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SUMMARY

How cell-type-specific physiological properties
shape neuronal functions in a circuit remains poorly
understood. We addressed this issue in the
Drosophila mushroom body (MB), a higher olfactory
circuit, where neurons belonging to distinct glomeruli
in the antennal lobe feed excitation to three types
of intrinsic neurons, a/b, a0/b0, and g Kenyon cells
(KCs). Two-photon optogenetics and intracellular
recording revealed that whereas glomerular inputs
add similarly in all KCs, spikes were generated
most readily in a0/b0 KCs. This cell type was also
the most competent in recruiting GABAergic inhibi-
tion fed back by anterior paired lateral neuron, which
responded to odors either locally within a lobe or
globally across all lobes depending on the strength
of stimuli. Notably, as predicted from these physio-
logical properties, a0/b0 KCs had the highest odor
detection speed, sensitivity, and discriminability.
This enhanced discrimination required proper
GABAergic inhibition. These results link cell-type-
specific mechanisms and functions in the MB circuit.

INTRODUCTION

Neural circuits organize diverse types of cells to exert spe-

cific functions. Examining how each type of cell behaves in

a circuit is therefore central to understanding the basis of

neural processing. In the cerebral cortex comprising highly

heterogeneous cells, neurons have been typically character-

ized and classified based on the morphological, molecular,

and physiological features (Ascoli et al., 2008), an effort

that continues at an increasingly comprehensive scale (Mark-

ram et al., 2015; Tasic et al., 2016). The major challenge

following the characterization of cell-intrinsic properties is

two-fold. First is to examine synaptic interactions between

these cells. Second is to examine how intrinsic and synaptic

properties together determine the function of a cell type in

the context of specific information processing such as sen-

sory processing.
To address these challenges, here we focused on the

Drosophila mushroom body (MB), a circuit critical for olfactory

association (Heisenberg, 2003). Olfactory information conveyed

to the MB is represented by the activity of �2,000 Kenyon cells

(KCs), which can be classified into a/b, a0/b0, and g types from

morphological and developmental characteristics (Aso et al.,

2009; Crittenden et al., 1998; Lee et al., 1999). The axons of these

three types of KCs form a/b, a0/b0, and g lobes of theMB, respec-

tively. Different types of KCs show spontaneous and odor-

evoked spikes with distinct characteristics (Turner et al., 2008).

Moreover, genetic manipulations of KCs have suggested that ol-

factory memory is engraved in multiple lobes and specific sets of

them are necessary for retrieving recent and remote memories

(Blum et al., 2009; Cervantes-Sandoval et al., 2013; Krashes

et al., 2007; Krashes and Waddell, 2008; Trannoy et al., 2011;

Xie et al., 2013). Although these functional differences between

lobes indicate that the activity of each KC type must arise

through cell-type-specific mechanisms, this has not been phys-

iologically investigated.

KCs receive excitatory drive from projection neurons (PNs;

Caron et al., 2013; Gruntman and Turner, 2013), each of which

belongs to one of�51 glomeruli in the antennal lobe, the primary

olfactory processing center (Figure 1A; Stocker et al., 1990;

Tanaka et al., 2012). Individual KC is connected, on average,

to seven PNs randomly (Caron et al., 2013) with some biases

(Gruntman and Turner, 2013). KCs are also under a recurrent,

inhibitory control of GABAergic anterior paired lateral (APL) neu-

rons (Figure 1A; Lin et al., 2014; Liu and Davis, 2009; Tanaka

et al., 2008). A single APL neuron in a hemisphere extends pro-

cesses throughout the MB. How these excitatory and inhibitory

synaptic inputs as well as cell-intrinsic properties interact to

shape the output of each KC remains elusive.

In this study, we investigated this question by stimulating

individual presynaptic neurons with single- and two-photon op-

togenetics while monitoring postsynaptic activity in KCs with

intracellular recording. Our approach revealed that whereas

three types of KCs integrate excitatory inputs similarly, they

generate spikes and recruit APL neuron-mediated inhibition

in a cell-type-specific manner. Furthermore, recording of KC

odor responses found previously uncharacterized functions

of a0/b0 KCs in olfactory processing that were predicted from

these cell-type-specific properties: more rapid detection of

an odor and enhanced discrimination between different odor

concentrations.
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A Figure 1. Two-Photon Optogenetics Shows

that KCs Combine Inputs from Multiple PNs

Linearly

(A) TheDrosophila olfactory circuit. ORN, olfactory

receptor neuron; LN, local neuron; PN, projection

neuron; KC, Kenyon cell; APL neuron, anterior

paired lateral neuron.

(B) Projection of a confocal stack of a fly brain

(neuropil in magenta) expressing myr::GFP (green)

driven by VT33006-Gal4. VT33006-Gal4 labels

�44 antennal lobe glomeruli. Scale bar, 100 mm.

See Table S1 for the identity of labeled glomeruli.

(C) Schematic of the experiment. ReaChR driven

by VT33006-Gal4 was stimulated by a pulsed

infrared (IR) laser. A horizontal plane covering the

entire antennal lobe was divided into 6 3 6 ROIs

and the IR light was sequentially applied to indi-

vidual ROIs one at a time. The size of each ROI is

12 mm 3 12 mm. The antennal lobe was optically

sectioned at 5 mm intervals along the z axis.

(D) Top: sample cell-attached recording of PN

spikes in response to IR stimulation (red). Bottom:

sample whole-cell recording of a KC response to

the same stimulus.

(E) Schematic of the synaptic integration

experiment.

(F) Representative KC responses to optogenetic

activation of single ROIs (gray traces) and co-

activation of these ROIs (red). Black is an arith-

metic sum of single ROI responses. Each trace is

an average of three trials. Short time difference

between individual KC responses reflects the time

for the laser to travel from the first to the second

ROI (see Figure S2A).

(G) All KC types integrate inputs from multiple

PNs approximately linearly (slope = 0.89, 0.75,

0.86 for a/b, a0/b0, and gKCs, respectively, n = 4, 5,

15 for a/b, a0/b0, and g KCs, respectively). Black

line represents a linear fit for all KCs (slope = 0.85,

R2 = 0.81, p < 10�7).

(H) KCs add inputs from up to three ROIs

approximately linearly (pairwise data, n = 4 KCs).

(I) Response to coactivation of ROIs is not significantly different from the arithmetic sum of single ROI responses at all tested holding potentials (spikes

were removed by low-pass filtering at 13 Hz, n = 5 KCs, p = 0.50, two-way ANOVA with repeated measurements).
RESULTS

KCs Add Inputs from Multiple PNs Linearly
Anatomically, KCs receive inputs from seven PNs on average

(Caron et al., 2013). In response to odors, KCs generate action

potentials by integrating coincident inputs from multiple PNs

(Gruntman and Turner, 2013). Therefore, it is important to deter-

mine how multiple subthreshold synaptic inputs interact in KCs.

A previous study examined this issue by stimulating an opto-

genetic probe expressed in a few glomeruli with light, and

comparing the postsynaptic responses of KCs receiving various

numbers of PN inputs (Gruntman and Turner, 2013). However,

combinations of only three, fixed glomeruli were tested and the

comparison was made between KC responses in different ani-

mals. Therefore, it remains to be investigated how individual

KCs integrate synaptic inputs from multiple PNs belonging to

various glomeruli.

We tackled the problem by optogenetically activating diverse

sets of PNs connected to single KCs either sequentially or
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simultaneously and comparing the postsynaptic responses.

We achieved this with two-photon excitation of an optogenetic

probe because it provides higher spatial resolution than optoge-

netic activation with a continuous wave laser (Andrasfalvy et al.,

2010). Specifically, we expressed ReaChR (Inagaki et al., 2014;

Lin et al., 2013) in PNs in 44 out of �51 glomeruli and targeted

a subset of them with a pulsed laser (Figures 1B, S1A, and

S1B and Table S1). To stimulate individual glomeruli, we sepa-

rately excited 6 3 6 regions of interest (ROIs, 12 mm 3 12 mm

each) placed every 5 mm along the depth to cover the entire

antennal lobe (Figure 1C, see STAR Methods).

Two-photon excitation effectively depolarized PNs in all the

ReaChR-positive glomeruli tested (25/25 glomeruli; Figure S1C).

Excitation with stronger laser power made these responses

exceed the spiking threshold (Figure S1D). The laser power

was kept at an appropriate level to retain the high spatial resolu-

tion of optogenetic activation while evoking spikes in a substan-

tial number of glomeruli (15/25 glomeruli; Figures 1D, S1E, and

S1G). These spiking responses were reliable (Figure S1F). The



A B C Figure 2. a0/b0 KCs Are Intrinsically the

Most Excitable

(A) Input resistance measured at soma is not

significantly different between cell types (n = 24,

19, 33 for a/b, a0/b0, and g KCs, respectively; p =

0.30, one-way ANOVA).

(B) Relationship between the KC membrane po-

tential and the firing rate. Membrane potential

changes were elicited by injecting currents into the

KC soma, and the mean firing rate was measured

for each level of depolarization. The rank order of

excitability is a0/b0 to a/b to g. n = 15, 10, 7 for a/b,

a0/b0, and g KCs, respectively.

(C) a0/b0 KCs have the lowest firing threshold (n =

15, 10, 8 for a/b, a0/b0, and g KCs, respectively;

*p < 0.05, **p < 0.01, one-way ANOVA with post

hoc Tukey HSD).
same stimulation also evoked clear postsynaptic responses in

KCs (Figures 1D and S1G). PNs showed strong spiking re-

sponses in one ROI and weaker responses in neighboring,

orthogonal ROIs (Figure S1H). The lateral resolution (full width

at half maximum = 15.8 mm) was comparable to the typical diam-

eter of a glomerulus (�10 to 15 mm, Figure S1I). As indicated by

theoretical studies (Helmchen and Denk, 2005; Rickgauer and

Tank, 2009), the axial resolution was relatively lower than the

lateral resolution (full width at half maximum = 25.7 mm, Fig-

ure S1I). These results suggest that stimulation of a single ROI

approximately corresponds to stimulation of a single glomerulus.

To examine how KCs integrate inputs from multiple PNs, we

first activated two ROIs individually while recording from KCs

(Figures 1E and 1F). We then stimulated these two ROIs nearly

simultaneously (coactivation in Figure 1F) and compared the

response to a simple summation of KC responses to individual

stimulations (arithmetic sum in Figure 1F). The coactivated

response matched the arithmetic sum. We tested various com-

binations of ROIs and found that responses were always com-

bined linearly or slightly sublinearly in all KC types (Figure 1G).

This relationship did not deviate much even for the integration

of three ROIs (Figure 1H). These results demonstrate that, at

the subthreshold level, KCs pool inputs from multiple PNs close

to linearly, irrespective of the identity of glomeruli.

KCs do not show voltage-dependent boosting of synaptic in-

puts (Gruntman and Turner, 2013; Murthy et al., 2008). This ar-

gues that integration of inputs from two ROIs should not depend

on the KC membrane potential. As expected, KCs combined

dendritic inputs linearly at every holding membrane potential

examined (Figure 1I). Smaller responses at higher holding poten-

tials can be explained by a decrease in electrical driving force

across the cellular membrane (Murthy et al., 2008).

a0/b0 KCs Are Intrinsically More Excitable
To understand how depolarizing input will lead to spikes in KCs,

we examined the relationship between the membrane potential

and the firing rate by injecting different amount of currents to

the cell body. We found that, despite the similarity in input resis-

tance measured at the soma (Figure 2A), the ability to generate

spikes varied across cell types (Figure 2B). The rank order of

excitability was a0/b0, a/b, and g. a0/b0 KCs had a lower firing

threshold compared to the other two cell types (Figure 2C).
Intriguingly, this order of excitability can account for the previ-

ously reported rank order of broadness of odor tuning, sponta-

neous firing rate, and odor-evoked firing rate (Turner et al.,

2008). These results suggest that the intrinsic property of KCs

contributes to cell-type-specific olfactory processing in the MB

(see below for further examination).

PN Activation Recruits Local, GABAergic Inhibition
We found that activation of PNs also recruits inhibition in KCs.

To simultaneously activate a larger number of PNs than in the

case of two-photon optogenetics experiments, we expressed

ReaChR in 13 PNs using Mz19-Gal4 and activated it with wide-

field illumination (Gruntman and Turner, 2013; Jefferis et al.,

2004). We confirmed that LED light can make Mz19-Gal4-posi-

tive PNs spike vigorously (Figure S3A).When these PNswere op-

togenetically stimulated with higher intensity of light, excitatory

KC responseswere followed bymore salient, slow inhibition (Fig-

ures 3A and 3B). Different KCs exhibited different amount of in-

hibition (Figure S3B). This illustrates that individual KCs integrate

both excitatory and inhibitory inputs.

It has been shown that strong input to the MB activates APL

neuron, which provides feedback inhibition to KCs (Lin et al.,

2014). This inhibition was described as all-to-all inhibition,

because APL neuron inhibited all KCs at a time and blockade

of output from all KCs was necessary to suppress the inhibition.

Such a wide-spread inhibition, which we term here as global in-

hibition, is also observed in the locust MB (Papadopoulou

et al., 2011).

To facilitate the characterization of inhibitory input to KCs, we

isolated the lateral inhibitory component by recording from KCs

that were not directly connected with boutons of Mz19-Gal4-

positive PNs (Figure 3C, see STAR Methods). Clear inhibition

was induced by light stimulation but, unexpectedly, not in all

KCs (Figure 3D). Some KCs were almost not hyperpolarized at

all, suggesting that the inhibition is effective locally (Figure 3E).

The lack of hyperpolarization is unlikely to be related to the health

of the cell because these KCs showed normal input resistance

and spiked in response to current injection to the soma.

Even though a single APL neuron innervates the entire MB, we

still hypothesized that it is the origin of this local inhibition from

the following reasons. First, APL neuron is a putative analog of

the locust giant GABAergic neuron (GGN), which has a single
Neuron 95, 357–367, July 19, 2017 359
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Figure 3. Input to the MB Recruits Local, Lateral Inhibition from APL

Neurons

(A) Schematic of an experiment.Mz19-Gal4-positive PNs expressing ReaChR

were stimulated with LED light. Recordings were made from KCs connected

to Mz19-Gal4-positive PNs.

(B) Sample recording of KC responses to light at three different intensities (0.7,

1.9, and 11 mW). Stronger stimulation recruited stronger excitation and offset

inhibition. Each trace is an average of three trials.

(C) Schematic of an experiment.Mz19-Gal4-positive PNs expressing ReaChR

were stimulated with LED light. Recordings were made from KCs that were

not connected with Mz19-Gal4-positive PNs.

(D) Responses of twoKCs to light stimulation. Both area0/b0 KCs. Light intensity
is 6.5 mW. Blue bar, light stimulation. Each trace is an average of three trials.
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cell body per hemisphere and provides inhibitory feedback to

KCs (Papadopoulou et al., 2011). GGN is a non-spiking neuron.

Non-spiking neurons rely on the graded potential but not action

potentials to release neurotransmitters (Burrows and Siegler,

1976; Graubard, 1978). Therefore, APL neuron may utilize

graded potential to release vesicles from a subset of neurites.

Second, because APL neuron expresses presynaptic and post-

synaptic markers throughout the neurite (Wu et al., 2013), the

interactive loop between KCs and APL neuron can be closed

locally at any part of the neurite.

To test this hypothesis, we first examined the neurotransmitter

responsible for the inhibition. Consistent with the reports that

APL neuron is immunopositive for GABA (Liu and Davis, 2009;

Tanaka et al., 2008), antagonists for GABAA and GABAB recep-

tors (picrotoxin [PTX] and CGP54626 [CGP], respectively) signif-

icantly decreased the inhibition (Figure 3F). Next, to directly

examine whether APL neuron is the origin of local inhibition,

we expressed an optogenetic silencer archaerhodopsin (Arch;

Chow et al., 2010) with APL-Gal4 (Figure S3C; Wu et al., 2013)

and suppressed the activity of APL neuron. To induce inhibition,

we mimicked the inputs from PNs to KCs by iontophoresing

acetylcholine (ACh), a neurotransmitter released from PNs, into

the MB calyx (Figure 3G). The strength of the input to the MB

was controlled by adjusting the current for iontophoresis. With

this approach, we were able to isolate a purely inhibitory compo-

nent in some KCs. To ensure that the induced inhibition remains

local, we confirmed that some other KCs in the same brain

showed no response under the identical iontophoresis condition

(Figure S3D). Under this setting, we found that light activation of

Arch significantly decreased the inhibition (Figures 3H and S3E),

indicating that the local inhibition originates from APL neuron.

a0/b0 KCs Preferentially Recruit Inhibition from APL
Neuron
Previous studies suggest that KCs directly activate APL neuron

(Lin et al., 2014; Yasuyama et al., 2002). To examine how KCs re-

cruit inhibition from APL neuron, we evoked action potentials in

single KCs by injecting a current to their cell body and measured

the feedback inhibition (Figure 4A), an approach applied to char-

acterize a dendrodendritic feedback loop between mitral/tufted

cells and inhibitory granule cells in the rodent olfactory bulb

(Chen et al., 2000; Isaacson and Strowbridge, 1998). We found
(E) KCs were classified by unsupervised (k-means) clustering into two groups

that did (black) or did not (gray) receive inhibition (n = 19 KCs). Offset re-

sponses were measured at 500 ms after the removal of light.

(F) Inhibitory offset responses were significantly suppressed by GABA re-

ceptor antagonists (**p < 0.01, paired t test, n = 10).

(G) Schematic of an experiment. KCs were activated by iontophoresis of

acetylcholine (ACh) into the MB calyx. Archaerhodopsin (Arch) was expressed

in APL neurons. To ensure that the recruited inhibition is local, at least two KCs

were recorded from the same brain, and the current amplitude that evoked

inhibition in a fraction of KCs was used for stimulation (Figure S3D).

(H) KC responses to iontophoresis. Data obtained from the same brain are

plotted in the same color (n = 16 KCs from 5 brains). Offset responses were

measured 300 ms after the removal of the current. Light activation of Arch

significantly decreased the inhibitory offset response (**p < 0.01, paired t test,

n = 7 KCs from 5 brains). Light was applied continuously throughout the

response period.
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Figure 4. KC-Type-Specific Recruitment of GABAergic Inhibition via

APL Neurons

(A) Schematic of an experiment.

(B) Typical KC traces showing a cell-type-specific inhibitory offset response

following spikes. Spikes were evoked in KCs (inset) by injecting a current into

the soma for 500 ms (black bar). a0/b0 KCs show a stronger inhibitory offset

response compared to the other two cell types. Dotted line indicates the

resting potential.

(C) Left: relationship between the KC spike count in 500 ms and the offset

response measured 500 ms after the end of current injection (5–40 pA). Right:

the slope of a line fit separately to data from each KC types within the linear

range (3 to 15 spikes). The slope for a0/b0 KCs is significantly steeper than that

for the other two cell types (***p < 0.001, one-way ANOVA with post hoc Tukey

HSD; n = 15, 19, 19 for a/b, a0/b0, and g KCs, respectively).

(D) The slope for a0/b0 KCs was significantly decreased by GABA receptor

antagonists (**p < 0.01, paired t test with Bonferroni correction; n = 7, 8, 7 for

a/b, a0/b0, and g KCs, respectively).

(E) Light activation of Arch expressed in APL neurons significantly decreased

the slope for a0/b0 KCs (*p < 0.05, paired t test with Bonferroni correction; n = 6,

6, 7 for a/b, a0/b0, and g KCs, respectively).
that activation of single KCs recruits a hyperpolarizing offset

response, but unexpectedly, only prominently in a0/b0 KCs (Fig-

ure 4B). Stronger activation of each KC proportionally induced

larger offset responses in a0/b0 KCs, whereas responses re-

mained small in the other two cell types (Figure 4C). KC spikes

were necessary to evoke this offset response because it was

abolished by the addition of tetrodotoxin (Figure S4). The offset

response does not reflect intrinsically generated slow afterhy-

perpolarization as it was significantly reduced by GABA receptor

antagonists (Figure 4D). Strong reduction in inhibition upon

optical suppression of APL neuron further confirmed that the

synaptic inhibition is mediated by APL neuron (Figure 4E). These

results revealed that a0/b0 KCs preferentially recruit GABAergic

feedback inhibition via APL neuron.

APL Neuron Can Inhibit All Types of KCs with a Similar
Strength
This cell-type-specific inhibition can be explained by two mech-

anisms. One possibility is that a0/b0 KCs activate APL neuron

more strongly than the other two types so that, in turn, they

receive stronger inhibition. Another possibility is that although

all three types of KCs can activate APL neuron equally, a0/b0

KCs are more sensitive to inhibitory input from APL neuron. To

evaluate these possibilities, we optogenetically activated APL

neurons using CsChrimson (Klapoetke et al., 2014) and recorded

responses from every type of KC (Figure 5A). We found that re-

sponses were mediated by both GABAA and GABAB receptors

(Figures 5B and 5C) and, critically, similar in strength between

all types of KCs (Figures 5D and 5E). This result suggests that

cell-type specificity of inhibition originates in the ability of a0/b0

KCs to activate APL neuron more strongly than the other two

cell types. Furthermore, inhibition was observed in every single

KC we examined, implying that APL neuron can modulate all

�2,000 KCs.

The Spatial Extent of APL Neuron Activity Can Be Lobe
Specific or Global Depending on the Olfactory Input to
the MB
If a0/b0 KCs had the privilege of preferentially recruiting APL neu-

rons on top of higher intrinsic excitability (Figure 2), branches of

APL neuron in the a0/b0 lobe should be activated first as olfactory

input to theMB is gradually increased. To test this, we expressed

the genetically encoded Ca2+ indicator GCaMP6s (Chen et al.,

2013) in APL neurons and used two-photon microscopy to visu-

alize their response to a strong odor (ethyl butyrate) diluted over

a wide range (Figure 6A). We imaged GCaMP signals in three

medial lobes (b, b0, and g; Figures 6B and 6C). As expected,

we consistently observed Ca2+ responses in the b0 lobe even

to low concentrations of odor (10�9 and 10�7), which only

evoked negligible responses in the other two lobes (Figures 6D

and 6E). When we gradually increased the concentration, signals

appeared and grew in b and g lobes as well (Figure 6E). This is in

line with our earlier observation that optogenetic activation of

APL neuron can inhibit all KCs of all types (Figure 5). Together,

these results demonstrate that neurites of APL neuron in the b0

lobe are indeed preferentially activated and APL neuron re-

sponds in a lobe-specific to global manner flexibly depending

on the strength of the olfactory stimulus.
Neuron 95, 357–367, July 19, 2017 361
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Figure 5. Optogenetic Activation of APL

Neurons Inhibit All Types of KCs with a

Similar Strength

(A) Schematic of an experiment. CsChrimson ex-

pressed in APL neurons was activated with amber

LED light.

(B) KC responses to optogenetic activation of APL

neurons with or without the presence of GABA

receptor antagonists. Each trace is an average of

three trials.

(C) KCs receive inhibition from APL neurons

through both GABAA and GABAB receptors (n = 10

KCs).

(D) Optogenetic activation of APL neurons

at various light intensities (n = 5, 8, 9 for a/b,

a0/b0, and g KCs, respectively). The smooth

lines are fit to the data with an exponential func-

tion: fðLight intensityÞ= y0 +Aexpf � invt,ðLight
intensityÞg
(E) Three parameters that determine the shape

of the exponential fit in (D) are not significantly

different between cell types. p values are shown in

each panel (one-way ANOVA).
a0/b0 KCs Are More Responsive and Sensitive to Odor
Presentation and Carry More Information about Odor
Concentrations than Other KC Types
Given these differential physiological properties of KC types, one

can infer that several aspects of KC responses to odors should

also be cell-type specific. First, because a0/b0 KCs are intrinsi-

callymore excitable, these neurons are expected to detect odors

more rapidly. To test this hypothesis, we expressed GCaMP5

(Akerboom et al., 2012) in all KCs under the control of OK107-

Gal4 (Connolly et al., 1996) and imaged the medial lobes (Fig-

ure 7A). We found that a0/b0 KCs, indeed, responded to ethyl

butyrate with shorter latency as compared to the other two cell

types (Figures 7B–7D). Therefore, having a0/b0 KCs in the circuit

is beneficial in speeding up the detection of odors.

Second, from the same reason, a0/b0 KCs are likely to be more

sensitive to olfactory stimuli. As expected, a0/b0 KCs showed

significantly larger responses to ethyl butyrate at low concentra-

tions (10�9 and 10�7) than the other two cell types, which re-

mained nearly unresponsive to these stimuli (Figure 8A). Re-

sponses of a0/b0 KCs increased gradually with concentration

and remained strongest among responses of three cell types

at all concentrations examined (Figure 8A).

This result further suggests that a0/b0 KCs can better discrim-

inate between different, especially low concentrations of odors.

To test this, we quantified whether responses of a0/b0 KCs carry

more information about the identity of the concentration using

linear discriminant decoding analysis. To quantify the decoding

accuracy, for each cell type, we withheld one response from

the entire data (responses to four repeated presentations of

odors at five different concentrations), trained the decoder with

the remaining data, and predicted the identity of the concentra-

tion that evoked the withheld response (see STAR Methods). As

hypothesized, decoding accuracy was higher for a0/b0 KCs at low
concentrations (10�9 or 10�7), while performance was compara-

ble across three cell types at higher concentrations (R10�5)

(Figure 8B).
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Because the balance between excitation and inhibition is

important for the stability of a system, we finally asked whether

this high discriminability of a0/b0 KCs may be compromised

by suppressing the feedback inhibition, which should normally

control both the overall gain and the trial-to-trial fluctuation of

excitatory input. Given that a0/b0 KCs receive the strongest

GABAergic inhibition from APL neurons (Figure 4) and branches

of APL neurons are most strongly activated by odors in the b0

lobe (Figure 6), we further hypothesized that blockade of

GABAergic transmission in all three KCs will have the largest ef-

fect on a0/b0 KCs. Indeed, although application of GABA receptor

antagonists made the responses larger and more variable in all

cell types, disinhibition of mean response to low concentrations

of odor was particularly prominent in a0/b0 KCs (Figure 8C).

Consequently, the dynamic range calculated as a difference

between normalized responses to the highest and lowest con-

centration of odor became significantly narrower in a0/b0 KCs
(Figure 8D). To examine how this decrease in the dynamic range

and increase in variability together affect the discriminability be-

tween olfactory stimuli, we again performed a decoding analysis

and found that the discriminability became lower in the presence

of GABA receptor antagonists in a0/b0 KCs (Figure 8E). These

results suggest that feedback inhibition matched with the higher

excitability is crucial for a0/b0 KCs to discriminate between olfac-

tory stimuli of various strengths.

DISCUSSION

Linear Mixing of Excitatory Inputs in KCs
In an attempt to understand how multiple PN inputs are inte-

grated in KCs, a previous study reported that responses of

KCs are correlated with the number of PN inputs (Gruntman

and Turner, 2013). However, synaptic integration remained to

be investigated because the comparison was made between

KCs in different animals and not within the same cell. Another

study in rodents instead showed that coactivation of olfactory
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Figure 6. The Spatial Extent of Calcium Responses in APL Neuron

Shifts from Lobe-Specific to Global with Increasing Olfactory Input

to the MB

(A) Schematic of an experiment. Odor responses of APL neurons were re-

corded with calcium imaging. GCaMP6s was expressed in APL neurons with

VT43924-Gal4.

(B) GCaMP signals were recorded from three medial lobes. A, anterior,

D, dorsal, L, lateral.

(C) Baseline signal of GCaMP6s. The dotted lines indicate the boundaries of

different medial lobes. Odor responses were recorded at the tip of the lobes

where different lobes can be clearly segregated. Dorsal view. Scale bar, 10 mm.

A, anterior, P, posterior, L, lateral, M, medial.

(D) Sample recording (mean DF/F in 16.64 mm 3 16.64 mm ROI averaged

across four trials) from three lobes in response to ethyl butyrate at 10�1 (top)

or 10�9 (bottom) dilution. Black bar, odor application (1 s).

(E) Responses of APL neuron in three lobes to ethyl butyrate at various con-

centrations. Neurites in the b0 lobe showed substantially larger responses as

compared to those in the other two lobes (p < 0.001, two-way ANOVA with

repeated measurements; b versus b0 and b0 versus g, p < 0.001, post hoc

Tukey HSD; n = 6 flies).

B

C

D

A

Figure 7. a0/b0 KCs Respond to Odors with Shorter Latency
(A) Baseline signal of GCaMP5 expressed in all KCs with OK107-Gal4. The

dotted lines indicate the boundaries of different medial lobes. Signals were

imaged and analyzed as in Figure 6. Dorsal view. Scale bar, 10 mm. A, anterior,

P, posterior, L, lateral, M, medial.

(B) Sample recording from three types of KCs in response to ethyl butyrate

(10�1 dilution). Black bar, odor application (1 s). Each trace is an average of

ten trials.

(C) Enlarged view of calcium responses during odor application period shown

in (B). Arrow indicates the onset of the odor.

(D) Onset time of GCaMP signals. a0/b0 KCs start to respond earlier than

the other two cell types (*p < 0.05, one-way ANOVA with post hoc Tukey HSD;

n = 7 flies).
bulb glomeruli with glutamate uncaging induced supralinear

postsynaptic responses in the piriform cortex (Davison and Eh-

lers, 2011). Here, we activated individual glomeruli with precision

using two-photon optogenetics and found that KCs sum inputs

from multiple PNs linearly, irrespective of the identity of

glomeruli. Because we have likely sampled PNs connected to

KC claws, dendritic structures that enwrap PN boutons (Caron

et al., 2013; Gruntman and Turner, 2013), at diverse physical lo-

cations, this indicates that KCs pool inputs equally from any

combination of claws. Importantly, each KC receives on average

seven inputs from a random set of PNs (Caron et al., 2013) with

some local rules (Gruntman and Turner, 2013). Therefore, our re-

sults suggest that �2,000 KCs mix different aspects of olfactory
information reaching their claws equally to create diverse odor

representations. This functional organization of the MB circuit

is advantageous in that it represents odors distinctively in a

high-dimensional coding space and thus can enhance odor dis-

criminability (Babadi and Sompolinsky, 2014; Litwin-Kumar

et al., 2017).

Local and Global Modes of Inhibition by Single APL
Neurons
As PNs were more strongly activated, KCs not only showed

enhanced excitation but also inhibition. Inhibition followed exci-

tation by several hundred ms and were often strong enough to

override the initial depolarization (Figures 3B and S3B). This is

likely one mechanism that generates spatially (Honegger et al.,

2011; Lin et al., 2014) and temporally sparse odor representa-

tions in KCs (Murthy et al., 2008; Turner et al., 2008). In the locust

KCs (Perez-Orive et al., 2002) and the rodent piriform cortex neu-

rons where odors are encoded sparsely (Poo and Isaacson,

2009), excitatory input is similarly followed by global inhibition

found in most cells.

What was different from the previous studies was that the ef-

fect of inhibition can be local: some KCs received prominent
Neuron 95, 357–367, July 19, 2017 363
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Figure 8. Higher Sensitivity of a0/b0 KCs

and Cell-Type-Specific Inhibition Enhances

Discrimination between Different Odor

Concentrations

(A) Activity of KCs recorded in medial lobes in

response to various concentrations of ethyl buty-

rate. The same genotype as in Figure 7. a0/b0 KCs
respond more strongly than the other two cell

types. p value of two-way ANOVA with repeated

measurements (difference between cell types) is

shown in the panel. Asterisks (*) denote significant

differences (p < 0.05, Tukey HSD) for a/b versus

a0/b0 and for a0/b0 versus g, hashes (#) denote

significant differences for a0/b0 versus g. n = 17

flies (same flies across all the panels in Figure 8).

(B) Accuracy of decoding odor concentrations

using linear discriminant analysis. The dotted line

indicates chance performance. Accuracy was

significantly different between cell types. p value

(difference between cell types) is shown in the

panel (two-way ANOVA with repeated measure-

ments; *p < 0.05, a0/b0 versus g, Tukey HSD).

(C) Application of GABA receptor antagonists in-

creases both response amplitude (meanDF/F) and

trial-to-trial variability (standard deviation) in all cell

types (mean and standard deviation were calcu-

lated from responses to the same stimuli in four

trials; p < 0.05, two-way ANOVA with repeated

measurements, saline versus PTX and CGP). Gray

line connects responses to the same concentra-

tion of odor.

(D) GABA receptor antagonists narrow the dy-

namic range, defined as the difference in normal-

ized responses to 10�1 and 10�9 dilutions (see

STARMethods) in a0/b0 KCs (*p < 0.05, paired t test

with Bonferroni correction).

(E) Application of GABA receptor antagonists

decreases the performance of decoding in a0/b0

KCs. p values are shown in each panel (two-

way ANOVA with repeated measurements, saline

versus PTX and CGP. *p < 0.05, Tukey HSD). The

dotted line indicates chance performance.
inhibition while others in the same brain received none (Figures 3

and S3D). Moreover, activation of single KCs by current injection

was sufficient to induce feedback synaptic inhibition (Figure 4).

Our optogenetic silencing experiment demonstrated that this

was mediated by GABAergic APL neurons even though they

have been reported to innervate throughout the MB and only

mediate global inhibition (Lin et al., 2014). Therefore, APL neu-

rons can exert inhibition both locally and globally. Because

APL neuron is excited by KCs (Lin et al., 2014), this local pro-

cessing represents an efficient solution to provide inhibition

matched with the level of KC activity without necessarily inhibit-

ing the whole system. This suggests that APL neuron serves a

role in addition to the global gain control that maintains the

sparseness of odor representations in the MB (Lin et al., 2014).

How, then, does a single neuron innervating the entire MB

inhibit KCs locally? Two factors suggest dendrodendritic (or neu-

rite-to-neurite) release as a mechanism for local inhibition. First,

ectopically expressed pre- and postsynaptic markers in APL
364 Neuron 95, 357–367, July 19, 2017
neurons distribute throughout the MB (Wu et al., 2013), implying

that the recurrent loop between KCs and APL neuron may close

within a local region. Second, the locust analog of APL neuron is

non-spiking (Papadopoulou et al., 2011), making graded release

of neurotransmitter likely in APL neuron as well. In fact, at least

APL neuron does not seem to spike within an input range that

evokes localized GCaMP signals in only one of the lobes (Fig-

ure 6). If spikes had been generated, we should have observed

global signals in APL neuron because spikes generally elevate

calcium concentration throughout the cell (Smetters et al.,

1999; Yuste and Denk, 1995). This mechanism is reminiscent

of that in the mammalian olfactory bulb in which granule cells

mediate lateral inhibition through dendrodendritic release in

response to inputs from mitral/tufted cells (Chen et al., 2000;

Isaacson and Strowbridge, 1998).

There exists another set of GABAergic neurons in theMB, dor-

sal paired medial (DPM) neurons, that are qualified to mediate

this inhibition. In each hemisphere, DPM neuron innervates the



entire MB except for the calyx (Tanaka et al., 2008) and connects

with APL neuron via gap junctions (Wu et al., 2011). Therefore,

there is a possibility that DPM neurons are also involved in inhib-

iting KCs.

Cell-Type-Specific Mechanisms Enhance Odor
Detection Speed and Discrimination between Different
Odor Concentrations in a0/b0 KCs
Three types of KCs pooled PN inputs in a similar manner (Figures

1 and S2). However, upon depolarization, a0/b0 KCs spiked most

readily, followed in order by a/b and gKCs (Figure 2). Thismirrors

the rank order of broadness of odor tuning, spontaneous firing

rate, and odor-evoked firing rate (Turner et al., 2008), suggesting

that the intrinsic mechanism of spike generation is one of the

origins of cell-type-specific responses in KCs. The heterogeneity

in intrinsic excitability may reflect differential possession of

voltage-sensitive conductances as recent transcriptome ana-

lyses revealed that the gene expression profile is different be-

tween KC types (Crocker et al., 2016; Perrat et al., 2013).

Incidentally, a0/b0 KCswere also themost effective in recruiting

feedback inhibition by APL neurons (Figure 4). This can be either

due to preferential activation of APL neuron by a0/b0 KCs or

preferential inhibition of a0/b0 KCs by APL neuron. Our results

supported the former because optogenetic activation of APL

neurons inhibited all three types of KCs equally (Figure 5). This

conclusion was corroborated by our additional observation

that APL neuron exhibits highest sensitivity and responsiveness

to odors in the b0 lobe (Figure 6). How do a0/b0 KCs more effec-

tively activate APL neuron? First factor is their higher intrinsic

excitability. Because they generate spikes more readily, the total

drive to the APL neuron will be larger under a particular input to

the MB. Second is their stronger functional connection with the

APL neuron. Because the same number of spikes evoked larger

inhibition in a0/b0 KCs (Figure 4C), these cells likely form stronger

or more abundant synapses with APL neurons. This is in line with

the anatomical observation that APL neurons contact most

densely with a0/b0 KCs in the lobes (Pitman et al., 2011).

The three types of KCs have been morphologically subdivided

into finer categories in some studies (Aso et al., 2014a; Costa

et al., 2016; Lin et al., 2007; Tanaka et al., 2008). In terms of func-

tion, a/b core and a/b surface KCs, for example, are shown to be

involved in different aspects of olfactory learning (Perisse et al.,

2013). Therefore, although we did not find clear clusters in our

data within each of the three conventional cell types, there

may be additional complexity in cell-type specificity.

Based on the differences in physiological properties between

KC types, we were able to predict and confirm previously un-

identified functions of a0/b0 KCs in odor processing. As sug-

gested by higher intrinsic excitability, a0/b0 KCs detected ethyl

butyrate with shortest latency and highest sensitivity (Figures 7

and 8). This allowed a0/b0 KCs to discriminate between different

odor concentrations most accurately, which required balanced

feedback inhibition by APL neuron (Figure 8). These results indi-

cate that, by having a0/b0 KCs, the MB circuit can enhance the

detection speed, sensitivity, and discriminability of different

odor concentrations. Notably, the actual decoders of the KC ac-

tivity, theMB output neurons, innervate particular compartments

in the lobes to contact generally one of three KC types (Aso et al.,
2014a). These MB output neurons encode valence and bias the

behavior toward attraction or aversion in various learning tasks

(Aso et al., 2014b; Owald et al., 2015). Therefore, the MB output

neurons innervating the a0/b0 lobes may shape the fly’s initial

behavioral response to an odor and that with a higher sensitivity

and discriminability.
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1996), UAS-ReaChR::Citrine (attP40) (Inagaki et al., 2014), UAS-mCD8::GFP (attP40) (Lee and Luo, 1999), UAS-myr::GFP

(attP40), UAS-myr::GFP (attP2) (Pfeiffer et al., 2010), UAS-CsChrimson::mVenus (attP40) (Klapoetke et al., 2014), UAS-GCaMP5G

(attP40) (Akerboom et al., 2012), UAS-GCaMP6s (attP40) and UAS-GCaMP6s (VK00005) (Chen et al., 2013). We generated UAS-

Archaerhodopsin-3::GFP (attP40) by cloning archaerhodopsin-3::GFP (Chow et al., 2010) (Addgene plasmid #22217) into pUASTattB

(Bischof et al., 2007) and injecting this plasmid to embryos through a service provided by Genetic Services. The construct was in-

serted into attP40 site using thefC31 integration system (Bischof et al., 2007). Detailed genotypes of flies used in this study are listed

in Table S2.

METHOD DETAILS

Electrophysiology
Flies were dissected in the external saline containing (in mM) 103 NaCl, 3 KCl, 5 N-Tris(hydroxymethyl) methyl-2-aminoethanesul-

fonic acid (TES), 8 trehalose dehydrate, 10 glucose, 26 NaHCO3, 1 NaH2PO4,H2O, 1.5 CaCl2,2H2O, 4 MgCl2,6H2O (pH �7.2, os-

molarity adjusted to �275 mOsm). The entire brain was removed from the head capsule and fixed dorsal side up on a glass slide

with surgical glue (GLUture, Abbott). The preparation was continuously perfused with the external saline, bubbled with 95%

O2 /5% CO2 (pH �7.3). All the experiments were conducted at room temperature (�25�C), and particularly for the experiments in

Figure 1, the temperature of the bath was monitored and adjusted to 24-25�C (TC-324B, Warner Instruments). Electrophysiological

recordings were made with a Multiclamp 700B amplifier (Molecular Devices) equipped with a CV-7B headstage. Signals were low-

pass filtered at 1 kHz and digitized at 10 kHz. Voltages were uncorrected for the liquid junction potential.

PN recordings

Whole-cell patch-clamp recordings from PN somata were performed as previously described (Kazama and Wilson, 2009). In brief, a

patch pipette was pulled from a thin-wall glass capillary (1.5 mm o.d./ 1.12 mm i.d., TW150F-3, World Precision Instruments). Resis-

tance of the pipette was typically 8-10 MU. The internal solution contained (in mM) 140 KOH, 140 aspartic acid, 10 HEPES, 1 EGTA,

4 MgATP, 0.5 Na3GTP, 1 KCl, and 13 biocytin hydrazide (pH �7.2, osmolarity adjusted to �265 mOsm). Cells were held at

around �60 mV by injecting a hyperpolarizing current. GABA receptor antagonists, PTX (P1675, Sigma) and CGP54626 (1088,
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Tocris), were dissolved in the external saline at 5 mM and 10 mM, respectively. Cell-attached recordings from PN somata were con-

ducted in a voltage-clamp mode using pipettes filled with external saline. The command potential was adjusted so that the amplifier

did not pass any current. To achieve a proper cell-attached configuration, we applied low intensity light from a 594 nm continuous

wave laser to induce spikes in PNs expressing ReaChR and adjusted the negative pressure applied inside the pipette until the signal-

to-noise ratio of spikes became sufficiently high. Recordings weremade from one neuron per brain. After the recording, the brain was

gently released from the glass slide andwas fixed in 4%paraformaldehyde for > 90min on ice for immunohistochemistry (see below).

KC recordings

Whole-cell patch-clamp recordings from KC somata were performed with the same procedure as PN recordings with several mod-

ifications. A thick-wall glass capillary (1.5 mm o.d./ 0.84 mm i.d., 1B150F-3, World Precision Instruments) was pulled and pressure-

polished (Goodman and Lockery, 2000; Johnson et al., 2008) with a microforge (MF-820, Narishige) and a pneumatic picopump

(PV820, World Precision Instruments). The air pressure was adjusted to �35 psi. The final pipette resistance was typically 10-

12 MU. Cells were held at around �60 mV by injecting a hyperpolarizing current unless otherwise mentioned. To assess the quality

of KC recordings during experiments, we injected current steps at several separate times, and aborted the recording if the KC did not

spike in response to the stimulation. In Figure 2, all the physiological properties were measured shortly after attaining the whole-cell

configuration. Tetrodotoxin (1078, Tocris) was dissolved in the external saline at 1 mM. To examine whetherMz19-Gal4-positive PNs

are connected to the recorded KC or not (Figure 3), KC claws were visualized as previously reported (Gruntman and Turner, 2013).

Briefly, Alexa 594 (A10438, Invitrogen) was dissolved in the internal solution at 250 mM and injected into the KC neurites through a

patch pipette during recording. After the recording, the brain was immediately fixed in 4% paraformaldehyde at room temperature

for a short period of time (10 min) to avoid the attenuation of signals of the dye and the fluorescence of a Citrine protein tagged to

ReaChR. The MB calyx was imaged from the posterior side of the brain to obtain clear images of claws with a confocal microscope

(Leica TCS SP2) equippedwith a 63x water-immersion objective lens (numerical aperture [NA] 0.90). After taking the images of claws,

the brain was immunostained to visualize biocytin as described below.

Immunohistochemistry
The brain was stained with antibodies as previously reported (Badel et al., 2016). The following chemicals were used for primary an-

tibodies: nc82 (Developmental Studies Hybridoma Bank), anti-GFP (04404-84, Nacalai), and anti-GABA (A2052, Sigma). Biocytin

was visualized by conjugating with Streptavidin:CF555 (29038, Biotium). Vectashield (H-1000, Vector laboratories) was used

as mounting medium. Images of the brain were acquired either with a Leica TCS SP2 confocal microscope equipped with a 20x

(NA 0.50) or 63x (NA 0.90) water-immersion objective lens, or with an Olympus FV1000-D confocal microscope equipped with a

60x (NA 1.2) water-immersion objective lens.

Iontophoresis
For iontophoresis of ACh, a sharp glass pipette (�15 MU) was filled with 10 mM acetylcholine chloride (A6625, Sigma) dissolved in

external saline. ACh was ejected into the MB calyx by a brief (500 ms) positive current pulse using an iontophoresis unit (Model 260,

World Precision Instruments).

Stimulation of optogenetic probes
LED/mercury light stimulation

Wide-field optical stimulation was achieved by high power LEDs (M470L2 and M590L3 for ReaChR and CsChrimson, respectively,

Thorlabs) or filtered light from a mercury lamp (for Arch). An LED (M470L2) with peak output at wavelength of �470 nm was used for

both the activation of ReaChR and excitation of Citrine tagged to ReaChR. Because ReaChR is sensitive to a broad spectrum of light

(Lin et al., 2013), blue light was sufficient to make the PNs expressing ReaChR fire at �200 Hz (Figure S3A). Light from an LED or a

mercury lamp was collimated and delivered to an upright microscope (BX51Wl, Olympus) equipped with a 40x water-immersion

objective lens (NA 0.80). LED light was pulsated at 80Hz. Neutral-density filters (U-25ND25 or U-25ND6, Olympus) were used to stim-

ulate the cells at lower intensities. All the reported optical intensity of LED light was measured at the back aperture of the objective

lens (S120VC sensor, Thorlabs).

IR stimulation

IR stimulation experiments were performed with a two-photon laser scanning microscope (Leica TCS SP2) equipped with a 20x wa-

ter-immersion objective lens. A Ti:Sapphire laser (MaiTai eHP, Spectra-Physics) wasmode-locked at 960 nm. The beam size of the IR

laser was adjusted to underfill the back aperture of the objective lens to make the excited volume dictated by the point-spread func-

tion slightly larger than convention (Helmchen and Denk, 2005). The intensity was adjusted to 10 mW at the back aperture. The res-

olution of scanning was 0.17 mm/pixel and the dwell time was 2.4 ms/pixel.

Prior to IR stimulation, the position of the antennal lobe was determined by imaging the signals fromCitrine tagged to ReaChR with

a continuous wave laser (514 nm). 63 6 ROIs (the size of each ROI is 12 mmx 12 mm) were set to cover the antennal lobe along x- and

y- axes. The entire depth of the antennal lobewas covered by scanning 18 frames each separated by 5 mmalong the dorsoventral axis

(z axis). ROIswere stimulated by an IR laser individually in turn. PNs respondedmaximally at a certain ROI andmuchweakly at several

of orthogonally located collateral ROIs, forming a ‘‘cross’’ shaped response pattern (Figure S1H). Responses outside of this ‘‘cross’’

region were negligible. Stimulation of neither cell bodies nor the medial antennal lobe tract (axons) evoked action potentials in PNs.
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To study how PN inputs are integrated in KCs, we isolated two cross-shaped ROIs to be stimulated that fulfilled the following

criteria (Figure S2A). First, they did not overlap with each other along the x- and y-axes. Second, they were located in the same focal

plane and that within three rows of ROIs to be stimulated at short intervals. Under this condition, centers of two ROIs were stimulated

within 173ms. The same procedure was applied to examine the integration of input from three ROIs (Figures S2A and S2B). Because

of experimental constraints, we could not examine the integration of more than four ROIs.

Calcium imaging
Odor-evoked calcium responses of APL neurons and KCs were recorded in vivowith a two-photon laser scanning microscope (LSM

7MP, Zeiss) equippedwith awater-immersion objective lens (WPlan-Apochromat, 20x, NA 1.0) as previously described (Badel et al.,

2016) with several modifications. Briefly, individual flies were attached to a custom-made recording plate and a small portion of the

head cuticle was removed to expose the MB medial lobes. The external saline added on top of the plate was circulated throughout

the experiment. Ethyl butyrate (E15701, Sigma-Aldrich) diluted in mineral oil (23334-85, nacalai tesque) by 5 different factors (10�9,

10�7, 10�5, 10�3, and 10�1) was presented for 1 s at 30 s inter-trial-interval with a custom-made olfactometer (Badel et al., 2016).

Ethyl butyrate at each concentration was presented four times (Figures 6 and 8) or ten times (Figure 7) in random order. GCaMP

was excited with a Ti:Sapphire pulsed laser (Chameleon Vision II, Coherent) mode-locked at 930 nm. The laser intensity was adjusted

to�16mWat the back aperture of the objective lens. The scanning resolution was 2.08 mm/pixel and the dwell timewas 16.6 ms/pixel

(23 ms/frame) for Figures 6 and 8, and 6.52 ms/pixel (9 ms/frame) for Figure 7, respectively. GCaMP signals in b, b0, and g lobes were

analyzed at their tips where different lobes are clearly segregated in space (Figures 6C and 7A) by setting a 16.64 mmx 16.64 mmROI,

which roughly covers the tip. Mean GCaMP fluorescence within a ROI was calculated using ImageJ (NIH). The reported change in

fluorescence (DF/F) in Figures 6 and 8 is an average of three, fixed frames around the peak response.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in MATLAB or R. Sample sizes were not estimated in advance. Statistical tests, significance,

and sample size are reported in the figures and figure legends. All mean values are reported as mean ± SEM. K-means clustering

(Figure 3) was performed in R. Onset time of a response in Figure 7D was detected by a previously described algorithm (Kudoh

and Taguchi, 2002). Dynamic range in Figure 8D was calculated in each condition (with or without GABA receptor antagonists) by

subtracting the response to 10�9 from that to 10�1 dilution, normalized by the response to 10�1 dilution. Note that the dynamic range

can be larger than 1 when the response to 10�9 dilution is slightly negative.

Linear discriminant analysis (Figure 8) was performed in R with MASS package as described previously (Bhandawat et al., 2007).

For each fly and each cell type, data consisted of 20 responses (responses to 4 repeated presentations of odors at 5 different con-

centrations). We withheld one response from the data and trained the decoder with the remaining 19 responses. After training, we

asked the decoder to identify the concentration corresponding to the withheld response. Decoding accuracy shown in Figure 8 rep-

resents the average across analyses, each time withholding one of the four responses, for each concentration.
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