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SUMMARY

Early sensory processing can play a critical role in
sensing environmental cues. We have investigated
the physiological and behavioral function of gain
control at the first synapse of olfactory processing
in Drosophila. Olfactory receptor neurons (ORNs)
express the GABAB receptor (GABABR), and its
expression expands the dynamic range of ORN syn-
aptic transmission that is preserved in projection
neuron responses. Strikingly, each ORN channel
has a unique baseline level of GABABR expression.
ORNs that sense the aversive odorant CO2 do not
express GABABRs and do not have significant pre-
synaptic inhibition. In contrast, pheromone-sensing
ORNs express a high level of GABABRs and exhibit
strong presynaptic inhibition. Furthermore, phero-
mone-dependent mate localization is impaired in
flies that lack GABABRs in specific ORNs. These
findings indicate that different olfactory receptor
channels employ heterogeneous presynaptic gain
control as a mechanism to allow an animal’s innate
behavioral responses to match its ecological needs.

INTRODUCTION

The stereotypic organization of the Drosophila olfactory system

and the identification of the family of odorant receptor genes

make the fly an attractive system to study olfactory mechanisms.

An adult fly expresses about 50 odorant receptor genes, and

each ORN typically expresses just one or a few receptor genes

(Clyne et al., 1999; Vosshall et al., 1999, 2000; Gao et al.,

2000; Couto et al., 2005; Fishilevich and Vosshall, 2005). ORNs

detect odors in the periphery and send axons to glomeruli in

the antennal lobe. Each glomerulus receives axons from about

20 ORNs expressing the same receptor genes and dendrites of

a few uniglomerular projection neurons (PNs), which propagate

olfactory information to higher brain centers (Stocker, 1994).

This numerically simple olfactory system coupled with genetic

markers to label most of the input channels provides an oppor-

tunity to dissect synaptic function and information processing.
The Drosophila antennal lobe is populated with GABAergic local

interneurons (LNs) that release GABA in many if not all glomeruli

(Ng et al., 2002). GABA exerts its modulatory role via two distinct

receptor systems: the fast ionotropic GABAA receptor, which is

sensitive to the antagonist picrotoxin, and the slow metabotropic

GABAB receptor, which is sensitive to the antagonist CGP54626.

Pharmacological blockade of the GABA receptors demonstrate

that GABA-mediated hyperpolarization suppresses PN response

to odor stimulation in a nonuniform fashion (Ng et al., 2002; Wilson

and Laurent, 2005; Shang et al., 2007). Electron microscopy stud-

ies of the insect antennal lobe show that GABAergic LNs synapse

with PNs (Distler and Boeckh, 1997), which support the well-

established olfactory mechanism of lateral inhibition (Mori et al.,

1999; Sachse and Galizia, 2002; Christensen et al., 1993).

GABAergic LNs also synapse onto ORNs, and imaging studies

in mouse suggest that activation of GABABRs in ORN terminals

suppress neurotransmitter release in ORNs (McGann et al., 2005).

We hypothesize that setting the appropriate olfactory gain for

environmental cues is important for adjusting an organism’s

sensitivity to its environment. A recent study shows that

GABABR-mediated presynaptic inhibition provides a mechanism

to modulate olfactory gain (Olsen and Wilson, 2008). Electrical re-

cordings show that interglomerular presynaptic inhibition sup-

presses the olfactory gain of PNs to potentially increase the

dynamic range of the olfactory response. Likewise, gain modula-

tion may not be uniform among different glomeruli, which could

reflect a tradeoff between sensitivity and dynamic range in differ-

ent olfactory channels. For example, high sensitivity may be cru-

cial for some environmental cues, such as those that require an

immediate behavioral response, whereas a larger dynamic range

may be more advantageous for other odors where precise spatial

and temporal information may be critical for optimal performance.

Here, we investigated the physiological and behavioral func-

tion of gain control in early olfactory processing. We show that in-

terneuron-derived GABA activates GABABRs on ORN terminals,

reducing the gain of ORN-to-PN synaptic transmission. Different

types of ORNs exhibit different levels of presynaptic inhibition,

and this heterogeneity in presynaptic inhibition is preserved in

antennal lobe output projection neurons. Interestingly, phero-

mone-sensing ORNs exhibit high levels of GABABR expression,

and behavioral experiments indicate that GABABR expression

in a population of pheromone ORNs is important for mate locali-

zation, suggesting that presynaptic gain control is important for

the olfactory-channel-specific fine-tuning of behavior.
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RESULTS

We investigated the role of GABABR in modulating olfactory

dynamic range by imaging PN dendritic responses to a range

of stimulus intensities in the presence or absence of a GABABR

antagonist. Flies bearing GH146-Gal4 and UAS-GCaMP trans-

Figure 1. GABAB Receptors Alter the Gain of Projec-

tion Neurons

Two-photon imaging of PN activity in flies expressing GCaMP

in GH146 neurons. (A) Response to electrical stimulation of the

olfactory nerve. (B–E) Response to odor stimulation. Gray-

scale images show antennal lobe structure. Pseudocolored

images reveal the response to electrical stimulation or a 2 s

odor stimulation. Graphs show the input-output function of

PNs in saline (black circles) and in the presence of 25 mM

CGP54626 (red squares). Mean integrated fluorescence

change over time across preparations is plotted as function

of the number of stimuli or odor concentrations. Inset traces

are representative of fluorescence change over time. DF/F

was measured from all glomeruli in the optical section (A) or

the outlined regions (B–E). Electrical stimulation was given at

100 Hz, 1 ms in duration and 10 V in amplitude. Concentrations

of ethyl hexanoate and 2-phenylethanol were percent dilutions

of 300 ppb and 80 ppm, respectively. n = 4–8. Error bars show

SEM. *p % 0.05, **p % 0.01.

genes express the calcium sensor GCaMP (Nakai

et al., 2001) in many PNs (Stocker et al., 1997),

allowing the select measurement of calcium

response in PN dendrites. Insect dendritic calcium

increases are mostly due to influx through nicotinic

acetylcholine receptors (Goldberg et al., 1999;

Oertner et al., 2001); therefore, calcium influx pro-

vides an indirect measurement of synaptic poten-

tial. We plotted the input-output function of PNs

to a range of olfactory nerve stimuli in the presence

or absence of the GABABR antagonist (Figure 1A).

Addition of CGP54626 significantly increases PN

response at high stimulus intensities but not at

low intensities and significantly increased the slope

of the input-output function by 105% with no effect

on the offset, thus revealing a multiplicative gain

modulation. This result suggests that GABABR

activation suppresses PN response to expand

olfactory dynamic range.

Electrical stimulation allows precise control of

activity but is an unnatural condition. We therefore

investigated antennal lobe gain control with behav-

iorally relevant odors. The male pheromone odor

cis-vaccenyl acetate activates the DA1 glomerulus

(Ha and Smith, 2006). The fruit odors ethyl hexa-

noate and 2-phenylethanol (Stensmyr et al., 2003)

activate the DM2 and VA3 glomeruli, respectively.

Additionally, the Drosophila stress odorant CO2 ac-

tivates the V glomerulus to provoke avoidance be-

havior (Suh et al., 2004). We monitored PN dendritic

calcium in response to odor stimulation in the pres-

ence or absence of the GABABR antagonist. Block-

ing GABABRs has different effects on PNs of different glomeruli

(Figures 1B–1E). The slope of PN response to cis-vaccenyl

acetate, ethyl hexanoate, and 2-phenylethanol is increased

by 153%, 67%, and 43%, respectively, in the presence of

CGP54626. In contrast, the slope of PN response to CO2 is not

altered by CGP54626. Thus, GABABR activation has different
312 Neuron 59, 311–321, July 31, 2008 ª2008 Elsevier Inc.
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degrees of modulation on the gain of projection neurons in differ-

ent glomeruli.

We next investigated the antennal lobe circuitry underlying this

GABABR-mediated gain change. We first determined which

populations of neurons in the antennal lobe express GABABR.

Mammalian GABABR is an obligatory heterodimeric G protein-

coupled receptor (Bettler et al., 2004). Similarly, coexpression

of Drosophila GABAB-R1 and -R2 is necessary to produce

a functional GABABR in heterologous systems (Mezler et al.,

2001). To visualize neurons that express GABABR, we therefore

generated a transgenic fly line that contains the fusion DNA of the

yeast transcription factor Gal4 with 1.5 kb of genomic DNA im-

mediately upstream to the open reading frame of the GABABR2

gene. The expression of GFP in flies bearing GABABR2-Gal4 and

UAS-CD8-GFP within the antennal lobes appears to be in axon

terminals of ORNs derived from the antennae and maxillary palps

(Figure 2A and Movie S1 available online). Surgical removal of the

olfactory appendages causes complete degeneration of ORN

axons within 3 days (Vosshall et al., 2000), and we observed

a dramatic reduction of GFP detection in the antennal lobes (Fig-

ure 2A and Movie S3). Expression of GABABR2 in the antennae

was further confirmed by RT-PCR of isolated antennal tissue.

Primers for Drosophila GABABR2 as well as RP49, a ubiquitous

ribosomal protein, detected transcripts in both the head and

the antennae, while primers for Drosophila Rhodopsin-4 (Rh4),

which encodes one of the ultraviolet rhodopsins, do not detect

transcript in the antennae (Figure 2E). Thus, ORNs express

mRNA for GABABR2. We next mapped the distribution of

GABABR with antiserum specific for Drosophila GABABR2 (Ha-

masaka et al., 2005; Enell et al., 2007). Neurons in the antennae

and maxillary palps positive for GABABR2 immunoreactivity

largely overlap with the Or83b ORNs (Figures 2C and 2D). The

Or83b gene is expressed in most ORNs (Larsson et al., 2004).

We used RNA interference to further confirm the expression

of GABABR2 in ORNs. Expression of the GABABR2-RNAi in

Or83b ORNs causes a 40% reduction in GABABR2 immunoreac-

tivity in the antennal lobe, but no change in immunoreactivity of

nc82—a neuropil-specific antibody (Figure 2B). Immunoreactiv-

ity to GABABR2 in the antennal lobe is distributed mainly on ORN

axonal terminals, as surgical removal of the olfactory append-

ages 3 days prior eliminates most of the staining (Figure 2A).

Residual GABABR expression in the absence of ORN axons

could be in LNs or PNs, as previously suggested (Wilson and

Laurent, 2005); our data are not conclusive but suggest that

the residual staining is from a population of local interneurons

because neurites and cell bodies are confined to the antennal

lobe (Movie S3). Nevertheless, GABABR within the antennal

lobe is mostly distributed on ORN axonal terminals.

To investigate the function of GABABR in ORN terminals, we

next tested whether GABABR agonists applied exogenously

can induce presynaptic inhibition in ORNs. Flies bearing the

Or83b-LexA (Lai and Lee, 2006) and LexAop-GCaMP trans-

genes express the calcium sensor GCaMP in most ORNs, allow-

ing the select measurement of calcium activity in ORN axonal

terminals. Electrical stimulation of the olfactory nerve elicits a cal-

cium transient in ORN terminals that is significantly reduced in

the presence of 20 mM GABA or 20 mM SKF97541, a selective

GABABR agonist (Hamasaka et al., 2005) (Figure 3A). If the
GABA effect on presynaptic calcium is caused purely by activa-

tion of GABABR, it should be blocked by CGP54626 but not pic-

rotoxin, the selective Drosophila GABABR and GABAAR antago-

nists, respectively (Hamasaka et al., 2005; Wilson and Laurent,

2005). Indeed, the reduction caused by GABA is prevented by

25 mM CGP54626, but not by 125 mM picrotoxin (Figures 3A

and 3B). Given that presynaptic calcium triggers neurotransmit-

ter release, activation of GABABRs should serve to attenuate

synaptic transmission. To test this possibility, we performed

two-photon imaging of synaptopHluorin (spH), a fluorescent in-

dicator of vesicle exocytosis (Miesenbock et al., 1998), in flies

bearing Or83b-Gal4 and UAS-spH transgenes. Electrical stimu-

lation of the olfactory nerve elicits an increase in spH fluores-

cence that is significantly reduced by the agonist SKF97541

Figure 2. Molecular Expression of GABAB Receptors in Olfactory

Receptor Neurons

(A) Images of the antennal lobe in flies bearing GABABR2-Gal4 and UAS-CD8-

GFP (top) and cryosections stained with a GABABR2 antiserum (bottom). The

antennal lobe of normal flies is shown (left) in comparison to the antennal lobe

in flies 3 days after the antennae and maxillary palps were surgically removed

(right). (B) Whole-mount immunostaining for GABABR2 and the neuropil marker

nc82 in the antennal lobe of control flies expressing Or83b-Gal4 (left) and flies

expressing Or83b-Gal4 and UAS-GABABR2-RNAi (UAS-GBi) (right). Immu-

nostaining for GABABR2 and GFP in cryosections of the antenna (C) and the

maxillary palp (D) in flies expressing Or83b-Gal4 and UAS-CD8-GFP. (E) Prod-

ucts of RT-PCR reactions from entire fly heads or isolated antennae, with

primers for GABABR2, RP49 (gene for a ubiquitous ribosomal protein), and

Rh4 (a rhodopsin gene).
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Figure 3. GABAB Receptors Mediate Presynaptic Inhi-

bition in Olfactory Receptor Neurons

Two-photon imaging of ORNs expressing GCaMP or spH in

Or83b neurons was used to monitor response to electrical

stimulation of the olfactory nerve. Pharmacological effects

on fluorescence change over time: black and red traces

show representative responses before and after drug applica-

tion, respectively. (A) Representative traces of GCaMP

fluorescence change over time. (B) Bar graph summary of

pharmacological effect shows the integrated fluorescence

change over time. (C) Representative traces of spH fluores-

cence change over time; traces are the average of three trials.

(D) Bar graph summary of (C). (E) Two-photon calcium imaging

of ORN terminals in flies expressing VR1 in LNs. Electrical

stimulation of the olfactory nerve elicits a response that is

suppressed with 100 mM capsaicin but is rescued with the

addition of 25 mM CGP54626. (F) Bar graph summary of phar-

macological effect shows the integrated fluorescence change

over time. For all, electrical stimulation was 1 ms in duration

and 10 V in amplitude, and 45 pulses (A, B, E, and F) or 80

pulses (C and D) at 100 Hz. n = 3–18. Error bars show SEM.

*p % 0.05, **p % 0.01, ***p % 0.001.
and enhanced by the antagonist CGP54626 (Figures 3C and 3D).

Thus, GABABR activation suppresses ORN presynaptic calcium

and neurotransmitter release in Drosophila.

We next asked whether a physiologic concentration of GABA

released by interneurons causes presynaptic inhibition in ORNs.

The GH298-Gal4 line has been shown to label many GABAergic

LNs in the antennal lobe (Stocker et al., 1997; Wilson and

Laurent, 2005). We therefore examined whether activating these

LNs induces presynaptic suppression in ORNs. In these experi-

ments, we used a dual genetic expression system (Lai and Lee,

2006) to express GCaMP in ORNs for calcium imaging and to ex-

press the capsaicin-sensitive VR1 channel in LNs for exogenous

activation of these LNs. Expression of the VR1 channel endows

Drosophila neurons with responsivity to capsaicin (Marella et al.,

2006). Flies bearing Or83b-LexA, LexAop-GCaMP, GH298-Gal4,

UAS-VR1 allow calcium imaging in ORN terminals and activation

of many GABAergic LNs by capsaicin. In these flies, ORNs ex-

hibit a significantly reduced calcium response in the presence

of 100 mM capsaicin; this reduction is blocked by CGP54626

(Figures 3E and 3F). Control flies that do not express the VR1

channel (bearing Or83b-LexA; LexAop-GCaMP; UAS-VR1 trans-

genes) do not exhibit any presynaptic suppression by 100 mM

capsaicin (Figure S2). Thus, activation of the GABAergic LNs is

capable of inducing GABABR-mediated presynaptic inhibition.

In a simple model, GABABR-mediated gain control in the

antennal lobe revealed by pharmacological experiments is en-

tirely attributed to the activation of GABABRs in ORNs. We ad-

dressed this issue first by measuring vesicle release in ORNs

that lack GABABR2 expression. We performed two-photon im-

aging of spH in flies bearing Or83b-Gal4, UAS-spH, and UAS-

GABABR2-RNAi transgenes. Electrical stimulation of the olfac-

tory nerve elicits an increase in spH fluorescence that is not

affected by the addition of the agonist SKF97541 or the antago-

nist CGP54626 (Figure 4B). We plotted the input-output function

in control flies and those expressing the RNAi and found that the

responses to high-intensity stimuli are significantly greater in

RNAi expressing flies than that of control flies (Figure 4C). The
314 Neuron 59, 311–321, July 31, 2008 ª2008 Elsevier Inc.
data are fit with a logarithmic curve and exhibit a 110% increase

in the slope, thus indicating an increase in the gain of ORN

transmission in flies expressing GABABR2-RNAi, suggesting

that GABABR provides a scalable inhibition to ORN presynaptic

terminals.

To ask whether knockdown of GABABR in ORNs has a con-

comitant impact on PN output, we next performed loose patch

electrical recordings to monitor PN action potential firing in re-

sponse to ORN stimulation in the presence or absence of

GABABR2-RNAi. To do this, we investigated the ORN to PN

transformation in VA1lm glomerulus, which detects female odors

(van der Goes van Naters and Carlson, 2007). Since the ligand for

these ORNs has not been identified, we expressed the light-sen-

sitive cation channel, channelrhodopsin 2 (ChR2) (Boyden et al.,

2005), in Or47b neurons and activated them with light illumina-

tion. We plotted the input-output function of VA1lm PNs in con-

trol flies bearing the Or47b-Gal4 and UAS-ChR2 transgenes and

in flies also expressing GABABR2-RNAi. Indeed expression of

RNAi in Or47b neurons increases the gain of the postsynaptic

PN firing frequency (Figure 4E). Addition of the GABABR antago-

nist did not further increase PN firing in RNAi expressing flies,

suggesting that GABABR expression in other cell types (see

Figure 2A) does not contribute to this gain change (n = 2; data

not shown). Thus, GABABR expression in ORNs decreases the

gain of PN output.

The above experiments indicate that GABABR expression in

ORNs is necessary for presynaptic inhibition and for suppression

of PN output gain. We reasoned that heterogeneity in the PN

olfactory gain (Figure 1) reflects heterogeneity in the level of pre-

synaptic inhibition. To investigate this, we first asked whether

specific ORNs exhibit different amounts of presynaptic inhibi-

tion. Presynaptic inhibition was quantified by the percent reduc-

tion in calcium activity in the presence of the GABABR agonist.

Stimulation of the labial nerve in flies bearing the Or83b-LexA

and LexAop-GCaMP transgenes exhibit calcium transients in

the palpal axonal terminals that is dramatically reduced by

20 mM SKF97541 (Figures 5A–5D, column 3). Similarly, stimulation
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Figure 4. Knockdown of GABAB Receptors Increases the Gain of Receptor Neuron Transmission and Projection Neuron Firing

(A) Two-photon imaging of ORNs expressing spH in Or83b neurons was used to monitor synaptic transmission in response to electrical stimulation of the olfac-

tory nerve. Grayscale image shows antennal lobe structure at one optical plane. Pseudocolored images reveal the response to electrical stimulation. (B) The

percent decrease or increase in integrated DF/F over time upon addition of SKF97541 or CGP54626, in control flies and those expressing two copies

GABABR2-RNAi (GBi) in Or83b neurons. (C) The input-output function of ORN transmission in control and flies expressing GBi in Or83b neurons. Mean integrated

fluorescence change over time across preparations is plotted as a function of the number of stimuli. DF/F was measured from all glomeruli in this optical section.

(D) Loose patch recordings from PNs with dendrites in VA1lm in response to light activation of the Or47b neurons that express two copies of channelrhodopsin-2

in control flies and flies that also express GBi in Or47b neurons. (E) Input-output function of PNs plotted as a function of light intensity. n = 4–10 (B–C) and n = 8 (E).

Error bars show SEM. *p % 0.05, ***p % 0.001.
of the antennal nerve causes a calcium transient that is dramat-

ically reduced in glomeruli receiving axons from pheromone-

detecting ORNs, while other glomeruli exhibit significantly less

reduction in presynaptic calcium (Figures 5A–5D, column 1). At

the middle layer of the antennal lobe, presynaptic calcium sup-

pression in these ORNs is less than that of the palpal ORNs on

the same level (Figures 5A–5D, columns 2 and 3). In the extreme

case, the Gr21a CO2-sensing ORNs exhibit no significant sup-

pression of presynaptic calcium by the agonist (Figures 5A–5D,

column 4). Thus, there is heterogeneity between glomeruli in

the magnitude of GABABR-mediated presynaptic suppression;

the Gr21a CO2-sensing neurons do not exhibit any significant

presynaptic inhibition, while the palpal and pheromone ORNs

exhibit significantly stronger levels of inhibition.

We next asked whether the heterogeneity in presynaptic inhi-

bition matches the heterogeneity observed in the putative

GABABR2 expression level. We first addressed this question

by correlating the level of presynaptic inhibition with the reporter

expression level in flies bearing the GABABR2-Gal4 and UAS-

CD8GFP transgenes. GFP fluorescence intensity shows that dif-

ferent glomeruli exhibit different levels of expression (Figure 5F

and see Table S1 for tests of significance). In the extreme

case, the Gr21a ORNs projecting to the V glomerulus have little

or no fluorescence intensity (Figure 5F and Figure S1). ORNs in-

nervating the VC3 and DM2 glomeruli have relatively weak inten-

sity. In contrast, the VC1, VA4, and VM7 glomeruli that have ORN

axons from the maxillary palp via the labial nerve (Couto et al.,

2005; Fishilevich and Vosshall, 2005) exhibit very high intensity.
Additionally, the pheromone-sensing glomeruli VA1lm and DA1

(Ha and Smith, 2006; Kurtovic et al., 2007; van der Goes van

Naters and Carlson, 2007) also exhibit high intensity. Thus, there

is a tight correlation between the GABABR2 promoter-driven re-

porter level and the extent of presynaptic inhibition (Figure 5G

and see Table S1 for tests of significance).

The above experiments suggest that the GABABR level dic-

tates the magnitude of presynaptic inhibition; if so, we expect

that varying reduction in receptor expression should lead to

matching changes in presynaptic inhibition. Using a promoter

such as Or83b to express varying levels of GABABR2-RNAi in

different ORN types should create a condition to assess the

link between receptor and presynaptic inhibition. When two cop-

ies of the RNAi transgenes are expressed in ORNs using the

Or83b-Gal4 driver, presynaptic inhibition is completely abol-

ished (Figure 4B). However, the expression of one copy of the

RNAi transgene in the same condition only partially reduces pre-

synaptic inhibition (Figure 6A). The level of presynaptic inhibition

was measured by calcium imaging as percent suppression by

SKF97541, in which electrical stimulation of the olfactory nerve

was used to elicit calcium transients in ORN terminals in flies

bearing Or83b-Gal4 and UAS-GCaMP. The promoter strength

of Or83b was measured by the baseline fluorescence. We plot-

ted the percent suppression for individual glomeruli against the

Or83b-Gal4 expression level. In control flies without expression

of the RNAi, we find that there is no correlation between Gal4

level and presynaptic inhibition; however, in flies bearing one

copy of the UAS-GABABR2-RNAi transgene, we find an inverse
Neuron 59, 311–321, July 31, 2008 ª2008 Elsevier Inc. 315



Neuron

Gain Control in the Drosophila Antennal Lobe
Figure 5. Heterogeneity of Presynaptic Inhibition in Olfactory Receptor Neurons

(A) Two-photon images of GCaMP expression in Or83b neurons (columns 1–3) and Gr21a neurons (column 4). (B) Electrical stimulation of the olfactory nerve

generates calcium influx in axon terminals of antennal ORNs (columns 1, 2, and 4). Stimulating the labial nerve causes calcium influx into axon terminals of

the palpal ORNs (column 3). (C) Addition of SKF97541 decreases the calcium response of Or83b neurons to different degrees (columns 1–3) but does not affect

Gr21a calcium influx (column 4). (D) The percent suppression is represented by color intensity for particular glomeruli. Images were generated by subtracting

images in (C) from those in (B) and then dividing the resulting images by those in (B). Images were smoothed with a Gaussian filter, and a black mask was overlaid

on the nonglomerular background. (E) GCaMP fluorescence change is plotted over time for Gr21a and Or83b antennal and palpal neurons; traces for Or83b neu-

rons represent responses from multiple glomeruli in one optical plane. For response to antennal nerve stimulation, DF/F was measured from all midlayer glomeruli.

(F) GFP intensity from GABABR2-Gal4 reporter line at three different optical planes through the antennal lobe. Images are pseudocolored to emphasize the dif-

ferences between glomeruli. (G) The suppression of calcium influx by the GABABR agonist is plotted against the reporter intensity for individual glomeruli. n = 3–5.

Error bars show SEM, but are not plotted when the SEM is smaller than the symbol.
correlation between the Gal4 level and presynaptic inhibition

(Figure 6A). Thus, differential reduction in GABABR2 expression

level with RNAi suppresses presynaptic inhibition accordingly,

suggesting that the level of GABABR expression determines

ORN sensitivity to presynaptic inhibition.

We further examined whether the heterogeneity in presynaptic

inhibition is preserved in the antennal lobe output PNs. We

compared the percent change in slope, or gain modulation, in

PNs (see Figure 1) with the degree of presynaptic inhibition

(Figure 6B) and also with the GABABR2-Gal4 intensity

(Figure 6C) for four different glomeruli. In the extreme, the V

glomerulus ORNs have little or no presynaptic inhibition or

GABABR-Gal4 labeling, and blocking GABABR does not alter

the PN gain. Conversely, the ORNs projecting to DA1 have a

high level of presynaptic inhibition and GABABR-Gal4 intensity,

and blocking GABABR causes an increase of 153% in the gain

of PN response. Thus, there is a tight correlation between the

level of presynaptic inhibition in ORNs and the degree of gain

modulation in PNs, suggesting that glomerulus-specific gain
316 Neuron 59, 311–321, July 31, 2008 ª2008 Elsevier Inc.
modulation may convey important information for olfactory be-

havior.

Pheromone sensing ORNs in the DA1 and VA1lm glomeruli ex-

hibit high levels of presynaptic inhibition. We thus hypothesized

that gain control in pheromone detection is important for mating

behavior. We have adopted an established mating assay in

which we measure the latency of courtship exhibited by a single

male fly toward a virgin female in the environment with no light.

The virgin female was decapitated to prevent movement and

any communication from female to male. We used a chamber

(40 mm in diameter, 5 mm in height) with mesh screen bottom

to create a pheromone gradient for this assay (Figure 7A). We

monitored the male with time-lapse imaging at a rate of 0.2 Hz

for 30 min. Upon finding the female, the male exhibits robust

courting behavior hallmarked by wing vibration and attempted

copulations. In computer analysis, male flies are also found to

spend long durations of time in close proximity to the female

fly (Figure 7A). Within 30 min, �60% of control flies have located

the female fly (Figure 7B). In contrast, only about 30% of the male
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Figure 6. The Level of GABAB Receptors in ORNs Sets the Level of Gain Modulation for PN Response of Select Glomeruli

(A) GABABR2-RNAi (GBi) was differentially expressed in different ORN types by the Or83b-Gal4 promoter. Flies expressed GCaMP and one copy of GBi in Or83b

neurons. Two-photon imaging of ORN presynaptic calcium was used to measure the calcium response to olfactory nerve stimulation in the presence and

absence of SKF97541. The percent suppression in integrated DF/F over time is plotted as a function of the Gal4-intensity measured by the baseline GCaMP

fluorescence intensity. The Gal4 intensity for each glomerulus is normalized to the brightest glomerulus within each preparation. Each glomerulus is plotted

as a small circle, and the average within bins (0.2 intensity units in size) are plotted as large diamonds. n = 118 from five preparations (control) and 145 glomeruli

from seven preparations (GBi). (B) The percent change in PN gain (from Figure 1) is plotted as a function of the level ORN presynaptic inhibition of the same

glomeruli. (C) The percent PN gain change as a function of the GABABR2-Gal4 reporter intensity. n = 4–8 (B and C).
flies expressing GABABR2-RNAi in Or83b ORNs have located

the female. We next asked whether gain modulation in VA1lm,

a glomerulus that responds specifically to female pheromones

(van der Goes van Naters and Carlson, 2007), affects male local-

ization of the female fly. We measured courtship latency in male

flies expressing GABABR2-RNAi in only Or47b ORNs. Remark-

ably, these flies exhibit the same courtship latency as those flies

expressing GABABR2-RNAi in many ORNs (Figure 7B). We per-

formed further analysis to ask whether impaired localization is

due to a reduction in locomotor activity. During the first 5 min

of this assay, when most of the male flies have not found the

female, there is no significant difference in travel distance among

experimental groups (Figure S3). These results suggest that

reduction of olfactory gain in pheromone-sensing ORNs facili-

tates the process of mate localization.

DISCUSSION

Capturing and amplifying behaviorally relevant stimuli in early

sensory processing are critical steps for signal recognition and

discrimination. Appropriate implementation of gain control in

the first synapse plays an important role in sensory processing

(Laughlin, 1994). In this study, we investigated gain control in

the first synapse of the Drosophila olfactory system. We used

two-photon imaging to monitor activity in selective neural popu-

lations in the antennal lobe. Specific blockade of GABABRs

reveals a scalable presynaptic inhibition to suppress olfactory

response at high odor concentrations. Pharmacological and

molecular experiments suggest that GABABRs are expressed

in primary olfactory receptor neurons. Furthermore, the level of

presynaptic inhibition is different in individual glomerular mod-

ules, which is tightly linked to the level of GABABR expression.

We have begun to investigate the importance of presynaptic

GABABRs in olfactory localization and found that reduction of

GABABR expression in the presynaptic terminal of ORNs impairs

the ability of male flies in locating potential mates.
Our study revealed that expression of GABABR2 in ORNs is

necessary for presynaptic inhibition. Unexpectedly, we discov-

ered heterogeneity in the levels of presynaptic inhibition among

different glomeruli. Varying GABABR2 expression level in ORNs

with molecular manipulations is sufficient to produce predictable

alterations in presynaptic inhibition in specific glomeruli.

Together, these experiments argue that presynaptic GABABR

expression level is a determinant of glomerulus-specific olfac-

tory gains in the antennal lobe. A recent report revealed that

there is a nonlinear transformation between ORNs and PNs

that is heterogeneous between glomeruli (Bhandawat et al.,

2007). In other words, PNs innervating a given glomerulus have

a unique response range for its ORN input. Given that ORNs

are the main drivers of PN response (Olsen et al., 2007; Root

et al., 2007), it is plausible that the heterogeneity in presynaptic

inhibition contributes to the heterogeneity in ORN to PN transfor-

mations observed by Bhandawat and colleagues. Additionally,

heterogeneity in GABA release by LNs (Ng et al., 2002) could

also contribute to heterogeneity in presynaptic inhibition. It is in-

teresting to note that, when presynaptic inhibition is abolished,

heterogeneity remains in the input-output curves of PN response

to the four different odors in our experiments (Figure 1), suggest-

ing that other mechanisms, such as probability of vesicle

release, contribute to the heterogeneity as well.

Theoretical analysis of antennal lobe coding has recently sug-

gested that the nonlinear synaptic amplification in PNs observed

by Bhandawat and colleagues provides an efficient coding

mechanism for the olfactory system (Abbott and Luo, 2007).

According to this model, the optimal distribution of firing rates

across a range of odorants should be flat without clusters. Firing

rates of a given ORN in response to different odors cluster in an

uneven distribution. Conversely, PNs exhibit a more equalized

firing rate distribution than ORNs (Bhandawat et al., 2007; Wilson

et al., 2004). According to the optimum coding theory, the high

amplification of ORN to PN transformation generates a more

even distribution of PN firing rates that should facilitate odor

discrimination. However, this model of olfactory coding poses
Neuron 59, 311–321, July 31, 2008 ª2008 Elsevier Inc. 317
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Figure 7. Knockdown of GABAB Receptors Impairs Odor Object Localization

(A) A modified courtship assay was used to measure latency in odor object localization. Measurements record the location of the male fly as well as the distance

between the male and immobilized female at each time point. The coordinates and distances (mm) as a function of time (color scale) are depicted for represen-

tative control flies (columns 1 and 2) and those expressing GABABRNAi (GBi) in ORNs (column 3). Distance trances were smoothed with a Gaussian filter. (B)

Percent of males that initiate courtship behavior as a function of time. n = 53–71. Error bars show SEM. At the 30 min time point, all controls are significantly

different for those flies expressing GBi in Or47b and Or83b ORNs. p % 0.01, Z test.
a potential problem. The high gain in this synaptic amplification

reduces the dynamic range of PNs, causing a loss of information

about concentration variation that could be important for an

animal to localize odor objects. Presynaptic inhibition may pro-

vide a mechanism to expand the dynamic range of the olfactory

system. For some glomerular modules that mediate innate be-

haviors, such as avoidance of the stress odorant CO2 (Suh

et al., 2004), there is a potential tradeoff for odor sensitivity and

dynamic range. The lack of GABABR in the CO2-sensing ORNs

could be important to maintain high sensitivity.

Pheromonesplayan important role in Drosophilamatingbehav-

iors (Hall, 1994; Greenspan and Ferveur, 2000), and our results

indicate that pheromone-sensing ORNs have high levels of

GABABR, which is correlated with a high level of presynaptic inhi-

bition in these ORNs. We have found that mate localization is im-

paired in the absence of presynaptic inhibition in one pheromone-

sensing glomerulus. It is interesting to note that in addition to the

pheromone-sensing ORNs, the palpal ORNs also exhibit high

GABABR expression level. Although the behavioral role of the

palpal ORNs has not been determined, it is possible that they

are also important for odor object localization. There are two

potential mechanisms for the role of GABABR in olfactory

localization. GABABR-mediated activity-dependent suppression

of presynaptic transmission on a short timescale provides a

mechanism for dynamic range expansion. On a longer timescale,

activity-dependent suppression provides a mechanism for adap-

tation, hence a high-pass filter to allow the detection of phasic

information (McGann et al., 2005). Further experiments will be

necessary to determine which property is important for olfactory

localization.
318 Neuron 59, 311–321, July 31, 2008 ª2008 Elsevier Inc.
Intraglomerular and interglomerular presynaptic inhibition me-

diated by GABABRs have been described in the mammalian

olfactory system. Intraglomerular presynaptic inhibition was

suggested as a mechanism to control input sensitivity while

maintaining the spatial maps of glomerular activity (McGann

et al., 2005). Interglomerular presynaptic inhibition was pro-

posed as a mechanism to increase the contrast of sensory input

(Vucinić et al., 2006). A recent report revealed a similar gain con-

trol mechanism by interglomerular presynaptic inhibition in the

Drosophila olfactory system (Olsen and Wilson, 2008) where

GABABR expression in ORNs was shown to scale the gain of

PN responses. Interestingly, most if not all of the presynaptic in-

hibition was suggested to be lateral. In contrast, our study does

not seek to distinguish between intra- and interglomerular pre-

synaptic inhibition; however, we do find evidence that the

VA1lm glomerulus receives significant intraglomerular presynap-

tic inhibition (Figures 4D and 4E). Thus, despite significant differ-

ences between the insect and mammalian olfactory systems

(Hildebrand and Shepherd, 1997), the inhibitory circuit in the first

olfactory processing center appears remarkably similar.

Based on whole-cell recordings of PNs in response to ORN

stimulation, Olsen and Wilson (2008) suggest that both GABAAR

and GABABR are expressed in ORNs to mediate presynaptic

inhibition and that GABAAR signaling is a large component of

lateral presynaptic inhibition. In contrast, our study, which em-

ployed direct optical measurements of presynaptic calcium

and synaptic vesicle release, suggests that GABABRs but not

GABAARs are involved in presynaptic inhibition. To resolve these

discrepancies, further molecular experiments will be important

to determine conclusively whether ORNs express GABAAR and
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whether the receptor contributes to gain control. Furthermore,

the antennal lobe is a heterosynaptic system comprised of at

least three populations of neurons that include ORNs, LNs,

and PNs. Therefore, how these different populations of neurons

respond to GABA signaling and what contribution they make to

olfactory processing in the antennal lobe is a critical question

for future investigation.

We have demonstrated differential presynaptic gain control in

individual olfactory input channels and its contribution to the

fine-tuning of physiological and behavioral responses. Synaptic

modulation by the intensity of receptor signaling is reminiscent of

the mammalian nervous system where expression levels of

AMPA glutamate receptors play an important role in regulating

synaptic efficacy (Shi et al., 1999). Furthermore, presynaptic reg-

ulation of GABABR signaling provides a mechanism to modulate

the neural activity of individual input channels without much

interference with overall detection sensitivity because this mech-

anism of presynaptic inhibition would only alter responses to

high-intensity stimuli. In parallel, it is tempting to speculate that

global modulation of interneuron excitability should alter the

amount of GABA release across channels, thus providing a

multichannel dial of olfactory gain control that may reflect the

internal state of the animal.

EXPERIMENTAL PROCEDURES

Experimental Preparations

The following transgenic lines were used: (1) UAS-GCaMP56 (Wang et al.,

2003), (2) GH146-Gal4 (Stocker et al., 1997), (3) Or83b-LexAVP16 (Lai and

Lee, 2006), (4) LexAop-GCaMP-IRES-GCaMP, (5) Or83b-Gal4 (Wang et al.,

2003), (5) UAS-spH (Ng et al., 2002) with the transgene mobilized onto the third

chromosome, (6) Gr21a-Gal4 (Scott et al., 2001), (7) UAS-VR1E600K (Marella

et al., 2006), (8) GH298-Gal4 (Stocker et al., 1997).

Flies were raised on standard medium at 22�C–25�C. Female flies age 3–9

days after eclosion were used for experiments. Isolated brain preparations

(Wang et al., 2003) were obtained by microdissection of decapitated flies to re-

move head cuticle and connective tissues. Neural activity of the fly brain was

reduced by dissecting in chilled calcium-free AHL saline. The antenna and

brain preparation was pinned in a sylgard dish, and the olfactory nerves

were carefully severed near the base of the antenna with fine forceps. In prep-

arations for labial nerve stimulations, the nerves were similarly preserved and

carefully severed far from the brain. After dissection, the preparations were

rinsed and kept in AHL saline (108 mM NaCl, 5 mM KCL, 2 mM CaCl2,

8.2 mM MgCl2, 4 mM NaHCO3, 1 mM NaH2PO4, 5 mM trehalose, 10 mM

sucrose, 5 mM HEPES [pH 7.5, 265 mOsm]). In experiments using ChR2

stimulation, the saline also contained 50 mM retinal. Loose patch recordings

were performed as previously described (Root et al., 2007).

Picrotoxin and CGP54626 (Tocris) were dissolved as 20003 stocks in

DMSO. GABA (Sigma) was prepared fresh daily and dissolved as a 10003

stock in AHL saline. SKF97541 (Tocris) was dissolved as a 5003 stock in

100 mM NaCl. Capsaicin (Sigma) was dissolved as a 1003 stock in ethanol.

The appropriate volume (1–4 ml) was first diluted with 100 ml of AHL saline

and then added to the preparation to achieve the final concentration.

Two-Photon Imaging and Olfactory Stimulation

Calcium and synaptopHluorin imaging was performed with a custom-built

two-photon microscope as described (Wang et al., 2003). Images were cap-

tured at four frames per second with a resolution of 128 3 128 pixels. At the

end of the experiment, a high-resolution z stack of images (512 3 512 pixels)

was collected for glomerular identification. Electrical stimulation of the olfac-

tory or labial nerve was delivered with a glass suction electrode that was

made by pulling capillary glass to a fine tip, broken with forceps and then

fire polished to achieve a diameter that is about 1.53 the diameter of the nerve.
The nerve was sucked as a loop into the electrode. A Grass stimulator was

used to stimulate the nerve with pulses at 100 Hz, 1 ms in duration and 10 V

in amplitude. In odor experiments, a constant carrier airflow of 1 l/min was ap-

plied to the antennae in a pipe of 12 mm in diameter. Odor onset was controlled

by solenoid valves that mixed a defined percentage of the carrier air with air

redirected through 100 ml bottles containing 20 ml of odorant on a piece of filter

paper. Ethyl hexanoate was dissolved 1:10,000 (V/V) in mineral oil. The

concentration of odorant inside the bottle was measured to be �80 ppm for

2-phenylethanol and 300 ppb for ethyl hexanoate, using a PID calibrated to

isobutylene standard reference. cis-Vaccenyl acetate was applied by redirect-

ing a percentage of the airflow over a piece of filter paper with 1 ml of cis-vac-

cenyl acetate inside a glass pipette located about 5–10 mm from the antennae.

CO2 was applied by addition of a small amount of gas to the carrier airflow to

achieve the final percentage concentration.

Analysis of imaging data was performed using Igor Pro (Wavemetrics) and

a custom macro. Statistical analysis was done using Student’s t test in Excel,

and results were considered significant if the p value was less than 0.05. Input-

output functions were fit with y = m*log(x) + b.

GABABR2 Expression

For GABABR2, immunohistochemistry on brain cryosections and whole

mounts were performed as previously described (Enell et al., 2007). Antennal

sections were obtained by mounting live fly heads in OCT, Freezing at �20�C

on the stage of a cryostat and 12 mm thick section were cut. Slides were imme-

diately fixed with ice-cold 4% paraformaldehyde in 0.1 M NaHPO4 for 10 min.

Staining was performed using standard techniques with chick-a-GFP

(Abcam), rabbit-a-GABABR2, and nc82 (DSHB) primary antibodies at

1:1000, 1:10,000, and 1:100, respectively. In quantification of differences be-

tween control and GABABR2-RNAi flies (Figure 2B), staining intensity was nor-

malized to nc82 staining. The background intensity was first subtracted from z

projections of the antennal lobe. Then the GABABR2 intensity was normalized

to the nc82 to generate a ratio of GABABR2 to nc82 intensity.

RNA was prepared with the RNeasy kit (QIAGEN), and RT-PCR was

performed using SuperScript One-Step RT-PCR with Platinum Taq (invitrogen)

according to the manufacturer’s instructions. Sequence of primers for

RT-PCR: GABABR2-F GCCTGGGAAACTCGACATGTTTCTA; GABABR2-R

TTGCTCCAGTTCGCACACCGAGGA; RP49-F ATGACCATCCGCCCAGCA

TACA; RP49-R TGTGTATTCCGACCAGGTTAC; Rh4F TGTACTGCACACC

GTGGGTTGTCCTG; Rh4R AGCTGAAAAAGAAGATGGTGCCCACAAAC.

1.5 kb of genomic DNA upstream of the GABABR2 gene was obtained using

the following primers: R2upXbaI AAATCTAGAATAATGTCAGCCATAAGGAT;

R2 downBamHI AAAGGATCCGTTGACCGCGTGGGCTGTAAA. The genomic

DNA was inserted into pTGal4 vector via the xbaI and BamHI restriction sites.

The GABABR2-RNAi fly was made by cloning a150 bp inverted repeat of the 30

end of GABABR2 coding region with a 50 bp linker into the pUAST vector

between the EcoRI and Xba1 restriction sites. PCR using the following primers

was used to obtain the PCR fragments: GBR2 downXbaI AAATCTAGAGG

GACTCTTCTCGGTGAGGA; GBR2upEcoRI AAAGAATTCGTAAGGTCAGCC

GGAGCTCT; GBR2upXbaI AAATCTAGAGTAAGGTCAGCCGGAGCTCT; GBR2in

sideDownXbaI AAATCTAGACGCCCTCGAGCAGTTCCGTC. Transgenic flies

were generated by standard method.

Behavioral Assay

Flies were collected within a few hours of eclosion. Males and females were

housed separately in groups of 10–30 flies per vial and aged 3–5 days before

experiments. The mating chamber was a small plastic dish (40 mm diameter,

5 mm height) placed upside down on a stainless-steel mesh screen (0.178 mm

openings, Small Parts, Inc.) The mesh screen was suspended �2 cm above

water in a clear container. Flies were gently aspirated into the chamber through

a small hole that was covered with clear plastic. Experiments were done in

a lightproof box with illumination from a 660 nm LED panel. Images were

captured using a Logitech Quickcam and an acquisition script written in

Labview (National Instruments). Significance was tested using a hypothesis

test for proportions, the z test. Movies were analyzed by eye in ImageJ

and by use of the object tracker plug-in to track the position of the male

over time.
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SUPPLEMENTAL DATA

The Supplemental Data include figures, a table, and movies and can be found

with this article online at http://www.neuron.org/cgi/content/full/59/2/311/

DC1/.
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Supplementary Figure 1. The V glomerulus is devoid of GABABR2 immunoreactivity. 
Images show whole mount staining with anti-serum for GABABR2 (left), the neuropil marker nc82 
(middle), and merge (right). The V glomerulus is circled. 
 
 



 

 
Supplementary Figure 2. Capsaicin does not affect ORN presynaptic calcium in control flies. 
Two-photon calcium imaging of ORN terminals in flies bearing Or83b-LexA and LexAOp-GCaMP. 
(A) Flies expressing VR1 in GABAergic LNs via GH298-Gal4 and UAS-VR1. (B) control flies lacking 
the GH298-Gal4. Electrical stimulation of the olfactory nerve elicits a response that is suppressed with 
capsaicin in flies expressing VR1 in GH298 neurons (A) but not in control flies (B).  Electrical 
stimulation was 1 ms in duration and 10 V in amplitude, and 45 pulses at 100 Hz. n, 4. Error bars show 
SEM. *** p ≤ 0.001. 



 
 
Supplementary Figure 3.  Locomotor activity of flies during the object localization assay. 
During the object localization assay, the position of a male fly was tracked and the distance traveled 
per minute was calculated.  The graph shows distance traveled per minute in the first five minutes of 
the experiment when less than 15% of flies have located the female. There are no significant 
differences in locomotor activity between controls and flies expressing GABABR2-RNAi in ORNs. 
 
 
 
 

 
Supplementary Table 1.  P-values for pair-wise comparisons of glomerular presynaptic 
inhibition and GABABR2 intensity. 
Pair-wise comparisons between glomeruli were performed using Student’s T Test.  P-values for 
percent physiological suppression (Figure 4F) are in the shaded area of the table, and that for the 
GABABR2 intensity are in the un-shaded region.  Values less than 0.05 are colored red to mark 
significant differences. 
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