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Olfactory Information Processing in the Drosophila Antennal
Lobe: Anything Goes?
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When an animal smells an odor, olfactory sensory neurons generate an activity pattern across olfactory glomeruli of the first sensory
neuropil, the insect antennal lobe or the vertebrate olfactory bulb. Here, several networks of local neurons interact with sensory neurons
and with output neurons—insect projection neurons, or vertebrate mitral/tufted cells. The extent and form of information processing
taking place in these local networks has been subject of controversy. To investigate the role of local neurons in odor information
processing we have used the calcium sensor G-CaMP to perform in vivo recordings of odor-evoked spatiotemporal activity patterns in five
genetically defined neuron populations of the antennal lobe of Drosophila melanogaster: three distinct populations of local neurons (two
GABAergic and one cholinergic), as well as sensory neurons and projection neurons. Odor-specific and concentration dependent spatio-
temporal response patterns varied among neuron populations. Activity transfer differed along the olfactory pathway for different
glomerulus- odor combinations: we found cases of profile broadening and of linear and complex transfer. Moreover, the discriminability
between the odors also varied across neuron populations and was maximal in projection neurons. Discriminatory power increased with
higher odor concentrations over a wide dynamic range, but decreased at the highest concentration. These results show the complexity and
diversity of odor information processing mechanisms across olfactory glomeruli in the fly antennal lobe.
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Introduction

The first neuropil of the olfactory system, the insect antennal lobe
or the vertebrate olfactory bulb, is a highly structured sensory
processing network. Axons of olfactory sensory neurons (OSNs)
expressing a particular receptor converge, in most cases, to a
single glomerulus of the antennal lobe/olfactory bulb, where they
make synapses with secondary neurons and local neurons (Wil-
son and Mainen, 2006). Insect secondary neurons, so-called an-
tennal lobe projection neurons (PNs), are analogues to the ver-
tebrate mitral/tufted cells and in most cases innervate a single
glomerulus (Stocker, 1994). In vertebrates, computation of olfac-
tory information is performed by different populations of local
neurons: periglomerular cells, short-axon cells, and granule cells
(Wachowiak and Shipley, 2006; Wilson and Mainen, 2006). In
insects, the morphology and function of local neurons are less
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well understood (Sachse and Galizia, 2006). At least two different
populations of inhibitory local neurons have been implicated in
processing olfactory information in the insect antennal lobe
(Christensen et al., 1998a; Sachse and Galizia, 2002; Sachse et al.,
2006), and different roles in olfactory coding have been proposed
(Sachse and Galizia, 2006; Wilson and Mainen, 2006). Addition-
ally, excitatory local neurons interconnect olfactory glomeruli in
Drosophila (Olsen et al., 2007; Shang et al., 2007).

Several studies have proposed processing mechanisms that
appear to contradict each other: while it has been shown that
interglomerular connectivity in the antennal lobe narrows odor
response profiles in honeybees (Sachse and Galizia, 2003; Linster
et al.,, 2005), reports in Drosophila support either a neutral effect
of the antennal lobe network in the propagation of olfactory in-
formation (Ng et al., 2002; Wang et al., 2003) or a broadening of
the response profiles at the PN level (Wilson et al., 2004).

To investigate the role and impact of local neurons in olfac-
tory coding, we have taken advantage of the genetic tractability of
Drosophila. We have used five different Gal4 lines to drive expres-
sion of the calcium-sensitive reporter protein G-CaMP (Nakai et
al., 2001) in OSNZs, in three distinct local neuron subpopulations
(two GABAergic, one cholinergic), and in PNs. We have recorded
odor evoked responses to concentrations ranging from 10~ to
10 ~*v/v. We found that the response patterns of the local neuron
subpopulations differed both spatially and temporally. More-
over, while OSNs and PNs both had clearly glomerular activity
patterns, local neuron responses were more diffuse but not uni-
form across the antennal lobe, and revealed odor- and
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subpopulation-specific spatial patterns. We also found that odor
discriminability varied between local neurons subpopulations,
and was higher in PNs than OSNs across a wide concentration
range. We propose putative roles for the different local neuron
subpopulations in the synaptic network of the antennal lobe. Our
data provide evidence that both response-profile broadening as
well as linear and complex information transfers occur within the
antennal lobe, and that these mechanisms appear to be specific
for a particular glomerulus—odor combination. The resulting
complexity allows the antennal lobe network to adapt to the wide
variety of natural odors and concentrations that an animal en-
counters throughout its life.

Materials and Methods

Flies. Adult female Drosophila melanogaster (aged 1-3 weeks) were used.
Flies were reared in standard medium (100 ml contained: 91.8 ml of
water, 11.8 g of sugar beet syrup, 1.08 g of yeast, 0.406 g of agar, 9.4 g of
cornmeal, 0.24 ml of propionic acid), and kept at 25°C, 50—60% relative
humidity with a 12 h:12 h light:darkness regime.

All experimental flies carried the UAS:G-CaMP 1.3 insertion in the
first chromosome (crossed from wP[UAS:G-CaMP];CyO/Sp;+ flies
provided by Jing Wang, University of California, San Diego, La Jolla, CA)
(Nakai et al., 2001; Wang et al., 2003), and a promoter:Gal4 insertion to
direct expression of the calcium sensor to the desired neuron subpopu-
lation. OSNs were labeled with ywP[UAS:G-CaMP];P[OR83b:Gal4]
(provided by Leslie Vosshall, Rockefeller University, New York, NY).
PNs were labeled with ywP[UAS:G-CaMP|;P[GH146:Gal4]/CyO (stable
line crossed from +; P[GH146:Gal4] flies provided by Reinhard Stocker,
University of Fribourg, Fribourg, Switzerland). P[Np1227:Gal4] and
P[Np2426:Gald] drive expression of Gal4 in two nonoverlapping sub-
populations of GABAergic local neurons (R. Okada and K. Ito, unpub-
lished work). Np1227 flies were of the genotype ywP[UAS:G-CaMP];
P[Np1227:Gal4] (crossed from +;P[Np1227:Gal4]). Np2426 flies were
either ywP[UAS:G-CaMP]/P[Np2426:Gal4];+/CyO or ywP[UAS:G-
CaMP]/P[Np2426:Gal4];+/Sp (crossed from P[Np2426:Gal4]). Since
P[Np2426:Gal4] and P[UAS:G-CaMP] are located in the same chromo-
some we used the F1 generation for experiments. No differences were
found in the performance of the two genotypes (Sp or CyO). Excitatory
local neurons were labeled using the KRAS:Gal4 line (Shang et al., 2007).
KRAS flies were of the genotype ywP[UAS:G-CaMP];+;P[krasavietz:
Gal4] (stable line crossed from +;+;P[krasavietz:Gal4], provided by
Gero Miesenbock, Yale University, New Haven, CT).

Fly preparation. Flies were prepared as previously described (Silbering
and Galizia, 2007). Briefly, flies were immobilized on ice for 10 min and
then fixed to a Plexiglas stage by the head and neck, with thorax and
abdomen hanging freely (supplemental Fig. S1 A, available at www.
jneurosci.org as supplemental material). Antennae were pulled forward
using fine wire to allow visual access to the antennal lobes. Then, a thin
polyethylene foil supported by a plastic coverslip was sealed to the head
with two-component silicon (Kwik Sil; WPI) and a hole was cut to expose
the cuticle. After placing a drop of Ringer’s (in mm: 130 NaCl, 5 KCI, 2
MgCl,, 2 CaCl,, 36 saccharose, 5 HEPES, pH 7.3) (Estes et al., 1996) on
top of the head, a window was cut in the cuticle. Glands and air sacks were
removed, and saline was exchanged several times.

Odorant preparation and application. Fifty microliters of the pure odor
substance were diluted in 5 ml of mineral oil (Sigma-Aldrich) for the
highest concentration tested (10 ~* v/v). Tenfold serial dilutions were
made down to a concentration of 10 7 v/v (throughout the text the
indication v/v is omitted). Because all test odors have comparable vapor
pressure, these dilutions spanned a comparable range of molecules/stim-
ulus, and no vapor-pressure corrected values are given. All dilutions were
prepared in 20 ml glass vials which were sealed with aluminum ring caps
with a silicon-Teflon septum (Axel Semrau). All odors were purchased
from Sigma-Aldrich, and were of maximum purity available. New odor
dilutions were prepared every 3—4 weeks. Experimental odors used were
isopentyl acetate (CAS 123-92-2), 1-butanol (CAS 71-36-3), and propi-
onic acid (CAS 79-09-4). Diagnostic odors were ethyl hexanoate (CAS
123-66-0), pentyl acetate (CAS 628-63-7), E2-hexenal (CAS 6728-26-3),
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1-octen-3-ol (CAS 3391-86-4), and ethyl-3-hydroxybutyrate (CAS 5405-
41-4) (see supplemental Methods, available at www.jneurosci.org as sup-
plemental material). 1-Butanol 10 2 or 10 > was applied repeatedly to
monitor the signal quality during the experiment. Control measure-
ments were done with clean air and mineral oil.

A constant air stream (60 ml/min) generated with a vibrating armature
air compressor (Rietschle Thomas) was directed to the fly antennae at a
distance of ~1 cm through a Teflon tube (1 mm inner diameter). Odors
were applied with a computer-controlled autosampler originally de-
signed for gas chromatography (CombiPAL, CTC Analytics) which in-
jected 1 ml (1 ml/s) of odor-loaded headspace from the 20 ml vials into
the Teflon tube 38 cm away from the tube exit. During odor application
the constant air stream was interrupted to avoid mechanical artifacts due
to increased air flow.

Calcium imaging. Images were acquired with a CCD camera (TILL
Photonics) mounted on a fluorescence microscope (BX51WI; Olympus)
equipped with a 20X water-immersion objective (numerical aperture =
0.95; XLUMPlanFI; Olympus). Excitation light of 465 nm was produced
with a monochromator (Polychrome II, TILL Photonics). A 490 nm
dichroic mirror was used together with a 506 -547 nm bandpass emission
filter. Binned image size was 153 X 106 pixels on chip, corresponding to
245 um X 170 wm at the preparation. Exposure time was varied between
70 and 120 ms to adjust for different basal fluorescence values of the
preparations. Eleven-second films were recorded with an acquisition rate
of 3 Hz. Odors were presented during 1 s, 3 s after the beginning of each
measurement. Interstimulus interval was 2 min.

Data analysis. Flies that showed stable calcium responses to the refer-
ence odor [1-butanol (10 "2 or 10 ~2)] throughout the protocol and none
or only negligible responses to air were considered for data analysis. Data
were processed with custom made routines written in IDL (ITT Visual
Information Solutions) as previously described (Silbering and Galizia,
2007). In short, data were first corrected for movement artifacts using
anatomical landmarks. Overall fluorescence intensity decay due to
bleaching was removed by fitting a logarithmic function of the form
F(t) = a X e + cto the average frame light intensity change over time
(Galizia and Vetter, 2004). Frames covering 7 s after stimulus onset were
excluded from the bleach correction calculation. Then, the relative cal-
cium change was calculated for each frame i as (AF/F); (%) = [(F; —
F,)/Fy] X 100, where F; is the absolute fluorescence of the ith frame and
F, the average fluorescence of the five frames before stimulus onset
(background fluorescence).

Glomerulus identification was achieved as previously reported (Silber-
ing and Galizia, 2007). Two glomeruli (named X2 and X3) could be
reliably identified in all flies, but not assigned to known glomeruli in the
Drosophila antennal lobe atlas (Laissue et al., 1999) due to the lack of
spatial references. See supplemental Methods (available at www.
jneurosci.org as supplemental material) for details.

The average light intensity of a 7 X 7 pixel square (corresponding to
~10 X 10 um?) was calculated for each glomerulus and visualized as
time traces. Response amplitude was calculated as the average of 3 frames
during stimulation minus the average of 3 frames before stimulation.
Since the initial responses (positive or negative) began within the stimu-
lation time in most cases, this calculation was found to best reflect the
changes in response amplitude. The same calculation was used to visual-
ize activity patterns as color-coded images, which were then processed
with a Gaussian filter (kernel = 3 pixels). Note that the color scale used in
Figures 1, 3, and 5 is asymmetrical for negative and positive values, where
one quarter of the scale is assigned to values from minimum to zero and
three quarters to values from zero to maximum.

For quantitative analyses across animals, data were normalized within
each animal to the calcium changes evoked by 1-butanol 10 ~? in glomer-
ulus DM2 in each fly (Response[glomerulus;, odor;, concentration,, fly]
= AF/F[glomerulus,, odorj, concentrationy, fly]/AF/F[DM2, 1-butanol,
10 3, fly]). Throughout the paper these normalized calcium changes are
referred to as odor responses. Median responses and traces correspond to
the median of nanimals (Np1227: n = 4—5; Np2426: n = 5-6; KRAS: n =
6; OSN: n = 8—9; PN: n = 7—8). Each fly was stimulated once with each
concentration (10 =7 to 10 ~2) of one of the three tested odors (isopentyl
acetate, 1-butanol, or propionic acid). All glomeruli except X2 and DM3
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Spatial odor response patterns of antennal lobe neurons in Drosophila. A, Scheme of the antennal lobe, with
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(Venables and Ripley, 2002). This multidimen-
sional statistical analysis uses the odor-class in-
formation to reveal the structure of the data.
Specifically, a linear combination is computed
to derive those axes that maximize the ratio of
the separation of the class means (i.e., the mean
signal within each odor) to the within-class
variance (i.e., the variability of each odor repre-
sentation). In other words, a new coordinate
system is calculated where each axis provides a
more accurate discrimination of the classes
(odors in our case) than the original individual
variables do (the individual glomerular re-
sponse patterns, in our case). This is possible
because in the projection, each axis is a linear
combination of many glomeruli. The result is a
projection onto alow-dimensional space. In the
case of three odors, this is at best a two-
dimensional plane (because three points always
lie in a plane, just as two points define a line). In
this space, the distance between odors is the
maximal distance possible (hence the name
“discriminant”; the transformed variables are
often called linear discriminants or canonical
variates).

Data analyses were performed with IDL, Ex-
cel (Office 2003; Microsoft), R (http://www.
R-project.org), SigmaStat (SPSS), and Image]
(http://rsb.info.nih.gov/ij/).

Results

To analyze the activity of the neurons in-
volved in processing of odor information
in the antennal lobe, we have measured
odor-evoked calcium responses in three
distinct subpopulations of local neurons
(Fig. 1A) of the fruit-fly Drosophila mela-
nogaster. Two of them were GABAergic,
labeled with Np1227- and Np2426-Gal4

diagrams of the innervation patterns of single local neurons (left antennal lobe) and of OSNs and PNs (right antennal lobe).
Antennal nerves and commissure are shown in dark gray, glomeruliin light gray. B, Position of the analyzed glomeruliin the left
antennal lobe. AN, Antennal nerve; C, commissure. €, Raw fluorescence view of the antennal lobe for the five measured neuron
types (Np1227, Np2426, KRAS, OSN, and PN) and color-coded odor responses to isopentyl acetate, 1-butanol, and propionic acid.
Odor concentration was 10 ~>for 0SNs and KRAS, and 10 ~2for all others. The left antennal lobe is overlaid with a schematic view
of the glomeruli (compare with B). Numbers in the right corners of each picture indicate the scale range (% AF/F). The black line
inthe color scale indicates AF/F = 0%. The arrow in the PN response to propionic acid points to activity in the mushroom bodies
(see Results). Note that the activity patterns for OSNs and PNs are glomerular, while local neurons have more distributed but not

lines (Okada and Ito, unpublished work)
(Sachse et al., 2007). The third subpopula-
tion was cholinergic and labeled with the
KRAS-Gal4 line (Shang et al., 2007). We
also recorded odor-evoked responses to
the same stimuli in OSNs (with the Or83b-
Gal4 line) and in PNs (using GH146-

uniform response patterns.

could be identified in all animals. X2 could not be identified in 2 flies
where PN responses to 1-butanol were measured and in two flies where
responses to isopentyl acetate where measured, one for the OSNs and one
for the local neurons Np1227. DM3 could not be identified in one fly
where isopentyl acetate responses where measured in local neurons la-
beled by the line Np2426.

In Figure 2 D, responses were considered for fall time calculation if (1)
the initial response (first second after stimulus onset) was >3 X SD of the
mean fluorescence measured in the first 2 s of the recording (before
stimulus onset); and (2) if fluorescence decayed at least to 66% of the
maximum value by the end of the measurement. Fall time was calculated
as the time elapsed between 90% and 66% of the maximum value in the
decaying phase of the response. Maximum responses correspond to the
normalized response value at the peak within 3 s after stimulus onset.

The threshold concentration was defined as the concentration that
elicited responses significantly higher than those elicited by the same
odor at 10 ~7 in a Wilcoxon rank-sum test (p < 0.05).

To quantify the odor information content of the spatiotemporal re-
sponse patterns we performed a linear discriminant analysis (LDA)

Gal4). We quantified odor responses in
eight glomeruli across animals (Fig. 1B)
based on their morphology and position
relative to other glomeruli and/or their responses to additional,
“diagnostic” odors (i.e.: highly diluted odors that elicit activity in
only one or very few known glomeruli) (for details, see supple-
mental Methods, available at www.jneurosci.org as supplemental
material). Note that, compared with most morphological studies
where the brain is removed from the head capsule, in our in vivo
study we observed the brain in the living animal through a hole in
the head capsule, which results in a slightly tilted view of the
antennal lobes (see supplemental Fig. S1 A, available at www.
jneurosci.org as supplemental material).

Odor responses in distinct neuron populations

Local neurons branch across many glomeruli in the antennal lobe
without an apparent glomerular organization, making it impos-
sible to see glomerular borders in morphological views. Cell bod-
ies were clearly visible at the periphery of the antennal lobe (Fig.
1C). We did not see glomerulus-specific activity in either
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GABAergic local neuron subpopulation (Np1227 or Np2426),
suggesting a lack of glomerular organization at the functional
level in these local neurons. In the excitatory local neuron sub-
population (KRAS line), on the other hand, the “diagnostic”
odors elicited focalized responses corresponding to individual
glomeruli (e.g., in glomerulus DM2 to stimulation with ethyl
hexanoate 10 ~> and in DC2 to stimulation with 1-octen-3-ol
10 ~*; data not shown). For the three test odors (isopentyl acetate,
1-butanol, and propionic acid), odor evoked activity covered
large areas of the antennal lobe in all local neuron lines, but never
the entire antennal lobe. Activity patterns were spatially struc-
tured, and spatial patterns differed both for different odors
within one subpopulation, and for the same odor across sub-
populations (Figs. 1C, 2A). Response patterns were highly con-
served and variability was low across flies of the same line (see
supplemental Fig. S1B, C, available at www.jneurosci.org as sup-
plemental material), reinforcing the idea of a genetically prede-
termined connectivity map between neurons of different classes.
Odors generally evoked calcium increases upon stimulus onset.
In Np2426, however, some odors were found to elicit localized
calcium decreases after stimulus offset, such as propionic acid in
glomerulus DC2 (Fig. 2A and see below). Assuming that these
after-stimulus inhibitions result from increased synaptic inhibi-
tory input at stimulus offset, one would expect other neurons to
respond to odors with an off-response (i.e., calcium increase at
stimulus offset). In a more complex and alternative, putative net-
work, a decreased excitatory input could be the cause of the ob-
served calcium decrease. However, because there was no odor
response, these neurons would need to be tonically active, and
therefore again an increased inhibitory input would be necessary
at stimulus offset. Interestingly, we never observed such off-
responses in any of the local neuron subpopulations. This would
suggest that at least one additional local neuron subpopulation
might exist in addition to those covered in this study.

Unlike in local neurons, responses in OSNs and PNs were
clearly glomerular, as expected from their glomerular arboriza-
tion pattern (Figs. 1C, 2A). As for the local neurons, response
patterns were conserved across animals (see supplemental Fig.
S1B,C, available at www.jneurosci.org as supplemental mate-
rial). Calcium decreases at odor onset were found in OSNs in
response to propionic acid (Fig. 24, B and see below). Response
amplitudes (measured as AF/F before normalization, see Materi-
als and Methods) were larger for OSNs (reaching ~80% in some
animals) and PNs (reaching up to ~50%) than for local neurons
(reaching ~25% for Np1227, ~10% for Np2426, and ~20% for
KRAS). For the line GH146, odor responses were also found in
the mushroom bodies, indicating that the mushroom body in-
trinsic neuron MB-APL, which is labeled by the GH146 line
(Tanaka et al., 2008) is generally responsive to odors (Fig. 1C,
arrow in the PN response to propionic acid).

Complex spatiotemporal responses

Each stimulus elicited a complex and characteristic spatiotempo-
ral activity pattern in each neuron population examined: activity
returned to baseline quickly after stimulus offset in some glomer-
uli and slowly in others. Moreover, some glomeruli showed in-
hibitory responses, late responses or complex response patterns
with multiple phases (Fig. 2A, B). Odor responses were spatially
more uniform in local neurons than in OSNs and PNs. Generally,
most glomeruli were activated in the line Np1227: for isopentyl
acetate, the strongest responses were observed in DC2 and X2 and
the weakest in VAllm; for 1-butanol responses were quite uni-
form across all glomeruli, except DL1 and VA1llm in which the
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responses were weaker. Propionic acid elicited a complex pattern
in Np1227, with late responses in some glomeruli (notably DL1
and DC2) (see Fig. 2A). More complex spatiotemporal patterns
were observed in the neurons labeled by Np2426-Gal4, which
showed a late inhibition to propionic acid in DC2, a biphasic
response to 1-butanol in DLI, and differences in response dura-
tion (e.g., along response to isopentyl acetate in DM2, but a short
response of comparable amplitude to the same stimulus in DM3)
(Fig. 2 A, B). The time courses of the responses in excitatory KRAS
neurons were the most uniform: the response peak was reached
~1 safter stimulus onset and calcium level returned quickly back
to baseline, with no inhibitory responses to any odor in any glo-
merulus. Unlike for Np1227 and Np2426, KRAS responses
showed differences in their spatial pattern, but not in their time
courses (Fig. 2A,B).

In OSNs and PNs responses differed between glomeruli both
in magnitude and in time course. Responses to propionic acid
were complex, including late excitatory responses after stimulus
offset (e.g., glomerulus X2 in OSNs, and glomerulus VAllm in
PNs), inhibitory responses during and/or shortly after the stim-
ulus (e.g., glomerulus X3 and VAllm in OSNs, and VAllm in
PNs), and responses with two excitatory peaks, one during stim-
ulus presentation, and the other several seconds later (e.g., DL5in
both OSNs and PNs) (Fig. 2 B). Conversely, all responses to iso-
pentyl acetate and 1-butanol were monophasic and differed only
in response magnitude and fall-time, the former having only a
small impact on the latter (Fig. 2C). Even across all odors and
neuron populations studied, stronger responses could account
for only 7% of the variability in fall time (linear model fit for fall
time vs response amplitude, p < 10~°, R* = 0.07) (Fig. 2D),
suggesting that factors other than total calcium influx influence
the return to calcium baseline.

Responses to different odor concentrations
With increasing odor concentration, responses increased both in
magnitude and spatial extent: the excited area across the antennal
lobe increased for local neurons, and in PNs and OSNs more
glomeruli became active (Fig. 3). As a general rule with few ex-
ceptions, all glomeruli in all neuron populations analyzed
showed increasing calcium influx with higher odor concentra-
tions. 1-Butanol or isopentyl acetate at low concentration elicited
a subpattern of the higher-concentration response. In contrast,
with higher concentrations of propionic acid more glomeruli re-
sponded with a calcium decrease in OSN-labeled flies, up to three
glomeruliat 10 > (but only one at 10 ~2) (supplemental Fig. S2 A,
available at www.jneurosci.org as supplemental material; com-
pare with Fig. 4 A). Fewer glomeruli showed calcium reduction in
PN-labeled flies.

We found no calcium responses to odors at a concentration of
10 "7 in any of the measured subpopulations. Response thresh-
olds varied and were generally higher in local neurons than in
OSNs and PNis: for isopentyl acetate, local neuron responses were
significant at 10 > for KRAS and 10 ~* for Np1227 and Np2426,
while the threshold was at 10 ¢ for OSNs (glomerulus DC2) and
at 10 7> for PNs (in glomeruli DM2 and DM3). For 1-butanol,
local neuron responses were significant at 10 ~* for KRAS and
Np2426, and 10 3 for Np1227, while the threshold was 10 “2in
OSNs (glomerulus DM2) and 10 ~* for the PNs (e.g.: glomeruli
DM2 and DC2). Most strikingly, for propionic acid, KRAS local
neurons were more sensitive than both PNs and OSNs in most
glomeruli in our field of view (Fig. 4A).

In sensory physiology, concentration—response curves usually
follow a sigmoidal shape and can be fitted with the Hill equation.
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indicated as a black line. Odor concentration was 10 ~ . Note the high diversity of time courses across lines, glomeruli, and odors.
B, Comparison of the responses to propionic acid 10 ~%in different glomeruli. Upper row, Np1227, Np2426, and KRAS. Lower row,
OSN and PN. Gray bars indicate the time of stimulation (1's). Vertical bars indicate the scale of the response amplitude. ¢, Median
responses to isopentyl acetate 10 2 and 1-butanol 10 ~% in the PNs of glomerulus DM2, showing that fall time cannot be
predicted from response magnitude. Fall time (calculated as the time elapsed during signal decay from 90% to 66% of maximum
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In our study, however, response saturation
was not reached in any of the glomeruli
analyzed for any neuron subpopulation
and odor over the concentration range
spanning from 107 to 10 2. The only
case where the concentration—response
curves appeared to reach a plateau corre-
sponded to glomerulus DM2 in response
to isopentyl acetate (Fig. 4A). This indi-
cates that the olfactory system is far from
saturation even at the highest concentra-
tion tested here, which is higher than the
highest concentration that a fruit fly is
likely to encounter in the environment.
For example, the concentration of isopen-
tyl acetate found in banana mush is ~2 X
10 * (Jordan et al., 2001; Pelz et al., 2006),
and thus well below the maximum con-
centration tested here. It appears, there-
fore, that the olfactory system of the fly is
not driven to its physiological upper limits
in the natural environment and can there-
fore detect signal differences even at the
highest odor concentrations it might en-
counter. It is likely that such a broad con-
centration—response range is the result of
the interplay between the odor-
transduction cascade and an efficient and
fast adaptation mechanism in sensory
neurons (Laughlin, 1989). We also show
that for most of the dynamic range, odor
information increases with higher concen-
trations, although odor discrimination ca-
pacity, and thus the information content
in the system, deteriorates at the higher
concentration (see below). Every olfactory
stimulus needs to be analyzed with respect
to its identity and its intensity (concentra-
tion), and a broad dynamic range as found
here allows for that information to be
maintained. Information about odor con-
centration has an important ecological
value for the fly and must therefore be re-

<«

amplitude) was 1.655 (Qys = 1.295,Q,5 = 1.925,n =7) for
isopentyl acetate and 0.57 s (Q,5 = 0.485,Q,5 = 0.67s,n =
9) for 1-butanol. Maximum responses were 1.63 (Q,; = 1.42,
Q5 = 1.85)and 1.69 (Q,5 = 1.48,Q,; = 1.72) forisopentyl
acetate and 1-butanol, respectively. The black line below the
traces indicates the time of stimulus (1 s). D, Relationship
between the response amplitude and fall time. Each point
represents the response of one odor-neuron type-
glomerulus-concentration combination (3 odors, 5 neuron
types, 8 glomeruli, and 6 concentrations). A given combina-
tionwasincluded onlyif the fall time could be calculated for at
least two responses (545 of 720 possible combinations). The
correlation between response amplitude and fall time ac-
counts for 7% fall time change (linear model, p < 10 ~°, R?
= 0.07), indicating that the response fall time depends more
on the glomerulus-stimulus combination than on the re-
sponse magnitude. Maximum responses correspond to the
normalized response value at the peak within 3 s after stimu-
lus onset.
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Figure3. Spatial response patterns to increasing odor concentrations. Color-coded activity patterns in response to increasing concentrations of 1-butanol, isopentyl acetate, and propionic acid.
The first column shows the responses to the solvent mineral oil. Numbers in the right corners of each picture indicate the scaling range (% AF/F). The vertical white line runs through the midline and
the horizontal one through the left glomerulus DM2 to ease spatial comparisons. Black vertical lines point to a change in scaling between pictures. Movies of these measurements can be found at
http://neuro.uni-konstanz.de/silbering/.



Silbering et al. @ Odor Processing in the Drosophila Antennal Lobe

A
Np1227 Np2426 KRAS

DM2
DC2
DL5
DM3
X2

X3
DL1
VA1Im
DM2
DC2
DL5
DM3
X2

X3
DL1
VA1Im

DM2
DC2
DL5
DM3
X2

X3
DL1
VA1Im

is. acetate

1-butanol

propionic acid

7-6-5-4-32-76-5-4-32-7-6-5-4-3-2 7-6-5-4-3-2-7-6-5-4-3-2
[0 log[conc]

PN-OSN C

resp.differnce
0.6{DM2 DM2 DM2
0.4
S 0.2

Q
200

w

fference

is. acetate
g
=
w

-0.2

T T T T T T T T T
-7 -6 -5-4-3-2 00 05 1.0 0.0 0.2 0.4 0.6 0.8

DM2 0.6] X3 X3 X3

DC2

DL5 0.4

5 0.2

X2 g

X3 ® 0.0
0.0 .
X2

ifference

1-butanol
lw)
=
w

propionic acid
o
=
w

o T T L T T T T T

7-6-5-4-3-2 -7 -6 -5 -4 -3-2 00 05 10 000204 06 08
log[conc] log[conc] OSN resp. global OSN resp.

Figure 4.  The profile of concentration dependency is odor and glomerulus specific. A, Color-coded median amplitude of
responses to isopentyl acetate, 1-butanol and propionic acid for each neuron type in all analyzed glomeruli (n = 4-9). The white
lineinthe color scaleindicates noresponse, white corresponds to the maximum response in each neuron type (overall three odors)
and black corresponds to —0.15 X max. B, Response difference between PNs and OSNs (for details, see supplemental Fig. S2 8,
available at www.jneurosci.org as (Figure legend continued.) supplemental material). White indicates no response difference; red
indicates higher activity in PNs than OSNs and blue higher activity in OSNs than PNs. These plots show that of 24 odor/glomerulus
combinations, 12 show “broadening” (at least at high concentrations), 2 show sharpening (blue squares at high concentrations),
7 show linear transmission and 2 complex transmission. C, Difference between PN and OSN responses as a function of odor
concentration (left), OSN response in the same glomerulus (middle) or global OSN response (right) (global OSN response was
calculated as the mean response of all glomeruli analyzed) for three exemplary glomeruli (DM2, X3, and X2). The segregation of
the curves for the three odors in glomeruli DM2 and X2 shows that the modulation of the response profile in PNs cannot be
accounted for by any of the three parameters, suggesting that activity transfer is modulated by a glomerulus-specific network
driven by odor-specific activity patterns.
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tained along the olfactory pathway. In-
deed, flies can learn to discriminate differ-
ent odor concentrations (Borst, 1983; Xia
and Tully, 2007), as has been shown for
bees (Bhagavan and Smith, 1997; Pelz et
al., 1997; Ditzen et al., 2003) and mammals
(Cleland et al., 2007).

Concentration—response curves were
different for the different neuron sub-
populations in the same glomerulus (Fig.
4A,B). We found that in some instances
there was a negative relationship between
the response magnitudes of OSNs and PNs
(i.e., weaker PN responses compared with
OSN responses, e.g., for 1-butanol in glo-
merulus X2 and for isopentyl acetate in
glomerulus VAllm, both at the highest
concentration 10 ?), while in other in-
stances the relationship was positive (i.e.,
stronger PN responses compared with
OSN responses; note that this calculation
was done on normalized data, to allow
quantitative across-lines comparison).
This transfer function was dependent on
the odor and its concentration, as well as
on the analyzed glomerulus. We analyzed
whether the difference between PN and
OSN responses was a function of odor
concentration, OSN response magnitude
in that glomerulus, or cumulative OSN re-
sponse across all glomeruli, and found that
for all of these variables the transfer func-
tion differed for different odors in at least
some cases (Fig. 4C). This, together with
the fact that PN responses were not di-
rectly predictable from OSN responses,
suggests the involvement of local neuron
input in shaping PN output. To address
this issue, we analyzed odor-response
properties across odor concentrations for
all five cell populations in individual glo-
meruli, and classified the activity transfer
functions into cases: broadening, linear,
narrowing, and complex.

Profile broadening (e.g., responses to
isopentyl acetate in glomerulus DL5)
Stimulation with increasing concentra-
tions of isopentyl acetate induced a steady
response increase in the area corresponding
to glomerulus DL5 for the GABAergic line
Np1227 and the cholinergic line KRAS, as
well as in PNs (Fig. 5A). In contrast, we
found no responses in OSNs, and responses
in the other GABAergic line Np2426 were
weak and did not show a clear concentration
dependency. Given the absence of OSN in-
put, PN activity in glomerulus DL5 must
have been driven by lateral connections
across glomeruli. Similar broadening effects
were found in 12 of 24 odor/glomerulus
combinations, although in most cases only at
the highest concentration.
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Activity transformation across neuronal populations. Color-coded activity patterns, median traces, and concentrations-response curves for isopentyl acetate in glomerulus DL5

(broadening case) (), 1-butanol in DM2 (linear case) (B), and propionic acid in DC2 (complex case) (€) in local neurons, OSNs, and PNs. Top, Each picture is scaled to the values indicated. Median
traces are shown with odor concentration (10 7 to 10 ~2) given by trace-color shade. Scaling bars indicate the same response amplitude for all graphs belonging to the same odor/glomerulus
combination. Bottom, Concentration—response relationships for each odor in the indicated glomerulus for all lines. Median responses are shown together with the corresponding interquartile
ranges (gray surfaces). Note the responses in PNs in the absence of OSN input in 4, the parallel concentration—response curves for all lines in B, and the complex relationships in C.

Two mutually nonexclusive mechanisms are conceivable: first, it
would be feasible that PNs in DL5 are driven by a population of
excitatory local neurons (e.g.: those visualized with the KRAS line)
that is activated when the fly is stimulated with isopentyl acetate.
Alternatively, inhibitory local neurons (possibly included in the
Np1227 line) could inhibit other spontaneously active, inhibitory
local neurons, thus releasing PNs from inhibition (Christensen et al.,
1993). This putative population of spontaneously active inhibitory
local neurons is probably missing in our study (see Discussion).
These broadening mechanisms, however, are not likely to be univer-
sal in the antennal lobe: we did not find broadening for other odors
in this glomerulus or in all other glomeruli for this odor (see below).
DL5 was among the glomeruli with intermediate response strength
to isopentyl acetate in PNs (Figs. 2 A, 4 A), raising the possibility that

its contribution to the combinatorial representation of this odor is of
minor importance.

Linear transfer (e.g., responses to 1-butanol in

glomerulus DM2)

In glomerulus DM2, increasing the concentration of 1-butanol led
to increasing calcium responses in all three local neuron subpopula-
tions and also in OSNs and PNs (Fig. 5B). For the two GABAergic
lines, responses reached their maximum quickly, remained high
during stimulus duration, and then decayed slowly for Np1227 and
rapidly for Np2426. Time courses for KRAS were short and pointed,
with a fast return to baseline. Return to baseline was slower for PNs
and OSNG, in particular at high odor concentrations. In addition to
the differences in rise- and fall-times, this glomerulus/odor combi-
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nation had a strikingly linear activity relationship across the concen-
tration range examined, and the concentration-response curves of
glomerular activity were perfectly parallel, with only a slight diver-
gence among local neurons at the highest concentration (Fig. 5B).
Seven glomerulus/odor combinations had such linear activity trans-
fer, and other tested odors did not follow this linear pattern in DM2
itself. For propionic acid and isopentyl acetate, this glomerulus
showed a relative increase in PN responses compared with OSN
responses with increasing concentration and PN responses were not
directly predictable from either local or global OSN activity (see Fig.
4B,C). This indicates that even glomerulus DM2, which showed a
linear activity transfer among OSNs, local neurons and PN in the
case of 1-butanol, is embedded in a complex interglomerular net-
work for the responses to other odors.

Profile narrowing (e.g., responses to 1-butanol in

glomerulus X2)

The existence of inhibitory local neurons in the antennal lobe
suggests the presence of interglomerular inhibition which would
sharpen the response profiles in PNs compared with those in
OSNs, as has been shown in honeybees (Sachse and Galizia, 2002,
2003). We therefore looked for glomeruli with a flatter concen-
tration—response curve in PNs than OSNs. We found three ex-
amples, among which were the response to 1-butanol in glomer-
ulus X2 and the response to isopentyl acetate in glomerulus
VAllm (Fig. 4B, blue squares). These effects were quite small,
however, and in all cases occurred only at the highest concentra-
tion tested. It should be noted, though, that we measured OSN
activity as calcium influx at the synaptic terminals. The activity at
the terminals might already be influenced by presynaptic,
GABAergic input (Boeckh and Tolbert, 1993; Olsen and Wilson,
2008). In particular, presynaptic hyperpolarization could reduce
calcium influx to OSN presynaptic terminals. Narrowing effects,
therefore, could already be part of our OSN measurements. To
see them, it would be necessary to measure OSN activity in the
sensory organ rather than at the axon terminals in the antennal
lobe, and compare those values with the OSN measurements and
the PN measurements presented here.

Complex transmission (e.g., responses to propionic acid in
glomerulus DC2)

The activity of GABAergic local neurons labeled with Np1227
and cholinergic neurons labeled with KRAS increased tonically
with increasing concentration of propionic acid (Fig. 5C). Re-
sponses in both subpopulations were monophasic. Responses in
the other GABAergic local neuron subpopulation, labeled with
Np2426, were more complex, consisting of an early calcium in-
crease and a late inhibition. The inhibitory component appeared
after stimulus offset and increased with increasing odor concen-
tration, leading to a temporal narrowing of the early excitatory
response. PNs showed no significant response during stimulation
at any concentration, but a delayed response peak was visible a
few seconds after stimulus offset at the highest concentration.
The concentration—-response relationship was particularly com-
plex for OSNs: we did not find any responses at the lower con-
centrations, an inhibitory response at 10 >, and a monophasic
excitatory response at 10 ~2. This glomerulus/odor combination
appeared to be the most enigmatic one, because local neuron
responses did not appear to be related at all to the activity found
in either OSNs or PNs. The same glomerulus showed a fairly
linear activity transfer for 1-butanol and isopentyl acetate (Fig.
4B). In the combinatorial pattern of the response to propionic
acid, glomerulus DC2 was among the glomeruli with weak re-
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sponses (see Fig. 4A). Two examples of such complex transmis-
sion where found.

Multidimensional analysis of odor responses

Odors are represented as ensembles of active glomeruli in the
antennal lobe, from which the brain needs to extract odor-related
information such as odor quality and odor concentration (Sachse
and Galizia, 2003; Xia and Tully, 2007). We therefore sought to
understand how such multidimensional information is encoded
in the activity patterns measured by calcium imaging. In a mul-
tidimensional view, antennal lobe activity at each point in time
can be represented as a vector with as many dimensions as glo-
meruli (Galdn et al., 2004). An odor stimulus increases or de-
creases the activity of certain glomeruli, thus changing the values
in the corresponding dimensions. In this multidimensional space
where each glomerulus is one dimension, the resting state (ab-
sence of odor stimulus) corresponds to a point close to the origin
(i.e., where most glomeruli have a value close to 0). During stim-
ulation, activity in the antennal lobe moves away from the origin,
and performs a characteristic trajectory across the glomerular
space (Stopfer et al., 2003; Galan et al., 2004). In this study we
quantified the activity of eight glomeruli. To visualize this eight-
dimensional space in two- or three-dimensional graphs, we ap-
plied a linear discriminant analysis (LDA, see Materials and
Methods). This analysis identifies the best linear projection that
separates odors, and can therefore be used to assess the informa-
tion content about an odor present in a particular odor-response.
Unlike a principal component analysis, where data points are
projected onto the plane that contains the maximal overall vari-
ance, an LDA takes into account to which groups (in our case:
odors) the points belong, and finds the plane that contains the
maximal variance across groups. The result is a linear projection
of the multidimensional space onto fewer dimensions. Because
we used three test odors, the resulting projection was always a
two-dimensional plane in which the difference between odors
was maximized (Fig. 6 A).

We plotted the entire trajectory for each averaged odor re-
sponse at each concentration for each of the five subpopulations
of antennal lobe neurons (Fig. 6A). We found that trajectory
separation was good in Np2426 and KRAS. On the other hand,
trajectories overlapped strongly in Np1227, with only a small part
of the trajectories projecting to clearly distinct areas of the two-
dimensional space. To separate the positions of trajectories that
belonged to different odor concentrations, we plotted only the
response segment that corresponded to 1 s after stimulus onset
(Fig. 6B). At the selected time point, the KRAS local neurons
showed the clearest concentration-independent separation be-
tween the three odors, followed by Np2426 neurons. For Np1227
neurons, trajectory separation was only possible at high concen-
trations. Projections of odor-response trajectories in OSNs and
PNs generally allowed for a good separation of the three odors,
with PNs having a clearly better separation of odor quality than
OSNs (Fig. 6 A, B).

Just as the time course of odor responses differed between
lines (see above), so did the information content (in the sense of
odor discriminability) differ along the odor response. We quan-
tified classification performance for each time point, by perform-
ing the LDA for each concentration with all but one single-fly
data traces of one neuron type, and then testing whether the
excluded response was classified to the correct odor. We repeated
this procedure (“leave-one-out”) for all response traces, and ob-
tained a time trace for the classification power that resides in
odor-evoked activity patterns across individual animals. In this
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analysis with three possible odors, a value A B C Np1227
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stimulus onset in all lines (Fig. 6C). KRAS 21 Y- ’
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Figure 6 D shows the results for the time 7 4 A 2 6 5 4 2
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indicate an odor saturation effect. Alterna- LD1 LD1
tively, it might be due to the fact that we isopenty] propionic
studied a sample of only eight glomeruli. = f-butanol =" te acid

The information coded in the remaining
~40 antennal lobe glomeruli in the fly
might be enough to sustain discriminabil-
ity over a broader range of concentrations.
In mammals, across-glomerulus odor re-
sponses also increase with concentration,
while relative activity patterns are stable
over several orders of magnitude, with a
similar increase in information content
with increasing concentration as shown here (Cleland et al.,
2007). This is in good agreement with behavioral data from bees
and rats, showing better odor discrimination with increasing
odor concentration (Bhagavan and Smith, 1997; Pelz et al., 1997;
Cleland et al., 2007).

Figure 6.

onset.

Discussion

In this study, we dissected physiological odor responses in five
genetically determined neuron subpopulations in the first neural
network that processes olfactory information in the fruit fly an-
tennal lobe. We found that each local neuron population has
distinct odor response properties, that the result of odor infor-

Multidimensional analysis of odor representations. A, Response trajectories projected into the 2-dimensional linear
discriminant space. Odor identity is represented by gray shade and concentration by the line thickness. B, Same projection asin A
for asingle frame (1 s after stimulus onset), with the direction of the arrow showing the direction of the trajectory. Note how the
overlap across odors differs from high (Np1227) to low (PNs). €, Classification success across time for a single concentration
(10 ~*). Note the difference in decay time across neuron types. D, Classification success increases with odor concentration, but
decreases at very high concentrations. Each point represents the average classification rate over one second 1.3 s after stimulus

mation processing in each glomerulus depends on the odor being
processed, and that the discriminatory power increases from the
antennal lobe input neurons (OSNs) to its output neurons (PNs).

We measured odor-evoked spatial activity patterns in three
distinct local neuron subpopulations, two GABAergic (Np1227
and Np2426 lines), and one cholinergic (KRAS line). Our func-
tional imaging analyses provide some clues about the possible
roles of different local neuron subpopulations within the anten-
nal lobe network. First, KRAS local neurons showed clearly focal-
ized glomerular responses when the animal was stimulated with
low-concentration, “diagnostic” odors. Because these stimuli ac-
tivate only a single class of OSNs that innervate a single glomer-
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ulus, this result suggests that KRAS neurons might receive direct
input from OSNs. Consequently, the other local neuron sub-
populations either do not receive direct OSN input, or the OSN
input is less dominant than for KRAS neurons, resulting in less
focalized responses to the “diagnostic” odors. KRAS neurons also
had very fast and phasic response properties, supporting their
close link to receptor neuron activity. This view would also sup-
port their proposed role in increasing sensitivity to weak odor
stimuli (Shang et al., 2007). However, since we found that con-
centration—response curves in the KRAS neurons clearly follow
the entire concentration range tested without any sign of satura-
tion, they are likely to play an important role in odor coding also
at higher concentrations.

Second, GABAergic local neurons labeled by the Np1227
line might be related to a global, inhibitory network impli-
cated in gain control (Sachse and Galizia, 2006; Silbering and
Galizia, 2007). This hypothesis derives from the low spatial
information content that we found in these local neurons:
odor trajectories were strongly overlapping and the perfor-
mance in the classification analysis was poor (Fig. 6). Based on
our physiological data these neurons may be those making
presynaptic input onto OSN terminals (Olsen and Wilson,
2008). Because odor-concentration information is maintained
across the antennal lobe network, even in this model Np1227
neurons do not correct for concentration in a straight-forward
“gain-control” mode, but might rather control the dynamic
range. However, morphological data show that Np1227 local
neurons arborize mainly in the core area of each glomerulus,
which is extensively innervated by PNs but much less ar-
borized by OSN terminals (Okada and Ito, unpublished
work). More data are needed to resolve this issue.

Third, GABAergic local neurons labeled by the Np2426 line
might be part of a reverberating network between and/or
within olfactory glomeruli, involving synapses to and from
PNs. In favor of this hypothesis are the strong discriminatory
power contained in their spatial response patterns (Fig. 6), and
the complex temporal time courses that include bouts of ex-
citation and inhibition (Fig. 2A). In particular, odor discrim-
ination power in these neurons is maintained for a longer time
span after stimulus offset than in OSNs and in the cholinergic
KRAS local neurons (Fig. 4). These neurons have been shown
to be involved in glomerulus-specific activity-dependent de-
velopmental plasticity within the fly antennal lobe (Sachse et
al., 2007), suggesting that they might contribute to intraglo-
merular computation (Sachse and Galizia, 2006). Interest-
ingly, Np2426 neurons differ morphologically from Np1227
neurons, supporting the idea that they might play different
roles within the network (Sachse et al., 2007). Unlike Np1227
neurons, Np2426 local neurons branch in the entire glomeru-
lus, including its core and its periphery. However, their single
cell morphology does not appear to be heterogeneous as
known from honeybee local neurons, where each neuron in-
nervates one glomerulus very densely, and others sparsely.
Whether individual neurons in the Np2426 population inner-
vate the entire antennal lobe or only part of it is not yet known.
In addition, glomerulus-specific connectivity might be ob-
tained by selective synaptic connections, and/or by the effect
of modulatory signals, such as peptidergic transmitters.

Fourth, at least one subpopulation of local neurons seems to
be left unidentified. Evidence for such a population is given by
several inhibitory events observed at stimulus offset of both PNs
and Np2426 neurons. These inhibitory events must have been
generated by inhibitory input from other neurons, which conse-
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quently should be active at stimulus offset. However, we did not
find any such responses in the neurons studied here, hence our
assumption that we are missing at least one more neuron
population.

While these hypotheses need further experimental corrobora-
tion, it is already clear from our results that odor-information is
actively redistributed across glomeruli by the antennal lobe net-
work. For example, responses to propionic acid were complex
and distributed across glomeruli for all local neuron subpopula-
tions and the PNs, even though they were weak in OSNs. This
suggests that the primary input to the antennal lobe for this odor
comes from glomeruli that were not investigated in this study,
and that give rise to complex spatiotemporal response patterns in
PNs mostly via interglomerular interactions.

There are two important aspects that should be considered
when interpreting calcium imaging data. First, calcium mediates
different processes within neurons. Therefore, even though cal-
cium concentration correlates well with total spiking activity
(Svoboda et al., 1997; Charpak et al., 2001; Kurtz et al., 2001;
Galizia and Kimmerle, 2004), this correlation is not perfect. Most
importantly, the polarity of input and output of the recorded
neurons is unclear, because calcium is involved both in presyn-
aptic and postsynaptic processes. Here the use of other tools, such
as chloride sensitive reporters (Markova et al., 2008) or neuro-
transmitter release reporters (Miesenbock et al., 1998; Ng et al.,
2002) would provide complementary data. Furthermore, because
all measurements were performed on neuron populations, the
polarity of individual neurons may be lost in our recordings.
Therefore, single cell measurements with activity dependent pro-
teins, ideally combined with single cell electrophysiology (Galizia
and Kimmerle, 2004; Wilson et al., 2004; Root et al., 2007) would
be helpful.

Another important issue concerns the limited temporal reso-
lution of calcium imaging in general and of GFP based sensors in
particular. It is likely that more information is encoded at a higher
temporal resolution, which can only be revealed with electro-
physiology (Laurent, 1997; Christensen et al., 1998b). Neverthe-
less, even at our temporal resolution complex temporal response
patterns can be observed (Figs. 2, 5). Most importantly, we were
able to show that odor information content is maintained within
PNs for a longer time span than in OSNs (Fig. 6C). Whether this
information contains a time stamp about odor onset, and thus
information about the latest encountered odor plume, or
whether it is a mechanism that allows the brain to process odor
information detected previously while OSNs are again ready for
the next plume remains to be elucidated.

Several papers published in recent years have analyzed the
odor processing network in the fly antennal lobe. These papers
showed examples of linear relationships between the input and
the output of a single glomerulus (Ng et al., 2002; Wang et al.,
2003), of global inhibitory interactions across glomeruli (Olsen
and Wilson, 2008), of excitatory connections (Olsen et al., 2007;
Shang et al., 2007) and of glomerulus-specific interactions across
glomeruli (Silbering and Galizia, 2007). All these studies contrib-
ute to a long history of physiological research in the insect anten-
nal lobe, including those that proposed a direct connection of
OSNs onto PNs (Boeckh and Tolbert, 1993), and those proposing
a disinhibitory pathway via local neurons (Christensen et al.,
1993). Here, we showed that there need not be a controversy
about which mechanism is implemented within the antennal
lobe, because all of them might coexist (Fig. 5). Most impor-
tantly, whether the transfer-function in a glomerulus is broaden-
ing, linear, narrowing or complex is not a property of that glo-
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merulus alone, but depends on the entire activity pattern within
the antennal lobe, as shown by the observation that single glo-
meruli differed in their transfer function for different odors. In
honeybees, glomeruli with similar odor-response properties in-
hibit each other (Linster et al., 2005). We did not find cases for
response-sharpening in this study, with two exceptions at the
highest odor concentration. We recently found that interglo-
merular interactions increase when more odors are mixed (Sil-
bering and Galizia, 2007). The lack of narrowing effects in the
present study might therefore be related to the stimulation with
monomolecular odors, which activate fewer glomeruli altogether
and thus might require less interglomerular inhibition for effi-
cient coding (Schmuker and Schneider, 2007). Alternatively, our
finding might reflect a genuine difference between flies and bees,
since response-narrowing occurs even with monomolecular
odors in bees (Sachse and Galizia, 2003). The fly with its only ~50
glomeruli probably needs to cover many more odors with each
glomerulus to efficiently span the sensory olfactory space, and
therefore intraglomerular and interglomerular computation is
more dominated by response broadening than response sharp-
ening, while the bee, with ~160 glomeruli, would be able to
create more selective glomerular channels, and therefore profile
sharpening may become more relevant. An implication of this
view could be that in rats, with >1000 glomeruli, sharpening
would be the dominant interglomerular computation. More ex-
periments across species are needed to clarify these issues.

We have shown how odor information is processed in sequen-
tial and parallel steps along the neural network of the fly antennal
lobe, revealing an unexpected complexity in the olfactory system
of the fruit fly. Just as in the vertebrate olfactory bulb network,
functionally different classes of local neurons seem to be involved
in olfactory information processing in the antennal lobe of the fly.
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Supplemental Methods

Glomerulus identification using diagnostic odors

The following landmark odors and concentrations were used for glomerulus identification:
ethyl-hexanoate 10° for DM2, which is the glomerulus innervated by OSNs expressing
OR22a and OR22b; pentyl acetate 10° for DM3 (OR47a and OR33b); E2-hexenal 10™ for
DL5 (OR7a) and 1-octen-3-ol 10° for DC2 (OR13a). Glomerulus DL1 (OR10a) was
identified based on its vicinity to DL5 and its response to isoamyl acetate. VA1lm (OR47b)
was identified due to its shape and its location at the point where the antennal nerve enters the
AL. Glomerulus X2 was activated by 1-butanol and was located next to glomerulus DMS5,
which was identified by stimulation with ethyl-3-hydroxybutyrate 10°. Glomerulus DM5 was
not included in the analysis because it did not respond to any of the three tested odors.
Glomerulus X2 might correspond to VA2 due to its position. Glomerulus X3 was
characterized by its negative response to propionic acid in OSNs and the vicinity to
glomerulus DC2. An additional glomerulus (X4) responded consistently to mineral oil in
OSNs, but not in PNs. Although no tentative assignment can be made, it is likely that this
glomerulus is not labeled by the GH146:Gal4 line and was therefore excluded from the
analysis. Since LNs have multiglomerular arborizations and show non-glomerular activity
patterns, the coarse region corresponding to a particular glomerulus was chosen based on its
geometrical localization in the AL. Since responses in the LNs show no clear glomerular
pattern, this coarse assignment should give a good approximation to the activity of the local

neurons in the corresponding glomeruli.

Controls
Air and mineral oil were presented as control stimuli. Air stimulation induced either no

responses at all or very small responses (<2.5% AF/F). These responses were possibly due to a



mechano-sensory stimulus artifact. Small responses to air were most frequently found in
Np2426 and PNs. Mineral oil elicited small responses in all neuron types, suggesting that in
Drosophila some receptors are tuned to long-chain hydrocarbons. In OSNs mineral oil elicited
moderate responses in glomeruli X4 (up to 18% AF/F) and DL5 (up to 6% AF/F), and
negligible responses in all other glomeruli (up to 1% AF/F). In PNs and LNs, mineral oil
elicited small responses in several glomeruli, with calcium changes reaching maximum
amplitudes of 3% (DM3), 4.3% (DL5) and 2% (DLS5) AF/F, in PN, Np1227 and Np2426,

respectively.

Supplemental Figure Legends

Figure S1

(A) Lateral schematic view of the preparation. The antennae are pulled forward to allow
optical access to the antennal lobes. The frontal view of the antennal lobes obtained with this
preparation is tilted with respect to the neural axis. Inset: AN: antennal nerve; AL: antennal
lobe; MB: mushroom body; V* and D* stand for the ventral and dorsal direction used in this
paper, but tilted with respect to the neural axis. (B) Color-coded activity patterns evoked by 1-
butanol 10 in two animals for each neuron type. Scaling range is given by the numbers on
right corners of each picture. The black line in the color scale indicates AF/F = 0%.
Arrowheads point to glomerulus DM2. (C) Median time traces of the odor responses of three
glomeruli (DL1, DM3 and DM2, see inset) measured in 7 animals. Shadowed areas indicate
the range between Qs and Q5 (1% and 31 quartiles). Odor stimulation (1 s) is indicated by the
black bar.

Figure S2

(A) Number of glomeruli activated by 1-butanol (bul), isopentyl acetate (iso) and propionic
acid (prs) at each concentration (out of the 8 analyzed glomeruli) in OSNs and PNs.
Glomeruli were counted when the odor response at a given concentration was significantly
different from the response induced by the same odor at the concentration 107 (Wilcoxon
Rank Sum Test). Upward bars show the number of glomeruli where the calcium concentration
increased and downward bars show the number of glomeruli where calcium concentration

decreased. (B) Fictitious concentration response curves for OSNs and PNs. The response



difference between PNs and OSNs is color coded in the bar over the plot. The color code is

used in Fig 2C to compare OSN and PN responses.
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