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Difficulty in recording from single neurons in vivo has precluded
functional analyses of transmission at central synapses in Dro-
sophila, where the neurotransmitters and receptors mediating
fast synaptic transmission have yet to be identified. Here we
demonstrate that spontaneously active synaptic connections
form between cultured neurons prepared from wild-type em-
bryos and provide the first direct evidence that both acetylcho-
line and GABA mediate fast interneuronal synaptic transmission
in Drosophila. The predominant type of fast excitatory trans-
mission between cultured neurons is mediated by nicotinic
acetylcholine receptors (nAChRs). Detailed analysis of cholin-
ergic transmission reveals that spontaneous EPSCs (sEPSCs)
are composed of both evoked and action potential-
independent [miniature EPSC (mEPSC)] components. The
mEPSCs are characterized by a broad, positively skewed am-
plitude histogram in which the variance is likely to reflect dif-
ferences in the currents induced by single quanta. Biophysical

characteristics of the cholinergic mEPSCs include a rapid rise
time (0.6 msec) and decay (t 5 2 msec). Regulation of mEPSC
frequency by external calcium and cobalt suggests that cal-
cium influx through voltage-gated channels influences the
probability of ACh release. In addition, brief depolarization of
the cultures with KCl can induce a calcium-dependent increase
in sEPSC frequency that persists for up to 3 hr after termination
of the stimulus, illustrating one form of plasticity at these cho-
linergic synapses. These data demonstrate that cultured em-
bryonic neurons, amenable to both genetic and biochemical
manipulations, present a unique opportunity to define genes/
signal transduction cascades involved in functional regulation
of fast excitatory transmission at interneuronal cholinergic syn-
apses in Drosophila.
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The ability to combine behavioral and biochemical approaches
with sophisticated molecular genetics has made Drosophila an
important organism for identification of genes involved in the
development and functioning of the nervous system. Further-
more, the electrophysiological studies feasible at the larval and
embryonic neuromuscular junction (NMJ) have made it possible
to assess the phenotypic consequences of mutating specific genes,
providing important insights into the molecular mechanisms un-
derlying transmission at peripheral glutamatergic synapses (Wu,
1996; Wu and Bellen, 1997). The NMJ in Drosophila also exhibits
features of activity-dependent synaptic plasticity, including
paired-pulse facilitation and post-tetanic potentiation. Alter-
ations in these properties in a number of mutant and transgenic
strains have demonstrated that cAMP–cAMP response element-
binding protein (Zhong and Wu, 1991; Davis et al., 1996) and
CaM kinase II signaling (Griffith et al., 1994; Wang et al., 1994)
are involved in regulating plasticity at these glutamatergic syn-
apses. Because some of these animals exhibit learning and mem-
ory defects, it seems likely that these signaling cascades are also
important in regulating transmission and plasticity at central
synapses.

Prerequisite to testing this hypothesis is the ability to examine
the functional properties of fast transmission at central synapses

in mutant and wild-type flies. However, to date, the technical
challenge of recording from single neurons in the CNS has
precluded electrophysiological analyses of central synaptic trans-
mission in Drosophila. Although a recently described intact em-
bryonic nerve cord preparation suggests that it will be possible to
examine some aspects of fast synaptic transmission in vivo (Baines
and Bate, 1998), an alternate approach that has been used suc-
cessfully to study the functional properties of transmission at
central synapses in other animals focuses on connections that
form between neurons grown in cell culture (Banker and Goslin,
1991). Drosophila neurons, from both embryos (Seecof et al.,
1973; Wu et al., 1990; O’Dowd, 1995) and larvae (Wu et al., 1983),
differentiate in dissociated cell culture under various growth
conditions. Standard whole-cell recording techniques have docu-
mented the expression of voltage-gated ion channels (Solc et al.,
1987; O’Dowd and Aldrich, 1988; O’Dowd et al., 1989; Leung and
Byerly, 1991; O’Dowd et al., 1995; Tsunoda and Salkoff, 1995) and
the development of electrical excitability in cultured neurons
(Saito and Wu, 1991; O’Dowd, 1995; Zhao and Wu, 1997).
Development of the electrical membrane properties of neurons in
embryonic cultures appears to be similar to maturation occurring
in vivo based on data obtained from neurons in an intact embry-
onic nerve cord preparation (Baines and Bate, 1998).

Here we demonstrate that embryonic Drosophila neurons are
also capable of forming functional synaptic connections with each
other in culture, providing a unique opportunity to examine the
electrophysiological properties of interneuronal synaptic trans-
mission. In these neurons the predominant form of fast excitatory
synaptic transmission is cholinergic and is mediated by nicotinic
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acetylcholine receptors (nAChRs). Spontaneous synaptic cur-
rents mediated by GABA receptors were also observed in a
subpopulation of neurons. Comparison of the synaptic currents in
neurons cultured from mutant and transgenic animals with the
wild-type data presented in this paper will enable identification of

specific genes involved in the function/regulation of central syn-
aptic transmission.

MATERIALS AND METHODS
Fly strains. Two wild-type populations were used in this study. The first
strain (wt1) refers to a Canton-S stock maintained in the laboratory for
10 years. The second stock (wt2) is a “Cantonized” white stock (w1118:
CS10) generated by outcrossing between w1118 and a Canton-S stock for
10 generations (Boynton and Tully, 1992). wt2 was kindly provided by
Dr. T. Tully (Cold Spring Harbor Laboratory).

Cultures. Each culture was prepared from two midgastrula stage
embryos, plated on uncoated glass coverslips, and grown in a defined
medium (DDM1) as described previously (O’Dowd, 1995). Cultures were
maintained in an incubator supplied with 5% CO2 at 23–25°C for up
to 9 d.

Immunostaining. Choline acetyltransferase (ChAT) and GABA ex-
pression were examined using the Vectastain avidin–biotin–peroxidase
complex method (Vector, Burlingame, CA). Neurons at 3–9 d in vitro
(DIV) were fixed with 4% paraformaldehyde for 30 min at room tem-
perature. For ChAT staining the primary antibody, monoclonal antibody
4B1 (Takagawa and Salvaterra, 1996), was used at a dilution of 2 mg/ml
of IgG in a 4°C overnight incubation. This antibody was kindly provided
by Dr. P. Salvaterra (City of Hope). The secondary antibody (biotinyl-
ated anti-mouse IgG; Sigma, St. Louis, MO) was used at a 1:500 dilution
in a 2 hr room temperature incubation. For GABA staining the primary
antibody (polyclonal anti-GABA antibody; Sigma) was used at a dilution
of 1:1000 in a 4°C overnight incubation. The secondary antibody (biotin-
ylated anti-rabbit IgG; Sigma) was used at a 1:200 dilution in a 3 hr room
temperature incubation. For both ChAT and GABA staining the strepta-
vidin–peroxidase complex solution was applied at a 1:50 dilution for 1 hr
at room temperature. The DAB reaction was processed for 1–2 min, a
time chosen such that no background staining was observed in control
cultures processed in parallel in the absence of primary antibody. In each
experiment the total number of neurons and the number of immunopo-
sitive neurons were counted in four randomly chosen fields of view on
four different coverslips, and the percentage of positive neurons was
calculated. The mean percentage of positive neurons was determined
from the average percentage of labeled neurons in four or five indepen-
dent experiments for ChAT and GABA, respectively. The classification
of cells as neuronal, based on their morphology, is justified by a previous
study demonstrating that .90% of the differentiated cells in these cul-
tures are stained with anti-HRP antibodies (O’Dowd, 1995) that specif-
ically bind to Drosophila neurons (Jan and Jan, 1982).

Figure 1. ChAT and GABA expression in cultured Drosophila neurons. A, Bright-field photomicrograph of a culture at 6 DIV stained with a monoclonal
antibody to choline acetyltransferase (ChAT ). Although the majority of neurons are positive in this field of view, unstained neurons are indicated by
arrowheads. Inset, Background level of staining in the absence of primary antibody. B, Bright-field photomicrograph of a culture at 4 DIV stained with
a polyclonal antibody to GABA. Two positive neurons are indicated by arrows. Scale bar, 20 mm. C, Quantitative analysis of the percentage of neurons
positive for ChAT or GABA assessed in cultures between 3 and 6 DIV. Bars indicate SEM, and number of experiments is indicated in parentheses.

Figure 2. Two classes of kinetically distinct spontaneous synaptic cur-
rents recorded from cultured Drosophila neurons. A, Fast sPSCs recorded
from a neuron at 3 DIV, typical of the currents recorded in ;50% of the
wild-type neurons. Holding potential was 275 mV. B, An example of a
kinetically distinct class of sPSCs, recorded in a second wild-type neuron
at 3 DIV, is characterized by a slow decay time constant. These slow
sPSCs are inward when the cell is held at 255 mV and outward at 225
and 25 mV, reversing near the calculated chloride equilibrium potential
(246 mV).
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Electrophysiology. The whole-cell recording technique was used to
monitor EPSCs and EPSPs from cultured neurons between 1 and 9 DIV.
EPSCs were recorded with whole-cell pipettes (3–6 MV) filled with
internal solution containing (in mM): 120 CsOH, 120 D-gluconic acid, 0.1
CaCl2 , 2 MgCl2 , 20 NaCl, 1.1 EGTA, and 10 HEPES, pH 7.2. For EPSP
and action potential (AP) recordings, potassium gluconate (120 mM) was
substituted for CsOH and D-gluconic acid. The external solution con-
tained (in mM): 140 NaCl, 1 CaCl2 , 4 MgCl2 , 3 KCl, 5 HEPES, pH 7.2.
All data shown are corrected for the 5 mV liquid junction potentials
generated in these solutions. Resting potentials were measured as the
voltage drop observed in current-clamp mode after establishment of the
whole-cell configuration. EPSCs recorded in the absence of TTX were
defined as sEPSCs, and those recorded in the presence of 1 mM TTX
were defined as mEPSCs. The following additional drugs were bath-
applied: D-tubocurarine (curare, 100 nM; Aldrich Chemicals), 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX, 5 mM), D(2)-2-amino-5-
phosphonopentanoic acid (APV, 50 mM), and picrotoxin (PTX, 10 mM).
Data were acquired with an Axopatch 1D (Axon Instruments) amplifier,
a Digidata D-A converter (Axon Instruments), a pentium-equipped
Gateway 2000 computer, and either pCLAMP6 (Axon Instruments) or
SCAN (SES, University of Strathclyde, Scotland) software. All record-
ings were made at room temperature.

Analysis of mEPSCs. mEPSC frequency in a single neuron was deter-
mined from 20–100 current traces, each 500 msec in duration, all ob-
tained between 2–7 min after breaking into the whole-cell configuration.
During this time there was no significant rundown in frequency. Indi-
vidual events were detected using an automated mini detection software
(Mini Analysis Program, Jaejin Software) with threshold criteria of 10
pA (fourfold greater than the RMS noise level of 2.5 pA) and a charge
transfer of 7 fC. Single-channel activity (observed only rarely) was
manually rejected during visual inspection of each record. Current traces
were filtered at 2 kHz and digitized at 4 kHz using PClamp 6 software.
mEPSC biophysical properties were determined from records filtered at
2 kHz and digitized at 20 kHz using SCAN, a trigger-based detection
program with an amplitude threshold of 10 pA. The mean amplitude and
rise time were determined by averaging the values obtained from 25 or
more single events in each neuron. Decay time constants were deter-

mined by fitting a single exponential distribution to the falling phase of
the averaged mEPSC from each neuron. A small number of mEPSCs
with rise times .2 msec were excluded from this analysis.

KCl stimulation. Cultures between 3 and 6 DIV were depolarized by
brief exposure to high potassium using the following procedures. (1) 1x
KCl: Coverslips were transferred into Petri dishes containing DDM1
growth medium to which 50 mM KCl had been added. After a 5 min
incubation the coverslips were briefly washed three times in fresh DDM1.
Coverslips were transferred into dishes containing fresh DDM1 and
returned to the CO2 incubator for 1 hr before electrophysiological
analysis. (2) 3x KCl: KCl exposure and wash were repeated three times,
separated by 5 min intervals in DDM1. After the last wash, coverslips
were transferred into dishes containing fresh DDM1 and returned to the
CO2 incubator for 1 hr before electrophysiological analysis. (3) 3x KCl 1
3 mM Co 21: The same protocol was used as for 3x KCl, with the
modification that the high potassium solution also contained 3 mM cobalt.
The sEPSC frequency in mock-treated cultures, processed in parallel
with treated cultures where normal DDM1 replaced the DDM1 supple-
mented with KCl, was not significantly different from untreated cultures,
and therefore the data in these two groups were pooled for statistical
comparisons. Two-thirds of the whole-cell recordings were performed
blind with respect to the treatment conditions.

RESULTS
Previous studies from our laboratory documenting the differen-
tiation of electrically excitable neurons in dissociated cell cultures
prepared from midgastrula stage Drosophila embryos (O’Dowd,
1995) did not report evidence of spontaneous synaptic activity in
these cells. This is perhaps not surprising in that these experi-
ments focused primarily on the properties of large isolated neu-
rons at 1–2 DIV. However, many of the neurons in these cultures
were physically contacted by the neurites of a number of neigh-
boring cells, and this led us to ask whether these neurons could
form functional synaptic connections with each other. Initial
experiments to examine this question were directed at determin-
ing the pattern of neurotransmitter expression in the cultured
Drosophila neurons. Immunocytochemical studies revealed that
many of the cultured neurons, when plated at a moderately high
density, were stained with a monoclonal antibody to ChAT, the
synthesizing enzyme for the neurotransmitter acetylcholine (Fig.
1A). A smaller population of neurons was stained with a poly-
clonal antibody for the neurotransmitter GABA (Fig. 1B). Quan-
titative analysis revealed that ;80% of the cultured neurons (3–6
DIV) were ChAT positive and 15% were GABA positive (Fig.
1C). These findings suggest that most of the neurons use acetyl-
choline as a neurotransmitter, whereas a much smaller subset of
the cells uses GABA.

Fast synaptic transmission mediated by nAChR and
GABA receptors in cultured Drosophila neurons
Whole-cell recordings, from neurons between 3 and 9 DIV,
revealed that in addition to expressing both GABA and ChAT,
these neurons are capable of forming spontaneously active func-
tional synaptic connections with each other. Spontaneous PSCs
(sPSCs) (Fig. 2A), characterized by a rapid rise and decay, were
observed in ;50% of the cultured wild-type neurons that exhib-
ited physical contacts with neurites from neighboring cells. Initial
experiments demonstrated the presence of a second kinetically
distinct classes of sPSCs in a subpopulation of neurons (Fig. 2B).
In our standard recording solutions, these slowly decaying events
were inward at 255 mV but were clearly outward at potentials
more depolarized than 230 mV (Fig. 2B). This reversal, near the
theoretical chloride equilibrium potential in these conditions
(ECl 5 246 mV), suggested that these events were mediated by
GABA-gated chloride channels. This was confirmed by the block-
ade of these currents with PTX, a specific GABA receptor

Figure 3. Fast transient synaptic currents are mediated by nAChRs.
Superimposed current traces (20 3 500 msec sweeps) at a holding poten-
tial of 275 mV during bath perfusion with indicated drugs at the follow-
ing concentrations: APV, 50 mM; CNQX, 5 mM; PTX, 10 mM; and curare,
100 nM. Records obtained from a single neuron at 6 DIV. Fast sPSCs were
reversibly blocked by bath application of curare but were not affected by
CNQX, APV, or PTX.
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antagonist (data not shown). In some neurons both the fast
transient currents and slow GABAergic currents were observed.
Therefore, to examine the properties of rapid transient sPSCs in
isolation, all of the subsequent recordings were obtained in the
presence of PTX (10 mM).

The reversible blockade of the rapid transient sPSCs by bath
application of 100 nM curare demonstrates that they are mediated
by nAChRs (Fig. 3). These currents were not affected by either
glutamate (CNQX, APV) or GABA receptor (PTX) antagonists.
To determine whether the cholinergic PSCs were excitatory, we
examined their reversal potential. In a single neuron at 7 DIV the
averaged PSC (20–50 individual events) was inward at voltages
below 245 and outward at 160 mV (Fig. 4A). A current–voltage
relationship generated by measuring the peak amplitude at each
voltage shows a reversal potential near 0 mV (Fig. 4A). A similar
depolarized reversal potential was observed in all the neurons

examined (n . 10), suggesting that these fast cholinergic PSCs
are excitatory. This was confirmed by current-clamp recordings,
where spontaneous cholinergic postsynaptic potentials were able
to trigger APs in the recipient neuron (Fig. 4B). These data
demonstrate that the predominant form of fast excitatory synaptic
transmission in the cultured Drosophila neurons is cholinergic and
mediated by nAChRs.

AP-dependent and AP-independent components of
fast excitatory transmission
Fast cholinergic sEPSCs recorded from the cultured neurons have
both an AP-dependent and an AP-independent component as
illustrated in Figure 5. Recordings of sEPSCs from a single
neuron at 5 DIV reveals a large variability in the amplitudes of
individual events (Fig. 5A,C). Bath application of 1 mM TTX, to
block generation of spontaneous APs, reduced the mean current

Figure 4. Cholinergic synaptic currents are
excitatory. A, Averaged mEPSCs (.20 traces
at each potential) recorded in the presence of
1 mM TTX from a single neuron at 6 DIV at
indicated holding potentials. The peak
current–voltage relationship indicates a rever-
sal potential near 0 mV. B, In current-clamp
mode, nAChR-mediated sEPSPs were re-
corded from a single neuron (6 DIV) at two
different holding potentials. At rest, 235 mV
in this neuron, an sEPSP triggers a spontane-
ous AP with a threshold at 228 mV. When the
cell is held at 255 mV by injection of hyper-
polarizing current, the sEPSPs are depolariz-
ing, but they do not give rise to regenerative
events.

Figure 5. sEPSCs have both TTX-
sensitive and TTX-insensitive components.
A, sEPSCs recorded from a single wild-type
neuron (5 DIV) at 275 mV in normal ex-
ternal solution (top three traces). mEPSCs
recorded from the same neuron after
perfusion of the bathing media with 1 mM
TTX to block spontaneous APs (bottom
three traces). B, Amplitude distribution of
sEPSCs versus mEPSCs recorded from the
same neuron. Inset, The mean sEPSC am-
plitude was significantly larger than the
mEPSC amplitude in the population of neu-
rons examined (*p , 0.05, Student’s t test).
C, The average sEPSC frequency was also
significantly higher than mEPSC frequency
in wt1 neurons (**p , 0.01, Student’s t test).
Bars indicate SEM, and number of neurons
is indicated parentheses.
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amplitude (Fig. 5A,B). These events are AP independent and are
defined as cholinergic mEPSCs. In the population of neurons
examined, the mean amplitude of the sEPSCs was significantly
larger than that of the mEPSCs (30.7 6 2.3, n 5 16 and 24.8 6
1.4, n 5 24, respectively; p , 0.05, Student’s t test). The frequency
of sEPSCs and mEPSCs in the population of neurons examined
was quite variable (0.1 to $10 Hz), but the average sEPSC
frequency (2.6 Hz) was also significantly higher than the average
mEPSCs frequency (1.1 Hz) (Fig. 5C). These data demonstrate
that evoked currents driven by spontaneous Na-dependent action
potentials comprise a significant component of the sEPSCs in the
population of neurons examined.

Increase in sEPSC incidence and frequency during
early development in vitro
Initial experiments at 3–4 DIV, where many neurons are con-
tacted by processes from one or more neighboring cells, revealed
that sEPSCs were observed in ;50% of the neurons examined.
However, neurons in cultures prepared from midgastrula stage
embryos undergo extensive neurite outgrowth during the first 24
hr, and by 1 DIV the processes of some neurons are already in
contact with those of others. sEPSCs were recorded in ;18% of
the neurons exhibiting physical contacts with other cells at 1 DIV
(Fig. 6A). This incidence rate was significantly lower than the
50% characteristic of neurons in cultures examined between 2
and 9 DIV. In the cells with currents, the mean sEPSC frequency
observed in neurons at both 1 and 2 DIV was also lower than that

seen at 3 DIV. There was no further change in these parameters
between 3 and 9 DIV (Fig. 6B). Therefore, although the neurites
continue to elaborate between 3 and 9 DIV, the sEPSC incidence
and frequency are stable under the standard growth conditions
used.

Broad, positively skewed mEPSC amplitude
distribution is independent of release probability
Amplitude histograms of mEPSP/mEPSCs at peripheral cholin-
ergic synapses in vertebrates are characterized by a single Gauss-
ian distribution or the sum of multiple Gaussians with distinct
modes (Katz, 1966). This suggests little variance in the response
induced by release of a single quantum (vesicle) of ACh at these
synapses. In contrast, the range of mEPSC amplitudes at cholin-
ergic synapses in a single Drosophila neuron was broad (Fig. 7A),
and the amplitude histograms were positively skewed, rather than

Figure 6. Incidence and frequency of EPSCs are stable in neurons at $
3 d in vitro (DIV). A, The average percentage of neurons in which sEPSCs
were recorded was determined on a daily basis from multiple experiments
(n) with total of 17–69 wild-type neurons examined at each day. B, In the
cells in which synaptic currents were recorded, the sEPSC/mEPSC fre-
quency was determined and plotted as a function of days in culture. All
sEPSCs were recorded in control saline, and all mEPSCs were recorded
in the presence of 1 mM TTX. Bars indicate SEM, and number of neurons
is indicated in parentheses.

Figure 7. Broad, skewed mEPSC amplitude histogram in single cells. A,
Variability in the amplitude of individual mEPSCs in a single neuron at
7 DIV. B, The mEPSC amplitude histogram constructed from 408 indi-
vidual events recorded from this neuron reveals a broad distribution that
is positively skewed. C, Scatter plot of amplitude versus decay time
constant for the individual events. A linear regression fit to the data
demonstrates little correlation (r 5 20.073), indicating that the amplitude
variability is not caused by electrotonic filtering.

Lee and O’Dowd • Cholinergic Synaptic Transmission in Drosophila J. Neurosci., July 1, 1999, 19(13):5311–5321 5315



showing a single Gaussian distribution or multiple peaks at de-
fined modes (Fig. 7B). Theoretically, the relatively large variance
in mEPSC amplitude could be caused by activation of currents at
a number of different locations that were variably attenuated by
electrotonic decay. However, we found no evidence of a correla-
tion between amplitude and decay time constant of the individual
mEPSCs (Fig. 7C), suggesting that electrotonic filtering is not
responsible for the broad amplitude distribution.

To determine whether mEPSCs generated by release of mul-
tiple quanta might contribute to the variation in amplitude, we
investigated the relationship between release probability and
mEPSC amplitude. If mEPSCs represent currents resulting from
release of a mixture of single and multiple quanta, the mEPSC
amplitude distribution should co-vary with release probability.
However, if each mEPSC represents the response to a single
quantum, then the amplitude should be independent of release
probability. Similar to the findings in several other preparations,
mEPSC frequency (release probability) was influenced by extra-
cellular calcium concentrations at these cholinergic synapses in
Drosophila. Under the standard recording conditions of 1 mM

Ca21, the mEPSC frequency was 1.06 6 0.14 Hz. Increasing
extracellular calcium to 2 mM increased the mEPSC frequency,
whereas a frequency lower than rest was observed at 0.5 mM Ca21

(Fig. 8A). A threefold change in frequency was observed between
0.5 and 2 mM in the population of wild-type neurons examined
(Fig. 8B). When no exogenous calcium was added to the record-
ing solution, mEPSCs were observed in only a small percentage

of the neurons examined (3/34). As predicted for currents gener-
ated by release of a single vesicle, the mEPSC amplitude was
independent of release probability, as illustrated by the overlap-
ping mEPSC amplitude histograms generated from a single cell,
at two different calcium concentrations (0.5 and 2 mM Ca21) (Fig.
8C). Furthermore, there was no change in the mean amplitude as
a function of calcium concentration in the population of neurons
examined (Fig. 8D). These data support the conclusion that the
broad, skewed distribution of mEPSC amplitudes represents the
variability in the currents induced by single quanta.

mEPSC frequency regulated by calcium entry through
voltage-gated channels
To determine whether the dependence of mEPSC frequency on
extracellular calcium concentration was mediated by voltage-
gated Ca21 channels, we examined mEPSCs in the standard
external concentration of 1 mM Ca21 in the presence and absence
of a calcium channel blocker. As illustrated in Figure 9A, bath
application of 3 mM Co21 reversibly decreases mEPSC frequency
in a single neuron. The average mEPSC frequency recorded in 1
mM Ca21 1 3 mM Co21 was significantly lower than that re-
corded in 1 mM Ca21 alone, in the population of neurons exam-
ined (Fig. 9B). These data demonstrate that AP-independent
influx of calcium ions through voltage-gated calcium channels
influences the probability of ACh release from the presynaptic
terminals at rest. The effects of focal depolarization on mEPSC
frequency was also examined by recording from a neuron before

Figure 8. mEPSC frequency but not ampli-
tude is regulated by extracellular Ca 21 con-
centration. A, Superimposed current traces
(20 3 500 msec sweeps in each) obtained at
three different extracellular calcium concen-
trations in the presence of 1 mM TTX. B,
Mean mEPSC frequency in the indicated
number of neurons at three different calcium
concentrations. C, mEPSC amplitude histo-
grams from a single cell at 2 mM and 0.5 mM
Ca 21. Inset, Averaged mEPSCs generated
from 103 events in 0.5 mM Ca 21 and from 310
events in 2 mM Ca 21. D, The mean mEPSC
amplitude observed in the indicated number
of neurons at three different external calcium
concentrations. Bars indicate SEM, and num-
ber of neurons is indicated in parentheses.
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and during pressure ejection of 50 mM KCl in the presence of
TTX (Fig. 9C). A rapid and dramatic increase in the mEPSC
frequency of approximately 11-fold was observed during the
depolarizing stimulus (Fig. 9D). This finding suggests that depo-
larization of nerve terminals, in the absence of sodium-dependent
APs, also influences the probability of release.

Kinetic properties of cholinergic mEPSCs
Kinetic parameters of the mEPSCs, reflecting the properties of
the nAChRs in the postsynaptic membrane, were assessed in
individual neurons. The distribution of the 10–90% rise times of
mEPSCs in single cells could be reasonably fit with a single
Gaussian distribution (Fig. 10A). The mean mEPSC rise time for
each neuron was determined by averaging the rise times of all
individual events. The decay time constant was determined by
fitting a single exponential distribution to the decay phase of the
average mEPSC (Fig. 10B). Most neurons exhibited both a rapid
rise time and a fast decay time constant. A box plot illustrates the
range and variability in these parameters for the whole population
of neurons examined (Fig. 10C). There was no indication from
these analyses of more than one kinetically distinct population of
mEPSCs. Furthermore, analysis of the data as a function of

development did not reveal any significant differences in mEPSC
properties between 3 and 9 DIV (Table 1).

The characteristic properties of cholinergic transmission de-
scribed in this paper are not specific to the particular strain of
wild-type flies, as demonstrated by analysis of cholinergic cur-
rents in a second wild-type strain, wt2, a Cantonized white stock.
There was no difference in the incidence of neurons receiving
sEPSCs in the two different strains: 50% in wt1 compared with
49% in wt2. In addition the mean frequencies of the sEPSCs and
mEPSCs, 2.5 6 0.6 Hz (n 5 18) and 1.1 6 0.2 Hz (n 5 21),
respectively, in wt2 were not different from those seen in the wt1
neurons (Fig. 5C). Finally, the biophysical properties observed in
cultured neurons prepared from the two different wild-type pop-
ulations were very similar (Table 2).

Activity-dependent modulation of cholinergic
synaptic transmission
The capacity to exhibit both short-term and long-lasting alter-
ations in the efficacy of transmission is a common feature of
chemical synapses mediating fast transmission in the CNS. To
investigate the parameters involved in regulating transmission at
cholinergic synapses between Drosophila neurons we chose to
assess the affects of brief depolarization. Our first experiment
examined the acute effects of depolarization on synaptic activity.
Focal application of 50 mM KCl for a short period (5 sec), using
a micropipette (2–3 mm in diameter), induced a fast and dramatic
elevation in sEPSC frequency (Fig. 11A). This was followed by a
slower depletion phase where the sEPSC frequency declined
below base line levels. A second application of KCl within 1–2
min did not significantly increase sEPSC frequency during the
pulse (data not shown). However, the ability of neurons to re-
spond to high potassium recovered after a 5 min rest period in
normal external solution (Fig. 11B). These data suggest that acute
depolarization results in a brief increase in neurotransmitter
release followed by a refractory period, consistent with a transient
depletion of neurotransmitter stores.

To determine whether it was possible to cause a persistent
change in transmission at cholinergic synapses, bath exposure of
the whole culture to 50 mM KCl was used to induce a global
increase in activity. Cultures at 3–6 DIV were transferred from
their DDM1 growth medium to DDM1 containing 50 mM KCl for
5 min. Cultures were transferred back into fresh DDM1 and
returned to the incubator (Fig. 11C). There was no significant
change in the mean sEPSC frequency in a population of neurons
within these cultures examined 1–3 hr after the treatment (Fig.
11D). Extending the depolarizing stimulus to 15 min (uninter-
rupted) resulted in neurons that appeared morphologically un-
healthy 1 hr after the treatment, suggesting that this extended
exposure to high potassium was detrimental to cell survival.
However, when we increased the total time of depolarization to
15 min, using repetitive depolarizations separated by short rest
intervals (Fig. 11C), the cultures were morphologically indistin-
guishable from the untreated controls. Furthermore, this depo-
larizing stimulus was effective in inducing a significant increase in
sEPSC frequency that persisted for at least 1–3 hr after treatment
(Fig. 11D). This increase was blocked when Co 21 was present
during the depolarizing stimulus (Fig. 11C,D). These data dem-
onstrate that a series of brief depolarizations can induce a per-
sistent calcium-dependent increase in transmission at excitatory
cholinergic synapses.

Figure 9. Flux of calcium through voltage-gated ion channels regulates
mEPSC frequency at rest and during depolarization. A, Superimposed
current traces (20 3 500 msec sweeps in each) reveal a reversible decrease
in mEPSC frequency when 3 mM Co 21 is added to the recording solution
(1 mM TTX, 1 mM Ca 21). B, The mean mEPSC frequency was signifi-
cantly lower in recordings obtained from neurons in the presence of 3 mM
Co 21 when compared with control (*p , 0.05, Student’s t test). C, Top two
traces represent current recordings from a neuron in control solution (1
mM TTX, 1 mM Ca 21). The bottom two traces, recorded after pressure
ejection of 50 mM KCl from a pipette located ;20 mm from the cell body,
represent the average increase in mEPSC frequency seen during the 10
sec KCl puff. D, The mean mEPSC frequency recorded before (Control )
and during the 10 sec puff of 50 mM KCl (**p , 0.01, Student’s t test).
Bars indicate SEM, and number of neurons is indicated in parentheses.
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DISCUSSION
A number of classic neurotransmitters and receptors, including
acetylcholine, glutamate, and GABA, are expressed in the Dro-
sophila CNS (Restifo and White, 1990). However, in the absence
of a preparation in which to monitor the functional properties of
transmission at central synapses, their role in mediating fast
synaptic transmission remained obscure. This study provides the
first direct demonstration that both nAChRs and GABA recep-
tors mediate fast transmission between Drosophila neurons. In
conjunction with previous studies documenting widespread ex-
pression of both acetylcholine and AChRs in the Drosophila CNS
(Salvaterra and McCaman, 1985; Schuster et al., 1993; Yasuyama
et al., 1995), our finding that the predominant form of fast
excitatory transmission in cultured neurons is mediated by
nAChRs is consistent with the hypothesis that acetylcholine is
the major excitatory neurotransmitter in the fly CNS.

Spontaneous APs contribute to release of ACh in
cultured Drosophila neurons
The presence of an evoked component in the sEPSCs in the
majority of neurons examined, indicated by the decrease in mean
frequency and amplitude of the synaptic currents after bath
application of TTX, suggests that many of the cultured neurons
are capable of spontaneously firing sodium-dependent APs.
Current-clamp recordings also directly demonstrated that cul-
tured wild-type neurons fire spontaneous action potentials. Inter-
estingly, the resting potentials of the cultured neurons were rel-
atively depolarized (237 mV, n 5 6), and spontaneous APs were

rarely observed when hyperpolarizing current was used to hold
the cells below 250 mV. We believe that the properties governing
spontaneous firing in these cultured neurons are likely to mirror
those occurring in vivo based on the recent recordings obtained
from embryonic Drosophila neurons in an intact nerve cord prep-
aration. In these cells, spontaneously occurring regenerative in-
ward sodium currents were observed at 240 mV but were absent
when the cells were held at more hyperpolarized potentials
(Baines and Bate, 1998). In future studies paired recordings will
be conducted to clearly define the properties of evoked release at
cholinergic synapses formed between cultured embryonic
neurons.

Synaptic currents of variable amplitude are induced by
release of single quanta of ACh
Action potential-independent release of acetylcholine at periph-
eral cholinergic synapses in vertebrates results in mEPSCs that
show little variation in amplitude, each event representing the
current induced by release of a single quantum (del Castillo and
Katz, 1954; Katz, 1966) or integer numbers of quanta (Martin and
Pilar, 1964; Bornstein, 1974). In contrast, we observed a relatively
high variance in the amplitude of the cholinergic mEPSCs in the
Drosophila neurons in which the amplitude histogram was broad
and positively skewed without distinct modes. Although the
events recorded from a single cell are likely to represent currents
generated at multiple release sites, we found no evidence that
large events were kinetically faster than the small events, as would
be expected if electrotonic filtering were contributing to the large
variance in mEPSC amplitude. In light of these data, our finding
that the mEPSC amplitude was independent of release probabil-
ity suggests that the variance represents differential responses to
single quanta of neurotransmitter at these interneuronal cholin-
ergic synapses.

A similar broad, skewed amplitude distribution of mPSCs has
been described at glutamatergic (Bekkers and Stevens, 1989;
Jonas et al., 1993; Wyllie et al., 1994) and GABAergic (Edwards
et al., 1990; Otis and Mody, 1992) synapses in the vertebrate
CNS. It has been suggested that differences in postsynaptic re-
ceptor number or distribution at specific release sites (De Konick
and Mody, 1994; Nusser et al., 1997) and/or variations in vesicle
size or number of neurotransmitter molecules/vesicle (Bekkers et
al., 1990; Frerking et al., 1995) may contribute to the large
variance in mEPSC amplitudes. A recent report suggests that
increased variability in mEPSCs may also be a characteristic of
immature central synapses in mammals (Wall and Usowizc,

Figure 10. Cholinergic mEPSCs are char-
acterized by rapid activation and decay ki-
netics. A, A histogram of the 10–90% rise
time was generated from 314 events re-
corded from a single neuron at 7 DIV. The
data are fit with a single Gaussian curve
with the mean indicated by the arrow. B,
The averaged mEPSC in this neuron exhib-
its a typical rapid decay phase that is well fit
by a single exponential distribution with a t
of 1.5 msec. C, A box plot illustrates the
variability in the 10–90% rise time and de-
cay time constant for the mEPSCs in the
population of neurons examined. The 5th
and 95th percentiles are indicated by the
whiskers, and the 25th, 50th, and 75th per-
centile boundaries are indicated by the box
for each group. Œ, Maximum values; F,
minimum values; f, the mean.

Table 1. Biophysical properties of cholinergic mEPSCs in wt1 neurons
do not change between 3 and 9 DIV

Age (DIV) Amplitude (pA) Rise time (msec) t (msec) n

3–4 24.9 6 2.8 0.62 6 0.12 1.89 6 0.33 7
5–6 24.9 6 3.1 0.61 6 0.14 2.18 6 0.29 5
7–9 25.1 6 2.1 0.61 6 0.20 2.11 6 0.26 12

Table 2. Biophysical properties of cholinergic mEPSCs are similar in
two wild-type strains

Genotype Amplitude (pA) Rise time (msec) t (msec) n

wt1 24.8 6 1.4 0.61 6 0.05 2.1 6 0.2 24
wt2 21.6 6 1.3 0.70 6 0.05 2.0 6 0.2 5
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1998). Additional studies in Drosophila will be needed to deter-
mine the cellular features underlying the broad mEPSC ampli-
tude distribution at central cholinergic synapses.

The release probability of ACh influenced by Ca21 flux
through voltage-gated channels at rest and
by depolarization
Although in most preparations the mean amplitude of mEPSCs is
independent of extracellular calcium concentrations, the fre-
quency (probability of release) appears to be variably influenced
by calcium at different synapses. For example, blockade of
voltage-gated calcium channels with Cd21 does not alter the
frequency or amplitude of either mEPSCs or mIPSCs in CA3
pyramidal cells in hippocampal slice cultures (Scanziani et al.,
1992; Capogna et al., 1995). However, at many peripheral and
central synapses in both vertebrates and invertebrates, the
mEPSC frequency is influenced by extracellular Ca21 concentra-
tion (Katz, 1969; Hori et al., 1992; Broadie et al., 1997; Wall and
Usowizc, 1998). Our data demonstrate that at rest, external
calcium concentrations strongly influence the mEPSC frequency
in cultured Drosophila neurons. This is mediated by an influx of
calcium through voltage-gated ion channels. In addition, mEPSC

frequency is dramatically increased in response to KCl-induced
depolarization in the presence of TTX. This suggests that the
probability of release of ACh from the presynaptic terminals,
responsible for the mEPSCs, is influenced by influx of calcium
through voltage-gated calcium channels both at resting membrane
potentials and during depolarization. This is consistent with our
observations that these neurons express voltage-gated calcium
channels that can open at voltages near the average resting
potential and are further activated at more depolarized voltages
(O’Dowd, 1995).

nAChRs mediating mEPSCs appear
kinetically homogenous
To date, three different a-subunits and two b-subunits of the
nAChR have been identified in Drosophila (Gundelfinger, 1992;
Schulz et al., 1998). Although preliminary RT-PCR analysis sug-
gests that all of these are expressed in the cultured neurons (data
not shown), we did not see any evidence of kinetically distinct
populations of cholinergic mEPSCs. This suggests that a single
subunit combination is responsible for generation of the currents
or that the different combinations produce channels with kineti-
cally similar properties. The biophysical properties of receptors

Figure 11. Brief depolarization of differ-
entiated wild-type neurons induces calcium-
dependent persistent increase in sEPSC
frequency. A, A 5 sec, focal application of
50 mM KCl, pressure-ejected from a mi-
cropipette ;20 mm from the cell body, in-
duces a rapid and transient increase in
sEPSC frequency riding on a sustained in-
ward current, followed by a decline to be-
low baseline levels within 10 sec. Higher-
resolution images of sEPSCs recorded
before ( a), during ( b), and after ( c) the
KCl puff are indicated below. B, In a single
neuron, similar responses are observed to
two puffs of KCl when separated by a 5 min
rest period in normal external solution. C,
Three different paradigms used for global
depolarization of cultures at 3–6 DIV by
exposure to 50 mM KCl in DDM1. Record-
ings obtained 1–3 hr after stimulus illus-
trate an increase in sEPSC frequency after
repetitive KCl stimulation that is blocked if
stimulation is conducted in the presence of
Co 21. D, Mean sEPSC frequency, assayed
1–3 hr after treatment, is plotted for each
of the depolarization paradigms. The
slightly higher mean sEPSC frequency after
1x KCl was not significantly different from
control. However, a significant increase in
sEPSC frequency was observed in cultures
treated with high 3x KCl when compared
with control (ANOVA; ***p , 0.0001,
Fisher PLSD). This increase was blocked
when Co 21 was present during the re-
peated exposure to high potassium. Bars
indicate SEM, and the number of neurons
is indicated in parentheses.
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composed of different subunit combinations has not yet been
explored in expression systems because they do not by themselves
give rise to functional receptors. However, coexpression of indi-
vidual Drosophila a-subunits in Xenopus oocytes with vertebrate
b-subunits did reveal two pharmacologically distinct types of
AChRs defined as a-bungarotoxin sensitive and resistant (Ber-
trand et al., 1994; Schulz et al., 1998). Additional pharmacological
and permeability studies, in conjunction with single-cell RT-PCR,
will be necessary to determine whether there are functionally and
molecularly distinct populations of nAChRs in Drosophila
neurons.

Depolarization can induce a persistent increase in
transmission at cholinergic synapses
Activity-dependent regulation of transmission at central synapses
plays a fundamental role in information processing in all animals.
Contributing to this process are long-term facilitation, long-term
potentiation, and long-term depression, examples of synapse-
specific changes in synaptic strength that persist for hours to days
after induction (Bliss and Collingridge, 1993; Linden and Con-
nor, 1995; Nicoll and Malenka, 1995; Milner et al., 1998). More
recently, a novel form of synaptic plasticity, regulated by global
activity levels, has been identified at excitatory glutamatergic
synapses in cultured cortical neurons (Rutherford et al., 1998;
Turrigiano et al., 1998). Although we have not yet examined
whether cholinergic synapses in Drosophila neurons exhibit
synapse-specific changes in synaptic strength, our studies demon-
strate that a brief increase in overall level of neuronal activity can
induce a calcium-dependent, persistent change in cholinergic
transmission. Because the depolarizing stimulus affects both pre-
synaptic and postsynaptic neurons, future studies will be neces-
sary to determine whether the increase in sEPSC frequency
reflects alterations in presynaptic excitability, probability of neu-
rotransmitter release, sensitivity of the postsynaptic receptors, or
some combination thereof. However, the ability to induce a
persistent change in transmission by a brief depolarization sug-
gests that, like glutamatergic synapses in the vertebrate CNS,
cholinergic synapses are potential sites of plasticity important in
regulating neuronal function in the insect CNS. In a parallel
study in our laboratory we have found that cAMP signaling also
plays an important role in regulating transmission at these syn-
apses, and it is possible that an increase in presynaptic activity is
the physiological stimulus that activates this signal transduction
cascade (our unpublished observations).

Neuronal cultures: a model system to study functional
aspects of transmission at central synapses
in Drosophila
The detailed description of cholinergic transmission in wild-type
Drosophila neurons presented in this manuscript forms the basis
for comparisons, with data obtained from mutants or after bio-
chemical manipulation, that will enable identification of specific
genes or factors important in function or regulation of central
cholinergic synaptic transmission. In conjunction with the well
established model of synaptic transmission at the NMJ, identifi-
cation of both similarities and differences in the role of specific
genes in synaptic transmission at distinct synapses (e.g., periph-
eral vs central synapses, glutamatergic vs cholinergic) will con-
tribute to our knowledge of the fundamental rules governing
synaptic function and plasticity. Because fast excitatory transmis-
sion mediated by nAChRs has also been reported in the mam-
malian hippocampus (Frazier et al., 1998) and cortex (Roerig et

al., 1997), the studies in this model system may also reveal genes
that are important in regulating cholinergic transmission in
mammals.
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