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In the mushroom bodies (MBs) of Drosophila, an analogue of the mammalian olfactory cortex, olfactory
stimuli are sparsely encoded by Kenyon cells (KCs) that exhibit a high level of odor selectivity. Sparse
coding of olfactory stimuli has significant advantages for maximizing the discrimination power and
storage capacity of MBs. The inhibitory gamma-aminobutyric acid (GABA) system is important for
regulating information processing in MBs, but its specific role in the sparse coding of odors is unclear.
In this study, we investigated the role of the GABA system in the sparse coding of odors using an
in vivo calcium imaging strategy, which allowed us to measure the activity of the KC population at single
cell resolution while the components of the GABA system were genetically manipulated. We found that
the down-regulation of GABAA but not GABAB receptors in KCs reduced the sparseness of odor represen-
tations in the MB, as shown by an increase in the population response probability and decrease in the
odor selectivity of single KCs. Furthermore, the down-regulation of GABA synthesis in a pair of large
GABAergic neurons innervating the entire MB reduced the sparseness of odor representations in KCs.
In conclusion, the sparse coding of odors in MBs is regulated by a pair of GABAergic neurons through
the GABAA receptors on KCs, thus demonstrating a specific role of the inhibitory GABA system on
information processing in the MB.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Sparse coding of sensory inputs has been observed to be a ubiq-
uitous strategy employed in the nervous system of many species
[1–3]. In these systems, only a small fraction of the neuronal pop-
ulation responds to any specific stimulus, and each neuron exhibits
a high level of selectivity toward sensory stimuli. This strategy sig-
nificantly contributes to information coding by maximizing the
storage capacity and discrimination power of neural systems [4].

Mushroom bodies (MBs) in Drosophila are a pair of brain struc-
tures that are generally regarded as the third layer in the olfactory
pathway [5]. Olfactory stimuli are sparsely encoded by the activity
of Kenyon cells (KCs), the major intrinsic neurons in MBs [6,7]. Tak-
ing advantage of the sophisticated tools for genetic manipulation
and neural activity recording in Drosophila, we used the MB as a
model system for the dissection of molecular and circuit mecha-
nisms underlying sparse coding.
Previous experiments have shown that the gamma-aminobu-
tyric acid (GABA) system is important in the regulation of informa-
tion processing in MBs [8–10]. GABA is the major inhibitory
neurotransmitter in the central nervous system of Drosophila, and
was expressed in a pair of anterior paired lateral (APL) neurons
that innervated the entire MB [11,12]. Electrophysiological studies
have shown that a pair of neurons in the locust that are analogous
to the APL neurons provides feedback inhibition to the MB [13].
However, whether and how the GABA system modulates sparse
coding in the MB is not clearly understood.

Here we addressed this problem by performing in vivo calcium
imaging on a large population of KCs while manipulating the com-
ponents of the GABA system genetically. By sampling approxi-
mately one-third of the KCs in a MB (typically more than 600 out
of �2000 total KCs), the population response pattern to odors
could be comprehensively mapped and compared between flies
of different genotypes. When the GABAA but not GABAB receptors
were down-regulated in the KCs, we observed an increase in the
response probability and decrease in odor selectivity, which
resulted in a decreased sparseness in the odor representations.
Similar results were observed when the GABA level was down-
regulated in the APL neurons. Together, these results suggested
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Fig. 1. The sparse coding of odors in the MB of Drosophila. (A) The experimental setup for the in vivo calcium imaging. (B) The KC somas sampled from an optical section under
two-photon microscopy. The red crosses and blue circles mark two groups of KCs responding to the odorants MCH and OCT, respectively. (C) The response patterns of the KCs
to MCH and OCT from the same KCs shown in (B). Four KCs with significant responses to MCH or OCT are indicated with circles. (D) Example response traces from the four KCs
marked in (C). The red vertical lines indicate the time of odor stimulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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that the sparse coding of odors in the MB was regulated by a pair of
GABAergic neurons through the GABAA receptors on KCs.

2. Materials and methods

2.1. Fly stock and rearing

The flies were reared at 25 �C and �60% humidity on a standard
medium under a 12:12 h light:dark cycle [14]. The following trans-
genic flies were used: UAS-G-CaMP3 (III) [15], OK107-GAL4 (IV)
[16], UAS-RdlRNAi8–10j (III) [10], GH146-GAL4 (II) [17], UAS-GBRRNAi

(III) (VDRC v1784) and UAS-GADRNAi (III) (VDRC v32344) [18], 247-
LexA and LexAop-G-CaMP3 (III) [19,20].

The fly genotype for Fig. 1 was UAS-G-CaMP3;OK107-GAL4. The
fly genotypes for Fig. 2 were UAS-G-CaMP3;OK107-GAL4 (control),
UAS-G-CaMP3/+;UAS-GBRRNAi/+;OK107-GAL4/+ (GBRRNAi) and UAS-
G-CaMP3/+;UAS-RdlRNAi8-10j/+;OK107-GAL4/+ (RdlRNAi). The fly
genotypes for Fig. 3 were Bl/CyO;247-LexA,LexAop-G-CaMP3/TM2
(control) and GH146-GAL4/CyO;247-LexA,LexAop-G-CaMP3/UAS-
GADRNAi (GADRNAi). The fly genotypes for Supplementary Fig. 1 were



Fig. 2. The down-regulation of RDL but not GBR reduced the sparseness of odor representations in MBs. (A) The distribution of the population response amplitudes of KCs to
odors. The colored regions around the lines indicate means ± s.e.m. (B) The mean response amplitude was higher in the RdlRNAi and GBRRNAi flies. (C) The proportion of odor
responsive KCs was higher in RdlRNAi but not GBRRNAi flies. (D) The number of odors that single KCs responded to was generally higher in RdlRNAi but not GBRRNAi flies. (E) The
angular separation between pairs of odors was lower in RdlRNAi but not GBRRNAi flies. (F–H) The angular separation between seven odors including: 1, ethyl butyrate; 2, 4-
methylcyclohexanol (MCH); 3, ethyl pentylketon; 4, ethyl acetate; 5, linalool; 6, isoamyl acetate; and 7, 3-octanol (OCT). The asterisk indicates a significant difference from
the control. The data are shown as means ± s.e.m, ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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Bl/CyO;247-LexA,LexAop-G-CaMP3/TM2 (LexAop/LexA) and UAS-G-
CaMP3;OK107-GAL4 (UAS/GAL4).

2.2. Fly preparation

Females 2–7 days old were used in the experiments. The fly was
immobilized on ice, transferred to a cold plate, and then gently in-
serted into a hole in a custom recording chamber. The position of
the fly was carefully adjusted to ensure that the dorsal part of
the head was exposed above the chamber, whereas the antenna re-
mained below the chamber for odor presentation. UV curing adhe-
sive (Loctite) was then applied around the hole and hardened by
20 s of UV irradiation to immobilize the fly in the chamber. With
the dorsal section of the head bathed in saline, a rectangular cuticle
between the eyes was removed to expose the MB. The air sacs and
fat tissues were removed with tweezers. To ensure that the brain
remained stable during imaging, the no. 16 muscles were cut to
disable the frontal pulsate organ [21]. The esophagus was also
cut and carefully removed via the neck.

2.3. Odor stimuli

In each trial, a total of seven odors were presented to the fly
sequentially. Each odor was presented for 2 s followed by an inter-
val of 40 s. The odorants used included ethyl butyrate, 4-methylcy-
clohexanol (MCH), ethyl pentylketon, ethyl acetate, linalool,



Fig. 3. The down-regulation of the GABA level in the APL neurons reduced the sparseness of odor representations in MBs. (A) The distribution of the population response
amplitudes of KCs to odors. The colored regions around the lines indicate means ± s.e.m. (B) The proportion of odor responsive KCs was higher in GADRNAi flies. (C) The number
of odors that single KCs responded to was generally higher in GADRNAi flies, which was similar to the RdlRNAi flies. (D) The angular separation between pairs of odors was lower
in the GADRNAi flies. The asterisk indicates a significant difference from the control. The data are shown as means ± s.e.m, ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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isoamyl acetate and 3-octanol (OCT). All odorants were purchased
from Sigma at the highest purity possible. The odorants were di-
luted 100-fold in mineral oil in glass bottles. The saturated vapor
from each bottle was further diluted �10-fold by mixing it with
a purified air stream.

2.4. Odor delivery

All the odor channels could be independently controlled in our
system. For each of the channels, the path of a 50 ml/min air
stream could be switched using a three-way solenoid valve be-
tween a bottle containing diluted odorant and a bottle only con-
taining mineral oil. The streams from all the channels were then
mixed together and combined with a purified air stream, which re-
sulted in a final stream of 500 ml/min. The mixed stream was pre-
sented to the fly through a 2 mm wide opening placed �1 cm from
the antenna. The sequence and timing of odor delivery were re-
corded by a computer equipped with a data acquisition card (Na-
tional Instruments, PCI-6220). The temporal accuracy of the odor
delivery system was calibrated with a photo-ionization detector
system (miniPID, Aurora Scientific Inc.).

2.5. Calcium imaging

Two photon calcium imaging was performed using a Prairie Ul-
tima IV microscope equipped with an Olympus LUMPlan FI/RI 40x/
0.8 objective and 525/70 nm emission filter. The excitation laser
was tuned to 910 nm, and the beam strength on the specimen
was adjusted to 0.3–0.6 mW. The acquired images were
256 � 256 pixels with each pixel covering 0.387 � 0.387 lm2.
The pixel dwelling time was adjusted to ensure an acquisition
speed of �3 frames per second. Three optical sections with an
interval of �7 lm were imaged for each MB, which ensured that
the same KC soma would not be sampled twice.

2.6. Image analysis

The raw images were initially aligned with the ImageJ plugin
Turboreg [22]. Image stacks with excessive movement artifacts
after registration were discarded. The images were then analyzed
with custom programs written with MATLAB.

The somas of single KCs could be easily recognized from the
images. The regions of interest (ROIs) that corresponded to single
KCs were selected based on a reference image averaged from the
entire stack. To visualize the odor responsive KCs, images acquired
during the 10 s before odor onset were averaged and subtracted
from the averaged images during the 5 s after odor onset. Based
on these images, the size and position of the ROIs were carefully
adjusted. The response traces of single KCs were then calculated
by averaging the fluorescence intensity within the corresponding
ROIs.

For an objective criterion of whether a given KC responded to an
odor, the mean F0 and the standard deviation (SD) of the response
trace during the 10 s before odor onset were calculated as mea-
sures of baseline activity. The peak fluorescence level (Fmax) during
the 5 s after odor onset must have exceeded F0 + 3 SD for the re-
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sponse to be judged as statistically significant. If a KC showed a sta-
tistically significant response to an odor, its response amplitude
was calculated as dF/F = (Fmax � F0)/F0. Otherwise, the response
amplitude (dF/F) was set to zero.

Considering the response amplitudes of all KCs to a single odor
as a vector, the difference of two odor representations could be
measured by the angle h between the two response vectors. The
angular separation of two odor representations was defined by
1 � cosh [23], which increases from 0 for identical vectors to 1
for orthogonal vectors. The average separation of 21 odor pairs
from seven odors was used as a measure of the separation of odor
representation in the MB of a fly.
3. Results and discussion

3.1. Sparse representation of odors in the MB

To investigate how odors are represented by the neural activity
of KCs, we used the UAS/GAL4 system to express a calcium-sensi-
tive fluorescent protein, G-CaMP3, in nearly all KCs of UAS-G-
CaMP3; OK107-GAL4 flies [15,16]. By imaging the fluorescence
intensity of KCs during the odor presentations in vivo, the response
patterns of KCs could be recorded at the population level (Fig. 1A).
Under our experimental settings, 600–800 KC somas could be re-
corded from a total of �2000 KCs (Fig. 1B). We found that only a
small fraction of the recorded KCs (8.4 ± 1.5%, mean ± s.e.m, n = 9
flies, seven odors tested for each fly) showed a significant response
to a single odor stimulus (Fig. 1B,C), which was consistent with
previous studies showing that odors are encoded sparsely in MBs
[7,23]. Different odors were represented by the activity of non-
identical sets of KCs, with only a few KCs responding to multiple
odors (Fig. 1B–D).
3.2. GABAA receptors regulated the sparseness of odor representation
in KCs

We first examined whether the down-regulation of GABA
receptors on KCs affected the sparse coding of odors in the MB.
In Drosophila, resistance to dieldrin (Rdl) is the best-characterized
gene that encodes a GABAA receptor highly expressed in all sub-
structures of KCs except the somas [9,10,24]. By contrast, a metab-
otropic GABAB receptor, GABAB-R2 (GBR) subunit, is highly
expressed only in the calyx region of the KCs [25]. We used an
RNA interference (RNAi) strategy to down-regulate the expression
of GABA receptors on KCs (UAS-RdlRNAi8-10j and UAS-GBRRNAi), and
the efficiency of this strategy was well documented in previous
studies [8–10]. By driving the expression of these RNAi alleles to-
gether with UAS-G-CaMP3 using OK107-GAL4, whether and how
the down-regulation of GABA receptors in KCs affected sparse cod-
ing could be examined.

We compared the population distribution of KC response ampli-
tudes (dF/F) of the GABA receptor down-regulated flies with the
control flies that only expressed UAS-G-CaMP3. We observed that
the down-regulation of RDL increased the proportion of KCs show-
ing odor responses in general, thus amplifying the distribution
without an obvious change in shape. By contrast, the down-regula-
tion of GBR increased the proportion of KCs showing larger odor re-
sponses and decreased the proportion of KCs showing smaller odor
responses, which effectively shifted the distribution rightward
(Fig. 2A). The mean KC response amplitudes of both GBR and RDL
down-regulated flies (GBRRNAi and RdlRNAi flies) were significantly
higher compared to the control flies (Fig. 2B, Student’s t-test, con-
trol flies vs. GBRRNAi flies, P = 0.0053, n = 10 flies; control flies vs.
RdlRNAi flies, P = 0.023, n = 10 flies). There was no significant differ-
ence observed between GBR and RDL down-regulated flies (Fig. 2B,
P = 0.15, n = 10 flies). These results suggested that GBR and RDL
play different roles in the modulation of odor representation in
MBs.

Two complementary and independent properties constitute a
sparse code: a low population response probability, which implies
that a small proportion of the available neuronal population re-
sponds to any particular stimulus, and a narrow tuning curve,
which implies a high response selectivity of single neurons to dif-
ferent stimuli. We therefore examined how these two properties
were affected in the GABA receptor down-regulated flies. The pop-
ulation response probability of the KCs was significantly higher in
RdlRNAi (Fig. 2C, Student’s t-test, P = 0.017, n = 10 flies) but not
GBRRNAi flies (Fig. 2C, Student’s t-test, P = 0.69, n = 10 flies). When
the response selectivity of KCs was measured by calculating the
number of odors that single KCs responded to, we observed a sig-
nificantly higher proportion of KCs that responded to multiple
odors in RdlRNAi (Fig. 2D, Student’s t-test, P < 0.05, n = 10 flies) but
not GBRRNAi flies (Fig. 2D, Student’s t-test, P > 0.05 for all data
points, n = 10 flies).

Because the sparseness of odor representation in RdlRNAi flies
was reduced compared to that of the control flies, we predicted
that the separation between the odor representations would also
be reduced. We used the angular separation as a measure of the
separation between the responses of the KC population to different
odors (see Materials and methods for details). The angular separa-
tion was significantly reduced in the RdlRNAi (Student’s t-test,
P = 0.0019, n = 10 flies) but not GBRRNAi flies (Student’s t-test,
P = 0.1, n = 10 flies) (Fig. 2E). Of the 21 odor pairs, the angular
separations of 16 pairs were reduced in the RdlRNAi flies (Student’s
t-test, one-tailed, P < 0.05, n = 10 flies), whereas the angular
separation of six pairs were significantly reduced in GBRRNAi flies
(Student’s t-test, one-tailed, P < 0.05, n = 10 flies) (Fig. 2F–H).

Therefore, the down-regulation of RDL, but not GBR, in the KCs
significantly reduced the sparseness of odor representations in
MBs, as was shown by an increase in the population response prob-
ability and decrease in odor selectivity of single KCs. Consequently,
the down-regulation of RDL reduced the odor discrimination
power in the MBs. The down-regulation of GBR also slightly de-
creased the odor separations, which was possibly because of its ef-
fect on the mean population response amplitudes of the KCs.

3.3. The down-regulation of GABA synthesis in APL neurons reduced
the sparseness of odor representation in MBs

We then examined the identity of the inhibitory GABAergic
neurons that regulate sparse coding through the GABAA receptors
on KCs. A pair of well-known GABAergic neurons, the anterior
paired lateral (APL) neurons, intensely innervate the entire MB in
Drosophila [12]. The APL neuronal analogues in the locust, the giant
GABAergic neurons (GGN), were found to provide direct feedback
inhibition to the KCs [13], which prompted us to examined the role
of the APL neurons in the regulation of sparse coding in KCs. Using
the RNAi allele UAS-GADRNAi [18], we down-regulated the expres-
sion of a crucial enzyme for GABA synthesis, the glutamatic acid
decarboxylase (GAD), in the APL neurons with GH146-GAL4.
Although the GH146-GAL4 driver labels both the projection neu-
rons in the antennal lobe and the APL neurons, only the APL neu-
rons are GABAergic [12,26], which ensured that the GABA level
was specifically down-regulated in the APL neurons. To simulta-
neously monitor the KCs activity, we used another independent
binary expression system, the LexAop/LexA system, to express G-
CaMP3 in KCs by driving the expression of LexAop-G-CaMP3 with
247-LexA [18,21,27,28]. To control for any possible difference in
the KC response recorded using different systems, we compared
the odor responses recorded with the LexAop/LexA system with
those recorded with the UAS/GAL4 system. We observed no
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significant difference in either the response probability (Student’s
t-test, P = 0.50, n = 7 flies) or selectivity (Student’s t-test, P > 0.05
at all data points, n = 7 flies) of KCs (Supplementary Fig. 1).

In the GAD down-regulated flies (GADRNAi flies), the distribution
of the population response amplitude of KCs showed that the
down-regulation of the GABA level in the APL neurons increased
the proportion of all response amplitudes (Fig. 3A). The proportion
of KCs responding to odors significantly increased (Fig. 3B, Stu-
dent’s t-test, P = 0.0036, n = 7 flies), and the response selectivity
of KCs was significantly lower (Fig. 3C, Student’s t-test, P < 0.05
at all data points on the curve, n = 7 flies) with a similar effect as
that of the RDL down-regulation in KCs. Consistently, the separa-
tion of odor representations were also significantly lower com-
pared to those of the control flies (Fig. 3D, Student’s t-test,
P = 0.0099, n = 7 flies). Together, these results suggested that the
APL neurons regulated sparse coding in the MB through the GABAA

receptor RDL.

4. Discussion

In this study, we investigated whether and how the GABA sys-
tem regulates the sparse coding of odors in the MB. We observed
that the down-regulation of the GABAA receptor RDL in KCs in-
creased the population response probability and decreased the
odor selectivity of KCs, thus resulting in a reduced sparseness of
odor representations. Furthermore, the down-regulation of the
GABA level in a pair of GABAergic neurons innervating the entire
MB produced similar effects, which suggested that these neurons
regulate the sparse coding in MBs through the GABAA receptors
in KCs.

Because the APL neurons are believed to provide direct feedback
inhibition to the KCs [14,17], down-regulation of GABAA receptors
in KCs or the GABA level in the APL neurons should reduce the level
of feedback inhibition. Our results suggest that an optimal level of
feedback inhibition is essential for the maintenance of odor repre-
sentation sparseness in the MB. A lower level of feedback inhibi-
tion might reduce the amount of excitation required to exceed
the firing threshold in KCs, which would result in an increased pop-
ulation response probability and decreased odor selectivity in KCs.
One advantage of using feedback inhibition to regulate sparse cod-
ing is that its strength is proportional to the strength of the total
excitatory inputs, thus resulting in a balanced state that may
help to maintain sparse coding over a wide range of input
strengths. Therefore, our study revealed a specific role of feedback
inhibition from the GABA system in the regulation of sparse coding
in the MB.
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