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It is well known that cAMP signaling plays a role in regulating
functional plasticity at central glutamatergic synapses. How-
ever, in the Drosophila CNS, where acetylcholine is thought to
be a primary excitatory neurotransmitter, cellular changes in
neuronal communication mediated by cAMP remain unex-
plored. In this study we examined the effects of elevated cAMP
levels on fast excitatory cholinergic synaptic transmission in
cultured embryonic Drosophila neurons. We report that chronic
elevation in neuronal cAMP (in dunce neurons or wild-type
neurons grown in db-cAMP) results in an increase in the fre-
quency of cholinergic miniature EPSCs (mEPSCs). The ab-
sence of alterations in mEPSC amplitude or kinetics suggests
that the locus of action is presynaptic. Furthermore, a brief
exposure to db-cAMP induces two distinct changes in trans-
mission at established cholinergic synapses in wild-type neu-

rons: a short-term increase in the frequency of spontaneous
action potential-dependent synaptic currents and a long-
lasting, protein synthesis-dependent increase in the mEPSC
frequency. A more persistent increase in cholinergic mEPSC
frequency induced by repetitive, spaced db-cAMP exposure in
wild-type neurons is absent in neurons from the memory mu-
tant dunce. These data demonstrate that interneuronal excita-
tory cholinergic synapses in Drosophila, like central excitatory
glutamatergic synapses in other species, are sites of cAMP-
dependent plasticity. In addition, the alterations in dunce neu-
rons suggest that cAMP-dependent plasticity at cholinergic
synapses could mediate changes in neuronal communication
that contribute to memory formation.
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Modulation of transmission at central synapses is important for
processes ranging from development to learning and memory in
both vertebrates and invertebrates. A search for the molecular
mechanisms underlying synaptic modulation has revealed that the
cAMP second messenger signaling cascade plays a crucial role in
regulating functional plasticity at central synapses. This was ini-
tially demonstrated in studies of short-term facilitation at senso-
rimotor synapses in Aplysia (Brunelli et al., 1976; Castellucci et
al., 1980). Long-term facilitation at these synapses is also regu-
lated by cAMP signaling (Schacher et al., 1988; Dash et al., 1990;
Kaang et al., 1993; Martin et al., 1997; Bartsch et al., 1998). In the
rodent hippocampus, cAMP is involved in long-term potentia-
tion, a form of functional plasticity at central excitatory glutama-
tergic synapses (Frey et al., 1993; Huang et al., 1994; Weisskopf et
al., 1994; Nicoll and Malenka, 1995; Silva et al., 1998). In Dro-
sophila melanogaster, the cAMP signal transduction cascade has
also been implicated in regulating synaptic plasticity based on
data obtained at the neuromuscular junction (NMJ), a peripheral
glutamatergic synapse, where alterations in facilitation and post-
tetanic potentiation were observed in mutants (dunce and ruta-
baga) with defects in cAMP signaling (Zhong and Wu, 1991). A
number of the Drosophila mutants defining genes in the cAMP-
signaling cascade were originally identified on the basis of asso-

ciative learning deficits (Dudai et al., 1976; Livingstone et al.,
1984; Chen et al., 1986; Levin et al., 1992), suggesting that this
second messenger system also regulates plasticity at central exci-
tatory synapses. However, this hypothesis has not been directly
tested. Therefore, identification of neuronal synapses at which
transmission is regulated by cAMP represents an important step
toward understanding the cellular and molecular events regulat-
ing functional plasticity in the Drosophila CNS.

In the insect CNS acetylcholine, as opposed to glutamate in
vertebrates, is thought to be a primary excitatory neurotransmit-
ter (Breer and Sattelle, 1987; Restifo and White, 1990). This is
supported by electrophysiological recordings demonstrating that
acetylcholine mediates functional transmission in the brain of the
adult honeybee (Oleskevich, 1999). While nicotinic AChRs
(Schuster et al., 1993; Jonas et al., 1994) and choline acetyltrans-
ferase (ChAT)-positive neurons (Yasuyama et al., 1995) are
found throughout the Drosophila CNS, the location and size of
the cholinergic synapses have so far precluded analysis of their
functional properties in the fly brain. The recent demonstration
in our lab that nAChRs mediate the predominant form of fast
excitatory synaptic transmission between neurons grown in cell
culture (Lee and O’Dowd, 1999), provides the first opportunity to
examine the role of cAMP in regulating plasticity at interneuro-
nal synapses in Drosophila. Here we report that cAMP signaling
regulates transmission and plasticity at excitatory cholinergic syn-
apses in Drosophila neurons. We also observed alterations in basal
levels of transmission and cAMP-dependent plasticity at cholin-
ergic synapses in neurons from the memory mutant dunce. These
data suggest that cAMP-dependent plasticity at cholinergic syn-
apses may contribute to changes in neuronal communication
important for learning and memory in the fly.
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MATERIALS AND METHODS
Fly strains
The wild-type (wt1) population in this study was a Canton-S stock. Two
of the dunce alleles, dnc1 and dnc2 ( y dnc2 ec f), were generated in a
Canton-S background by S. Benzer’s group (Dudai et al., 1976; Byers et
al., 1981). The third dunce allele examined, dncM11, was isolated during
an independent mutagenesis (Mohler, 1977) on the basis of female
sterility and was subsequently shown to be allelic to dnc1 and dnc2. dnc1

was obtained from T. Tully, dnc2 from C.-F. Wu, and dncM11 from C.
Goodman.

Cultures
Cultures were prepared from two midgastrula stage embryos from each
genotype indicated, plated on uncoated glass coverslips, and grown in a
Drosophila-defined medium (DDM1) as described previously (O’Dowd,
1995). db-cAMP (Calbiochem, La Jolla, CA), staurosporine (Sigma, St.
Louis, MO), and cycloheximide (Sigma) were added to the DDM1 as
indicated in specific experiments. Controls for biochemical manipula-
tions included mock-treated cultures that were exposed to solution
changes in parallel with sibling cultures undergoing chemical treatments.
There were no statistically significant differences observed in the mock
and untreated cultures, and therefore these were pooled for statistical
analyses.

Electrophysiology
The whole-cell recording technique was used to record EPSCs using
pipettes (3–6 MV) filled with internal solution containing (in mM): 120
CsOH, 120 D-gluconate, 0.1 CaCl2, 2 MgCl2, 20 NaCl, 1.1 EGTA, and 10
HEPES, pH 7.2. The external solution contained (in mM): 140 NaCl, 1
CaCl2, 4 MgCl2, 3 KCl, and 5 HEPES, pH 7.2. All data were recorded
at a holding voltage of 275 mV. EPSCs recorded in the absence of
tetrodotoxin (TTX) were defined as spontaneous EPSCs (sEPSCs), and
those recorded in the presence of 1 mM TTX (Sigma) were defined as
mEPSCs. Bath application of D-tubocurarine (100 nM; Aldrich, Milwau-
kee, WI) blocked the EPSCs, whereas bath application of CNQX (5 mM),
APV (50 mM), bicuculline (2 mM), and picrotoxin (10 mM) did not affect
these currents. Data were collected using an Axopatch 1D (Axon Instru-
ments, Foster City, CA) amplifier, a Digidata analog-to-digital converter
(Axon Instruments), a Pentium-equipped Gateway 2000 computer, and
either pClamp6 (Axon Instruments) or SCAN (SES; University of
Strathclyde, Scotland) software.

All whole-cell recordings were performed between 3 and 9 d in vitro
(DIV). The neurons selected for electrophysiological analysis were phys-
ically contacted by neurites from neighboring cells. More than 50% of the
recordings were obtained blind with respect to genotype and/or treat-
ment condition. There was no significant difference in the blind versus
nonblind data sets, and therefore these were grouped for statistical
analyses.

sEPSC incidence. The incidence of detecting cholinergic sEPSCs was
determined by monitoring activity in each neuron for at least 2 min, in
which a stable whole-cell recording was obtained. Neurons in which
sEPSC frequency was ,0.1 Hz were scored as negative, whereas cells
with sEPSC frequency of $0.1 Hz, were scored as positive. The incidence
of positive neurons on each day was determined by dividing the number
of sEPSC-positive neurons by the total number of neurons examined.

sEPSC, mEPSC frequency. These were calculated for each neuron in
which synaptic currents occurring at $0.1 Hz were observed. Frequency
was determined by recording 20–100, 500 msec current traces, filtered at
2 kHz, acquired using pClamp6 software. Individual events were de-
tected using an automated mini-detection software (Mini Analysis Pro-
gram, Synaptosoft, NJ) with threshold criteria having an amplitude of 10
pA (fourfold greater than the RMS noise level of ;2.5 pA) and a charge
transfer of 7 fC. All records were obtained between 2 and 7 min after
breaking into the whole-cell configuration. During this time there was no
significant run down in frequency in any of the genotypes or conditions
examined. mEPSC biophysical properties were determined from records
acquired 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 determined by fitting
a single exponential distribution to the falling phase of the averaged
mEPSC from each neuron. mEPSCs with slow rise and decay kinetics
caused by electrotonic decay were excluded from this analysis.

RESULTS
Altered transmission at cholinergic synapses in dnc
mutant neurons
To determine if cAMP signaling is important in regulating syn-
aptic transmission at central synapses, we examined cholinergic
transmission at synapses formed between cultured neurons from
dunce1 (dnc1) embryos in which a defective phosphodiesterase
leads to chronically elevated levels of cAMP (Davis et al., 1995).
sEPSCs, composed of both action potential (AP)-dependent and
AP-independent components, were recorded in dnc1 neurons
between 3 and 9 DIV (Fig. 1A). These currents were blocked by
bath application of curare, indicating that they were mediated by
nicotinic AChRs (Fig. 1A). The incidence of detecting cholin-
ergic sEPSCs in dnc1 neurons was 48% (23 of 48), not different
than the incidence rate 51% (77 of 152) observed in wild-type
(wt1) neurons. In contrast, the mean sEPSC frequency in dnc1

mutant neurons was significantly higher than in wt1 neurons (Fig.
1A,B). These data suggested that a mutation in the dnc gene
alters AP-dependent and/or AP-independent transmission at
cholinergic synapses.

Figure 1. Elevated cholinergic sEPSC frequency in dnc mutant neurons.
A, Examples of typical recordings of rapid transient sEPSCs obtained
from a single wt1 and a single dnc1 neuron at 5 DIV. Each record
represents four superimposed current traces. Currents in both genotypes
are reversibly blocked by bath perfusion of 100 nM curare. B, The average
sEPSC frequency is significantly higher in dnc1 neurons when compared
with wt1 (Student’s t test, p , 0.01). All recordings were obtained
between 3 and 9 DIV. Error bars indicate SEM; number of neurons
indicated in parentheses.
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Previous studies have documented changes in the properties of
voltage-gated potassium currents (Delgado et al., 1998) and ex-
citability of dnc mutant neurons (Zhao and Wu, 1997) that may
contribute to the difference observed in sEPSC frequency be-
tween wt1 and dnc1 neurons. To determine if there were changes
in synaptic transmission, independent of possible alterations in
presynaptic excitability, miniature excitatory postsynaptic cur-
rents (mEPSCs) resulting from AP-independent transmitter re-
lease were examined. The average mEPSC frequency recorded in
dnc1 mutant neurons was significantly higher (fourfold) than wt1
neurons (Fig. 2A,B). The mean mEPSC frequency observed in
neurons from embryos homozygous for a second mutant allele at
the dunce locus (dnc2) was similar to that recorded from dnc1 (Fig.
2A,B), supporting the hypothesis that this phenotype is directly
related to mutations in the dunce gene. However, because these
two dnc alleles were isolated in the same screen, it is possible that
a second mutation in the background stock is responsible for the
phenotype we report. Therefore, to confirm that the changes in
EPSCs are caused by mutations in the dunce gene, we examined
dncM11, an independently isolated dunce mutant (Mohler, 1977).
The dncM11 flies are sterile as homozygotes and therefore are
maintained over a balancer chromosome (FM7c). Because we
were unable to find a marked balancer stock for identification of

homozygous mutant embryos at midgastrula stage, we prepared
single cultures from four embryos harvested from the dncM11/
FM7c parental stock. These cultures contained a genetically het-
erogeneous population of neurons in which, on average, 25%
were homozygous for the dncM11 mutation. Analysis of mEPSC
frequency revealed a significant increase ( p , 0.01, Student’s t
test) in neurons in the dncM11 cultures (2.5 6 0.82 Hz) when
compared to wt1 neurons (1.1 6 0.17 Hz). These data, in con-
junction with the similar changes we observed in neurons within
the genetically homogeneous dnc1 and dnc2 cultures, strongly
support the hypothesis that the increase in EPSC frequency is
caused by a mutation in the dunce locus, as opposed to an
unidentified background mutation.

In contrast to the increase in frequency, no significant differ-
ences were observed in the biophysical properties of the mEPSCs
recorded from mutant and wild-type neurons indicated by similar
mean amplitudes and kinetic properties (Fig. 2A, Table 1). In
addition, cumulative probability amplitude distributions indicate
a similar distribution of event sizes in dnc1 and wild-type neurons
(Fig. 2C). These data demonstrate that mutations in the dnc gene
alter AP-independent transmission at interneuronal cholinergic
synapses. The increased mEPSC frequency in the absence of
alterations in amplitude or kinetic properties further suggests that
the locus of the change is presynaptic.

Chronic elevation of cAMP levels in wild-type neurons
results in a dnc phenocopy
If the changes in cholinergic transmission observed in dnc mutant
neurons are directly related to a constitutive increase in neuronal
cAMP levels, then it should be possible to mimic the mutant
phenotype by increasing basal cAMP levels in wild-type neurons.
Neurons, dissociated from wt1 embryos at midgastrula stage,
were plated in a defined medium (DDM1) containing 0.5–500 mM

dibutyryl-adenosine-39,59-cyclic monophosphate (db-cAMP).
Cholinergic transmission was examined in cultured neurons be-
tween 3 and 9 DIV, in normal physiological saline, for the 4 hr
after removal from high-cAMP growth media. These analyses
revealed a concentration-dependent increase in sEPSC frequency
that saturated at ;100 mM db-cAMP (Fig. 3A,B).

To assess the effects of differentiation in high cAMP on AP-
independent transmission, mEPSCs were monitored in wt1 neu-
rons chronically exposed to 100 mM db-cAMP. These studies
revealed a high mEPSC frequency (;7 Hz) in db-cAMP-treated
neurons examined between 3 and 8 DIV (Fig. 3D). As previously
reported (Lee and O’Dowd, 1999), a stable mEPSC frequency of
;1 Hz was observed in the untreated wt1 neurons over this same
time period (Fig. 3D). Data pooled for the whole time period
demonstrate that the mean mEPSC frequency in db-cAMP-
treated neurons (6.63 6 0.81 Hz; n 5 40) was significantly higher
than untreated neurons (1.12 6 0.17 Hz; n 5 56) ( p , 0.001,
Student’s t test). There were no changes in the sEPSC incidence
rate of 52% (50 of 96) or in the mEPSC biophysical properties in
wt1 neurons differentiating in presence or absence of 100 mM

db-cAMP (Table 1). The similarity between the mean sEPSC and
mEPSC frequencies in wt1 neurons grown in db-cAMP (Fig.
3B,D) indicate that the predominant change involves an upregu-
lation in the AP-independent component of the synaptic currents.
These data suggest that the chronically elevated level of neuronal
cAMP is likely to be the primary defect resulting in the increase
in AP-independent transmission at cholinergic synapses in dnc
mutant neurons.

Figure 2. Elevated cholinergic mEPSC frequency in dnc mutant neurons.
A, mEPSC recordings obtained from indicated genotype in the presence
of 1 mM TTX. Averaged mEPSC on a faster time scale from a single
neuron is shown for each genotype (traces were normalized to the same
peak current amplitude). B, The mEPSC frequencies in dnc1 and dnc2

neurons are significantly higher (fourfold) than wt1 (ANOVA, *p , 0.05;
**p , 0.005 Fisher’s protected least significant difference). All recordings
obtained between 3 and 9 DIV. C, Overlapping cumulative probability
amplitude histograms at a holding potential of 275 mV constructed from
wt1 (1895 individual mEPSCs recorded from 13 wt1 neurons) and dnc1

(763 mEPSCs from 8 dnc1 neurons).
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In both the dnc neurons and wt1 neurons chronically treated
with db-cAMP, the alterations in mEPSC frequency could be
caused by permanent changes induced during neuronal differen-
tiation in the presence of high cAMP levels or could alternatively
be linked to the time or duration of exposure. To distinguish
between these possibilities, wild-type neurons were grown for 3 d
in high cAMP and then returned to control growth medium for
varying length of time. A time-dependent decrease in mEPSC

frequency after removal of the db-cAMP was observed, and by 48
hr the mEPSC frequency was indistinguishable from control
neurons (Fig. 3D). These data demonstrate that high cAMP levels
during differentiation do not irreversibly alter transmission at
cholinergic synapses.

Modulation of cholinergic transmission by transient
elevation in cAMP in differentiated wild-type neurons
To further explore the temporal relationship between elevation
of cAMP levels and cholinergic transmission, we asked if trans-
mission at established synapses could be altered by brief eleva-
tions in cAMP levels. To address this question, wt1 neurons were
plated in DDM1, allowed to develop in the absence of db-cAMP
for 3 d, then transferred to DDM1 containing 100 mM db-cAMP
for exposure periods ranging from 30 min to 8 hr (Fig. 4). After
a rapid wash in fresh DDM1, sEPSCs were monitored in normal
physiological recording saline for the next 4 hr. Although the
mean sEPSC frequency was slightly elevated after a 30 min and 1
hr db-cAMP exposure, a 2 hr treatment was necessary to induce
a significant increase over control cultures (Fig. 4). Both a 4 and
8 hr exposure produced a threefold increase in sEPSC frequency.
This increase was blocked in the presence of staurosporine, a
general protein kinase inhibitor (Fig. 4). These findings demon-
strate that acute elevation of cAMP levels mediates a rapid onset,
protein-kinase dependent modulation of AP-dependent transmis-
sion at cholinergic synapses, that persists for up to 4 hr after
termination of the stimulus, in differentiated wild-type neurons.

In contrast to the increase in sEPSC frequency, there was no
significant change in the mEPSC frequency when monitored 0–4
hr after termination of a 4 hr db-cAMP exposure (Fig. 4).
However, analysis of mEPSCs for 36 hr after a transient increase
in cAMP levels revealed a progressive, time-dependent increase
in frequency (Fig. 5). The peak increase (fourfold) occurred at 24
hr after termination of the stimulus. The increase in mEPSC
frequency was blocked when cycloheximide, a protein synthesis
inhibitor, was present during the 4 hr db-cAMP exposure and
subsequent 20 hr before recording. This blockade was not simply
attributable to a nonspecific toxic effect of the inhibitor because
there were no changes in the mEPSC frequencies in sister cul-
tures exposed to cycloheximide alone (Fig. 5). These results
clearly demonstrate that a brief elevation of cAMP levels in
differentiated wild-type neurons can induce a delayed-onset, pro-
tein synthesis-dependent increase in AP-independent transmis-
sion at cholinergic synapses.

Repetitive, spaced application enhances persistence
of cAMP-induced increase in mEPSC frequency in
differentiated wild-type neurons
The increase in mEPSC frequency seen after a single 4 hr
treatment with db-cAMP peaked at 24 hr and by 48 hr declined
to levels not different than seen in control cultures (Fig. 6B).
Previous studies in Aplysia have demonstrated that the persis-

Table 1. Biophysical properties of cholinergic mEPSCs in wild-type and dunce neurons

Genotype Amplitude (-pA) Rise time (msec) Tau (msec) n

wt1 23.7 6 2.0 0.61 6 0.05 2.2 6 0.2 24
wt11db-cAMP 20.9 6 1.7 0.71 6 0.08 2.3 6 0.4 6
dnc1 21.4 6 1.0 0.66 6 0.05 2.3 6 0.4 8
dnc2 20.2 6 0.9 0.56 6 0.06 2.0 6 0.3 5

wt1db-cAMP, Cells were plated directly into DDM1 containing 100 mM db-cAMP and were grown in this medium for 3–9 d.

Figure 3. Differentiation of wild-type neurons in db-cAMP results in a
dnc phenocopy. A, Ten superimposed sEPSC recordings obtained from
two wt1 neurons (4 DIV) that were grown in either 1 mM (top) or 100 mM
(bottom) db-cAMP. B, Dose-dependent increase in sEPSC frequency.
Neurons were grown in the indicated concentration of db-cAMP and
examined between 3 and 9 DIV. A sigmoidal fit to the data indicated an
EC50 of 17.7 6 8.1 mM. C, mEPSCs recorded from four wt1 neurons
grown in the absence of db-cAMP ( first trace), presence of 100 mM
db-cAMP (second trace), and 1 (third trace) or 2 ( fourth trace) days after
removal of db-cAMP at 3 DIV. D, The average mEPSC frequency in wt1
neurons grown in the presence of 100 mM db-cAMP (squares) was ap-
proximately sevenfold higher than that observed in the untreated wt1
neurons (circles) at all ages examined. In contrast, wt1 neurons that were
grown in the presence of 100 mM db-cAMP for 3 DIV and then switched
to db-cAMP-free media (triangles), showed an elevated mEPSC frequency
at 1 d after removal of db-cAMP that returned to baseline levels by 2 d.
All recordings were obtained in normal external saline at room temper-
ature. Error bars indicate SEM. All data points represent values obtained
from between 8 and 38 neurons examined in three or more separate
platings.
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tence of plasticity mediated by cAMP signaling at sensorimotor
synapses is related to the temporal pattern of the stimulus:
repetitive, spaced application of 5-HT, a stimulus that activates
cAMP signaling, induced a longer lasting increase in synaptic
strength than a single pulse (Montarolo et al., 1986; Glanzman et
al., 1990). To determine if there was a similar relationship be-
tween the temporal pattern of db-cAMP exposure and the per-
sistence of cellular changes at the Drosophila cholinergic syn-
apses, differentiated wt1 neurons were repetitively exposed to
db-cAMP. The total exposure time remained at 4 hr but was
administered as four, 1 hr applications, separated by 30 min
intervals in normal media (Fig. 6A, Spaced). The mean mEPSC
frequency at 24 hr was slightly higher than that induced by a single
4 hr treatment with db-cAMP (Fig. 6B). However, more dramatic
was the persistent increase in mEPSC frequency induced by the
spaced treatment paradigm evident at 2 and 3 d after exposure
(Fig. 6B). These findings suggest that the rest intervals between
short db-cAMP exposures are important in mediating persistent
alterations in mEPSC frequency.

Reduced cAMP-dependent plasticity in dnc
mutant neurons
We next asked if, in addition to changes in basal level of cholin-
ergic transmission, the ability of dnc neurons to respond to
transient changes in cAMP levels was compromised. In dnc1

neurons, both a single pulse and repetitive, spaced 4 hr exposure
to db-cAMP resulted in a small, although not statistically signif-
icant, increase in mEPSC frequency over control levels 1 d after
treatment (Fig. 6C). However, in marked contrast to the results
obtained in wild-type neurons, no persistent increase in mEPSC
frequency in dnc mutant neurons was observed after spaced
exposure to db-cAMP (Fig. 6C). It seems unlikely that the lack of
ability to induce a persistent change in dnc neurons with spaced
db-cAMP application is attributable to a ceiling effect because
the basal mEPSC frequency seen in both dnc mutant alleles was
3–4 Hz, well below the maximal frequency that could be induced
in wt1 neurons after either chronic or spaced exposure to 100 mM

db-cAMP. These data demonstrate altered cAMP-dependent
plasticity at cholinergic synapses in dnc mutant neurons.

DISCUSSION
In this study we demonstrate that neuronal cAMP levels can
regulate functional plasticity, independent of differentiation, at

Figure 4. Acute elevation in cAMP levels mediates a rapid onset, protein
kinase-dependent increase in AP-dependent transmission at cholinergic
synapses in wild-type neurons. A, Schematic of treatment protocol. sEP-
SCs were recorded in standard external saline 0–4 hr after termination of
the db-cAMP pulse. B, Increasing the duration of cAMP exposure,
between 0.5 and 4 hr, induced an increasing elevation in sEPSC frequency
when compared with controls (*p , 0.01, ** p , 0.01, ***p , 0.001,
ANOVA, Scheffe’s post hoc analysis). There was no further increase in
sEPSC frequency when the db-cAMP exposure time was increased to 8
hr. When 50 nM staurosporine was present during the 4 hr db-cAMP
exposure, the increase in sEPSC frequency was completely blocked,
indicating a protein kinase-dependent mechanism. The mEPSC fre-
quency was not significantly different in neurons immediately after 4 hr
db-cAMP exposure compared with controls (value at db-cAMP concen-
tration of 0). Error bars indicate SEM. All means represent data obtained
from between 10 and 23 neurons examined in three or more separate
platings.

Figure 5. Acute elevation in cAMP levels mediates a delayed onset,
protein synthesis-dependent increase in AP-independent transmission at
cholinergic synapses in wild-type neurons. A, Schematic of treatment
protocol. mEPSCs were recorded in standard external saline at the
indicated times (62 hr) after termination of the db-cAMP pulse. B, There
was a gradual increase in mEPSC frequency as a function of increasing
time after termination of the db-cAMP treatment. The peak mEPSC
frequency (a fourfold increase) was observed at 24 hr and subsequently
declined over the next 8 hr. When 100 mM cycloheximide was present
during the 4 hr db-cAMP exposure as well as the subsequent 20 hr, the
increase in mEPSC frequency was completely blocked. Cycloheximide
(CXM) alone for 24 hr resulted in mEPSC frequencies that were not
different than the controls. Error bars indicate SEM. All data points
represent values obtained from between 8 and 32 neurons examined in
three or more separate platings.
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cholinergic synapses between cultured Drosophila neurons. Al-
though numerous studies have demonstrated that the cAMP
signaling cascade plays a role in modulating plasticity at central
glutamatergic (hippocampus) and presumed glutamatergic (Aply-
sia) (Trudeau and Castellucci, 1993; Murphy and Glanzman,
1997) synapses, this is the first direct evidence that cAMP regu-
lates plasticity at central cholinergic synapses mediating fast ex-

citatory transmission. As acetylcholine appears to be a primary
excitatory neurotransmitter in the fly brain, these data are con-
sistent with the hypothesis that cAMP-dependent plasticity at
cholinergic synpases mediates changes in neuronal communica-
tion in the Drosophila CNS. Although the majority of fast exci-
tatory synaptic transmission in the mammalian brain is mediated
by glutamate, recent reports indicate the presence of fast synaptic
signaling via nAChRs in both the rodent hippocampus (Frazier et
al., 1998) and visual cortex (Roerig et al., 1997). In light of our
findings in Drosophila, it seems likely that cAMP may also be
important in modulating fast cholinergic synaptic transmission in
the mammalian CNS.

Our data demonstrating a significant increase in mEPSC fre-
quency in three different dunce alleles, isolated in two indepen-
dent screens, strongly support the hypothesis that mutations in
dunce, a gene encoding a cAMP phosphodiesterase, result in the
alterations in cholinergic synaptic transmission we report. Previ-
ous studies have demonstrated that the phosphodiesterase activ-
ity is higher in the dnc1 versus dnc2 mutant (Tully and Gold,
1993). However, the cAMP levels in these two dunce alleles are
similar and significantly higher than wild-type (Byers et al., 1981).
The similarity in the mEPSC frequency in dnc1 and dnc2 and the
observation that chronic exposure to db-cAMP induces a
concentration-dependent increase in mEPSC frequency in wild-
type neurons, are consistent with the suggestion that elevated
levels of cAMP in the mutant regulates mEPSC frequency. The
smaller increase in mEPSC frequency in neurons within the
dncM11, compared to dnc1 and dnc2, cultures is not unexpected.
The dncM11 cultures were genetically heterogenous with only 25%
of the neurons homozygous for the mutant allele. In contrast, in
the dnc1 and dnc2 cultures, all of the neurons were genetically
homozygous for the mutations in the dnc locus. Assessment of
mEPSC frequency after experimental manipulations resulting in
a reduction in cAMP levels in dnc mutant neurons will be im-
portant in further examining the role of cAMP in regulation of
synaptic transmission in the mutant neurons.

In our study, brief exposures of cultured wild-type neurons to
db-cAMP demonstrated that the cAMP-signaling cascade is in-
volved in both short-term and long-lasting modulation of activity
at cholinergic synapses in Drosophila. The short-term change was
characterized by a rapid onset increase in cholinergic sEPSC
frequency in differentiated wild-type neurons. Because there were
no immediate changes in AP-independent synaptic transmission,
and the increase in sEPSC frequency was blocked in the presence
of a protein kinase inhibitor (staurosporine), it suggests that the
alterations involve posttranslational modifications of existing pro-
teins that do not affect the synaptic machinery involved in medi-
ating constitutive release. The increase in AP-dependent release
was transient in that the majority of the elevation in synaptic
current frequency observed 24 hr after cAMP exposure could be
accounted for by AP-independent synaptic currents. In Aplysia, it
has been shown that cAMP, through protein kinase A (PKA),
mediates a phosphorylation-induced reduction in conductance of
existing potassium channels resulting in a rapid, transient in-
crease in neuronal excitability contributing to short-term facilita-
tion (Byrne and Kandel, 1995). Previous studies have demon-
strated that cAMP-dependent phosphorylation induces a rapid
and reversible decrease in outward potassium currents in Dro-
sophila neurons (Wright and Zhong, 1995; Delgado et al., 1998).
This suggests that an increase in AP duration and/or excitability,
similar to that seen in Aplysia sensory neurons, may contribute to

Figure 6. A persistent increase in mEPSC frequency induced by repet-
itive, spaced db-cAMP in differentiated wild-type neurons is absent in
neurons from the memory mutant dunce. A, db-cAMP treatment and
recording paradigm. B, A single 4 hr exposure to db-cAMP results in a
delayed onset increase in mEPSC frequency that peaks at 24 hr and
returns to control levels 2 d after treatment in wt1 neurons. In contrast,
repetitive space application of db-cAMP resulted in a slightly higher
mEPSC frequency at 24 hr with a persistent elevation in frequency
maintained for up to 3 d after treatment. (*p , 0.05, **p , 0.01, Student’s
t test, treated vs control). These data suggest that rest intervals are
important in mediating persistent changes initiated by elevation in cAMP
levels. C, dunce neurons have a higher basal mEPSC frequency than wt1.
However, the mEPSC frequencies in dnc1 neurons treated for 4 hr with
db-cAMP (single and repetitive spaced exposure) were only slightly
elevated at 1 d after treatment when compared with the control dnc1

neurons. The mean mEPSC frequencies in dnc1 neurons at 2–3 d after
either db-cAMP treatment paradigm were not different than the control
neurons, indicating a reduction in cAMP-induced plasticity in dnc mu-
tants. Error bars indicate SEM. All data points represent values obtained
from between 9 and 32 neurons examined in three or more separate
platings.
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the rapid cAMP-induced increase in sEPSC frequency at cholin-
ergic synapses in Drosophila neurons.

The long-lasting change induced by brief db-cAMP exposure
in cultured Drosophila neurons was characterized by a delayed
onset increase in mEPSC frequency that peaked 24 hr after
exposure and was blocked by cycloheximide. The time course,
requirement for de novo protein synthesis, and the indication that
the changes are presynaptic (absence of changes in the biophys-
ical properties of each mEPSC), are consistent with cAMP-
inducing synaptic growth resulting in an increase in number of
functionally identical cholinergic release sites. A similar mecha-
nism has been proposed to underlie cAMP-induced long-term
facilitation in Aplysia where studies in cell culture have revealed
that enhancement of synaptic strength between identified sensory
and motor neurons, observed at 24 hr after the stimulus, requires
protein and RNA synthesis and the growth of new synaptic
connections between the neurons (Montarolo et al., 1986;
Schacher et al., 1988; Castellucci et al., 1989; Dash et al., 1990;
Glanzman et al., 1990; Bailey and Kandel, 1993). However, fur-
ther analysis will be necessary to determine if cAMP regulates
evoked transmitter release at cholinergic synapses in Drosophila
and if so whether the mechanism involves regulation of the
number of synaptic sites or affects other processes such as efficacy
of transmission at each bouton.

It was first demonstrated almost 15 years ago, in Aplysia cell
culture, that while a single pulse (13) of serotonin could induce
cAMP-dependent short-term facilitation, repetitive spaced (53)
application of serotonin was necessary to induce cAMP-
dependent long-term facilitation (Montarolo et al., 1986). Subse-
quent studies revealed that consolidation of changes induced by
spaced stimuli involved cAMP response element-binding protein
(CREB)-mediated gene transcription (Dash et al., 1990; Kaang et
al., 1993; Bartsch et al., 1995, 1998). A role for cAMP-CREB-
mediated transcription has also been demonstrated in long-term
potentiation at glutamatergic synapses in the rodent hippocampus
(Frey et al., 1993; Abel et al., 1997). Furthermore, studies in
Drosophila indicate that cAMP-initiated changes in CREB activ-
ity play a role in long-term synaptic enhancement at peripheral
glutamatergic synapses (Davis et al., 1996). Our observation that
repetitive spaced treatments with db-cAMP induced a more
persistent change than a single db-cAMP treatment suggests that
plasticity at cholinergic synapses induced by spaced exposure to
db-cAMP in Drosophila involves activation of CREB-mediated
gene transcription. It will be possible to test this hypothesis by
examining cAMP-dependent modulation of cholinergic transmis-
sion in neurons from transgenic flies carrying CREB activators
(Yin et al., 1995) and CREB inhibitors (Yin et al., 1994).

Our data clearly demonstrate that cAMP plays an important
role in short-term modulation of transmission, as well as initiating
events that contribute to long-lasting synaptic changes requiring
new protein synthesis, at interneuronal cholinergic synapses in
Drosophila. Several lines of evidence support the hypothesis that
the cAMP-dependent regulation of cholinergic plasticity we re-
port in the cultured neurons is likely to represent a mechanism
involved in modulation of functional transmission important for
behavior in the adult fly. First, we found that repetitive spaced
exposure to db-cAMP induced a more persistent increase in
mEPSC frequency than an equivalent length single exposure in
wild-type Drosophila neurons. These results represent a remark-
able parallel to those of behavioral studies in Drosophila demon-
strating that repetitive spaced trails, where an olfactory stimulus
is paired with a foot shock, induced more persistent memory than

an equivalent number of training trials presented in the absence
of a rest interval between trials in wild-type flies (Tully et al.,
1994). Second, our data from dnc mutant neurons reveals that
chronic disruption of cAMP signaling in neurons, previously
shown to result in associative learning deficits in the fly (Dubnau
and Tully, 1998), alters the basal levels of AP-independent trans-
mission at cholinergic synapses. Even more significant was the
finding that we were unable to induce a persistent increase in
mEPSC frequency by spaced exposure to db-cAMP in the dnc
mutant neurons. The inability of dnc neurons to respond to
transient, activity-induced changes in cAMP levels that are likely
to occur during olfactory training episodes in the adult fly, could
contribute to the reduced performance index when compare with
wild-type. Finally, although there are no studies directly demon-
strating cholinergic synaptic transmission in the adult Drosophila
CNS, a recent report documents cholinergic transmission at syn-
apses in the mushroom body of the adult honeybee (Oleskevich,
1999), an anatomical structure critical for learning and memory in
Drosophila (Davis, 1993) as well as the honeybee (Menzel and
Muller, 1996). Taken together these findings support the hypoth-
esis that cholinergic synapses in Drosophila, similar to central
glutamatergic synapses in other species (Nicoll and Malenka,
1995; Milner et al., 1998), are sites of cAMP-dependent synaptic
plasticity important for learning and memory. Insights gained
from functional studies in this Drosophila culture system, well
suited to molecular genetic and biochemical manipulations, will
be useful in delineating the molecular mechanisms underlying
modulation of central synaptic transmission, a process thought to
contribute to learning and memory in all animals.
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