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ABSTRACT
Inhibitory synaptic connections mediated by ␥-aminobutyric
acid (GABA) play important roles in the neural computation of
the brain. To obtain a detailed overview of the neural connections mediated by GABA signals, we analyzed the distribution
of the cells that produce and receive GABA in the Drosophila
adult brain. Relatively small numbers of the cells, which form
clusters in several areas of the brain, express the GABA synthesis enzyme Gad1. On the other hand, many cells scattered
across the brain express ionotropic GABAA receptor subunits
(Lcch3 and Rdl) and metabotropic GABAB receptor subtypes
(GABA-B-R1, -2, and -3). To analyze the expression of these
genes in distinct identiﬁed cell types, we focused on the antennal lobe, where GABAergic neurons play important roles in
odor coding. By combining ﬂuorescent in situ hybridization

and immunolabeling against GFP expressed with cell-typespeciﬁc GAL4 driver strains, we quantiﬁed the percentage of
the cells that produce or receive GABA for each cell type.
GABA was synthesized in the middle antennocerebral tract
(mACT) projection neurons and two types of local neurons.
Among them, mACT neurons had few presynaptic sites in the
antennal lobe, making the local neurons essentially the sole
provider of GABA signals there. On the other hand, not only
these local neurons but also all types of projection neurons
expressed both ionotropic and metabotropic GABA receptors.
Thus, even though inhibitory signals are released from only a
few, speciﬁc types of local neurons, the signals are read by
most of the neurons in the antennal lobe neural circuitry. J.
Comp. Neurol. 514:74 –91, 2009.
© 2009 Wiley-Liss, Inc.
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Inhibitory synaptic connections play important roles in neural computation in the brain. Both in vertebrates and in invertebrates, ␥-aminobutyric acid (GABA) is the major neurotransmitter for inhibitory synapses. For insects, GABA is reported
to be important for general locomotion control (Leal and
Neckameyer, 2002; Dimitrijevic et al., 2005), olfactory learning
(Liu et al., 2007), sleep control (Petri et al., 2002; Agosto et al.,
2008), circadian clock (Hamasaka et al., 2005), and response
to alcohol (Dzitoyeva et al., 2003).
The role of GABA-mediated signals has been investigated
extensively in the olfactory system. The insect antennal lobe, like
the vertebrate olfactory bulb, consists of three major types of
neurons: axon terminals of the olfactory receptor neurons
(ORNs), local interneurons (LNs), and projection neurons (PNs)
that innervate the second-order olfactory centers (Stocker et al,
1990; Stocker, 1994; Strausfeld and Hildebrand, 1999). Among
them, LNs are known to show GABA immunoreactivity in many
insect species, such as locust (Seidel and Bicker, 1997; Bazhenov et al., 2001a), sphinx moth (Hoskins et al., 1986), silkworm
moth (Iwano and Kanzaki, 2005; Seki and Kanzaki, 2008), honeybee (Bicker, 1999), cockroach (Distler, 1990; Distler and
Böckh, 1997), and larval (Python and Stocker, 2002) and adult
(Ng et al., 2002; Enell et al., 2007) Drosophila.

© 2009 Wiley-Liss, Inc.

In many insect species, electrophysiology and optical recording show an odor-speciﬁc spatiotemporal activity pattern
of AL glomeruli (Joerges et al., 1997; Bazhenov et al., 2001a,b,
Galizia and Menzel, 2001; Sachse and Galizia, 2002; Ng et al.,
2002; Wang et al., 2003). Application of picrotoxin, an antagonist of GABAA receptors described below, abolishes this
spatiotemporal pattern of active glomeruli in the AL (Sachse
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and Galizia, 2002), diminishes oscillations of local ﬁeld potential in the mushroom body (MB) calyx (MacLeod and Laurent,
1996; Stopfer et al., 1997), and impairs odor discrimination
(Stopfer et al., 1997). Computer simulation showed that inhibitory connections between LNs and PNs are responsible for
such patterning (Bazhenov et al., 2001b, 2005; Christensen et
al., 2001; Martinez, 2005).
Two types of GABA receptors are known that detect GABA
signals. Ionotropic GABA receptors, also called GABAA receptors, are coupled directly with chloride channels. Rdl (for
resistant to dieldrin; Ffrench-Constant, 1993; FfrenchConstant et al., 1993) and Lcch3 (for ligand-gated chloride
channel homolog 3; Henderson et al., 1994; Aronstein et al.,
1996) are known Drosophila GABA receptors that belong to
this category. Metabotropic receptors, also called GABAB receptors, are G-protein-coupled receptors that indirectly open
channels. They tend to show slower and longer lasting responses than the ionotropic ones. Analysis with antagonists
of GABAA and GABAB receptor functions showed that GABAA
receptors mediate the early phase of PN responses to odor,
whereas GABAB receptors are responsible for the odorevoked inhibition on longer time scales (Wilson and Laurent,
2005). Three GABAB receptors (GABA-B-R1, -2, and -3) are
known in Drosophila (Mezler et al., 2001). Antibodies against
these proteins have been raised and used successfully to
analyze the distribution of the cells that express GABA receptors (Aronstein and Ffrench-Constant, 1995; Aronstein et al.,
1996; Harrison et al., 1996; Enell et al., 2007). These antibodies, however, tend to label areas of postsynaptic sites, making
it difﬁcult to distinguish the distribution of the labeled cells
and their precise cell types. The genome-wide sequencing
project of Drosophila (Myers et al., 2000) produced information about all the candidate genes in its genome. cDNAs of
many genes are available as expressed sequence tag (EST)
clones, making it easy to generate probes of in situ mRNA
hybridization for a wide variety of genes, even if speciﬁc
antibodies are not available. Moreover, unlike antibody staining, in situ hybridization can always label the cell bodies that
express the gene regardless of the intracellular localization of
the resulting proteins. We therefore labeled the cells that
express GABA-related genes by using in situ mRNA hybridization and compared their distribution with various categories of AL neurons labeled with cell-type-speciﬁc GAL4 expression driver strains.

MATERIALS AND METHODS
Experimental animals
The Drosophila melanogaster ﬂies were raised on a 25°C/
12L:12D light-dark cycle with standard yeast/cornmeal/agar
medium. Female ﬂies aged between 5 and 10 days after eclosion were examined in all experiments. The MZ and NP series
GAL4 enhancer-trap strains, made by G.M. Technau’s group
(Ito et al., 1995) and by the NP consortium (Yoshihara and Ito,
2000; Hayashi et al., 2002), were screened to obtain cell-typespeciﬁc labeling in the AL. The Gad1-Gal4 strain (Ng et al.,
2002) was used for driving expression in the candidate
GABAergic cells. GAL4-expressing cells were visualized with
either the cytoplasmic UAS-GFP S65T (T2) strain (a gift from
Barry Dickson) or membrane targeted UAS-mCD8::GFP (Lee
and Luo, 1999).
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A ﬂy strain carrying both UAS-neuronal synaptobrevin::GFP
(n-syb::GFP; Ito et al., 1998; Estes et al., 2000) and UASDsRed S197Y (Verkhusha et al., 2001) was used for labeling
the presynaptic sites and cytoplasm simultaneously. Flies carrying the transgenes Hs-ﬂp and UAS > CD2, y > CD8::GFP
(Wong et al., 2002) were used in the FLP-out analysis to
generate samples visualizing single LNs (see Figs. 7, 8). Labeled LNs were observed in the samples even when we gave
no heat shock during development, probably because of the
leaky expression of Hs-ﬂp that has been observed previously
(Ito et al., 1997a; Wong et al., 2002: Kamikouchi et al., 2006).

Immunohistochemistry
For immunohistochemistry, ﬂies were anesthetized with
carbon dioxide, and the brains were dissected in phosphatebuffered saline (PBS; 0.01 M phosphate buffer, 0.0027 M
potassium chloride, and 0.137 M sodium chloride, pH 7.4) and
immediately ﬁxed with 4% paraformaldehyde (Sigma, St.
Louis, MO) or 4% formaldehyde (Polyscience, Warrington, PA)
in PBS for 50 –70 minutes at room temperature (RT). The
samples were rinsed in PBS-TX (0.3% Triton X-100 in PBS)
three times for 15 minutes, followed by incubation with a
blocking solution (BS) containing 10% normal goat serum
(NGS) in PBS-TX for 60 minutes. After blocking, samples were
incubated with primary antibodies in BS overnight at 4°C,
rinsed with PBS-TX three times for 10 –15 minutes, and incubated with the secondary antibodies in BS overnight at 4°C.
They were rinsed twice with PBS-TX and once with PBS, and
cleared with 50% glycerol (Merck) in PBS before being
mounted on slide glass.
As the primary antibody, we used mouse monoclonal antiGFP antibody (Roche Diagnostics, Darmstadt, Germany;
11814460001, diluted at 1:300) for labeling cells expressing
GFP, rat anti-mouse CD8 ␣-subunit antibody (Caltag, La Jolla,
CA; RM2200, diluted at 1:100) for labeling cells expressing
mCD8::GFP, and mouse monoclonal antibody nc82 (a gift
from E. Buchner and A. Hofbauer, diluted at 1:20) to visualize
AL neuropiles (Laissue et al., 1999). Signal of nsyb::GFP were
detected without antibodies.
The anti-GFP antibody was raised against the wild-type
GFP isolated from Aequorea victoria. Anti-mouse CD8
␣-subunit antibody is an IgG produced against the ␣ chain of
CD8, which is expressed by the majority of thymocytes and by
the MHC class I-restricted subset of mature T cells (Tomonari
and Spencer, 1990). The nc82 antibody is an IgG produced by
a hybridoma clone from a large library generated against
Drosophila heads (Hofbauer, 1991). The antibody recognizes
the ubiquitously expressed active zone protein Bruchpilot,
which forms protein bands of 190 and 170 kDa in the Western
blots of homogenized Drosophila heads (Wagh et al., 2006).
The immunoreactive signal disappears in the tissue as well as
in the Western blots if the bruchpilot gene is knocked down,
and an additional band is detected speciﬁcally if GFP-tagged
Bruchpilot is expressed in a pan-neuronal manner (Wagh et
al., 2006; Kittel et al. 2006).
For secondary antibodies, we used FITC- or Cy3conjugated goat anti-mouse or rat Ig-G (Jackson Immunoresearch, West Grove, PA; 112-095-102, 115-165-166, 1:200) or
Alexa Fluor 488-, 546-, or 647-conjugated goat anti-rabbit
Ig-G (Invitrogen, Carlsbad, CA; A11034, A11010, A21245,
1:2,000). No labeling was seen when FITC- or Cy3-conjugated
Ig-G or Alexa Fluor 488/546/647-conjugated Ig-G was applied
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without primary antibodies. No signals were detected, either,
when anti-GFP or anti-mouse CD8 antibody was applied as
the primary antibody for ﬂy brains without GAL4 drivers.

Synthesis of DIG-labeled DNA probe
We utilized EST clones provided by the Berkeley Drosophila
Genome Project for synthesizing DNA probes for in situ mRNA
hybridization. The following clones were used: GH27947,
20th–2795th bases of Gad1-RA (Flybase RefSeq ID:
NM_079190); GH16215, 86 –2095 of black-RA (NM_057440);
GH08705, 1–2710 of Lcch3-RA (NM_167475); GH09619,
1–2528 of Rdl-RA (NM_079267); GH07312, 7–3976 of GABAB-R2-RB (NM_079714); and AT01074, 1– 4181 of GABA-BR3-RB (NM_164387). The sequence data are available from
the National Center for Biotechnology Information database
(http://www.ncbi.nlm.nih.gov/entrez/).
Because of the lack of GABA-B-R1 clone in our EST collection, we extracted whole RNA from the head of the ﬂies (with
cuticles), and a 1.6-kb fragment of cDNA was ampliﬁed by
RT-PCR with primers GAAGGACATCTGACAACG and GCTGATGAGTTGATGAGG and cloned into pCR2.1 plasmid. The
obtained fragment corresponds to the 1105th–2711st bases
of GABA-B-R1-RA (NM_078845).
Plasmids containing the above-mentioned cDNA fragments
were puriﬁed and digested with proper restriction enzymes to
linearize and separate the plasmid vector and the 5ⴕ end of the
inserted cDNA, which was used as the template for PCR to
synthesize antisense DNA probes from its 3ⴕ end. All DNA
probes were labeled with digoxigenin (DIG) from the DIG DNA
Labeling Mix (Roche Diagnostics; 11277065910). Tubes containing 2.5 l of 10ⴛ Taq buffer, 2.5 l of DIG labeling mixture
(Roche), 5 l of 5 pmol/l primer DNA (PM001 for Gad1, black,
Lcch3, Rdl, and GABA-B-R2, M13 reverse for GABA-B-R1,
and T7 for GABA-B-R3), 11 l DW, 2 l of 0.625 U/l Taq
polymerase (Roche), and 2 l of 100 –200 ng/l template DNA
were incubated at 95°C for 5 minutes before PCR (28 cycles at
95°C for 1 minute, at 55°C for 45 seconds, and at 72°C for 4
minutes). PCR products were puriﬁed by phenol extraction
and ethanol precipitation and then dissolved in 300 l of
Hybri-Buffer (HB; 50% formamide, 5ⴛ SSC, 0.1% Tween 20,
100 g/ml salmon sperm DNA, 50 g/ml heparin). Finally,
DIG-labeled DNA probes were incubated at 95°C for 90 minutes to denature them and shorten their lengths.

In situ mRNA hybridization
We used two types of visualization techniques for in situ
mRNA hybridization. For brightﬁeld microscopy, we used alkaline phosphatase and BCIP/NBT (5-bromo-4 chloro-3
indolylphosphate/4-nitro blue tetrazolium chloride). For double labeling with antibodies, we used ﬂuorescent in situ hybridization with the tyramide signal ampliﬁcation (TSA) biotin
indirect system (Perkin Elmer, Boston, MA).
In both cases, dissected brains were ﬁxed with 4% paraformaldehyde (Sigma) in PBS for 50 –70 minutes at RT, rinsed
in PBS-TW (0.1% Tween 20 in PBS) three times for 15 minutes,
and then rinsed in PBS for 10 minutes. To inactivate endogenous peroxidase, the brains were incubated with 0.3% hydrogen peroxide in methanol for 10 minutes at RT and then
rinsed in PBS-TW four times for 5 minutes. They were incubated with 20 g/ml proteinase K in PBS-TW at 37°C for 4
minutes to facilitate the immersion of DIG-labeled DNA probe.
After stopping the reaction with 2 mg/ml glycine in PBS-TW

for 2 minutes and with PBS-TW twice for 5 minutes, the
tissues were postﬁxed in 4% paraformaldehyde in PBS for 20
minutes at RT and rinsed with PBS-TW ﬁve times for 5 minutes. They were then incubated in 50% Hybri Wash Buffer
(HWB; 50% formamide, 5ⴛ SSC, 0.1% Tween 20) in PBS-TW
for 10 minutes and then in 100% HWB for 10 minutes.
Before hybridization, the samples were prehybridized in HB
for 60 minutes at 45°C. Hybridization was performed with HB
containing DIG-labeled DNA probe for 16 –24 hr (16 hr in most
cases) at 45°C, followed by the rinse with a graded series of
HWB (100%, 80%, 60%, 40%, 20% HWB in PBS-TW), each for
20 minutes at 45°C, with PBS-TW for 20 minutes at 45°C, and
then with PBS-TW at RT.
For visualization with BCIP/NBT by brightﬁeld microscopy,
hybridized probes were detected with the DIG Nucleic Acid
Detection Kit (Roche Diagnostics; 11175041910). After blocking with 0.2% Triton X-100 in PBS with 0.1% BSA, tissues
were incubated with AP-conjugated anti-DIG antibody (Roche
Diagnostics; 11093274910, diluted at 1:2,000 in the blocking
solution) overnight at 4°C, followed by the rinse with PBS-TW
four times for 20 minutes and with the staining buffer (100 mM
NaCl, 50 mM MgCl2, 100 mM Tris-HCl, pH 9.5, and 0.1%
Tween 20) three times for 5 minutes. Signals were visualized
with BCIP/NBT in staining buffer (diluted at 1:50). The reaction
was terminated by the rinse with PBS-TW and then with PBS.
Samples were then cleared with 50% glycerol in PBS before
mounted on the slide glass.

Fluorescent in situ hybridization with
antibody labeling
For ﬂuorescent in situ hybridization, brains after hybridization and rinsing were incubated for blocking with BS twice for
20 minutes and then with antidigoxigenin-POD antibody
(Roche Diagnostics; 11633716001, diluted at 1:250) in BS
(0.1% BSA, 0.2% Triton X-100 in PBS) overnight at 4°C, followed by rinses with PBS-CH (0.25% CHAPS in PBS) twice for
20 minutes, with TNC (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl,
0.25% CHAPS) for 20 minutes, and with DW for 10 minutes.
The signal of the antidigoxigenin-POD antibodies was then
ampliﬁed with the TSA biotin indirect system according to the
manual in the kit (Perkin Elmer; NEL700A001KT). Tissues were
incubated with biotinyl tyramide (diluted at 1:50) in ampliﬁcation diluent for 20 minutes, rinsed in TNC twice for 15 minutes
and in TNB (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.5% BSA) for
10 minutes, followed by incubation with streptavidinconjugated FITC or Alexa 488 (Invitrogen; SA100-02, S-32354,
diluted at 1:300) in TNB for at least 3 hr. The brains were then
rinsed twice in TNC for 15 minutes each and three times in
PBS-TX for 10 minutes.
After the hybridization procedure, the samples were subjected to antibody labeling to detect the GFP signal. They
were ﬁrst incubated with 1.5% horse serum in PBS-TX for 60
minutes at RT and then with mouse anti-GFP antibody (Roche;
diluted at 1:300) in PBS-TX with 1.5% horse serum overnight
at 4°C. After being rinsed with PBS-TX three times for 10
minutes, the tissues were incubated with Cy3-conjugated
anti-mouse IgG (Jackson; 115-165-146, diluted at 1:300) in
1.5% horse serum in PBS-TX overnight at 4°C, then rinsed
with PBS-TX twice for 10 minutes and with PBS for 10 minutes
and cleared with 50% glycerol in PBS before mounting on a
slide glass.
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Microscopy
Nonﬂuorescent samples were recorded with an AxioCam
digital camera (Zeiss) attached to a compound microscope
(Leica) with ⴛ40 or ⴛ100 oil-immersion Apochromat objectives (n.a. 1.3) with Nomarski optics. Fluorescent samples
were observed with a Zeiss LSM 510 confocal microscope
equipped with a water-immersion ⴛ40 C-Apochromat objective (n.a. 1.2). Coronal views of the brains were used mainly.
For counting the number of the labeled cells, we examined at
least three individuals.
For analyzing the distribution of presynaptic sites (see Fig.
6), anterohorizontal oblique optical sections were used in
order to observe the AL, the MB calyx, and the lateral horn in
the same section. At least three samples were compared for
each case.
Confocal image series were subjected to three-dimensional
(3D) reconstruction in Imaris 2.7 (BitPlane) running on the
Silicon Graphics Octane 2 workstation or Image Browser
(Zeiss) on a Windows computer. The contrast, size, and resolution of the resulting images were adjusted in Photoshop
CS3 (Adobe).

Cell count of the positive cells
Because the intensity of the hybridization signals was rather
different between Gad1 and other probes, we used different
criteria to identify the labeled cells. First, in case of Gad1,
where intensive signals were observed in the entire cytosol
and the intense ﬂuorescence tended to “spill over” to the
surrounding cells, only cells in which hybridization signals
occupied the entire area of the cell body that was visualized
with the GAL4-driven GFP signal were counted. Cells in which
only a part of the cell bodies was labeled with the hybridization signals are likely to be false positives because of the
spilled-over signal. In the case of the receptor genes (Lcch3,
Rdl, and GABA-B-R2), where hybridization signals often form
small dots scattered in the cytosol, all the cell bodies with
more than one labeled dot or with a dot of very strong signal
were regarded as positive cells. Three independent samples
for each combination of hybridization probe and GAL4 strain
were subjected to the analysis (three horizontal bars in Fig. 5).

RESULTS
Distribution of the cells that express GABA
synthetic enzyme and receptors
We ﬁrst analyzed the distribution of the cells that produce
GABA by in situ hybridization with probes against Gad1,
which encodes the GABA synthetic enzyme glutamic acid
decarboxylase 1. Consistently with previous reports (Ng et al.,
2002; Enell et al., 2007), the cells expressing Gad1 were relatively few and formed several clusters in the rind (cortex)
around the neuropiles (Figs. 1A,B, 2A,B). They were distributed in the lateral area of the rind around the AL (1 in Figs.
1A,B, 2A,B); near the midline dorsomedial to the AL (2); in the
area ventral to the AL (3); in the areas lateral and ventral to the
suboesophageal ganglion (SOG; 4 and 14, among which cluster 4 appears rather contiguous with cluster 3); in the ventral
lateral area of the ventrolateral protocerebrum (5); in the dorsal area of the lateral cell body region (6); in anterior (7, shown
only in Fig. 2A), ventral (8), medial (9), and lateral (10) clusters
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of cell bodies around the medulla of the optic lobe; in a cluster
of large cells behind the lobula plate of the optic lobe (11),
which are likely to contain the horizontal and vertical system
cells (HS, VS; Raghu et al., 2007); in the lateral area of the
superior and inferior posterior slope (12); and in the area
behind the protocerebral bridge of the central complex (13).
Gad1 in situ hybridization and mCD8::GFP expression driven
by the Gad1-GAL4 driver strain (Ng et al., 2002) showed essentially consistent distribution of the labeled cell bodies (Fig.
2A–D).
In addition to Gad1, we analyzed the expression pattern of
the black (b) gene, which also encodes a glutamic acid decarboxylase and is therefore called Gad2 in some cases.
Unlike Gad1 expression, the expression of b/Gad2 was detected preferentially in the lamina (Fig. 1M). Even a very long
staining reaction yielded only faint signals in other areas of the
brain (Fig. 1N). Compared with the strong expression level of
Gad1, it is therefore likely that b/Gad2 should play a nominal
role in most of the brain areas other than the lamina. We
therefore concentrated on Gad1 for further analysis of GABA
synthetic enzymes.
On the other hand, transcripts of the genes for ionotropic
receptors (GABAA receptors including Lcch3 and Rdl) and
metabotropic receptors (GABA-B-R subunits) were both distributed widely in the entire area of the brain (Fig. 1C–L). Unlike
the case for Gad1, no speciﬁc clusters were observed for the
cells that express these receptors. These ﬁndings suggest
that there are many more neurons that receive GABA signal
than cells that release GABA.
Lcch3 proteins have been observed in the cell bodies surrounding the optic lobe and the supraoesophageal ganglion
(Aronstein et al., 1996), whereas Rdl immunoreactivity was
found in all the major neuropils of the brain, including the AL,
MB, central complex, ventrolateral protocerebrum, optic lobe,
and SOG (Aronstein and Ffrench-Constant, 1995; Harrison et
al., 1996; Enell et al., 2007). Our in situ hybridization analysis
showed that Rdl-expressing and Lcch3-expressing cells were
distributed very widely in the brain, with no signiﬁcant difference between their expression patterns (Fig. 1C–F). The
mRNA distributions of all three Drosophila GABAB subunit
genes have been analyzed in the embryonic central nervous
system, where GABA-B-R1 and GABA-B-R2 are expressed in
similar regions, whereas GABA-B-R3 shows a unique expression pattern (Mezler et al., 2001). We found that all three genes
were expressed in overlapping areas of the adult brain, although GABA-B-R3 showed a slightly different pattern (compare Fig. 1G–J and K,L). There were slight differences between expression patterns of the ionotropic and metabotropic
receptors. For example, the cells around the MB calyx (ca)
express Rdl more widely than GABA-B-R1 (compare Fig. 1F
and H).
The fact that the expression patterns of the ﬁve receptor
genes were mostly overlapping raises the possibility that
many cells in the brain express different receptor genes redundantly. Because we found three Gad1-expressing cell
clusters near the AL (clusters 1–3 in Figs. 1A, 2A), the neuropil
should be associated with many GABAergic neurons. To analyze the distribution of the cells that are likely to release and
receive GABA signals in more detail, we decided to concentrate on the AL neuropil for further analysis.
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Figure 1.
Distribution of the cells that express GABA-related genes. GABA synthetic enzyme Gad1 (A,B); ionotropic GABAA receptors Lcch3 (C,D) and Rdl
(E,F); metabotropic GABAB receptors GABA-B-R1 (G,H), GABA-B-R2 (I,J), and GABA-B-R3 (K,L); and another GABA synthetic enzyme Gad2
(M,N). Montage of several Nomarski optical sections. Two images for each labeling show the anterior and posterior views of the brain. For Gad2,
the second image (N) shows the anterior view with an extended reaction time for in situ hybridization. Numbers in A,B indicate the identiﬁed cell
clusters (see text for details). AL, antennal lobe; SOG, suboesophageal ganglion; vlpr, ventrolateral protocerebrum; me, medulla; lop, lobula
plate; ca, calyx of the mushroom body; psl, posterior slope. Scale bar ⴝ 50 m.

Selection of the GAL4 driver strains that
preferentially label AL neurons
The central nervous system neurons contributing to the AL
consist of PNs and LNs. To label PNs in a cell-type-speciﬁc
manner, we selected ﬁve driver strains based on the screening data of a previous study (Tanaka et al, 2004; Table 1A).
PNs can be classiﬁed into three types—inner, middle, and
outer antennocerebral tract PNs (iACT, mACT, and oACT PNs,
respectively, also called the medial, mediolateral, and lateral
antennoprotocerebral tract PNs: mAPT, mlAPT and lAPT
PNs)—according to their trajectories from the AL to the
second-order olfactory centers (Stocker et al., 1990; Stocker,
1994). Two strains label a large portion of the iACT PNs
(GAL4-NP5288 and GAL4-NP225; Tanaka et al., 2004). In addition to the iACT PNs, NP225 labels a few mACT neurons,
and NP5288 labels a few mACT and oACT neurons (Fig. 3A,B).

GAL4-MZ19 labels a speciﬁc subset of the iACT PNs derived
from three of 50 glomeruli (DA1, DC3, and VA1d, Fig. 3C;
Tanaka et al., 2004). The mACT PNs were labeled speciﬁcally
by GAL4-MZ699 (Fig. 3D; Ito et al., 1997b). For labeling of
oACT PNs, we used the GAL4-NP509 strain (Fig. 3E). Our
extensive screening could not identify any GAL4 driver strain
that speciﬁcally labels a large number of iACT PNs without
labeling mACT or oACT PNs.
The cell bodies of the PNs form clusters around the AL. The
iACT PNs have their cell bodies in the anterodorsal and lateral
areas of the AL (Fig. 3A–C). Cell bodies of mACT PNs were
localized in the ventral area of the AL (Fig. 3D), and those of
oACT PNs were found only in the lateral area of the AL (Fig.
3E), which overlaps with the cluster of iACT PN cell bodies.
The labeled cell bodies were therefore clustered in three
groups (Table 1B). Comparison of the labeled cell numbers
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Figure 2.
Distribution of the candidate GABAergic cells visualized with in situ hybridization (A,B) and Gad1-Gal4 expression driver (C,D). Two images for
each labeling show three-dimensional reconstruction of the confocal serial sections covering the anterior and posterior halves of the brain,
respectively. (Note that confocal reconstruction provides greater depth of focus than the montage of Nomarski optical sections.) Numbers in
ﬁgures indicate the identiﬁed cell clusters (see text for details). Abbreviations as in Figure. 1. Scale bar ⴝ 50 m.

TABLE 1. Number of Labeled Cells Around the Antennal Lobe (Min, Max,
and Median)
A

Total labeled cells

iACT PNs

mACT PNs

oACT PNs

N

85–95 (91)
63–84 (72.5)
12–18 (14)
30–52 (38.5)
10–17 (13)

ⴙ
ⴙ
ⴙ
–
–

ⴙ
ⴙ
–
ⴙ
–

ⴙ
–
–
–
ⴙ

12
12
12
12
12

NP5288
NP225
MZ19
MZ699
NP509

B
NP5288 (i, m, oACT)
NP225 (i, mACT)
MZ19 (iACT)
MZ699 (mACT)
NP509 (oACT)

C
LN1 (NP1227)
LN2 (NP2426)
LN2L
LN2V
LN1 ⴙ LN2

Anterodorsal cluster Lateral cluster Ventral cluster N
38–52 (45)
30–46 (35.5)
–
–
–

33–42 (37)
25–36 (29.5)
12–18 (14)
–
10–17 (13)

6–12 (8)
2–19 (5.5)
–
30–52 (38.5)
–

12
12
12
12
12

Local neuron

N

15–22 (18)
31–48 (40)
28–44 (37)
1–4 (3)
50–60 (54)

12
12
12
12
5

and the intensity of the signals in each labeled ACT pathways
suggest the following: 1) Cells in the anterodorsal clusters are
all likely to be iACT neurons. 2) Cells in the lateral cluster
would be a mixture of iACT and oACT neurons. A few labeled

cells in this cluster in NP5288 should therefore be the oACT
neurons. 3) Cells in the ventral cluster should be exclusively
mACT neurons. Note that all the ﬁve strains label some neurons and glial cells in areas of the brain other than the AL.
Because there were few GAL4 driver strains that label speciﬁc subtypes of LNs, we screened 3,939 GAL4 enhancer-trap
strains and identiﬁed two lines that preferentially label different types of unilateral LNs. The GAL4-LN1 (ⴝNP1227) strain
labels local neurons that arborize only in the core area of the
AL glomeruli (Fig. 3F). We tentatively named these neurons
AL-LN1 cells (antennal lobe local neuron 1). The AL-LN2 cells
labeled with the GAL4-LN2 (ⴝNP2426) line, on the other hand,
arborize both in the core and in the peripheral areas of the
glomeruli (Fig. 3G). Because of this difference, threedimensional reconstruction of the labeled cells visualizes the
contour of the AL glomerular structure only in case of LN2
(compare Fig. 3F and G). The AL-LN2 cells were more abundant than AL-LN1 (31– 48 vs. 15–22 cells). Whereas the LN1
cell bodies are all clustered in the dorsolateral area of the AL,
the AL-LN2 cells are clustered in two areas that are dorsolateral and ventral to the AL. We distinguish the cells in the two
clusters as AL-LN2L and LN2V cells (Fig. 3G). It is also worth
noting that very long exposure of the reporter GFP signal
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Figure 3.
GAL4 driver strains with preferential expression in distinct cell types. Reconstruction of confocal optical sections, anterior view. Strain names
are indicated at bottom right in each panel. A: The projection neurons (PNs) of inner, middle, and outer antennocerebral tracts (iACT, mACT, and
oACT) innervating the calyx and the lateral horn (LH). B: PNs of iACT and mACT, whose cell bodies (CB) are distributed in the anterodorsal (ad),
lateral (l), and ventral (v) clusters. C: Speciﬁc subset of iACT PNs. D: The mACT PNs. Neurons connecting the vlpr and the LH are also labeled.
E: Neurons of the oACT PNs. F: Local neurons LN1, which arborize only in the core regions of the glomeruli. G: Local neurons LN2, which
arborize in both core and periphery of the glomeruli. H: Long exposure of LN2 to detect faint expression. In addition to the cells in the lateral
cluster (AL-LN2L), a few cells in the ventral cluster are labeled (AL-LN2V). I: Combination of LN1 and LN2 population. Signals in A–E were
detected with anti-mCD8 antibodies, whereas those in F–H were visualized with anti-GFP antibodies. Scale bar ⴝ 50 m.

revealed that the GAL4-LN2 line also labeled cells weakly in
the optic lobe and in the area more dorsal to the cluster of the
LN2V cells (Fig. 3H). Expression of the GAL4-LN1 strain is
more speciﬁc to the LN1 neurons, in that even long exposure

did not show such a level of weak expression (data not
shown).
The cell bodies of the LN1 and LN2L cells were clustered in
the dorsolateral area of the AL, between anterodorsal and
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Figure 4.
Double labeling of ﬂuorescent in situ hybridization of Gad1 (A–G), Lcch3 (H), Rdl (I), and GABA-B-R2 (J) mRNA and GAL4-driven GFP expression.
Confocal single optical section (anterior view). GFP expression with cell type-speciﬁc GAL4 drivers visualized using anti-GFP antibodies (green)
and signals of ﬂuorescent in situ hybridization (purple) are merged. Scale bar ⴝ 50 m.

lateral clusters of the iACT PNs. Occasionally, positions of
some cells are shifted medially or ventrally. To analyze
whether LN1 and LN2L are indeed different populations of the
LNs, we crossed the two GAL4 driver lines and counted the
labeled cell numbers. Double labeling of GAL4-LN1 and LN2
strains indeed matched with the summation of the cells labeled in each strain, suggesting that there is little if any overlap between them (Fig. 3I, Table 1C).

Expression of Gad1 in each cell type of the AL
neurons
We next analyzed what kind of GABA-related genes were
expressed in each cell type by using double labeling of ﬂuorescent in situ hybridization and GFP reporter (Fig. 4). In situ hybridization against Gad1 identiﬁed three cell clusters around the AL
(Figs. 1A, 2A). Double labeling with GAL4-driven reporter signals

revealed that cluster 1 in Figures 1A and 2A, which is anterodorsal to the AL, overlaps with the lateral and dorsolateral cell body
clusters that houses the iACT PNs, oACT PNs, and LNs, whereas
cluster 3 in the ventral area overlaps with the cluster of the mACT
cell bodies. Cluster 2 in the area near the midline showed no
overlap with the AL neurons, suggesting that they are not associated with the AL circuitry. Indeed, cells in this area often send
arborizations toward the superior protocerebrum but not toward
the AL (K.I., unpublished observation). We did not analyze Gad2,
because it was expressed primarily in the optic lobe (Fig. 1M). (In
the following sections, the percentages of the positive samples
indicate the cell counts of the AL in three independent animals.)
We found that Gad1 is expressed in the majority of mACT
PNs and LNs (both AL-LN1 and LN2, Figs. 4D,F,G, 5A).
Transcripts of Gad1 were detected in 79 – 87% of the mACT

Research

in

Systems Neuroscience

82

The Journal of Comparative Neurology
R. OKADA ET AL.

Figure 5.
Proportion of the cells that express Gad1 (A), GABA-B-R2 (B), Lcch3 (C), and Rdl (D) in each subtype of the AL neurons. Data of three individuals
were shown in black, light gray, and dark gray. Number at right in each graph indicates the number of the labeled cell bodies (mean and SEM),
and each bar of the graph indicates the proportion of the cells labeled with in situ hybridization among the cells labeled with GAL4 drivers. ad,
l, and v in NP5288 and NP225 and l and v in NP2426 indicate the anterodorsal, lateral, and ventral cell clusters shown in Figure 3A,B and LN2L
and LN2V cell clusters shown in Figure 3G, respectively.

neurons labeled with MZ699 (Fig. 5A). A slightly larger percentage of LN1 expressed Gad1 than did LN2 (90 –100% vs.
88 –90%). Whereas most of the LN2L cells in the lateral cluster
expressed Gad1, few LN2V cells expressed Gad1 (90 –100%
vs. 0 –33%). Thus, the LN2 cell population consists essentially
of Gad1-expressing LN2L and Gad1-negative LN2V cells.
No oACT PNs, which are labeled with NP509, expressed
Gad1 (Figs. 4E, 5A). Gad1 was expressed in 7–12% and

6 – 8% of all the labeled cells in NP225 (labeling i- and mACT
PNs) and NP5288 (labeling i-, m-, and oACT PNs), respectively (Fig. 5A). In both strains, Gad1-expressing cells were
localized mostly in the ventral cluster (Figs. 4A,B, 5A), as
has been shown for the GABAergic cells labeled in the
GH146 strain (Jefferis et al, 2007), which labels a set of cells
similar to that labeled with NP225. Given the distribution of
the cell bodies of iACT PNs (in the anterodorsal and lateral
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clusters), oACT (in the lateral cluster), and mACT (in the
ventral cluster), the Gad1-expressing cells labeled in NP225
and NP5288 are likely to be mACT PNs. These results
suggest that most of the mACT PNs and LNs express Gad1,
whereas few if any iACT and oACT PNs produce GABA.

Expression of Lcch3, Rdl, and GABA-B-R2
We next analyzed the expression pattern of the GABA receptor genes. Unlike Gad1, GABA receptor genes were expressed in a much larger proportion of all the cell types (Fig.
1C–L). To examine the population of the cells expressing
GABA receptors in each identiﬁed cell type, we quantitatively
analyzed the number of the cells labeled with three hybridization probes: Lcch3, Rdl, and GABA-B-R2 (Fig. 5B–D). Among
the ﬁve receptors that we tested initially, GABA-B-R1 and
GABA-B-R2 showed very similar expression patterns, and we
therefore tested only the latter. We also excluded GABA-B-R3
from further analysis, because expression of this gene in
Xenopus laevis oocytes could not be activated by ligands
(Mezler et al., 2001).
In the anterodorsal and lateral clusters of the cells labeled
with NP225, which should contain only iACT PNs, cells expressing GABA-B-R2, Lcch3, and Rdl made up 89 –95%, 79 –
87%, and 87–95%, respectively (Fig. 5B–D). This strongly suggests that the three receptors are often expressed
redundantly in the same cells. Neurons expressing GABA
receptor genes were fewer among mACT and oACT PNs. In
mACT, cells expressing GABA-B-R2, Lcch3, and Rdl made up
66 – 69%, 59 –78%, and 77–79%, respectively, and, in the case
of oACT, 50 – 64%, 77– 87%, and 63–71%, respectively. Thus,
only 50 – 80% of the mACT and oACT PNs express each type
of GABA receptors. On the other hand, the majority of LNs
expressed all the receptors (100%, 100%, and 94 –100%, respectively, in case of LN1 and 89 –95%, 80 –95%, and 85–
100% in case of LN2; Figs. 4H–J, 5B–D).
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conﬁrms that n-syb::GFP should be localized in synaptic terminals. In the iACT PNs labeled with NP225 and MZ19, strong
n-syb::GFP signals were observed not only in their “terminals”
in the MB calyx and LH but also in their “dendrites” in the AL
(Fig. 6A2,B2). The signal intensity was almost the same between AL and LH (Fig. 6A4,B4). The oACT PNs labeled in
NP509 showed fainter n-syb::GFP signals in the AL than in the
LH (Fig. 6D2), but, given that the signals of the cytoplasmic
DsRed was also weaker in the AL (Fig. 6D4), it is likely that
their sparse arborization in the AL also contains presynaptic
sites.
On the other hand, the mACT PNs labeled with MZ699
showed strong signal for cytoplasmic DsRed both in the AL
and in the LH, but the n-syb::GFP signals were much weaker
in the AL than in the LH (Fig. 6C2). Thus, even though most
mACT PNs are likely to be GABAergic, they release GABA
primarily in the LH and only very weakly in the AL.

Distribution of presynaptic sites in the LNs
Because Gad1-expressing mACT PNs have only a few presynaptic sites in the AL, the dominant provider of GABA signals should be the LNs. Among the two types of LNs that we
identiﬁed, LN1 has arborizations only in the core region of the
glomeruli (Figs. 3F, 7A), whereas LN2 has extensive arborization both in the core and in the peripheral regions (Figs. 3G,
7B).
To analyze whether there is any bias in the distribution of
presynaptic sites in each glomerulus, we visualized the presynaptic sites using n-syb::GFP while labeling the glomeruli
with nc82 antibody, which labels active zones of all the synapses (Hofbauer, 1991; Wagh et al., 2006). Reﬂecting their
conﬁned arborization areas, presynaptic sites of LN1 were
found only in the core region of the glomeruli (Fig. 7A2–A4).
LN2, on the other hand, had presynaptic sites that are dispersed evenly across glomeruli (Fig. 7B2–B4).

Distribution of presynaptic sites in the PNs

Arborization of single LNs

Our results showed that most of the iACT PNs and LNs and
a majority of the mACT and oACT PNs are able to detect
GABA signals. Both LN1 and LN2L cells are likely to produce
GABA, and, because they arborize only within the AL, the
transmitters should be released in this neuropil. On the other
hand, mACT PNs, many of which produce GABA, have arborizations both in the AL and in the lateral horn (LH). Is, then,
the GABA signal of the mACT PNs released also within the
AL?
To address this question, we analyzed the distribution of
putative presynaptic sites using GAL4-responsive GFP fused
with n-synaptobrevin, which targets synaptic vesicles (Fig. 6;
Ito et al., 1998; Estes et al., 2000). To compare the intensity of
GFP signals quantitatively between the so-called dendritic
area of the PNs in the AL and their “terminal” areas in the MB
calyx and LH, we took the images of oblique optical sections
that are parallel to the trajectory of the PNs (inset in Fig. 6A4)
so that the AL, MB calyx, and LH could all be recorded in a
single optical section. (With confocal microscopy, signal intensity in different optical sections cannot be compared reliably because of the different levels of signal attenuation.)
Whereas signals of the cytoplasmic DsRed visualized the
whole trajectory of the labeled PNs, signals of n-syb::GFP
appear as small dots conﬁned in the dendritic and terminal
areas and are rarely found in the axons and cell bodies. This

Both LN1 and LN2 populations were observed to send
arborizations to all the glomeruli in the AL. This, however,
does not necessarily mean that each single LN arborizes
throughout the AL. To analyze arborization of single LNs and
to determine whether there is any difference between LN1 and
LN2 in this respect, we performed single-cell analysis with the
FLP-out cell labeling technique (Wong et al., 2002; Kamikouchi et al., 2006).
When single-cell clones were generated from the population of LN1, most of them showed extensive arborization in
many glomeruli of the AL (four of the 12 observed samples are
shown in Figs. 7C, 8A–C, 9). The cells send a single neurite
from the cell body to the center of the AL, from which extensive arborizations are formed throughout the AL. We found no
LN1 population that arborized in only a few glomeruli. Similarly, many LN2L cells covered a large area of the AL. We were
able to identify eight cells of LN2L according to the sets of the
glomeruli to which they contribute (Figs. 7D–F, 8D–H, 9).
Among them, ﬁve had arborization in more than 90% of the
glomeruli (Figs. 7F, 8D–G; sample No. 1–5 in Fig. 9). With a
single neurite toward the center of the AL and extensive
arborization from there, the shapes of these LN2L cells were
rather similar to those of the LN1 population except for their
projections also in the peripheral area of the glomeruli. On the
other hand, we also found several types of LN2L cells that
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Figure 6.
Distribution of putative presynaptic sites of the PNs. Optical sections of the anterohorizontal oblique view shown in the inset in A4. A1–D1:
Morphology of the entire labeled cells visualized with cytoplasmic DsRed. A2–D2: Presynaptic sites visualized with the synaptic vesicle-targeted
n-syb::GFP. A3–D3: Merged image of the two signals. To decrease the local ﬂuctuation of signals, 5 ⴛ 5 smoothing ﬁlters were applied. A4 –D4:
Intensity proﬁle of the signals along the red lines indicated in the third panels. Purple and green lines represent the normalized signals of DsRed
and n-syb::GFP, respectively. Scale bar ⴝ 50 m.

The Journal of Comparative Neurology

Figure 7.
Distribution of putative presynaptic sites of the LNs. Three-dimensional reconstruction (A1,B1, anterior view) and single confocal optical
sections (A2–A4 and B2–B4). A: LN1. Morphology of the entire cell population (A1) and distribution of the presynaptic sites visualized with
n-syb::GFP in the anterior, middle, and posterior regions of the AL (A2–A4). Neuropils of the AL glomeruli were visualized with nc82 antibodies.
B: LN2. Morphology of the entire cell population (B1) and distribution of presynaptic sites in sections B2–B4. C–G: Morphology of single LNs.
Three-dimensional reconstruction (ﬁrst panel, anterior view) and single confocal optical sections (second and third panels) in the anterior and
posterior areas of the AL. Sufﬁx numbers in the captions of LN1 and LN2L indicate the sample numbers given in Figure 9. Scale bars ⴝ 20 m
in A (applies to A,B); 20 m in C (applies to C–G).
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Figure 8.
A–H: Morphology of other single LNs shown in Figure 9. Sufﬁx numbers in the captions indicate the sample numbers given in Figure 9.
Three-dimensional reconstruction (anterior view). Scale bar ⴝ 20 m.

cover only limited areas of the AL, which we rarely found in
LN1. Some of them contributed only to the glomeruli in either
the anterior part of the AL (Fig. 7D; sample No. 6 in Fig. 9) or
its posterior part (Fig. 7E; sample No. 8 in Fig. 9). Most notably,
the LN2V cells in the ventral cluster, which were essentially
not GABAergic (Fig. 5A), arborize in only a few glomeruli in the
ventral area of the AL (Figs. 7G, 9). Thus, compared with the
LN1 population, the LN2 population seems to be more heterogeneous.

DISCUSSION
Expression patterns of Gad1, Lcch3, Rdl, and
GABA-B-R1, -2, and -3
In this study, we analyzed the distribution of the cells that
express GABA synthetic enzyme and receptors. Gad1 mRNA
was detected in relatively limited areas of the brain (Fig. 1A,B).
With antibodies against Gad1 protein or GABA itself, various
previous studies reported the distribution of candidate
GABAergic neurons in many insect species, including Drosophila (Buchner et al., 1988; Jackson et al., 1990), the locust
Schistocerca (Homberg et al., 1999; Homberg, 2002), honey
bee (Ganeshina and Menzel, 2001), and the sphinx moth
Manduca (Hoskins et al., 1986). There is a possibility that
some cells that express Gad1 might not actually release
GABA. Because anti-GABA antibody labels mainly neural ﬁbers, whereas Gad1 in situ hybridization visualizes only cell
bodies, we were not able to obtain direct proof that all the
Gad1-expressing cells we identiﬁed are indeed GABAergic.
On the other hand, the fact that the repertoire of Gad1expressing cells we identiﬁed seems to correlate well with the
cells that have been described as GABAergic in previous
studies suggests that most if not all the cells we visualized are
likely to be GABAergic.

Because Kenyon cells express GABA receptors, these neurons should possess the potential to receive GABA signals.
Considering that Rdl expression was observed in a wider
population of the cells around the MB calyx than GABA-B-R1
(Fig. 1F,H), some of the Kenyon cells may express only ionotropic GABA receptors. Such GABA signals were suggested
to be important for the acquisition, but not stability, of olfactory memory (Liu et al., 2007). Interestingly, however, few
Kenyon cells seem to produce GABA, because Gad1 mRNA
was not detected in the area around the MB calyx (Figs. 1B,
2B). This is consistent with the previous reports suggesting
that Kenyon cells are not GABAergic (Strambi et al., 1998;
Schürmann, 2000). The primary input to the MB calyx—the
iACT PNs—are not GABAergic either (Fig. 5A). On the other
hand, certain non-Kenyon cells that innervate the MB calyx
are known to be GABAergic (Homberg et al., 1987; Nishino
and Mizunami, 1998; Yamazaki et al., 1998; Ganeshina and
Menzel, 2001). Some of the MB extrinsic neurons that have
been identiﬁed recently (Tanaka et al., 2008) might also use
GABA as their transmitter. Kenyon cells are likely to receive
such external signals with their GABA receptors.

Population of AL neurons that produce GABA
In this study, we utilized seven GAL4 driver strains to label
PNs and LNs of the AL. Stocker et al. (1990) counted the
number of axons in EM sections just behind the AL, where
iACT and mACT trajectories are not yet separated, and found
about 200 ﬁbers. The neurons we labeled with the mACTspeciﬁc MZ699 and i- and mACT-speciﬁc NP225 were about
130 in total (Table 1A). Thus, driver strains used in this study
are likely to cover more than half, but not all, of the whole
repertoire of PNs.
With these strains, we analyzed the proportion of cells that
could release or receive GABA in each cell type. About 90% of
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be GABAergic and is thus potentially excitatory (Fig. 5A).
Unlike LN2L, the LN2V cells have their cell bodies in the
ventral cell cluster and arborize in only a few glomeruli (Fig.
7G). The excitatory LNs reported by Shang et al. (2007), on the
other hand, have cell bodies in the dorsolateral cluster and
form extensive multiglomerular arborization. They should
therefore be different populations of the LNs. In addition, Seki
and Kanzaki (2008) also identiﬁed non-GABAergic LNs in the
AL of the silkworm moth. Thus, even though the majority of the
LNs are inhibitory, there are certainly various excitatory LNs
that should play important roles in propagating signals among
glomeruli.
Our study showed that essentially all the mACT neurons are
likely to be GABAergic. The mACT neurons are also known to
be GABAergic in sphinx moth (Hoskins et al., 1986), suggesting a similar combination of excitatory and inhibitory PNs
projecting via different ACT pathways. Neurons in the corresponding mlACT pathway in the honeybee brain also contain
a GABAergic population (W. Rössler, unpublished observations). Reports on other insect species have been scarce,
however. More extensive comparative studies would be required to determine whether neurons that correspond to the
Drosophila mACT PNs are also inhibitory in other insects.
We found that few if any iACT and oACT PNs express Gad1.
The Drosophila iACT PNs are immunoreactive to cholin acetyltransferase (ChAT; Yasuyama et al., 1996, 2003). The oACT
PNs also showed ChAT immunoreactivity (N.K. Tanaka, unpublished observations). These strongly suggest that many if
not all iACT and oACT PNs are cholinergic neurons.

Population of AL neurons receiving GABA signal

Figure 9.
Diagram of the glomeruli contributed by single LNs analyzed. Shaded
areas indicate the glomeruli innervated by that LN. Sample numbers
correspond to the sufﬁces indicated in the legends to Figures 7C–G
and 8.

the mACT PNs and more than 90% of the LN1 and LN2 cells
expressed Gad1 (Fig. 5). This, however, could be an underestimation because, in the case of Gad1 in situ hybridization, we
counted only the cells whose entire cell bodies were labeled
with hybridization signals. Cells that do express Gad1 but
whose mRNA was localized within the cell bodies were excluded from the count (see Materials and Methods). Thus, it is
likely that most if not all of the population of LN1 and LN2L
(but not the ventral LN2V) cells and mACT PNs are GABAergic.
The number of the LNs has been speculated to be about
100 (Jackson et al., 1990; Buchner, 1991; Ng et al., 2002). The
sum of the LN1 and LN2 cells was about 55 (Table 1C). The
rest of the cell population may include other types of LNs. A
recent study identiﬁed a group of LNs that are cholinergic and
are hence likely to be excitatory (Shang et al., 2007). Because
most of the LN1 and LN2 cells that we identiﬁed expressed
Gad1, they should be different populations from the excitatory
LNs. The LN2V population, on the other hand, is not likely to

We showed that GABA receptors (Lcch3, Rdl, and GABAB-R2) are expressed in diverse areas of the brain in an overlapping manner. This suggests that more than one GABA
receptor gene might be expressed in the same cell. In general,
both the time constancy and the latency of metabotropic
receptors are longer than those of ionotropic receptors. Having receptors with a variety of response properties would
enhance the cell’s ability to modulate its postsynaptic potential with incoming stimuli in a more ﬂexible manner. Quantitative analysis of the proportion of hybridization-positive cells
showed that the three receptor genes were all expressed in
more than 90% of the LNs and iACT PNs (Fig. 5B–D). Based on
pharmacological analyses, on the other hand, Wilson and
Laurent (2005) suggested that LNs are inhibited solely via a
GABAA-type ionotropic conductance, whereas both GABAAtype and GABAB-type metabotropic receptors are important
for the PNs. Our results, however, showed that not only PNs
but also LNs express both ionotropic and metabotropic receptors.
In the case of the oACT PNs, Lcch3 was expressed in about
80% of the oACT PNs, whereas GABA-B-R2 was expressed in
only about 60% (Fig. 5B,C). Similarly, about 80% of the mACT
PNs expressed Rdl, whereas only 60% expressed GABAB-R2 (Fig. 5B,D). Thus, as in certain Kenyon cells, some of the
oACT and mACT PNs might feature only fast-responding ionotropic receptors.
The AL shows strong immunoreactivity to Rdl in Drosophila
(Aronstein and Ffrench-Constant, 1995; Aronstein et al., 1996;
Harrison et al., 1996; Enell et al., 2007). Rdl immunoreactivity
was reported in other insects such as Calliphora (Brotz et al.,
1997), Acheta (Strambi et al., 1998), and cockroach (Sattelle et
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Figure 10.
A: Schematic diagram of the possible neural connections in the AL. B: Oblique view. See text for details. Scale bar ⴝ 50 m.

al., 2000), as well. GABAB receptor is also expressed in the AL
(Enell et al., 2007). It has been difﬁcult, however, to determine
which cell types express these proteins. The technique we
employed in this study, i.e., double labeling with in situ hybridization and cell-type-speciﬁc molecular markers, is a
powerful tool for addressing this issue, because it was able to
determine the colocalization of the receptor markers and cell
type markers in the cell bodies, which are separated clearly
from each other. Analyzing colocalization is more difﬁcult
between cell type markers and antibodies against receptors,
because the latter label only postsynaptic sites in the neuropils, where ﬁbers deriving from different cell types are intermingled and are therefore difﬁcult to distinguish.
Our results showing that many AL neurons express all three
types of GABA receptors raise important questions. Do Rdl
and Lcch3 expressed in the same cell form a functional receptor together, or do they each form homomultimers? Are
different receptors localized in different areas of the cells,
such as presynaptic and postsynaptic sites? Because the in
situ hybridization technique is not suitable for detecting intracellular localization of the molecules, high-resolution analyses
with sensitive antibodies would answer these questions.

Inhibitory circuits in the AL
In addition to GABA, histamine is also suggested to be an
inhibitory transmitter in the arthropod brain (McClintock and
Ache, 1989; Homberg and Müller, 1999; Loesel and Homberg,
1999). In adult Drosophila, however, histamine-like immunoreactivity was not found in the AL (Pollack and Hofbauer,
1991). Thus, at least in the Drosophila AL, GABA is likely to be
the sole mediator of inhibitory signals.

Immunoelectronmicroscopic studies showed that GABA-ir
neurons of the locust AL make synapses onto GABAergic and
non-GABAergic neurons (Leitch and Laurent, 1996). We
showed that, in the Drosophila AL, both GABAergic (mACT
PNs and LNs) and non-GABAergic (iACT PNs and oACT PNs)
neurons express genes of various GABA receptor subunits.
This indirectly suggests that the latter neurons are equipped
with GABA receptors and are therefore able to receive GABAmediated inhibitory signals.
Figure 10 summarizes the basic architecture of the inhibitory neural circuits in the AL. The olfactory receptor neurons
provide odor-dependent response to each glomerulus. They
are suggested to possess GABAA and GABAB receptors that
play important roles for presynaptic inhibition (Olsen and Wilson, 2008). Expression of GABAB receptors indeed causes
high levels of presynaptic inhibition in ORNs (Root et al.,
2008). We found that there are two types of AL neurons that
produce GABA: the mACT PNs and LNs. Distribution analysis
of presynaptic sites (Fig. 6) showed that mACT PNs rarely
have presynaptic sites in the AL. Thus, it is likely that the LNs
are the primary neurons that have GABAergic presynapses in
the AL. The signal, on the other hand, should be read by most
of the AL neurons.
Unlike the inhibitory mACT PNs, the mostly excitatory iACT
and oACT PNs have extensive distribution of presynaptic sites
also in the AL. Thus, feedback signals from the collateral
presynaptic sites of the PNs should be excitatory in most
cases. Because many iACT PNs are uniglomerular (Tanaka et
al., 2008), feedback information from these PNs should be
conﬁned within each glomerulus. On the other hand, although
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some of the oACT PNs are uniglomerular, there are also multiglomerular oACT PNs (N.K. Tanaka, unpublished observations). Indeed, even though there are only about 13 cells
labeled in NP509, they collectively cover many glomeruli of
the AL (Fig. 3E).
Thus, there are four major types of neurons that release
excitatory signals in the AL: the ORNs, uniglomerular iACT
PNs, uniglomerular and multiglomerular oACT PNs, and multiglomerular excitatory LNs (Fig. 10A). Arborizations of the
former two cell types are glomerulus speciﬁc. On the other
hand, multiglomerular oACT PNs and excitatory LNs would be
the candidate neurons that propagate excitatory signals from
one glomerulus to another.
Whereas excitatory signals are released from various types
of AL neurons, inhibitory signals should be released primarily
from the LNs. In this study, we found that such inhibitory LNs
have at least two morphological categories: LN1 and LN2L.
Whereas LN1 cells arborize only in the core area of the glomeruli, LN2L cells arborize in both the core and the periphery
of the glomeruli. Although some of the LN2L cells had biased
areas of innervation in the AL, both LN1 and LN2L are multiglomerular and therefore have the potential to propagate inhibitory signals from one glomerulus to another. Although LN1
and LN2L are the only neurons that could release GABA
signals, they themselves have GABA receptors. Thus, their
activities might be regulated negatively by their own output
signals or by the activity of neighboring LNs.
What is the difference between LN1 and LN2? In the Drosophila AL, the ORNs enter the AL glomeruli from its outer
surface and tend to terminate in their peripheral areas. On the
other hand, the PNs, whose axons go out of the AL from its
posterior surface, send their dendrites from the core area of
the glomeruli toward more peripheral areas (Ito et al., 2003).
The types of neurons with which LN1 and LN2 potentially
interact, therefore, might be different. Only LN2 may have
extensive interaction with terminals of the ORNs, whereas
both LN1 and LN2 may affect the activity of the PNs. This
architectural difference might well affect the differences in
their functional properties. Imaging studies revealed that, although both LN1 and LN2 showed widespread activation
upon stimulation to the CO2-responding Gr21a-expressing
ORNs that innervate the V glomerulus of the AL, the activation
of LN2 appears slightly more localized. The activity of only
LN2 was dependent on the conditioning by chronic change of
CO2 concentration in the air (Sachse et al., 2007). The response to various odors, such as the extent of glomeruli
where elevated activity was observed, is also different between LN1 and LN2 (Silbering et al., 2008). Such differences
might be due to the relatively closer relationship between LN2
and sensory inputs.

Most of the iACT and oACT PNs have GABA receptors.
Such receptors might not only be used in the AL for receiving
inhibitory signals from the LNs but might also be used in the
MB and LH to receive modulatory signals via presynaptic
inhibition. Indeed, in the microglomeruli of the MB calyx,
GABAergic neurons are reported to form synaptic input not
only onto Kenyon cell dendrites but also, albeit more occasionally, onto boutons of PNs (Yasuyama et al., 2002).
Optical imaging showed that stimulation of the ORNs by a
single odorant often activates multiple glomeruli (Galizia and
Menzel, 2001; Sachse and Galizia, 2002; Ng et al., 2002; Wang
et al., 2003; Sandoz, 2006; Silbering and Galizia, 2007). Stimulation of certain glomeruli often induces widespread activation of LNs (Ng et al., 2002; Sachse et al., 2007). Elevated
release of GABA from these activated LNs may inhibit the
activity of neighboring glomeruli, thereby increasing the resolution of odor coding via lateral inhibition. Elevated GABA
release may also form a negative feedback loop, which could
generate oscillatory activity of the output neurons. Such oscillation has been described in great detail in locust PNs
(Laurent, 1996; Bazhenov et al., 2001a,b). The two populations
of candidate GABAergic LNs may play different roles in such
oscillatory responses.
We have compared here various components of neurons
that form the neural circuits of the AL. We found two types of
neurons that provide GABA-mediated inhibitory signals in the
AL, which are read by most other types of neurons. The
double-labeling technique of the whole-mount ﬂy brain with
ﬂuorescent in situ hybridization and GAL4-driven GFP labeling
would provide a powerful tool for analyzing the types of cells
that produce and receive signals of various other transmitters,
regardless of the availability of speciﬁc antibodies.

Output from the AL

Agosto J, Choi JC, Parisky KM, Stilwell G, Rosbash M, Grifﬁth LC. 2008.
Modulation of GABAA receptor desensitization uncouples sleep onset
and maintenance in Drosophila. Nat Neurosci 11:354 –359.
Aronstein K, Ffrench-Constant R. 1995. Immunocytochemistry of a novel
GABA receptor subunit Rdl in Drosophila melanogaster. Invert Neurosci 1:25–31.
Aronstein K, Auld V, Ffrench-Constant R. 1996. Distribution of two GABA
receptor-like subunits in the Drosophila CNS. Invert Neurosci 2:115–
120.
Bazhenov M, Stopfer M, Rabinovich M, Huerta R, Abarbanel HD, Sejnowski TJ, Laurent G. 2001a. Model of transient oscillatory synchronization in the locust antennal lobe. Neuron 30:553–567.
Bazhenov M, Stopfer M, Rabinovich M, Abarbanel HD, Sejnowski TJ,
Laurent G. 2001b. Model of cellular and network mechanisms for

There are three major output pathways from the Drosophila
AL (Fig. 10B; Stocker et al., 1990; Tanaka et al., 2008). The
iACT sends collateral output in the MB calyx and terminates in
the LH. The mACT projects directly to the LH. The oACT
projects ﬁrst to the LH, and some of their ﬁbers further project
to the MB calyx. Considering that the mACT PNs are the only
output neurons that produce GABA, only LH can receive both
excitatory and inhibitory signals from the AL. On the other
hand, AL-derived input to the MB is limited to the excitatory
signals.
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Schürmann FW. 2000. Acetylcholine, GABA, glutamate and NO as putative
transmitters indicated by immunocytochemistry in the olfactory mushroom body system of the insect brain. Acta Biol Hung 51:355–362.
Seidel C, Bicker G. 1997. Colocalization of NADPH-diaphorase and GABAimmunoreactivity in the olfactory and visual system of the locust. Brain
Res 769:273–280.
Seki Y, Kanzaki R. 2008. Comprehensive morphological identiﬁcation and
GABA immunocytochemistry of antennal lobe local interneurons in
Bombyx mori. J Comp Neurol 506:93–107.
Shang Y, Claridge-Chang A, Sjulson L, Pypaert M, Miesenbock G. 2007.
Excitatory local circuits and their implications for olfactory processing
in the ﬂy antennal lobe. Cell 128:601– 612.

Research

in

Systems Neuroscience
91

Silbering AF, Galizia CG. 2007. Processing of odor mixtures in the Drosophila antennal lobe reveals both global inhibition and glomerulusspeciﬁc interactions. J Neurosci 27:11966 –11977.
Silbering AF, Okada R, Ito K, Galizia CG. 2008. Odor information processing in the Drosophila antennal lobe: anything goes? J Neurosci 28:
13075–13087.
Stocker RF. 1994. The organization of the chemosensory system in Drosophila melanogaster: a review. Cell Tissue Res 275:3–26.
Stocker RF, Lienhard MC, Borst A, Fischbach KF. 1990. Neural architecture of the antennal lobe in Drosophila melanogaster. Cell Tissue Res
262:9 –34.
Stopfer M, Bhagavan S, Smith BH, Laurent G. 1997. Impaired odour
discrimination on desynchronization of odour-encoding neural assemblies. Nature 390:70 –74.
Strambi C, Cayre M, Sattelle DB, Augier R, Charpin P, Strambi A. 1998.
Immunocytochemical mapping of an RDL-like GABA receptor subunit
and of GABA in brain structures related to learning and memory in the
cricket Acheta domesticus. Learn Mem 5:78 – 89.
Strausfeld NJ, Hildebrand JG. 1999. Olfactory systems: common design,
uncommon origin? Curr Opin Neurobiol 9:634 – 639.
Tanaka NK, Awasaki T, Shimada T, Ito K. 2004. Integration of chemosensory pathways in the Drosophila second-order olfactory centers. Curr
Biol 14:449 – 457.
Tanaka NK, Tanimoto H, Ito K. 2008. Neuronal assemblies of the Drosohila
mushroom body. J Comp Neurol 508:711–755.
Tomonari K, Spencer S. 1990. Epitope-speciﬁc binding of CD8 regulates
activation of T cells and induction of cytotoxicity. Int Immunol 2:1189 –
1194.
Verkhusha VV, Otsuna H, Awasaki T, Oda H, Tsukita S, Ito K. 2001. An
enhanced mutant of red ﬂuorescent protein DsRed for double labeling
and developmental timer of neural ﬁber bundle formation. J Biol Chem
276:29621–29624.
Wagh DA, Rasse TM, Asan E, Hofbauer A, Schwenkert I, Dürrbeck H,
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