9246 • The Journal of Neuroscience, October 8, 2003 • 23(27):9246 –9253

Behavioral/Systems/Cognitive

Fast Synaptic Currents in Drosophila Mushroom Body
Kenyon Cells Are Mediated by ␣-Bungarotoxin-Sensitive
Nicotinic Acetylcholine Receptors and Picrotoxin-Sensitive
GABA Receptors
Hailing Su and Diane K. O’Dowd
Department of Anatomy and Neurobiology and Department of Developmental and Cell Biology, University of California Irvine, Irvine, California
92697-1280

The mushroom bodies, bilaterally symmetric regions in the insect brain, play a critical role in olfactory associative learning. Genetic
studies in Drosophila suggest that plasticity underlying acquisition and storage of memory occurs at synapses on the dendrites of
mushroom body Kenyon cells (Dubnau et al., 2001). Additional exploration of the mechanisms governing synaptic plasticity contributing
to these aspects of olfactory associative learning requires identification of the receptors that mediate fast synaptic transmission in
Kenyon cells. To this end, we developed a culture system that supports the formation of excitatory and inhibitory synaptic connections
between neurons harvested from the central brain region of late-stage Drosophila pupae. Mushroom body Kenyon cells are identified as
small-diameter, green fluorescent protein–positive (GFP⫹) neurons in cultures from OK107–GAL4;UAS–GFP pupae. In GFP⫹ Kenyon
cells, fast EPSCs are mediated by ␣-bungarotoxin-sensitive nicotinic acetylcholine receptors (nAChRs). The miniature EPSCs have rapid
rise and decay kinetics and a broad, positively skewed amplitude distribution. Fast IPSCs are mediated by picrotoxin-sensitive chloride
conducting GABA receptors. The miniature IPSCs also have a rapid rate of rise and decay and a broad amplitude distribution. The vast
majority of spontaneous synaptic currents in the cultured Kenyon cells are mediated by ␣-bungarotoxin-sensitive nAChRs or picrotoxinsensitive GABA receptors. Therefore, these receptors are also likely to mediate synaptic transmission in Kenyon cells in vivo and to
contribute to plasticity during olfactory associative learning.
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Introduction
A combination of behavioral and genetic studies in honeybees
and Drosophila have demonstrated that an anatomically distinct
region of the adult insect brain, the mushroom body, plays an
important role in olfactory associative learning (Heisenberg,
1998). However, the sites of synaptic plasticity that mediate the
behavioral changes have been more difficult to pinpoint. Recently, reversible disruption of transmitter release in Drosophila
mushroom body Kenyon cells, using a temperature-sensitive dynamin transgene, was shown to block memory retrieval but not
acquisition or storage (Dubnau et al., 2001). This suggests that
synapses formed on the dendrites of the Kenyon cells are sites of
plasticity contributing to olfactory associative learning. Testing
this hypothesis requires identification of the specific mushroom
body afferents activated during olfactory learning and functional
characterization of the receptors mediating synaptic activity in
the Kenyon cells.
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Although the neural circuits activated by foot shock, the unconditioned stimulus presented during olfactory associative conditioning, are unknown, functional processing of olfactory stimuli has been studied extensively in the insect CNS (Hansson,
2002; Theunissen, 2003). In vivo intracellular recordings in locust
demonstrate that Kenyon cells receive both excitatory and inhibitory inputs in response to odors (Perez-Orive et al., 2002). Excitatory information arrives from cholinergic projection neurons
(PNs) located in the antennal lobe. GABAergic lateral horn neurons, activated by odors, provide inhibitory input to the Kenyon
cells. Although there are no reports of in vivo intracellular recordings from Drosophila or honeybee Kenyon cells, anatomical studies indicate that axons from antennal lobe PNs are the primary
source of cholinergic input to the mushroom body neurons in
these insects as well (Kreissl and Bicker, 1989; Bicker, 1999;
Yusuyama et al., 2002). In addition, ultrastructural analyses have
identified GABA-positive boutons on Kenyon cell dendrites in
Drosophila (Yusuyama et al., 2002) and honeybees (Ganeshina
and Menzel, 2001).
Despite the strong evidence that both cholinergic and
GABAergic mushroom body afferents are activated during olfactory information processing, the functional properties of the receptors mediating fast synaptic transmission in Kenyon cells remain unknown. Studies in locust demonstrate that electrical
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Figure 1. Central brain region of a late-stage wild-type Drosophila pupa. A, Lowmagnification photomicrograph of a Canton-S wild-type pupa identified as stage 10 (red eyes,
bald; ⬃70 hr after pupation). Scale bar, 200 m. B, Bright-field image of an intact central brain
region removed from a stage 10 Canton-S pupa. The tissue, slightly flattened by a glass coverslip, is oriented with the anterior face up and dorsal at the top. Scale bar, 100 m.

stimulation of the antennal lobe results in complex postsynaptic
potentials in Kenyon cells with both cholinergic and GABAergic
components (Perez-Orive et al., 2002). However, the properties
of the underlying synaptic currents have not yet been described.
Although locust is the only insect in which there has been electrophysiological analysis of Kenyon cells in vivo, application of
acetylcholine and GABA reveals that Kenyon cells cultured from
cricket and honeybee express both nicotinic acetylcholine receptor (nAChR) and GABA receptors (Cayre et al., 1999; Goldberg et
al., 1999; Deglise et al., 2002). However, no evidence of synaptic
connectivity between neurons in these culture systems has precluded their use in the identification of the receptors that mediate
synaptic transmission. Here we report conditions in which neurons from the central brain region of late-stage Drosophila pupae
form functional synaptic connections in culture. In the Kenyon
cells, identified as green fluorescent protein–positive (GFP⫹)
neurons in cultures made from OK107–GAL4;UAS–GFP pupae,
␣-bungarotoxin-sensitive nAChRs mediate excitatory synaptic
currents, and picrotoxin-sensitive GABA receptors mediate inhibitory synaptic currents.

Materials and Methods
Fly strains. Pupae from two wild-type strains were used, Canton-S and
Oregon-R. Pupae were also obtained from the mating of males from the
homozygous enhancer trap line OK107–GAL4 (Connolly et al., 1996)
and females homozygous for a UAS-GFP transgene (both lines obtained
from Y. Zhong, Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY). The OK107–GAL4;UAS–GFP pupae exhibit high levels of GFP expression in the cell bodies and processes of the mushroom body Kenyon
cells in late-stage pupae (see Fig. 4 A). The Cha–GAL line used in the
study was a 7.4 kb Cha–Gal4 driver line (19B) recombined with UAS–
GFP (S65T) (Salvaterra and Kitamoto, 2001). As shown previously, cholinergic neurons in the brains of these animals are GFP⫹.
Primary neuronal cultures from pupal CNS. The heads were removed
from animals at pupal stage 8 –10, which corresponds to ⬃50 –78 hr after
pupation (Bainbridge and Brownes, 1981). In the wild-type strains these
stages were identified by the presence of yellow–red pigmentation in the
eye, in the absence of significant pigmentation elsewhere in the animal
(Fig. 1 A). Immediately after decapitation, the heads were placed in sterile
dissecting saline containing the following (in mM): 126 NaCl, 5.4 KCl,
0.17 NaH2PO4, 0.22 KH2PO4, 33.3 glucose, 43.8 sucrose, and 9.9 HEPES,
pH 7.4. The brains were removed and the optic lobes discarded. Central
brain regions (Fig. 1 B) from 5–15 animals were incubated in dissecting
saline containing 50 U/ml papain activated by L-cysteine (1.32 mM) for 15
min at room temperature. Tissue was washed (1.5 ml, four times) with
Drosophila-defined culture medium (DDM2) composed of Ham’s F-12
DMEM (high glucose) (Irvine Scientific, Santa Ana, CA) supplemented
with 1 mg/ml of sodium bicarbonate, 20 mM HEPES, 100 M putrescine,
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30 nM sodium selenite, 20 ng/ml of progesterone, 50 g/ml of insulin, 100
g/ml of transferrin, and 1 g/ml of 20-hydroxyecdysone. Single brains
were transferred to a 5 l drop of DDM2 culture medium placed on a
concanavalin A (Con A)–laminin-coated (Kraft et al., 1998) glass coverslip in a 35 mm plastic dish. The tissue was mechanically dissociated and
the cells were allowed to settle to the substrate for 30 min. Dishes were
flooded with 1.5 ml of DDM2 and maintained in a 23°C, humidified, 5%
CO2 incubator. After 24 hr, 0.5 ml of a 3:1 mixture of DDM2 and conditioned neurobasal medium (cNBM) was added to each dish. cNBM
(neurobasal medium containing B27 supplements; Invitrogen, Gaithersburg, MD) was conditioned for 24 hr by non-neuronal mouse brain
feeder cell cultures (Hilgenberg et al., 1999). Cultures were fed every 4 –5
d by removing 1 ml of media from the dish and adding 1 ml of the 3:1
mixture of DDM2 and cNBM.
Electrophysiology. Postsynaptic currents (PSCs) were recorded with
whole-cell pipettes (3–10 M⍀) filled with internal solution containing
the following (in mM): 120 CsOH, 120 D-gluconic acid, 0.1 CaCl2 2
MgCl2, 20 NaCl, 1.1 EGTA, 4 ATP, and 10 HEPES, pH 7.2. The external
solution contained the following (in mM): 140 NaCl, 1 CaCl2, 4 MgCl2, 3
KCl, and 5 HEPES, pH 7.2. All data shown are corrected for the 5 mV
liquid junction potential generated in these solutions. PSCs examined in
the presence of TTX to block voltage-gated sodium channels were defined as miniature PSCs (mPSCs). The following drugs were bathapplied in specific experiments: TTX (1 M), D-tubocurarine (curare, 1
M), ␣-bungarotoxin (␣-BTX, 0.1 M), 6-cyano-7-nitroquinoxaline2,3-dione (CNQX, 5 M), D(⫺)-2-amino-5-phosphonopentanoic acid
(APV, 50 M), bicuculline methylchloride (BMC, 2–100 M), picrotoxin
(PTX, 2–10 M). Data were acquired with a List EPC7 amplifier, a Digidata 1320A D-A converter (Axon Instruments, Foster City, CA), a Dell
Dimension 4100 computer (Dell Computer Company, Round Rock, TX)
, and pClamp 8 (Axon Instruments) software. Recordings were made at
room temperature between 3 and 21 d in vitro (DIV).
Analysis of synaptic currents. Spontaneous PSCs were detected using
mPSC detection software (Minianalysis Program; Synaptosoft, Decatur,
GA) with a threshold criterion for individual events of 7 pA for EPSCs
and 5 pA for IPSCs. In addition, events were accepted for kinetic analysis
only if the shape was asymmetrical, with a fast rising phase and more
slowly decaying falling phase. Currents were filtered at 2 kHz and digitized at 10 –20 kHz. The mean amplitude and rise time were determined
from the ensemble average currents assembled from 10 or more single
events in each neuron. Decay time constants were determined by fitting a
single exponential distribution to the falling phase of the ensemble average current from each neuron. Frequency was determined from continuous recordings of at least 1 min in duration.
GABA staining and analysis. Neurons were fixed in 4% paraformaldehyde for 30 min at room temperature. After three washes with PBS/4%
BSA, the neurons were treated with 0.2% Triton X-100 for 30 min. The
primary antibody (rabbit polyclonal anti-GABA antibody; Sigma, St.
Louis, MO) was used at a dilution of 1:1000 in a 4°C overnight incubation. A peroxidase-conjugated donkey anti-rabbit secondary antibody
was used at a dilution of 1:50 in a 1 hr, room temperature incubation. The
staining was visualized with a nickel-enhanced DAB reaction. To determine the percentage of GABA-positive neurons, one field of view on each
coverslip was randomly selected, and both the number of GABA-positive
neurons and the total number of neurons were counted.

Results
Synaptic transmission between neurons cultured from the
central brain region of late-stage pupae
The central brain region from each individual late-stage pupa was
mechanically dissociated in a 5 l drop of culture medium, directly on a Con A–laminin-coated coverslip. Isolated cells, some
retaining axon-like projections, adhere to the substrate after dissociation (Fig. 2 A). The number of cells with processes increased
rapidly during the first 3 DIV. Process length and complexity
continued to increase for 1–2 weeks, resulting in regions of extensive morphological contact between cells (Fig. 2 B,C). Cholinergic neurons were identified as the GFP⫹ cells in live cultures
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with one or more neighboring cells. Neurons chosen under these
conditions were examined in cultures prepared from two wildtype strains, Canton-S and Oregon-R. In addition, cells chosen in
a similar manner were also examined in two additional lines
(OK107–GAL4;UAS–GFP and Cha–GAL4). In later experiments, recordings were obtained from identified cell groups in
the OK107–GAL4;UAS–GFP and Cha–GAL4 cultures using fluorescent illumination.
Spontaneously occurring fast synaptic currents were observed
in randomly selected neurons in cultures prepared from the
brains of all four genotypes. In some of the neurons, the fast
synaptic currents were inward at a holding potential of ⫺75 mV,
outward at 0 mV, with both inward and outward synaptic currents present at ⫺15 mV (Fig. 3A). This demonstrates that at least
two classes of receptors, characterized by distinct reversal potentials, contribute to the spontaneous synaptic currents in the cultured neurons. The inward currents were identified as cholinergic
and excitatory based on their reversible block by 1 M curare (Fig.
3B) and a positive reversal potential (8.9 ⫾ 1.7 mV, n ⫽ 9). Outward
currents were identified as GABAergic and inhibitory based on their
blockade by bath perfusion of 10 M PTX (Fig. 3B) and a reversal
potential of ⫺37 ⫾ 3 mV (n ⫽ 4), close to the theoretical chloride
equilibrium potential of ⫺45 mV. Analysis of over 100 cultures between 3 and 21 DIV revealed that the probability of observing neurons with cholinergic and/or GABAergic synaptic currents varied
widely between cultures (Fig. 3C). The incidence was higher during
the first 10 DIV but there were no obvious differences in cultures
from the four different genotypes. These data demonstrate that pupal neurons form functional synaptic connections, mediated by
nAChRs and GABA receptors, in dissociated cell culture.

Figure 2. Cultures prepared from central brain regions of late stage pupae. A, B, C, Live cultures
imaged with Nomarski optics. A, At 2 hr after plating, single spherical cells adhere to the substrate. A
small number of neurons retain their axon-like projections through the dissociation procedure (arrows). B, At 3 DIV a large percentage of the cells extend neuritic processes and form morphologically
connected networks. C, Neurite growth and branching results in elaborate mats of interconnected
processes at 7 DIV. D, GFP fluorescence identifies 4 of 11 neurons as cholinergic, in a live culture
prepared from a Cha–GAL4 pupa. Fluorescent mask projected on a Nomarski image of the same field
ofview.Cultureviewedat3DIV.E,Anti-GABAantibodystainingidentifies2of10neuronsasGABAergic in a culture fixed and stained at 6 DIV. Scale bar, 10 m.

prepared from Cha–GAL4 pupae, in which the regulatory DNA
from the cholinergic locus is fused to GAL4 and a UAS–GFP
construct (Salvaterra and Kitamoto, 2001). GFP⫹ cholinergic
neurons (Fig. 2 D) accounted for 37 ⫾ 2% (mean ⫾ SEM) of the
cells extending neuritic processes in randomly selected fields of
view from nine coverslips prepared in three independent platings. The GFP⫹ cells appeared to represent a subset of the cholinergic neurons because ⬎80% of the neurons in fixed cultures
were stained with an antibody to the vesicular acetylcholine
transporter (data not shown). GABAergic neurons were identified in cultures fixed and stained with an anti-GABA antibody
(Fig. 2 E). GABA-positive neurons represented 14 ⫾ 2% (mean ⫾
SEM, n ⫽ 19) of the cells extending neuritic processes in a randomly selected field of view from 19 coverslips prepared in 10
independent platings. All counts were made on coverslips between 2 and 7 d in culture.
Initial electrophysiological data were obtained from neurons,
visually selected under Hoffman illumination in the absence of
fluorescence, which had processes and were in physical contact

Identification of mushroom body Kenyon cells
To assess the properties of the receptors mediating synaptic
transmission specifically in Kenyon cells, the GAL4 –UAS system
was used to identify these neurons. Male OK107–GAL4 flies
crossed to females homozygous for a chromosome containing a
UAS–GFP construct result in progeny with high levels of GFP
expression in the cell bodies and processes of the mushroom body
Kenyon cells in late-stage pupae (Fig. 4 A). GFP expression elsewhere in the central brain region is limited to several small groups
of neurons. This is very similar to the pattern of expression reported previously using the same OK107–GAL4 line (Lee et al.,
1999). Cultures prepared from OK107–GAL4;UAS–GFP pupal
brains contained a subpopulation of neurons, ⬃10 –15% of the
total, that were GFP⫹ (Fig. 4 B). The mean number of GFP⫹
neurons in cultures prepared from single brains was 1303 ⫾ 80
(mean ⫾ SEM, n ⫽ 29 cultures). This number did not change significantly between the first and second weeks in culture. The cell
bodies of the GFP⫹ neurons in these cultures were relatively small
(Fig. 4B), consistent with the small soma size of this population of
neurons in vivo. Using higher resistance (8 –10 M⍀) recording electrodes than in previous studies, it was possible to obtain stable
whole-cell recordings from the GFP⫹ neurons. Consistent with the
small cell body diameter of Kenyon cells, both in vivo and in vitro, the
mean whole-cell capacitance of cells in which synaptic currents were
evaluated was significantly smaller in GFP⫹ Kenyon cells vs GFP–
non-Kenyon cells, 3.6 ⫾ 0.4 pF (n ⫽ 38) and 14.0 ⫾ 1.1 pF (n ⫽ 35),
respectively ( p ⬍ 0.001, Student’s t test, unpaired).
Cholinergic mEPSCs in GFPⴙ Kenyon cells
The properties of the cholinergic synaptic currents in GFP⫹ Kenyon cells were assessed from analyses of mEPSCs recorded at
⫺75 mV in the presence of TTX to block voltage-gated sodium
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Figure 4. GFP⫹ neurons in the OK107–GAL4;UAS–GFP pupae identify Kenyon cells in vivo
and in vitro. A, Fluorescent confocal image of a brain harvested from a stage 10, OK107–GAL4;
UAS–GFP pupa. Dorsal is up and the midline of the brain is indicated by the large white arrow.
KC, Mushroom body Kenyon cell region; Ped, peduncle. The brain has been flattened with a
glass coverslip. Scale bar, 200 m. B, Kenyon cells are identified as the small, GFP⫹ neurons in
a 4-d-old culture prepared from the central brain region of an OK107–GAL4;UAS–GFP pupa. A
fluorescent mask is projected on a Nomarski image of the same field of view. This field contains
six GFP⫹ Kenyon cells. Scale bar, 10 m.

Figure 3. nAChRs and GABA receptors mediate fast synaptic currents in cultured central
brain neurons. A, Representative traces of synaptic currents recorded from a single wild-type
neuron at three different holding potentials. All currents are inward at ⫺75 mV and outward at
0 mV. Both inward and outward currents are observed at ⫺15 mV. B, The outward currents
recorded at ⫺15 mV are reversibly blocked by bath application of PTX, and the inward currents
are reversibly blocked by bath application of curare, confirming the presence of both cholinergic
and GABAergic synaptic receptors in this neuron. Three traces are superimposed in each of the
four records. C, Each symbol represents the incidence, calculated as the percentage of cells with
synaptic currents, in which four or more stable whole-cell recordings were obtained in cultures
between 3 and 21 DIV. Cultures were prepared from Canton-S, Oregon-R, Cha–GAL4, and
OK107–GAL4;UAS–GFP pupae.

Figure 5. Pharmacological properties of cholinergic synaptic currents in GFP⫹ Kenyon cells.
A, Fast synaptic currents are reversibly blocked by 1 M curare but are not blocked by CNQX (5
M) and APV (50 M). Superimposed current traces (six sweeps) obtained from a single wildtype neuron, 3 DIV, at a holding potential of ⫺75 mV during bath perfusion of the indicated
drugs. B, Fast inward currents are blocked by ␣-BTX (0.1 M). This blockade is partially reversible. Superimposed current traces (three sweeps) obtained from a wild-type neuron, 5 DIV, at a
holding potential of ⫺75 mV. Cultures were prepared from OK107–GAL4;UAS–GFP pupae.

channels. Data were collected from cells in the presence of PTX to
block the GABA receptors. As expected for nAChR-mediated
currents, the mEPSCs in the Kenyon cells were completely and
reversibly blocked by 1 M curare (n ⫽ 5) but were not blocked

by APV and CNQX (n ⫽ 6), classic glutamate receptor antagonists (Fig. 5A). In addition, bath application of 0.1 M ␣-BTX
also blocked the cholinergic mEPSCs (n ⫽ 5) (Fig. 5B). To further
characterize the receptors mediating the cholinergic currents, the
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Table 1. Comparison of synaptic currents in GFPⴙ Kenyon cells and GFPⴚ neurons
in OK107–GAL4;UAS–GFP cultures
GFP⫹ Kenyon cells GFP⫺ neurons GFP⫹ Kenyon cells GFP⫺ neurons
mEPSC (n ⫽ 38) mEPSC (n ⫽ 35) mIPSC (n ⫽ 12)
mIPSC (n ⫽ 30)
Frequency (Hz)
Amplitude (pA)
Rise time (msec)
Decay  (msec)

1.2 ⫾ 0.4
22.1 ⫾ 2.1
0.43 ⫾ 0.05
1.4 ⫾ 0.1

1.0 ⫾ 0.32
25.4 ⫾ 3.9
0.45 ⫾ 0.06
1.5 ⫾ 0.1

0.89 ⫾ 0.25
24.6 ⫾ 3.8
0.80 ⫾ 0.20
3.7 ⫾ 0.9

1.10 ⫾ 0.3
25.4 ⫾ 4.4
0.69 ⫾ 0.11
3.3 ⫾ 0.5

All cultures were prepared from OK107–GAL4;UAS–GFP pupae. Neurons were identified as GFP⫹ or GFP⫺ with
fluorescent illumination just before electrophysiological characterization. No significant differences were noted
between GFP⫹ Kenyon cells and GFP⫺ neurons (p ⬎ 0.05; Student’s t test; unpaired).

time constant were determined from ensemble average currents,
and the box plots indicate the mean and variability determined
from 38 GFP⫹ Kenyon cells (Fig. 6 D, Table 1). Although there
was considerable heterogeneity within this population, none of
these parameters varied significantly as a function of age in culture (data not shown).
Previous studies, at the Drosophila neuromuscular junction,
have reported one or more discrete steps on the falling phase of
some of the miniature end-plate currents (Kidokoro and Nishikawa,
1994). These steps are thought to represent the activity of synaptically localized glutamate channels (Nishikawa and Kidokoro, 1995).
Although all of the individual EPSCs in the cultured neurons used
for biophysical properties described above were characterized by a
single exponential decay phase, ⬃10% of the mEPSCs in most cells
ended in a discrete step (or steps) (Fig. 6E). The conductance, calculated from the mean step amplitude measured from 12 or more
individual synaptic events in each of five neurons was 121 ⫾ 15 pS.
These step currents were eliminated in the presence of curare, indicating that they are likely to represent activity of single nAChR channels localized at central synapses.

Figure 6. Biophysical properties of cholinergic mEPSCs in GFP⫹ Kenyon cells. A, Lowresolution recording of synaptic currents from a GFP⫹ neuron at 6 DIV in the presence of TTX.
Holding potential, ⫺75 mV. The area indicated by the box in the upper trace is expanded in the
second trace. B, An mEPSC amplitude histogram constructed from 223 individual events recorded in this neuron illustrates the typical positively skewed distribution. C, The ensemble
average mEPSC from this same neuron exhibits a typical rapid rise and decay phase that is well
fitted by a single exponential (indicated by the dotted line;  ⫽ 1.35 msec). D, Box plots of the
mEPSC amplitude, rise time, and decay time constant obtained from analysis of 38 GPF⫹
Kenyon cells. Box points represent the 10th, 25th, median, 75th, and 95th percentiles. Values
are means ⫾ SEM. E, Examples of two mEPSCs ending in discrete steps characteristic of ⬃10%
of the synaptic currents observed. Holding potential, ⫺75 mV. Cultures were prepared from
OK107–GAL4;UAS–GFP pupae.

mEPSCs were quantified in terms of frequency and biophysical
properties. Cells were included in the analysis only if a stable
whole-cell recording was maintained for a minimum of 1–2 min
and the mEPSC frequency was 0.1 Hz or greater (Fig. 6 A). A
typical amplitude histogram, generated from a single cell reveals a
positively skewed distribution (Fig. 6 B). An ensemble average
current from the same cell illustrates the characteristic rapid rate
of rise and a decay phase that is well fitted by a single exponential
( ⫽ 1.35 msec) (Fig. 6C). The amplitude, rise time, and decay

GABAergic miniature IPSCs in GFPⴙ Kenyon cells
To examine GABAergic miniature inhibitory postsynaptic currents (mIPSCs) in isolation, recordings were made in the presence of TTX to block voltage-gated sodium channels and at 0 mV,
the reversal potential for cholinergic EPSCs. GABAergic mIPSCs
were outward at 0 mV and were completely and reversibly
blocked by 2 M PTX (n ⫽ 4), a classic insect GABA receptor
antagonist (Fig. 7A). They were not blocked by the vertebrate
GABAA receptor antagonist BMC (2–100 M, n ⫽ 4) (Fig. 7A).
The mIPSCs were quantified in terms of frequency and biophysical properties. Cells were included in the analysis only if a stable
whole-cell recording was maintained for a minimum of 1–2 min
and the mIPSC frequency was 0.1 Hz or greater (Fig. 7B). An
amplitude histogram generated from a single cell reveals a positively skewed distribution (Fig. 7C). An ensemble average current
from the same cell illustrates the characteristic rapid rate of rise
and a decay phase that is well fitted by a single exponential ( ⫽
2.67 msec) (Fig. 7C). The amplitude, rise time, and decay time
were determined from ensemble average currents, and the box
plots indicate the mean and variability of these parameters observed in 12 GFP⫹ Kenyon cells (Fig. 7D, Table 1). Both the
amplitude and decay showed a wide range in the Kenyon cell
population, but neither varied consistently with age in culture.
Expression of GFP does not alter properties of cholinergic or
GABAergic currents
To determine whether the nAChRs or GABA receptors mediating
synaptic transmission in GFP⫹ Kenyon cells were different from
the GFP-negative (GFP⫺) cell population, we compared the
properties of both the mEPSCs and mIPSCs in these two groups
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Table 2. mEPSC properties in GFPⴙ cholinergic neurons in Cha–GAL4 cultures and
in wild-type neurons examined in the absence of fluorescent illumination in
Canton-S cultures

Frequency (Hz)
Amplitude (pA)
Rise time (msec)
Decay  (msec)

GFP⫹ cholinergic neurons
Cha–Gal4 mEPSCs
(n ⫽ 11)

Wild-type neurons
Canton-S mEPSCs
(n ⫽ 10)

0.66 ⫾ 0.12
27.5 ⫾ 2.8
0.39 ⫾ 0.07
1.7 ⫾ 0.21

0.68 ⫾ 0.19
24.5 ⫾ 2.7
0.3 ⫾ 0.02
1.5 ⫾ 0.12

Recordings were obtained from GFP⫹ cholinergic neurons in cultures prepared from Cha–GAL4 pupae and in
neurons examined in the absence of fluorescent illumination in wild-type cultures prepared from Canton-S pupae.
There were no significant differences in the mEPSC properties between these two groups or between either of these
groups and the GFP⫹ Kenyon cells in OK107–GAL4;UAS–GFP cultures (Table 1).

(Table 1). No significant differences were detected when the values in GFP⫹ and GFP⫺ neurons were compared ( p ⬎ 0.05,
Student’s t test, unpaired). This suggests that although there is
considerable variability in receptor properties observed among
individual neurons, the Kenyon cells do not express receptors
that distinguish these neurons from the general population.
However, it is formally possible that the expression of GFP actually masked a difference between the Kenyon cell and nonKenyon cell groups. Therefore, synaptic currents were examined
in GFP⫹ neurons in cultures made from the Cha–GAL4 line. In
these cultures, the GFP⫹ neurons represent a cholinergic population. There were no differences in the properties of the mEPSCs
in GFP⫹ cholinergic neurons in Cha–GAL4 cultures (Table 2)
and GFP⫹ Kenyon cells in OK107–GAL4;UAS–GFP cultures
(Table 1). Finally, receptor properties were not influenced by
fluorescent illumination before recording, based on similarities in
the synaptic currents in neurons examined in wild-type Canton-S
cultures in the absence of fluorescent illumination (Table 2).

Discussion

Figure 7. Pharmacological and biophysical properties of GABAergic synaptic currents in
GFP⫹ Kenyon cells. A, PTX (2 M) reversibly blocks the fast outward currents recorded at 0 mV
in the presence of curare. These currents are not blocked by BMC (2 M). Superimposed current
traces (three sweeps) from a single neuron at 4 DIV, at a holding potential of 0 mV, during bath
perfusion of the indicated drugs. B, Low-resolution recording of outward currents from a neuron
at 5 DIV at a holding potential of 0 mV in the presence of TTX. The area indicated in the box is
expanded in the second trace. C, An mIPSC amplitude histogram constructed from 184 individual events recorded in this neuron illustrates the positively skewed distribution. D, The ensemble average mIPSC from this same neuron exhibits a rapid rise and decay phase that is well fitted

The technical challenge of recording from single neurons has
limited functional studies of synaptic transmission in the adult
Drosophila CNS. An alternative approach, examination of the
functional properties of synapses formed between neurons in cell
culture, has demonstrated that fast synaptic transmission is mediated by nAChRs and GABA receptors in embryonic Drosophila
neurons (Lee and O’Dowd, 1999; Kuppers et al., 2003; Lee et al.,
2003; Rohrbough et al., 2003). It has also been feasible to record
from identified Drosophila mushroom body Kenyon cells, in cultures prepared from third instar larvae (Wright and Zhong, 1995;
Delgado et al., 1998). However, although the larval Kenyon cells
expressed voltage-gated potassium channels, there was no evidence of synaptic currents. Here we describe a culture system that
supports the formation of synaptic connections between neurons
harvested from late-stage pupal brains, enabling description of
receptors that mediate fast synaptic transmission in neurons that
form the adult Drosophila CNS.
To identify the properties of receptors mediating synaptic currents specifically in the mushroom body Kenyon cells, cultures
were prepared from OK107–GAL4;UAS–GFP pupae. The GFP⫹
neurons in culture are likely to represent Kenyon cells for the
following reasons. First, the majority of GFP⫹ neurons in the
4
by a single exponential (indicated by the dotted line;  ⫽ 2.67 msec). E, Box plots of the mEPSC
amplitude, 10 –90% rise time, and decay time constant obtained from the analysis of 12 GFP⫹
Kenyon cells. Box points represent the 10th, 25th, median, 75th, and 95th percentiles. Values
are means ⫾ SEM. Cultures were prepared from OK107–GAL4;UAS–GFP pupae.
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central brain regions of these pupae were located in the dorsal
posterior region of the brain with an axonal projection pattern
and small cell body size characteristic of Kenyon cells (Lee et al.,
1999). In culture, there was a wide range in cell body size in the
general population of neurons, but the majority of GFP⫹ neurons
had small soma diameters. In addition, the whole-cell capacitance,
which is proportional to membrane surface area, was significantly
smaller in GFP⫹ versus GFP⫺ neurons. Second, there are ⬃5000
Kenyon cells per brain (Ito et al., 1998). In cultures prepared from
single brains, the maximal number of GFP⫹ neurons was 2400, with
a mean of 1300, representing a recovery rate of ⬃25%.
Electrophysiological analysis demonstrates that nAChRs mediate the vast majority of spontaneously occurring fast excitatory
synaptic currents in the cultured Kenyon cells. A functional study
in a honeybee whole-brain preparation reported that the population spike in field potential recordings from the mushroom
body region, evoked by stimulating the antennal lobe, was dramatically reduced by curare and ␣-BTX (Oleskevich, 1999). In
contrast, the population spike amplitude was not significantly
altered by the NMDA and AMPA/kainate glutamate receptor
blockers APV and CNQX. These data support the hypothesis that
nAChRs mediate fast excitatory synaptic transmission in Kenyon
cells in vivo, as they do in vitro. However, we cannot rule out the
possibility that other receptors subtypes found in the Drosophila
CNS are also involved in fast excitatory synaptic transmission in
Kenyon cells in vivo. Northern blot analysis demonstrates that at
least four ionotropic glutamate receptors, DGluR-1A,B and
DNMDAR-I and II, are expressed in the adult Drosophila CNS
(Ultsch et al., 1992, 1993; Volkner et al., 2000). Antibody staining
suggests that DGluR1-B is not likely to be directly involved in
mediating synaptic transmission in Kenyon cells because this
protein is expressed primarily in lateral neurons, a small subset of
cells in the central brain region (Volkner et al., 2000). The potential
role of the other three glutamate receptor subtypes cannot be similarly evaluated because we are not aware of any reports describing the
cellular localization of these proteins in the adult CNS.
The rapid rise and decay kinetics of the nAChR-mediated synaptic currents is not limited to the GFP⫹ Kenyon cells, but it is
characteristic of the general population of neurons. This suggests
that the basic properties of receptors mediating fast excitatory
synaptic transmission can be similar, even in distinct populations
of neurons, distinguished by the neurotransmitter phenotype or
anatomical grouping. This is not entirely unexpected, given that
the kinetic properties of AMPA-receptor-mediated mEPSCs in
the mammalian CNS can be similar in anatomically and functionally distinct neuronal subpopulations (Gardner et al., 1999;
Simkus and Stricker, 2002). More detailed analysis of receptor
properties in distinct cell types, identified using enhancer trap
lines defining specific neuronal subtypes, may reveal differences
in functional properties not detected in the present study.
The excitatory nAChR-mediated currents in Kenyon cells are
also ␣-BTX-sensitive. Although the subunit composition of native nAChRs in Drosophila is not known, these data suggest that
they may include ALS or D␣3, subunits that confer ␣-BTX sensitivity to receptors expressed in Xenopus oocytes (Bertrand et
al., 1994; Schulz et al., 1998). In mammalian systems, ␣-BTX
sensitive neuronal nAChRs have a high calcium permeability
(Bertrand et al., 1993; Seguela et al., 1993). Preliminary calcium
imaging studies in the Drosophila cultures demonstrate that activation of nAChRs in GFP⫹ Kenyon cells causes a rapid increase
in intracellular calcium levels even in the presence of cobalt, a
voltage-gated calcium channel blocker (Campusano and
O’Dowd, unpublished observations). Therefore, in addition to
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mediating rapid depolarization of the membrane, activation of
the receptors could play a role in the calcium-dependent regulation of gene expression.
Reversible blockade of neurotransmitter release from Drosophila mushroom body Kenyon cells, during different phases of
training in an olfactory associative learning paradigm, has demonstrated that synaptic transmission between Kenyon cells and
their downstream partners is important in memory retrieval but
is not necessary for memory acquisition or storage (Dubnau et
al., 2001). This suggests that synaptic receptors in mushroom
body Kenyon cell dendrites are sites of functional plasticity important in the acquisition and storage of memory. Repetitive activation of cholinergic afferents during olfactory associative conditioning could result in long-lasting modifications in synaptic
transmission at cholinergic synapses in Kenyon cells through at
least two different mechanisms. First, if the activation of nAChRs
results in an increase in intracellular calcium, repeated stimulation may be sufficient to trigger changes in gene expression that
could affect the number and/or type of synaptic receptors expressed or could alter the interaction of Kenyon cells with their
postsynaptic partners. Second, it is possible that heterosynaptic
facilitation contributes to plasticity at these synapses. Dopamine
and octopamine receptors are expressed at high levels in the mushroom body region, and activation of these receptors can regulate
cAMP levels in S2 cells (Han et al., 1996, 1998). In addition, repetitive spaced db-cAMP exposure can cause a persistent increase in
transmission at cholinergic synapses in cultured embryonic neurons
(Lee and O’Dowd, 2000). Therefore, if the unconditioned stimulus
during olfactory conditioning activates interneurons synapsing on
cholinergic terminals in the mushroom bodies, corelease of biogenic
amines could modulate cAMP levels, resulting in a persistent increase in transmission at these synapses.
In addition to receiving excitatory cholinergic input, the
GFP⫹ Kenyon cells also express GABA receptors that mediate
fast inhibitory synaptic transmission. Similar to the GABA receptors in the general population of neurons, these are PTX-sensitive
and are not blocked by BMC. Based on localization studies (Harrison et al., 1996) and their pharmacological profile, it is tempting
to speculate that these synaptic receptors contain Rdl subunits,
similar to the PTX-sensitive synaptic GABA receptors described
previously in embryonic cultured neurons (Lee et al., 2003).
However, there are some significant differences in the GABAergic
synaptic currents in the pupal and embryonic neurons. First, the
mean mIPSC amplitude is 2–3 times larger in GFP⫹ Kenyon cells
and pupal neurons in general, compared with embryonic neurons. Second, the mean mIPSC decay in the pupal neurons is
faster than that seen in the embryonic neurons, and the agedependent change in this property noted in embryonic neurons is
not seen at the pupal stage. These differences could arise from the
stage-specific regulation of receptor density, quantal size, and/or
subunit composition. It should be noted that there is a broad
range in the decay time constants observed even within pupal
neurons, suggesting that GABA receptor expression may be regulated in a cell-specific manner.
GABA receptors mediating fast inhibitory input in cultured
Kenyon cells is consistent with studies demonstrating GABApositive synaptic terminals on Kenyon cells in vivo (Yusuyama et
al., 2002). In locust, some of the GABAergic inputs to the mushroom bodies originate from neurons in the lateral horn, a structure that receives excitatory input from cholinergic antennal lobe
projection neurons in response to olfactory stimuli (Perez-Orive
et al., 2002). Therefore, the presentation of olfactory stimuli during olfactory associative learning should activate GABAergic, as
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well as cholinergic, afferents to the Drosophila mushroom bodies.
This suggests that activity-dependent alterations in transmission
at the GABAergic synapses, like cholinergic synapses, could also
be important in mediating long-lasting modifications contributing to learning and memory in Drosophila.
In summary, these studies demonstrate that nAChRs and
GABA receptors mediate fast synaptic transmission in Kenyon
cells; therefore, they are in a position to be activated during olfactory associative learning. Preliminary data indicate that both
dopamine and octopamine can modulate transmission at cholinergic and GABAergic synapses in the cultured pupal neurons,
suggesting that heterosynaptic facilitation may be involved in
regulating plasticity at these synapses (Su and O’Dowd, unpublished observations). The ability to examine regulation of synaptic currents in identified populations of cells important in mediating olfactory learning and memory, in combination with access
to mutants that alter specific aspects of this complex behavior,
provide a unique set of tools for exploring the relationship between synaptic plasticity and learning.
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