to the tissue, and high potassium can increase neuronal excitability
or even depolarize neurons. In our experiments, we tried to avoid
these side-effects by only recording freshly dissected tissues for a
short time (less than 1 h) and only recording the ES-induced calcium
responses in the resting period without the spontaneous calcium
activity. Therefore, our results imply that NCKX exchangers might
be the molecular mechanism underlying the calcium efflux in the
MB. However, due to the shortage of specific inhibitors of NCKX
exchangers and genetic mutants, we cannot further confirm the
function of NCKX exchangers in the present study.

Besides the NCX, there are three other major possible mechanisms
of calcium exclusion. The first is uptake by intracellular calcium
stores. The application of thapsigargin had no effect on the spreading
calcium decrease, therefore excluding a role for endoplasmic reticu-
lum calcium uptake. The second one is calcium exclusion by PMCA.
Many drugs inhibit PMCA on the intracellular side, which was

technically difficult in this study. Therefore, we simply used a high pH
value to block PMCA. Although the amplitude of the calcium
decrease was smaller in high pH solution than that in the control, the
ES-induced spreading calcium decrease was clearly observed in the
MB lobes. On the other hand, pH value influences the fluorescence of
green fluorescent protein (GFP) or other related proteins. Here we
found the baseline of the fluorescence was changed under high pH
conditions (Fig. 5D). Therefore, high pH might subtly modify the
amplitude of the calcium decrease, which might result in the observed
differences from the control. The last possible mechanism is calcium
uptake by the mitochondrion, which can be ruled out in this case by
the finding that the ES-induced spreading calcium decrease remained
even after incubation with ruthenium red. Although the amplitude of
the spreading calcium decrease was smaller, it is most likely that the
red colour of the solution with ruthenium red reduced the resolution of
the images.

Finally, our findings also pose some new and intriguing questions.
What is the trigger of the Na'/Ca®" exchanger? Following drug
application, we excluded some neurotransmitters, such as glutamate,
octopamine and dopamine (data not shown). Why is the Na*/Ca*"
exchanger activated in the spreading region of the MB lobes? What
is the physiological significance of this calcium decrease? It is
possible that the ES-induced calcium decrease is secondary to an
increase that is either below the temporal or spatial limit of
resolution of our imaging system, or it may be a primary, inhibitory
response. However, in both cases, low calcium concentration is the
common final result after the stimulation. We found that the
recovery of calcium levels to baseline was very slow, often more
than 3 min (data not shown). One possible explanation of this low
calcium level is mutual inhibition among MB neurons by controlling
neurotransmitter release in the axon terminals. In other words, the
electrical stimulus activated a small group of MB neurons, which
subsequently inhibited the surrounding MB neurons by jointly
down-regulating calcium levels. The ES-induced calcium decrease
was broadly observed in the MB terminals. This property of mutual
inhibition can possibly be used to explain the alternative choice of
the signals in the conflict situation, such as decision-making in
Drosophila (Tang & Guo, 2001). Supposing that different groups of
MB neurons conduct different signals, a good way to send one
particular signal downstream is to inhibit other signals. Another
possible explanation is self-inhibition: low calcium levels following
a strong stimulation may block the subsequent signal or inhibit
spontaneous neuronal activity. This property of self-inhibition can
also be used to explain the temporal integration of neuronal signals,
which contributes to the roles of the MB in associative learning in
Drosophila.

Supplementary material

The following supplementary material may be found on www.
blackwell-synergy.com
Fig. S1. Effects of NCX on ES-induced spreading calcium decrease.
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