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Summary

Complex external stimuli such as odorants are be-
lieved to be internally represented in the brain by spa-
tiotemporal activity patterns of extensive neuronal en-
sembles. These activity patterns can be recorded by
optical imaging techniques. However, optical imaging
with conventional fluorescence dyes usually does not
allow for resolving the activity of biologically defined
groups of neurons. Therefore, specifically targeting
reporter molecules to neuron populations of common
genetic identity is an important goal. We report the
use of the genetically encoded calcium-sensitive fluo-
rescence protein cameleon 2.1 [1] in the Drosophila
brain. We visualized odorant-evoked intracellular cal-
cium concentration changes in selectively labeled ol-
factory projection neurons both postsynaptically in the
antennal lobe, the primary olfactory neuropil, and pre-
synaptically in the mushroom body calyx, a structure
involved in olfactory learning and memory. As a techni-
cal achievement, we show that calcium imaging with
a genetically encoded fluorescence probe is feasible
in a brain in vivo. This will allow one to combine Dro-
sophila’s advanced genetic tools with the physiologi-
cal analysis of brain function. Moreover, we report for
the first time optical imaging recordings in synaptic
regions of the Drosophila mushroom body calyx and
antennal lobe. This provides an important step for the
use of Drosophila as a model system in olfaction.

Results and Discussion

Selective Expression of Cameleon 2.1 in Olfactory
Projection Neurons

In Drosophila, olfactory receptor neurons (RNs) located
in the antennae and maxillary palps terminate within the
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paired antennal lobes’ (AL) 43 glomeruli [2]. The mode
of axonal convergence resembles the connectivity pat-
tern of the vertebrate olfactory bulb, because, in both
systems, each sensory neuron expressing a certain type
of receptor protein targets only one or very few specific
glomeruli [3, 4]. The antennal lobe output neurons (pro-
jection neurons, PNs, which correspond to the verte-
brate mitral/tufted cells) also ramify within the AL in a
genetically determined way [5]. This stereotypic organi-
zation generates odotopic maps in terms of differential
and combinatorial glomerular activities [6]. Complex sig-
nal integration within the insect AL results not only from
the high degree of convergence — in Drosophila, from
~1300 RNs to 150-200 PNs [5] — but also from lateral
inhibitory networks that shape both spatial patterns and
temporal synchrony of PN responses [7, 8]. PNs project
in two tracts to the lateral protocerebrum. Most of those
neurons also form en passent arborizations in the mush-
room body calyx (CX).

In order to visualize the spatiotemporal odorant repre-
sentation in PNs, we used the P{Gal4} enhancer trap
line GH 146 [5, 9] to express the calcium sensor protein
cameleon 2.1 [1] under the control of a UAS enhancer
[10] in ~90 out of the ~150 PNs, as shown in the whole-
mount preparation of Figure 1A. Cameleon 2.1 consists
of an enhanced cyan fluorescent protein (ECFP) and an
enhanced yellow fluorescent protein (EYFP), both fused
to a calmodulin sequence and the calmodulin target
peptide M13[1, 11]. When excited at 440 nm wavelength,
calcium influx induces a shift in the ratio of EYFP to
ECFP emission as a result of a calcium-dependent con-
formational change that leads to fluorescence reso-
nance energy transfer (FRET) from ECFP to EYFP. We
used two CCD cameras to simultaneously record the
fluorescence emissions of both ECFP and EYFP (Figure
1B). In vivo preparations of the fly permitted direct opti-
cal access to the brain via a window in the head capsule
exposing either the AL or the CX but leaving the anten-
nae untouched. In order to visualize the spatial represen-
tation of odorant-evoked calcium signals at the post-
synaptic dendrites of PNs within the AL or at their
presynaptic terminals in the mushroom body CX, we
measured the FRET responses to the six different odor-
ants benzaldehyde, ethylacetate, isoamyl acetate, octa-
nol, butanol, and propionic acid. The solvent mineral oil
and blank air served as controls.

Odorant-Evoked Calcium Signals

in the Antennal Lobes

In the in vivo preparation, the AL morphology with its
glomerular structures is easily recognizable due to the
cameleon expression (Figure 2A). For better orientation,
the approximate field of view is indicated in Figure 1A
by a frame. Color-coded activity patterns from different
individuals (Figure 2B) stimulated with an odorant led
to calcium rise in structural elements of the size of indi-
vidual glomeruli (~10-30 .m). Repeated stimulation with
the same odorant revealed highly reproducible patterns
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Figure 1. Cameleon Expression and Imaging Setup

(A) Whole-mount preparation of a Drosophila brain expressing ca-
meleon 2.1 in projection neurons under the control of the Gal4 line
GH 146. The image was taken with a color CCD camera (Axiocam,
Zeiss) and was contrast enhanced with an unsharp mask filter (Pho-
toShop 5.5 program, Adobe). AL: antennal lobe, CX: calyx, LPL:
lateral protocerebral lobe, arrowheads: inner antennocerebral tract.
The scale bar represents 50 .m. Approximate areas imaged for the
AL (see Figure 2) and the CX (see Figure 3) are indicated by boxes.
(B) Imaging setup for in vivo cameleon imaging. The 440 nm excita-
tion is provided by a xenon lamp and a monochromator and is
focused via a water immersion objective onto the brain. Emission
wavelengths passing a 470 nm dichroic long pass mirror (DCLP 470
nm) are split up by a second dichroic long pass mirror (DCLP 520
nm), and the two beams are guided through band pass filters (BP
473-494 nm for the ECFP emission, and BP 530-565 nm for the
EYFP emission). The two emissions are simultaneously recorded by
two independent CCD cameras.

within any one animal. The combinatorial aspect of glo-
merular-like odorant representation is illustrated by the
colored regions of activity superimposed onto the fluo-
rescence pattern for different odorants (Figure 2B, right):
different patterns of presumed glomeruli responded to
different odorants in a partially overlapping manner. Al-
though we could not morphologically identify the acti-
vated glomeruli, the similarity of spatial activity patterns
observed for a given odorant in different individuals
strongly supports that these patterns are also reproduc-
ible between individuals, similar to the situation in hon-
eybees [12]. The observed variability between individu-
als reflects, at least to some extent, slight differences
in orientation, which are also apparent when the left and
right sides of the brain are compared (Figure 2B).

The temporal response profiles within the AL for three
out of the six odorants and the mineral oil control are
shown in Figure 2C for the two coordinates depicted in

Figure 2A. Changes in intracellular calcium concentra-
tionsresulting in FRET are reflected by intensity changes
of EYFP and ECFP emission in opposite directions. Mo-
tion and bleaching artifacts are characterized by
changes in fluorescence intensity in the same direction.
By calculating the ratio of EYFP/ECFP emissions, we
thus obtain a clear indication of intracellular calcium
concentration changes (black lines in Figure 2C). In a
quantitative analysis of signal intensities evoked by the
six odorants over the whole AL area (n = 9-12 animals,
cf. the Experimental Procedures), we obtained a peak
EYFP/ECFP ratio change of 1.23% = 0.23% in response
to the stimulus (mean = SEM, t = 5.4, p < 0.003, t
test). The calcium signals seen in our preparation were
significantly smaller than those described for cell cul-
tures [1] with an almost 1.5-fold increase in ratio emis-
sion. This was to be expected because, besides light
scattering effects of the brain tissue, only a fraction
of the labeled neurons respond to a certain odorant
stimulus in a spatially very restricted way. Moreover,
physiological stimuli such as odorants evoke calcium
activities of smaller magnitudes than a stimulation with
transmitters or drugs that may drive the calcium sensor
into satiation. When the brain was flooded with ~10 mM
KCI, causing neuronal depolarization, we observed an
increase in the EYFP/ECFP ratio throughout the labeled
structures of up to ~5%.

Maximum ratio changes in the various response pat-
terns for the different odorants within the whole AL area
were not significantly different. Thus, the different pat-
terns evoked by different odorants cannot be ascribed
only to different overall activity intensities. These differ-
ences in the spatial activity patterns for different odor-
ants (Figure 2B) are also reflected in the time course of
signal intensities (Figure 2C): the amplitudes of odorant-
evoked signals at certain image coordinates are depen-
dent on the particular stimulus. In the three examples
shown in Figure 2, benzaldehyde induces weak signals
at both selected coordinates, isoamylacetate gives a
very strong signal at coordinate 2 and a weaker re-
sponse at coordinate 1, and octanol leads to a strong
response at coordinate 1 and a weaker response at
coordinate 2. Mineral oil does not induce a response.

By adjusting a threshold, the response patterns can
be more clearly visualized in the image’s time series
shown in Figure 2D, with false-color-coded suprathresh-
old signals superimposed onto the morphological fluo-
rescence image. In general, the calcium signal outlasted
the 1 s odorant stimulus (red bar). The onset of detect-
able signals was usually delayed compared to the stimu-
lus, with a peak activity at ~0.5 s after the stimulus
offset, i.e., ~1.5 s after stimulus onset. A direct compari-
son with earlier data generated by using [H]2-deoxyglu-
cose autoradiography [13] is not possible due to essen-
tial differences in the technique.

Odorant-Evoked Calcium Signals in the Calyx

Whereas little functional information is available for the
lateral protocerebrum, the mushroom body is known to
be involved in olfactory learning and memory [14-16].
To test if and how different odorants are spatially repre-
sented as neuronal activity within the dense ramifica-
tions of the mushroom body CX, we focused on one
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CX; in some preparations, we successively focused on
the two calyces of the fly. Again, a morphology image
is given in Figure 3A, showing the cameleon fluores-
cence of PN axons forming the inner antennocerebral
tract with their side branches arborizing in the CX (com-
pare with the marked area in Figure 1A). The response
patterns to different odorants were clearly spatially or-
ganized, with discrete areas of activity distributed over
the calyx area (Figure 3B). In contrast to the AL (Figure
2B), the three images for each odorant were taken from
three stimulations in the same fly. The reproducibility of
the different patterns strongly suggests that odorant
representations within the calyx are spatially specific.
The angle of view differs between preparations, preclud-
ing comparisons of spatial activity patterns between
animals.

The presynaptic arborizations of the PNs in the CX
responded with a shorter delay compared to the post-
synaptic dendrites in the AL (Figure 3C). In most CX
recordings, the Ca?" signals started immediately after
the stimulus onset. This reflects the different roles
played by calcium in these two compartments, i.e., syn-
aptic vesicle release in the CX and postsynaptic integra-
tion in the AL. The EYFP/ECFP ratio changes (0.6% =
0.06% mean = SEM, n = 6 odorants, 1-5 averaged
stimulations with each odorant in 10 animals, cf. the
Experimental Procedures) measured over the whole CX
area were smaller than the responses in the AL but were
highly significant (p < 0.0002, n = 6, t = 9.7, t test).
As in the AL, maximum ratio changes in the various
response patterns measured over the whole CX area
were not significantly different for the various odorants.

Interestingly, the combinatorial aspect of olfactory
coding can be seen in the CX as well: whereas benzalde-
hyde elicits strong activity at both coordinate points,
isoamylacetate activates only at coordinate 1. Octanol
shows activation at both coordinates, but to a lower
degree than benzaldehyde, and mineral oil does not lead
to a detectable response. Averages of the three traces
obtained in the same fly illustrate the reproducibility of
the recordings (Figure 3D). Due to the smaller signals,
bleaching effects are more pronounced in the CX com-
pared to the AL, and this is most likely due to the fact
that much smaller structures are exposed with higher
magnification to similar total excitation energy. The pre-
dominant negative slope is apparently caused by more
rapid bleaching of EYFP to ECFP. Superimposed on this
are odorant responses correlating with the stimulus and
random fluctuations, mainly due to motion. Figure 4
shows the images of suprathreshold activities superim-
posed onto the morphological image, visualizing the
spatial activation of distinct regions by different odor-
ants. Again, the calcium signal increases with little delay
after stimulus onset and reaches its peak during or just
after the 1 s stimulus (red bar).

We demonstrate that odorants evoke spatially re-
stricted, odorant-specific domains of activity that ap-
pear to emerge and disappear in a monotonic fashion
rather than, for example, complex activity waves that
evolve in time. In that sense, odorant stimuli are repre-
sented in the CX in a mode similar to the AL, despite
the different anatomical organization of the two brain
regions. No such prominent, highly ordered structures,
such as glomeruli in the AL, are apparent in the CX

with its dense wiring. Electron microscopy studies show
large presynaptic boutons of PN terminals surrounded
by postsynaptic processes of Kenyon cells and inhibi-
tory synapses of other neurons [17]. Since the spots of
activity we observed are within the range of 5 = 2 um
(20 randomly depicted activity spots) of the size that
has been described for the presynaptic boutons [17],
these microglomeruli could perhaps underlie our activity
patterns. The olfactory glomerular activity pattern in the
AL might therefore be mapped onto the mushroom body
in a yet unknown rearrangement that results in discrete
regions of input activity to Kenyon cells. This is in accor-
dance with anatomical studies showing that projection
neurons form stereotyped and spatially defined arbori-
zations in the lateral protocerebrum and possibly, with
a higher degree of interindividual variability, in the CX
[18, 19]. The imaging technique described here will be
useful to compare RN and PN activity patterns and to
analyze odorant representations in the LPL.

A serious problem under in vivo conditions is small
displacements of the brain due to hemolymph pumping
and muscular contractions. We restricted muscle move-
ments in the CX preparation by applying philanthotoxin,
ablocker of muscular glutamate receptors that has been
used in various insect preparations to block neuromus-
cular transmission [20, 21]. The effects of philanthotoxin
on acetylcholine receptors have also been described
[22] and cannot be excluded in our preparation. This
drug significantly reduced brain movements but did not
eliminate them completely. Using FRET-based sensors,
opposite intensity changes resulting from the two emis-
sions can be attributed to the physiological response,
which thus can be discriminated from the syndirectional
changes caused by motion artifacts. An improved ver-
sion of cameleon with a higher signal-to-noise ratio has
been reported recently [23]. Alternatively, calcium
probes based on a single circularly permuted fluores-
cent protein have been shown to give much stronger
signals [24-26] and will be tested under comparable
conditions.

So far, functional imaging in the Drosophila brain with
calcium-sensitive dyes has been limited to a superficial
layer of mushroom body Kenyon cell somata [27]. Going
a step further in complexity, Rosay et al. [28] expressed
the Ca?*-sensitive luminescent protein aequorin in the
mushroom bodies of the Drosophila brain kept alive in
a culture dish, and they observed slow oscillatory activ-
ity of unknown function. In a semi-in vivo preparation,
calcium influx could be recorded in pharyngeal nerves
and muscles of C. elegans with cameleon 2.1 [29]. We
report the first successful use of a genetically encoded
fluorescent probe in the brain of an almost intact animal.
This technique is a promising new tool and can possibly
be used in other genetically tractable organisms, such
as mice and zebrafish. Its combination with other ge-
netic tools, e.g., selective blocking of specific neuronal
circuits [30] or the use of mutants, opens a new, wide
field for neurophysiological analysis.

Experimental Procedures
Generation of UAS: Cameleon 2.1 Flies

The construct for the previous cameleon version 2.0 [11] was ob-
tained from Dr. Christoph Schuster, Tubingen, Germany. Transgenic
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Figure 2. Odorant-Evoked Calcium Responses in the Drosophila Antennal Lobe

(A) Frontal view of the two ALs of one brain, as seen with EYFP fluorescence, after contrast enhancement. Compare this figure with Figure
1A for orientation and position of the area in the whole brain. The squares mark the positions evaluated in (C). This animal’s position was
slightly oblique; therefore, the symmetry line is not vertical. The scale bar represents 25 pm.

(B) Comparison of spatial FRET difference patterns between animals. Color-coded results from three different individuals for single stimulations
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flies expressing cameleon 2.1 under UAS control were generated
as described in [31]. For all experiments, the line UAS: cameleon
2.1-82 was chosen because of its strong expression [31]. Virgin
females of the UAS line were crossed to male flies of the Gal4 line
GH 146 [9] or vice versa to obtain offspring expressing cameleon
2.1 in projection neurons.

In Vivo Preparation of Flies

Flies that were 2-14 days old were immobilized on ice and were
then fixed to a plexiglass stage. When recording from the ALs, flies
were fixed at their neck, and the antennae were pulled forward with
a fine metal wire. The head was covered with polyethylene foil,
which was sealed against the cuticle with silicone. A hole was cut
through the foil and cuticle, and this allowed optical access to the
ALs. The brain was immediately bathed with Ringer solution (5 mM
HEPES, 130 mM NaCl, 5 mM KCI, 2 mM MgCl,, 2 mM CaCl,, and
36 mM sucrose [pH 7.3]) [32], tracheal air sacks were removed
from the head capsule, and the preparation was placed under the
microscope. For CX measurements, a hole was stamped into a
plastic coverslip and a thin transparency glued to it. Using dental
glue (Protemp Il, ESPE), the fly’s head, thorax, and wings were fixed
to the transparency with a minute needle between the head and
thorax. The abdomen was fixed with a tiny drop of glue on the
abdominal tip, and the legs were cut. A hole was cut through the
transparency into the head capsule, with a drop of Ringer solution
placed onto the opening. Tracheae and glands covering the brain
were removed, and the fly was placed under the microscope. For
CX measurements, 10 pl philanthotoxin (1 mM in Ringer solution)
(Molecular Probes) was added to the Ringer above the brain to
restrict muscle movements. Correlations between age and calcium
signal intensities have not been investigated.

Imaging Setup

We used a modified imaging setup (TILL Photonics) consisting of
a xenon lamp and a monochromator as light sources and two CCD
cameras. The microscope (Olympus BX 50) was equipped with a
20 X W NA 0.5 objective for AL measurements and a 60X W NA
0.9 objective for CX recordings. Binning on chip was set to give
a resolution of 1 um/pixel for AL (image size 160 X 120 pixels,
corresponding to 160 um and 120 wm) and 0.66 wm/pixel for the
CX (image size 80 X 60 pixels, corresponding 53 um and 40 pm).
Images were taken at a rate of 3 Hz. The excitation wavelength was
440 nm, and exposure times were 80-110 ms for AL and 160-220
ms for CX measurements. The primary dichroic mirror was 470 nm
DCLP. Fluorescent light passing this dichroic was directed onto a
520 nm DCLP mirror followed by a 530-565 BP emission filter for
EYFP and a 473-494 BP emission filter for ECFP.

Odorant Application

A constant air stream produced by an aquarium pump was guided
through a Pasteur pipette with the tip placed at a distance of 5 mm
from the fly’s antennae. The pure odorants were diluted 1:100 in
mineral oil. A total of 4 pl of this solution was placed on filter paper

in a second Pasteur pipette laterally inserted into a hole in the first
pipette. Using an electronic solenoid valve (Lee Company), odorant
stimuli (1 s) were puffed into the constant air stream in an electroni-
cally controlled way. Odorant concentrations in the air stream or in
front of the antennae have not been measured. Air flowrates were
in the range of 1 ml/s. Individual flies were recorded for up to 2 hr,
with interstimulus time intervals of about 2-5 min.

Data Analysis

Images were analyzed with custom-written IDL software (Research
Systems). A total of 18 flies were measured for the AL, and 41 flies
were measured for the CX. Flies were chosen for further analysis
when they showed reliable calcium signals to odorants applied sev-
eral times in a pseudorandomized manner. For the AL, 61 odorant
stimulations in 9-12 flies were analyzed (in 3 flies, 1 or more odorants
were missing); for the CX, 171 stimulations in 10 flies were analyzed.
Images from the CCD cameras were median filtered to remove noise
(size: 3 pixels) and were convoluted with a Mexican-hat function
(diameter: 50 um) to reduce scattered light effects. Then, the EYFP
image was divided by the ECFP image. For traces, averages of a
3 X 3 pixel box are calculated as a function of time. Frames were
numbered in relation to stimulus onset, with frame 0 starting with
stimulus onset and prestimulus frames starting with negative num-
bers. Single-wavelength data are given as 100 X AF/F, where F is
the mean for the prestimulus frames —4 to —2. Ratio data are 100 X
(EYFP/ECFP). Traces were shifted to 0 at t = 0. For movies and
individual frames, ratio images were convoluted with a 3 X 3 pixel
box to reduce high-frequency noise. Odorant-evoked responses
were calculated as the average of ratio frames 2-4 minus ratio
frames —3 to —1. For quantification of EYFP/ECFP ratio signals, the
maximum ratio signals evoked in the AL or CX area were measured.
Correction for drifts in the time course of the ratio signal was ob-
tained by calculating the average of frames —3 to —1 minus the
average of frames —8 to —6. This value was then subtracted from
the average of frames 2-4 minus the average of frames —3 to —1.

Supplementary Material

Supplementary Material including additional images of activity pat-
terns in the calyx from different flies and the time series images
in Figures 2D and 4 in the form of movies is available at http://
images.cellpress.com/supmat/supmatin.htm.
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per odorant for three different odorants are shown. To the right, areas with the strongest activity for each odorant are superimposed onto an
EYFP fluorescence image providing a morphological view. Here, purple areas indicate responses to octanol (OCT), cyan areas indicate
responses to benzaldehyde (BEA), and yellow areas indicate responses to isoamyl acetate (IAA). Areas responding both to BEA and IAA are
green, and overlapping regions of OCT and BEA are blue. While the glomeruli could not unequivocally be identified from their morphology,
the similarity of the activity patterns between animals suggests that homologous glomeruli are excited by the same odorant in different
animals. In each image, false-color coding scales the responses between —2.0% EYFP/ECFP and the maximum, which is indicated in each
image (e.g., 5.8 for the upper octanol).

(C) Time courses of the responses to the odorants BEA, IAA, OCT, and the control mineral oil (MOL) in fly 2 (single stimulation each). Two
different glomeruli are evaluated; the upper row of graphs correspond to position 1 in (A), and the lower row of graphs correspond to position
2in (A). For each glomerulus and odorant, the response is shown for the EYFP (yellow line) and the ECFP (blue line) signal (both as % AF/F).
The EYFP/ECFP ratio change is shown as a black line (also as % ratio). All curves are shifted to baseline before odorant stimulus onset (t =
0 s). Odorant stimulation is indicated by the gray bar.

(D) Spatiotemporal response patterns, shown as a sequence of images from the AL. Adjacent images are 0.66 s apart, i.e., every second
frame is shown. Frame numbers are indicated in the upper-right corner of each frame, with 0 denoting stimulus onset. Odorant stimulus is
indicated by the red bar. Ratio values above 0 are false-color coded on top of the morphological view of the two ALs. Note the bilateral
symmetry of the odorant-evoked signals, the spatial differences between OCT and IAA, and the very weak responses to BEA in this animal.
See also the movies in the Supplementary Material available with this article online.



Current Biology
1882

>
@

AFIF [%]

AF/F [%]

time [s] time [s] ‘ time [s] time [s]

D averages

1 15 1
1
&
W
L (1]
<,
-1
.5
15 2 |is 2 s 2
1 1 \ 1
< 0.5 05 \4\ 05
2
w 01 0 [ 0
brag 2 -1 0 2 3 4 5 2 170 \ 2 -1 0
4. 0.5 0.5 0.5
A A 1
1.5 1.5 1.5
time [s] time [s] time [s] time [s]

Figure 3. Odorant-Evoked Calcium Responses in the Drosophila Calyx
(A) A view onto one calyx, as seen with EYFP fluorescence and after contrast-enhancement, with the adjacent inner antennocerebral tract.
The numbered squares mark the positions evaluated in (C). Compare this figure with Figure 1A for position of the area in the whole brain.
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Figure 4. Spatiotemporal Response Patterns in the Calyx

Odorant-evoked response patterns, shown as a sequence of images from the calyx. Adjacent images are 0.66 s apart. The odorant stimulus
is indicated by the red bar. Ratio values above 0 are false-color coded on top of the morphological view of the calyx. Note the spatial
differences between BEA, OCT, and IAA. See also the movies in the Supplementary Material available with this article online. The scale bar
represents 25 pum.
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(B) Comparison of spatial FRET difference patterns for repeated stimulation within one animal, with a single stimulation in each trial. Color-
coded results for the three different odorants benzaldehyde (BEA), isoamyl acetate (IAA), and octanol (OCT) are shown. In each image, false-
color coding scales the responses between —2.0 and the maximum, which is indicated in each image (e.g., 2.6 for the upper octanol). The
outline of the CX is indicated by a black line.

(C) Time courses of the responses to single stimulations with BEA, OCT, IAA, and the control mineral oil (MOL). Two different coordinates
are evaluated: coordinate 1 in (A) refers to the upper row, and coordinate 2 in (A) refers to the lower row. For each coordinate, the response
is shown for the EYFP (yellow line) and the ECFP (blue line) signal (both as % AF/F). The EYFP/ECFP ratio is shown as a black line (also as
% ratio). All curves are shifted to baseline before odorant stimulus onset (t = 0 s). Odorant stimulation is indicated by the gray bar.

(D) Averages of the time courses of three responses to stimulations with BEA, OCT, IAA, and MOL. The same animal and coordinates that
are shown in (C) are shown.
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Genetically Expressed Cameleon in Drosophila
melanogaster Is Used to Visualize Olfactory
Information in Projection Neurons
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Movies 1-3. Odorant-Evoked Spatiotemporal Activity Patterns in
the Antennal Lobes

The movies represent the recordings shown as a time series of
images in Figure 2D. Images were taken at a rate of 3 Hz and were
converted into movies. Ratio values above 0 are false-color coded
on top of the morphological view of the two ALs. The odorant
stimulus is indicated by the red square appearing in the upper-left
corner. Real time is indicated above the movies (s), witht = 0 s at
odorant onset. EYFP/ECFP ratio values above 0 are false-color
coded on top of the morphological view of the two ALs. Movie 1
shows the response to benzaldehyde, Movie 2 shows the response
to isoamylacetate, and Movie 3 shows the response to octanol.

Movies 4-6. Odorant-Evoked Spatiotemporal Activity Patterns in
the Calyx

The movies represent the recordings shown as a time series of
images in Figure 4. Images were taken at a rate of 3 Hz and were
converted into movies. Ratio values above 0 are false-color coded
on top of the morphological view of the CX. The odorant stimulus
is indicated by the red square appearing in the upper-left corner.
Real time is indicated above the movies (s), with t = 0 s at odorant
onset. EYFP/ECFP ratio values above 0 are false-color coded on
top of the morphological view of the CX. Movie 4 shows the response
to benzaldehyde, Movie 5 shows the response to isoamylacetate,
and Movie 6 shows the response to octanol.
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Figure S1. Odorant-Evoked Calcium Responses in the Drosophila Calyx of Three Different Flies

(A) Comparison of spatial FRET difference patterns for odorant stimulation within three animals, with two trials (single stimulation each). Color-
coded results for the five different odorants benzaldehyde (BEA), butanol (BUT), ethyl acetate (ETA), isoamyl acetate (IAA), and octanol (OCT)
are shown. In each image, false-color coding scales the responses between —2.0 and the maximum, which is indicated in each image (e.g.,
1.7 for the upper octanol). The outline of the CX is indicated by a black line. The scale bar represents 25 nm. Note that repeated stimulation
evokes similar patterns in any one fly for a given odorant. Signal peaks outside the CX region mainly represent activity in the adjacent
antennocerebral tract or the proximal part of the lateral protocerebrum. Slight brain movements may also affect background signals. Between-
animal comparisons are not possible due to spatial differences among different preparations.

(B) Time courses of the responses to two stimulations with BEA for one fly, indicated by the blue frame in (A). Two different coordinates are
evaluated and are indicated by the red and black square in (A). For each coordinate, the response is shown for the EYFP (yellow line) and
the ECFP (blue line) signal (both as % AF/F). The EYFP/ECFP ratio is shown as a black line (also as % ratio). All curves are shifted to baseline
before odorant stimulus onset (t = 0 s). Odorant stimulation is indicated by the gray bar. Note that the signal amplitude for the two coordinates
is slightly smaller at the second stimulation compared to the first one, showing that bleaching affects the signal intensity.
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