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Cellular Bases of Behavioral Plasticity: Establishing
and Modifying Synaptic Circuits in the Drosophila
Genetic System

Jeffrey Rohrbough,1 Diane K. O’Dowd,2 Richard A. Baines,3 Kendal Broadie1

1 Department of Biological Sciences, Vanderbilt University, VU Station B, Box 35-1634, Nashville,
Tennessee 37235-1634

2 Department of Anatomy and Neurobiology, University of California Irvine, Irvine,
California 92697-1280

3 Department of Biological Sciences, University of Warwick, Coventry, CV4 7AL, United Kingdom

ABSTRACT: Genetic malleability and amenability
to behavioral assays make Drosophila an attractive
model for dissecting the molecular mechanisms of com-
plex behaviors, such as learning and memory. At a
cellular level, Drosophila has contributed a wealth of
information on the mechanisms regulating membrane
excitability and synapse formation, function, and plas-
ticity. Until recently, however, these studies have relied
almost exclusively on analyses of the peripheral neuro-
muscular junction, with a smaller body of work on
neurons grown in primary culture. These experimental
systems are, by themselves, clearly inadequate for as-
sessing neuronal function at the many levels necessary
for an understanding of behavioral regulation. The
pressing need is for access to physiologically relevant
neuronal circuits as they develop and are modified

throughout life. In the past few years, progress has been
made in developing experimental approaches to examine
functional properties of identified populations of Dro-
sophila central neurons, both in cell culture and in vivo.
This review focuses on these exciting developments,
which promise to rapidly expand the frontiers of func-
tional cellular neurobiology studies in Drosophila. We
discuss here the technical advances that have begun to
reveal the excitability and synaptic transmission prop-
erties of central neurons in flies, and discuss how these
studies promise to substantially increase our under-
standing of neuronal mechanisms underlying behavioral
plasticity. © 2003 Wiley Periodicals, Inc. J Neurobiol 54: 254–271,
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INTRODUCTION

Drosophila neurobiology is poised to enter a new
realm of investigation into neuronal function and plas-
ticity. The possibility of directly assaying neuronal
activity and synaptic transmission in behaviorally rel-

evant circuits within the Drosophila CNS has for
decades been a tantalizing prospect. The goal, of
course, has been to take advantage of the wealth of
precisely characterized Drosophila behavioral mu-
tants as tools to unravel the cellular and molecular
bases of behavior modulation. Particularly attractive
in this collection are the numerous mutants with al-
tered olfactory learning or memory. These mutants
have provided key insights into the conserved molec-
ular pathways underlying memory formation, most
notably genes encoding components of Ca2�- and
cAMP-dependent signaling pathways (Davis et al.,
1995; Dubnau and Tully, 1998). Such genes drive
behavior by modifying the activity of neural circuits
composed of individual neurons linked by chemical
synaptic connections. The modulation of neuronal
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excitability, firing patterns, and efficacy of interneu-
ronal synaptic communication within these circuits,
provides a mechanistic basis for behavioral plasticity.
Exploiting the Drosophila genetic system to its full
potential as a model for behavioral plasticity demands
sophisticated functional assays of central neurons and
central synapses.

Despite the obvious genetic advantages of the Dro-
sophila model system, the small size and inherent
complexity of the fruit fly CNS has presented a for-
midable barrier to functional analysis of neuronal
properties and central transmission relevant to behav-
ior. By default, the vast majority of studies of synaptic
transmission and activity-dependent plasticity in be-
havioral mutants have utilized the embryonic and
larval glutamatergic neuromuscular junction (NMJ)
which, in comparison to central synapses, is large,
simple, and easily accessible. Although the NMJ re-
mains an invaluable synaptic system, dissecting the
cellular properties of central neurons and synapses is
critical to understanding how activity in identified
circuits mediates specific behaviors. How do electri-
cal properties vary among Drosophila neurons? How
do transmission properties vary between different
chemical classes of synapses, or at different stages of
development? What types of activity-dependent plas-
ticity are present in the Drosophila CNS, and do
different classes of synapses share common plasticity
mechanisms? Surprisingly, at this late stage in the
field of Drosophila neurobiology, these fundamental
questions remain largely unaddressed. Unraveling the
mechanisms of behavioral change in flies clearly re-
quires direct investigation and thorough understand-
ing of excitability and synaptic transmission in iden-
tified populations of neurons within the CNS.

This review focuses on recent advances in the
analysis of central neuronal function in Drosophila.
The primary interests of these studies are (1) the
development of circuits that mediate behavior, partic-
ularly the acquisition of electrical and synaptic prop-
erties; (2) the excitability and synaptic transmission
characteristics of mature circuits, especially the sig-
naling properties of different chemical classes of syn-
apses; and (3) the activity-dependent modulation of
circuits that drive behavioral change, including both
short-term (millisecond to minutes) and long-term
(hour and longer) alterations in neuronal properties.
The complementary approaches being used include
both in vitro and in vivo Drosophila CNS prepara-
tions. Although Drosophila neuronal cultures have a
long history in the investigation of neuronal excitabil-
ity properties, recent studies demonstrate that they can
also be successfully employed to explore the mecha-
nisms involved in central synaptic transmission and

plasticity. Moreover, the first electrophysiologic anal-
yses of neuronal excitability and synaptic transmis-
sion in the intact Drosophila CNS in the last several
years have refuted the dogma that central synaptic
assays in this system are untenable. These recent
advances represent the first steps towards the devel-
opment of preparations to study the functional prop-
erties of central synaptic circuits mediating specific
behaviors in the Drosophila genetic system.

NEURONAL EXCITABILITY
PROPERTIES AND SYNAPTIC
TRANSMISSION IN DROSOPHILA
NEURONAL CULTURE PREPARATIONS

Backgound: Primary Drosophila
Neuronal Culture Systems

Unlike vertebrate systems, there are no reports of
functional analyses in established neuronal cell lines
in Drosophila. However, for several decades Dro-
sophila neurobiologists have used embryonic and lar-
val primary neuronal cultures to study the genetic
regulation of neuronal properties in vitro. Cultures of
dissociated larval brain neurons were first described
by C.-F. Wu and colleagues (Wu et al., 1983). These
cultures are prepared by removing the central brain
region and ventral ganglion from third instar larvae,
dissociating the neural tissue by enzymatic digestion
and mechanical trituration, and plating the cells in a
serum-supplemented medium. Larval neuronal cul-
tures have been useful in characterizing the functional
properties of neuronal potassium channels, and the
role of genes/signaling cascades important in potas-
sium current regulation (Solc and Aldrich, 1988;
Wright and Zhong, 1995; Delgado et al., 1998). How-
ever, sodium currents, action potentials, and synaptic
transmission have yet to be demonstrated and de-
scribed in these neurons, precluding analysis of the
genetic regulation of these properties using these cul-
tures. Embryonic neuronal cultures prepared from
mid-gastrula stage embryos were first described by P.
Seecof and colleagues (Seecof et al., 1971, 1973a).
Embryonic neurons developing in culture not only
express voltage-gated potassium channels, but many
are electrically excitable and form functional synaptic
connections. Thus, embryonic cultures have made it
feasible to exploit the Drosophila system to explore
the genetic regulation of neuronal excitability, ion
channel expression, and synaptic transmission, as de-
tailed in the following sections.

Three variations of the embryonic neuronal culture
system have been developed. All are prepared by
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Figure 1 Illustration of three Drosophila central neuronal preparations. (A) Embryonic neuronal
culture system. Differentiated neurons prepared from gastrula-stage embryos, grown in traditional
serum-supplemented medium. Left and center: green fluorescent protein (GFP) expression is driven
in all neurons by the panneuronal elav GAL4 driver. Cultures are stained with antibodies against the
neuronal-specific HRP (red). Left: two neurons with extensively interconnected neuritic processes;
neuronal somae are indicated by arrowheads. Center: several clusters of neuronal somae (arrow-
heads), each derived from dividing neuroblasts, with fasciculated and interconnected neurites. Right:
double antibody-stained embryonic neuronal culture (red � HRP; green � CSP) showing distinct,
punctate localization of the synaptic vesicle associated Cysteine String Protein (CSP) along neurites
and at neurite–neurite contacts. Arrowhead indicates a cluster of several somae. Scale: 8 �m (left),
20 �m (center), 10 �m (right). (B) Embryonic ventral nerve cord (VNC) preparation. Left: dorsal
view of a dissected Drosophila embryo, showing dorsal aspect of the VNC and surrounding body
wall musculature. Middle: detailed view of motor neuron somae (arrowheads) in adjacent segments,
exposed by brief focal protease application. Right: an aCC motor neuron in a living preparation
filled with fluorescent dye via the recording patch electrode (at left), revealing cell morphology and
confirming the identity of the targeted cell. Scale: 100 �m (left), 20 �m (center and right). (C)
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removing the entire cellular contents of midgastrula
(stage 7) embryos and plating the dissociated cells in
culture medium. In original “Seecof culture” condi-
tions, cells are grown in a modified Schneiders me-
dium supplemented with 20% fetal calf serum. Sev-
eral cell types differentiate in these cultures, including
neuroblasts that repeatedly divide and differentiate to
form clonal lineages of neurons (Seecof et al., 1971,
1973a,b) [Fig. 1(A)], as well as myotubes. In the early
1990s, it was shown that blocking cell division by
addition of cytochalasin-B to the serum-conditioned
growth medium results in the differentiation of large
(10–15 �m soma diameter) multinucleate cells with
neuronal morphology, that have been termed “giant”
neurons (Wu et al., 1990). In the most recent variation
of embryonic culture conditions, cells are plated in a
defined, serum-free, bicarbonate-buffered medium
(O’Dowd, 1995; O’Dowd et al., 1995). These “de-
fined medium” cultures are composed primarily of
neurons, some with cell bodies as large as 10–15 �m
in diameter [Fig. 2(A)]. Very few non-neuronal cells
differentiate under these growth conditions.

Genetic Regulation of Neuronal
Excitability and Firing Properties in
Cultured Embryonic Neurons

Early studies of embryonic cultures showed that ex-
tracellular stimulation of neurite bundles terminating
on mutlinucleate myotubes resulted in myotube con-
traction, illustrating that these neurons were capable
of forming functional neuromuscular synaptic con-
nections (Seecof et al., 1973b). One disadvantage
associated with these cultures is that the neurons are
relatively small (�4 �m soma diameter) and fragile,
and thus not amenable to traditional intracellular re-
cording techniques using sharp microelectrodes.
However, with the advent of the whole-cell recording
technique, it became feasible to examine voltage-
gated ion channels in these cultured embryonic neu-
rons (Byerly and Leung, 1988; O’Dowd and Aldrich,

1988, Leung et al., 1989). Electrophysiologic charac-
terization of specific ionic currents demonstrated that
wild-type neurons expressed voltage-gated sodium,
calcium, and potassium currents with similar biophys-
ical properties to currents described in a variety of
vertebrate and invertebrate neurons. Analysis of ex-
citability mutants proved a useful strategy in explor-
ing the functional role of putative ion channel genes,
in particular those thought to encode or regulate so-
dium currents, such as no action potential (nap),
seizure, paralytic (para), and tipE (O’Dowd and Al-
rich, 1988; O’Dowd et al., 1989). Altered sodium
channel expression and functional gating properties
were demonstrated in neurons from the para mutant
(O’Dowd et al., 1989). These findings, in conjunction
with sequence analysis of the para gene (Loughney et
al., 1989), revealed that para encodes a sodium chan-
nel expressed in embryonic neurons.

In addition to traditional mutant analysis, embry-
onic neuronal cultures have been utilized to assess the
function of genes for which no viable mutants are
available. The effect of homozygous lethal mutations,
including deficiencies, can be assayed in cultures pre-
pared from single embryos obtained from heterozy-
gous parental stocks each having one copy of the
mutation or deficiency over a “balancer” chromo-
some. Homozygous single embryo cultures are iden-
tified by the absence of expression of reporter, or
“marker,” genes present on the balancer chromo-
somes. Initial studies employing hsp70–lacZ-marked
balancers revealed that a sodium channel homolog
(distinct from para) was not necessary for sodium
channel expression in cultured embryonic neurons
(Sakai et al., 1989; Germeraad et al., 1992). This
approach was particularly important in the identifica-
tion and functional characterization of genes encoding
neuronal voltage-gated potassium channels, because
there are no viable mutants in the Shaw, Shal. and
Shab voltage-gated potassium channel subfamilies,
and the Shaker potassium channel is not highly ex-
pressed in neurons (Solc et al., 1987; Baker and

Larval VNC preparation. Left: confocal microscope image of dorsally situated clusters of motor
neurons along the midline (mL) of the VNC in an elav GFP larval preparation. Double arrows
indicate the lateral margins of the central neuropil (np). Large arrow indicates a segmental nerve
(s.n.) exiting the VNC. Middle: detailed confocal image of cholinergic neurons and central
cholinergic processes within the neuropil, visualized by GFP expression throughout the cholinergic
nervous system (Cha GAL4 UAS GFP larva). Arrows indicate putative synaptic varicosities along
cholinergic processes. Right: morphology of a recorded motor neuron, visualized by lucifer yellow
introduced via the recording patch pipette. The image was taken following recording and brief
fixation. A contralateral motor axon and dendritic arborization are clearly visualized. Position of a
stimulating electrode (stim.) placed in the neuropil during the experiment is depicted (see also Fig.
7). Arrowhead indicates the VNC midline. Scale: 20 �m (left, right), 10 �m (center).
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Salkoff, 1990). Deficiency analysis revealed that the
wide range of whole-cell potassium currents observed
in embryonic Drosophila neurons arises from the
channels encoded by the Shal, Shaw, and Shab genes

(Tsunoda and Salkoff, 1995). In these early studies,
use of the hsp70–lacZ marker system necessitated
that culture genotype be identified only following a
postphysiology heat shock to induce �-galactosidase

Figure 2 Embryonic neurons grown in defined medium are electrically excitable and form
functional interneuronal synaptic connections. (A) Fluorescent images of two isolated embryonic
Drosophila neurons grown in DDM1 defined medium (O’Dowd, 1995). Cells were fixed and stained
with fluorescently conjugated anti-HRP antibody. Scale: 20 �m. (B) Whole-cell current clamp
recordings illustrate three of the distinct firing patterns observed in cultured neurons in response to
sustained step depolarizations. (C) Voltage recording in the absence of an applied stimulus,
illustrating typical action potentials seen in spontaneously active neurons. (D) Fluorescent photomi-
crograph of a small cluster of embryonic neurons and their extensively overlapping neuritic
processes. Scale: 20 �m. (E) Synaptic currents recorded from cultured neurons exhibiting morpho-
logic contact with the neurites of one or more neighboring neurons. Spontaneous cholinergic
miniature excitatory postsynaptic currents (mEPSCs) are inward at �75 mV, and the fast kinetic
features of these currents are illustrated in the high-resolution ensemble average trace shown to the
right. Spontaneous GABAergic miniature inhibitory postsynaptic currents (mIPSCsO are recorded
as outward currents at 0 mV, and kinetic properties are illustrated in the accompanying ensemble
average trace.
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expression, which was visualized following exposure
to its enzyme substrate, X-gal. Recent construction of
balancer chromosomes containing green fluorescent
protein (GFP) coding sequences, under the control of
constituitive promoters such as ubiquitin and actin,
now make it possible to identify the genotype of
living single embryo cultures prior to recording.

A detailed characterization of neuronal firing prop-
erties is a fundamental prerequisite for defining genes
involved in plasticity in the nervous system. Although
it is possible to record voltage-gated ionic currents
from neurons in the serum-supplemented embryonic
cultures, there are no reports describing firing prop-
erties, or synaptic transmission in these neurons.
However, in the early 1990s it was found that “giant”
multinucleate neurons in cytochalasin B-treated cul-
tures are electrically excitable (Saito and Wu, 1991).
Analysis of neurons from two mutants, slowpoke (slo)
(Saito and Wu, 1991) and Hyperkinetic (Hk) (Yao and
Wu, 1999), demonstrated that these genes, encoding a
calcium-activated potassium channel and a potassium
channel �-subunit, respectively, are involved in reg-
ulation of “giant” neuron excitability. In addition,
altered firing properties were demonstrated in “giant”
neurons from two behavioral learning/memory mu-
tants; dunce (cAMP phosphodiesterase) and rutabaga
(Ca2�-dependent adenylate cyclase). These findings
suggest that Ca2�- and cAMP-dependent regulation
of neuronal excitability may be involved in the plas-
ticity necessary for aspects of learning and memory
(Kim and Wu, 1996; Zhao and Wu, 1997; Yao and
Wu, 2001).

Neurons in defined medium cultures [Fig. 2(A)]
are also electrically excitable, exhibiting a variety of
distinct evoked firing phenotypes [Fig. 2(B)]. In ad-
dition, some of these neurons fire action potentials
spontaneously [Fig. 2(C)]. A recent analysis of tipE
mutant neurons in defined medium cultures has re-
vealed a role for the tipE gene in regulating action
potential firing (Hodges et al., 2002). Neurons in tipE
mutant cultures have a decreased capability for firing
repetitive action potentials. The mutant firing pheno-
type is rescued following expression of a wild-type
tipE transgene in the mutant background, confirming
the specific requirement for the tipE gene. Even more
interesting was the finding that in mutant neurons with
already established firing properties, transgenic tipE�
expression rescues the mutant firing phenotype within
24 h of induction. These observations suggest that
tipE plays a role not only in establishment of neuronal
firing phenotype, but also in modulation of firing
properties in differentiated neurons. Because alter-
ations in neuronal excitability are likely to play an
important role in plasticity in the nervous system, the

physiologic analysis of mutant neurons, both in de-
fined medium and in “giant” neuron cultures, should
continue to provide insight into genes that are in-
volved in this process.

The Drosophila embryonic cultures are unique in
that the neurons arise from precursors that undergo
mitosis as well as differentiation in vitro (nuclear
division continues in the absence of cytoplasmic di-
visions in cytochalasin-B–treated cultures). With the
exception of recent advances in stem cell-derived
neural cultures (Song et al., 2002a, 2002b), primary
neuronal cultures from other species are typically
prepared from postmitotic neurons that have already
undergone a significant period of development and
differentiation in vivo. In many cases, neuronal dif-
ferentiation is considerably advanced at the time that
cells are removed from their established context and
placed in culture. Thus, at least in early subsequent
stages in vitro, the processes the experimenter is ex-
amining are more likely to reflect regeneration, rather
than de novo development. Drosophila midgastrula
stage cultures therefore provide a unique opportunity
to explore environmental factors that influence very
early developmental processes of neuronal determina-
tion. It is an obvious concern whether a heterogenous
population of neurons developing completely in vitro
acquires functional properties appropriate for their
lineage. Recent studies have shown that the progeny
of single identified neuronal precursor cells grown in
culture express some of the molecular markers and
functional properties expected for that lineage (Luer
and Technau, 1992; Schmidt et al., 2000). Such stud-
ies may identify aspects of early neuronal differenti-
ation that are cell autonomous while highlighting
other phenotypes that are influenced by environment.

Studies of Fast Neuronal Synaptic
Transmission and Synaptic Plasticity
Mechanisms in Cultured Embryonic
Neurons

A complete study of Drosophila neuronal plasticity
clearly requires the ability to examine, as well as
genetically perturb, neuronal synaptic transmission.
Until recently, work on neurons in defined medium
and “giant” cultured neurons had focused primarily on
the excitable properties of single, isolated cells. How-
ever, when cultured at appropriate densities, neurons
differentiating in both culture systems form numerous
morphologic contacts with neighboring neurons, in
some cases producing extensively interconnected net-
works of cells [Fig. 1(A)]. These cells express synap-
tic vesicle molecular markers localized to varicosities
that resemble synaptic boutons [Fig. 1(A)], and also

Behavioral Plasticity in Drosophila 259



express functional acetylcholine (ACh) receptor chan-
nels (J. Rohrbough and K. Broadie, unpublished data).
Spontaneous quantal ACh secretion from growth
cones of isolated “giant” neurons is readily detectable
when using nicotinic ACh receptor (nAChR)-rich Xe-
nopus myoballs as a bioassay (Yao et al., 2000).
Surprisingly, however, functional synaptic transmis-
sion between these neurons has not been well estab-
lished. Demonstration of transmitter release, coupled
with a recent illustration of spontaneous autaptic syn-
aptic currents in a single “giant” neuron, suggests that
studies of synaptic transmission in these cells will be
possible (Yao et al., 2000).

More promising still are the results obtained from
morphologically interconnected neurons grown in the
defined medium [Fig. 2(D)]. Two recent reports have
demonstrated fast synaptic transmission between em-
bryonic neurons grown in these conditions, and have
begun to examine genetic regulation of neuronal syn-
aptic transmission (Lee and O’Dowd, 1999, 2000).
Pharmacologic analyses reveal that the majority of
fast excitatory synaptic currents are cholinergic and
mediated by nAChRs (Lee and O’Dowd, 1999) [Fig.
2(E)]. Fast inhibitory synaptic currents, mediated by
picrotoxin-sensitive GABA-gated chloride receptor
channels (Lee and O’Dowd, in preparation), are also
observed in a subset of these neurons [Fig. 2(E)].
Analysis of synaptic currents in cultures from two
different alleles of the dunce learning mutant, which
have elevated cAMP levels due to disruption of a
phosphodiesterase gene (Byers et al., 1981), demon-
strated a significant increase in frequency of sponta-
neous miniature excitatory postsynaptic currents
(mEPSCs). The dunce gene, and thus cAMP signal-
ing, are therefore implicated in regulation of transmis-
sion at these cholinergic synapses. Interestingly, al-
though it has been well documented that dunce also
regulates evoked transmission and activity-dependent
plasticity at the glutamatergic NMJ synapse, in-
creased evoked transmitter release at the dunce mu-
tant NMJ appears to occur without a notable increase
in mEPSC incidence (Zhong and Wu, 1991). This
suggests that a single gene mutation can result in
distinct synapse-specific defects, and is an example
highlighting the necessity of continuing studies at
Drosophila central synapses to define functional
changes that contribute to central synaptic plasticity.
Comparison of these results with data from the well-
defined NMJ will be important in identifying both
general and specific mechanisms that regulate synap-
tic transmission.

In addition to genetic manipulations, embryonic
cultures readily permit pharmacologic perturbations
to investigate signaling mechanisms involved in reg-

ulation of synaptic transmission and plasticity. For
example, neuronal cultures exposed to a membrane-
permeable cAMP analog, dibutyrl (db)-cAMP, exhibit
elevated mEPSC frequency similar to dunce mutants.
This result represents a pharmacologic phenocopy of
dunce, demonstrating that elevated cAMP levels are
sufficient to upregulate transmission at cholinergic
synapses (Lee and O’Dowd, 2000). Studies in Aplysia
indicate that the persistence of cAMP signaling-de-
pendent plasticity at sensorimotor synapses is related
to the temporal pattern of the stimulus. Repetitive,
spaced applications of serotonin to activate cAMP
signaling induce a longer lasting increase in synaptic
strength than a single pulse (Glanzman, 1994). In
Drosophila cultured neurons, brief (4-h) db-cAMP
exposure is sufficient to induce a protein synthesis-
dependent increase in mEPSC frequency. Four spaced
1-h db-cAMP treatments, however, produce a more
persistent increase in mEPSC frequency than a single
4-h exposure (Lee and O’Dowd, 2000). These data
suggest that interneuronal excitatory cholinergic syn-
apses in the Drosophila CNS, like central excitatory
glutamatergic synapses in other species, are sites of
cAMP-dependent modulation. An inability in the
dunce mutants to produce persistent increases in
mEPSC frequency over already-elevated basal levels,
is consistent with a role for cAMP-dependent plastic-
ity at cholinergic synapses. These studies provide
some of the first direct supporting evidence at the
cellular level for synaptic modulation mechanisms
contributing to behavioral learning and memory for-
mation in Drosophila.

Neuronal Excitability and Synaptic
Transmission in Cultured Adult
Mushroom Body Neurons: Preliminary
Studies

Because the overwhelming majority of Drosophila
behavioral studies are performed on adult flies, an
important goal for in vitro plasticity studies is to
identify and record from neurons known to mediate
specific behaviors, such as learning and memory, or
responses to drugs of abuse. Adult CNS neurons are
born and differentiate during late larval and early/mid
pupal stages, and can be dissociated from the brains of
these animals and cultured. Using a lacZ reporter in
cultures prepared from third instar larval brains, it has
been possible to record from neurons of the mush-
room body (MB) (Wright and Zhong, 1995; Delgado
et al., 1998), a brain area with a well-defined role in
olfactory learning and memory (Davis, 2001). These
cultured larval MB neurons express a variety of volt-
age-gated potassium currents that have been exten-
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sively studied (Wright and Zhong, 1995; Delgado et
al., 1998). However, there are no reports describing
sodium currents, sodium-dependent action potentials,
or synaptic transmission in these neurons. This is
surprising, as a variety of voltage-gated currents and
responses to multiple neurotransmitters have been
reported in cultured MB neurons from other insects
including, honeybees (Bicker, 1996; Cayre et al.,
1998, 1999). Therefore, until conditions are identified
that promote maturation of these neuronal properties
in the Drosophila larval brain neuron cultures, the
opportunity for investigating genes involved in adult
synaptic transmission and plasticity is limited.

On a promising note, recent studies demonstrate
that neurons can be harvested from the central brain
regions of late pupae (P9 through preeclosion adults),
and cultured using a protocol similar to that previ-
ously developed for early pupal brain neurons (Kraft
et al., 1998). Late pupal neurons regenerate processes
and form extensively overlapping neuritic networks in
culture [Fig. 3(A) and 3(B)]. These neurons express
voltage-gated sodium, calcium, and potassium cur-
rents, and a subset are electrically excitable

[Figu.3(C)]. Functional synaptic connections [Fig.
3(D)] are also formed between neurons (H. Su and
D.K. O’Dowd, in preparation). Crosses of GAL4 en-
hancer-trap lines to neuron-specific UAS–GFP lines
can be used to identify and record from specific neu-
ronal subpopulations in these cultures, including MB
neurons [Fig. 3(B)]. Such results demonstrate promise
for synaptic transmission and modulation studies in
identified adult neurons on the near horizon.

In summary, analyses of excitability and synaptic
transmission properties in cultured Drosophila neu-
rons promises to contribute significantly to illuminat-
ing the cellular bases of behavioral plasticity. Al-
though cultured neurons are obviously differentiating
or regenerating in conditions very different from those
in vivo, emerging data from neuronal recordings in the
intact Drosophila embryonic and larval ventral nerve
cord (see below), and implementation of the UAS–
GAL4 system to target GFP expression in specific
neurons, now allows direct comparisons of electro-
physiological properties of neurons in vivo and in
vitro. These approaches open the door for experi-
ments aimed at defining cell autonomous properties,

Figure 3 Electrically excitable and synaptically connected neurons in pupal brain cultures. (A)
Image of the central brain region removed from a 107-GAL4; UAS-GFP pupa (72 h after
pupariation). Fluorescent and bright-field images are superimposed. High levels of GFP expression
clearly outline the mushroom body regions in the whole brain tissue. (B) Pupal cells grown in
dissociated culture for 9 days exhibit extensive process outgrowth. A fluorescent image is super-
imposed on a Nomarski photomicrograph. Mushroom body neurons in culture are identified as those
that are GFP positive. Scale: 10 �m. (C) Whole-cell current clamp recording of an action potential
train in a cultured pupal neuron evoked by a sustained step depolarization. (D) Spontaneous EPSCs
recorded from a cultured pupal neuron at a holding potential of �75 mV.
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and perhaps more importantly, at identifying factors
that influence non cell autonomous neuronal proper-
ties.

NEURONAL EXCITABILITY AND
SYNAPTIC DEVELOPMENT, FUNCTION,
AND PLASTICITY IN VIVO

An essential objective in Drosophila neurobiology
is to examine the functional properties of defined
neuronal circuits that drive known behaviors. At-
taining this goal ultimately requires that detailed
recordings be made from neurons in the adult brain,
to correlate most directly with adult behavioral
studies. In terms of cell numbers and anatomical
complexity, however, the adult brain is far less
tractable than the relatively simple nervous system
that develops in the embryo to drive larval behav-
ior. Drosophila embryonic and larval NMJ physio-
logic preparations have been extensively used to
examine electrical excitability properties (primarily
in muscle fibers) and many detailed features of
synapse formation, transmission, and plasticity at a
peripheral glutamatergic synapse. However, the
question of how central synapses form, function,
and regulate behavior in this model system has
remained largely unexplored. In just the last few
years, studies have for the first time begun to di-
rectly access central neurons in the already familiar
embryonic and larval preparations to examine the
developing motor system. This work is aimed at
addressing several related questions: (1) what are
the electrical properties or signatures of identified
central neurons in vivo, and how are these proper-
ties acquired and modulated? (2) How is central
synaptic connectivity established, and what pre-
and postsynaptic interactions are involved? (3)
What classes of synaptic transmission are present in
identified central neurons, and how are functional
transmission and plasticity mechanisms regulated?
Addressing these questions in an amenable CNS
model preparation is necessary to link information
from studies performed in culture and at the periph-
eral neuromuscular synapse, and provides an initial
step toward future studies coupling adult CNS
physiology and behavioral analyses.

Development of Neuronal Excitability in
Identified Embryonic Central Neurons

The regulatory processes governing the establishment
of neuronal electrical properties in vivo remain largely

unknown. Factors that likely determine or influence
neuronal characteristics in vivo can be broadly divided
into those that are extrinsic, and those that are intrin-
sic or autonomous to individual neurons. For exam-
ple, the identity of an individual neuron is likely to be
determined both as a result of its lineage within a
particular neuroblast clone, and from interactions with
neighboring cells during embryogenesis (Doe and
Goodman, 1985; Kuwada and Goodman, 1985; Doe
and Skeath, 1996). Differences in lineage are often
reflected by a differential expression of specific tran-
scription factors (Goridis and Brunet, 1999). With this
in mind, it will be important to establish whether
expression of a particular transcription factor(s) is
decisive in establishing the specific excitable proper-
ties of identified Drosophila neurons. Equally impor-
tant, however, is the extent to which the formation of
synaptic connections, or exposure to presynaptic neu-
rotransmitters or other trophic molecules, are able to
modify the acquisition of electrical properties. Final
neuronal identity, including the mix of ion channels
expressed, will likely be dictated by a combination of
such extrinsic cues as well as intrinsic cell-specific
programs. Because cell autonomous properties, ex-
trinsic environmental factors, and normal neuronal
circuitry are maintained in the intact developing ani-
mal, in situ CNS studies provide the most direct
approach to investigating behaviorally relevant neu-
ronal properties.

Despite the dauntingly small size of the CNS at all
stages of development, and the seeming inaccessibil-
ity of central neurons, Drosophila nevertheless pro-
vides many advantages for in vivo analysis of func-
tional neuronal properties during development. Many
neurons, particularly motor neurons, can be individu-
ally identified based on their clonal lineage, soma
position, axonal projections, and dendritic morphol-
ogy within the nerve cord (Landgraf et al., 1997).
Moreover, using the GAL4/UAS system, targeted
GFP expression can be used to visualize individual
neuronal subpopulations (see below), or to target
transgene expression to specific identified neurons
(Baines et al., 1999), minimizing complications that
often arise from a more widespread expression in
other cell types. Initial studies in the embryo have
concentrated on five neighboring motor neurons, aCC
and RP1-4, and the interneuron pCC, which have cell
bodies located in a dorsal position within the embry-
onic and larval ventral nerve cord (VNC) [Fig. 1(B)].
The cell bodies of these identified neurons are acces-
sible to patch-clamp recording electrodes following
brief focal treatment of the overlying neurolemma
with protease (Baines and Bate, 1998; Baines et al.,
1999).
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Electrophysiologic analyses of these neurons dur-
ing late embryogenesis reveals a sequential appear-
ance of individual voltage-gated ionic currents, in-
cluding several distinct outward K� conductances,
and inward Ca2� and Na� conductances (Baines and
Bate, 1998; Baines et al., 2001) [Figs. 4(A) and 5(A).
These cells manifest the ability to fire repetitive action
potentials (Baines et al., 2001) [Fig. 4(B)], and exhibit
agonist-gated responses and synaptically mediated ac-
tivity [Fig. 4(C)–(D); see below]. This embryonic
central nervous system preparation has established the
first developmental framework for the onset and de-
velopment of functional neuronal properties, includ-
ing synaptic transmission, and forms the basis for the
mature neuronal circuits mediating behavior.

Development of Central Synaptic
Connections and Functional Cholinergic
Transmission

Almost nothing is known in Drosophila about the
mechanisms by which central synapses are formed in
behavioral networks, or how their relative functional
strengths may be controlled. Pre- and postsynaptic
elements could form relatively independently of each
other or, alternatively, connectivity might require ex-
tensive interactions between synaptic partners. In the
Drosophila embryonic CNS, the appearance and mat-
uration of electrically excitable currents is closely
paralleled by the appearance and maturation of neu-
rotransmitter responses and endogenous synaptically
mediated activity (Baines and Bate, 1998) [Fig. 4(A)].

Figure 4 Development of excitable properties and synaptic transmission in identified neurons in
the Drosophila CNS. (A) Summary of the electrophysiologic development of the identified motor
neurons aCC and RP2 during embryogenesis. Arrows show the onset of each respective current.
Time axis shows hours after egg laying (AEL), with full embryonic development taking 21 h.
Synaptic activity is first evident at about 16 h in the form of fast spontaneous EPSCs, followed
within several hours by rhythmic patterned activity (C); the frequency and magnitude of activity
increases as development proceeds (Baines and Bate, 1998; Baines et al., 2000). (B) Injection of
constant current (10 pA, 500 ms) into the soma of either aCC or RP2 (RP2 shown) is sufficient to
evoke repetitive action potentials. (C) Whole-cell current-clamp recordings from either aCC or RP2
(aCC shown), at the end of embryogenesis (19 h and older), or in larvae, reveal excitatory synaptic
inputs that are sufficient to evoke action potentials. These excitatory responses occur rhythmically,
are relatively long-lived (0.5–2 s), and entirely dependent on cholinergic transmission (Baines et al.,
2001). (D) Synaptic depolarizations sufficient to evoke action potentials in aCC/RP2 are first evident
in late stage 17 embryos just prior to hatching (labeled E) and increase in frequency during larval
development (labeled L1, first instar and L2, second instar). Values are mean � S.E.M., n � 10.
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Closely correlated with functional synaptic activity is
the initial appearance and subsequent proliferation of
presynaptic terminals on these neurons, which can be
visualized using cell-specific labeling coupled to elec-
tron microscopy. The inputs onto motor neurons that
drive locomotory firing patterns are predominantly
excitatory and cholinergic (Baines et al., 1999, 2001;
Rohrbough and Broadie, 2002). All motor neurons
first become responsive to ACh in mid-to-late embry-
ogenesis (13–16 h of development; hatching occurs at
�21 h) (Baines and Bate, 1998), and by hatching
most, if not all, also respond to the inhibitory trans-
mitter GABA (J. Rohrbough and K. Broadie, unpub-
lished data). By 16–19 h, in parallel with the onset of
locomotory movement, synaptic input to motor neu-
rons is recorded in the form of both fast AP-mediated
spontaneous excitatory synaptic currents (sEPSCs),
and periodic, sustained (up to 1-s duration) episodes
of excitatory activity occurring several times or

more per minute (Baines et al., 1999, 2001) [Fig.
4(C) and (D)]. This latter “rhythmic” excitatory
activity in motor neurons requires cholinergic syn-
aptic input for its generation, because it is elimi-
nated either by conditionally blocking ACh synthe-
sis in cholinergic neurons, or by general blockade
of spontaneous and evoked neuronal synaptic ves-
icle release (Baines et al., 2001). Strong, sustained
episodes of cholinergic presynaptic input lead to
the activation of voltage-gated currents and the
generation large excitatory potentials accompanied
by a burst of motor neuron AP firing [Fig. 4(C)].
The motor output of this centrally generated activ-
ity is recorded at the NMJ as patterned bursts of
high-frequency excitatory (glutamatergic) trans-
mission that drives the peristaltic muscle contrac-
tion underlying coordinated locomotion (Broadie
and Bate, 1993; Baines et al., 2001; Cattaert and
Birman, 2001).

Figure 5 The absence of synaptic input alters the developmental acquisition of electrical proper-
ties in identified motor neurons. (A) Whole-cell current traces showing typical examples of outward
K�- and inward Na�- and Ca2� voltage-gated ion currents in aCC and RP2 motor neurons (currents
are similar in both neurons). (B) Comparison of voltage-gated currents in aCC and RP2 in embryos
that have developed in the absence of evoked neurotransmitter release, to those in control embryos
with normal synaptic transmission. Bars show the average change in these currents relative to
control values (indicated by dashed line set to 100%). A requirement for synaptic input in setting
the magnitude of both inward Na� and outward K� currents in these neurons is clearly demon-
strated.
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Synaptic Transmission Is Necessary for
Shaping Electrical Properties of
Embryonic Neurons

Central neurons developing in the absence of synaptic
transmission show no apparent changes in synaptic
connectivity within the CNS (Baines et al., 2001).
Universal blockade of neuronal transmission can be
effected by pan-neuronal expression of tetanus toxin
light chain (TeTxLC), which cleaves the synaptic
vesicle (SV)-associated protein n-Synaptobrevin,
abolishing evoked SV release (Broadie et al., 1995;
Sweeney et al., 1995). Although the possibility that
central synapses might form in inappropriate areas
under these conditions cannot be ruled out, it seems
likely that, as at the NMJ, there is no absolute require-
ment for synaptic activity for the correct establish-
ment of embryonic neuronal connectivity (Broadie et
al., 1995). However, in the absence of synaptic trans-
mission, motor neurons develop abnormal electrical
properties, including significantly greater voltage-ac-
tivated Na� and K� currents (Baines et al., 2001)
(Fig. 5). The altered currents appear to be due at least
in part to upregulated gene expression of both para
(INa) and slowpoke (IK(Ca)) (R. Bohm and R.A.
Baines, unpublished data). The sum effect of the
alterations in membrane currents appears to be in-
creased neuronal excitability (Baines et al., 2001).
This result clearly demonstrates a requirement for
synaptic communication to shape the electrical prop-
erties of at least some neuronal types in the develop-
ing CNS.

Similar mechanisms have also been demonstrated
in crustacean stomatogastric (STG) neurons (Turri-
giano et al., 1994) and in cultured mammalian cortical
neurons (Turrigiano et al., 1998; Desai et al., 1999).
When STG neurons are acutely isolated from synaptic
inputs, the normal in vivo bursting pattern of firing is
lost, and is replaced with tonic firing. After several
days of isolation in culture, these neurons regain the
ability to fire in bursts; however, this bursting behav-
ior can be reversed by as little as 1 h of rhythmically
patterned stimulation (Turrigiano et al., 1994). Rat
cortical neurons also respond to changing levels of
synaptic excitation by altering both their intrinsic
excitability, and the strength of their response to pre-
synaptic excitatory neurotransmitter release. Intrinsic
excitability is altered through modification of mem-
brane conductances, while glutamatergic transmission
strength is postsynaptically modulated by changes in
synaptic AMPA receptor density (Turrigiano et al.,
1998; Desai et al.. 1999). Through these mechanisms,
mammalian cortical neurons are proposed to bidirec-
tionally optimize their responsivity to changing levels

of synaptic input, increasing or decreasing their in-
trinsic excitability when faced with weaker or stron-
ger synaptic input, respectively.

Although Drosophila central synapse formation in
general is unaffected by the absence of synaptic trans-
mission throughout the nervous system, eliminating
evoked SV release selectively in the aCC and RP2
motor neurons surprisingly alters synapse formation
specifically onto these two neurons (Baines et al.,
1999). Ultrastructural analysis reveals a significantly
reduced number of presynaptic input sites on the
tetanus toxin-expressing motor neurons. These struc-
tural changes are accompanied by a reduced incidence
of synaptically mediated activity in aCC and RP2
(Baines et al., 1999). Thus, eliminating transmitter
release in specific postsynaptic motor neurons also
selectively impairs synapse formation and functional
transmission in their presynaptic neuronal partners.
These results are consistent with a model in which the
synaptic output of the postsynaptic motor neuron con-
tributes to the process of synaptogenesis presynapti-
cally, and regulates the incorporation of developing
neurons into functional networks. The precise mech-
anism responsible for this effect remains to be deter-
mined. Interestingly, however, the reduction in func-
tional and morphologic synaptic input following
selective motor neuron transmission blockade is phe-
nocopied by selectively increasing aCC and RP2 ex-
pression of Fasciclin II, a homolog of Neural Cell
Adhesion Molecule (NCAM) (R.A. Baines, unpub-
lished data). These results reveal a dichotomy be-
tween the effect of global, pan-neuronal blockade of
transmission, versus targeted blockade in select neu-
rons. One possible explanation is that circuit forma-
tion in the Drosophila CNS is sensitively regulated by
activity-dependent competition between neurons.
Thus, cell-specific disruption of synaptic activity
would be predicted to alter synaptic development in
the affected neurons more decisively than global dis-
ruption of activity affecting all neurons equally. Such
competitive mechanisms in the mammalian CNS are
fundamental to the processes of synaptic retraction
and consolidation. Two well-characterized examples
are the activity-dependent refinement of retinotectal
projections, and the competitive sorting and selective
elimination of motor terminals on muscle fibres
(Goodman and Shatz, 1993; Hall and Sanes, 1993;
Katz and Shatz, 1996; Colman et al., 1997).

Electrical Signatures of Identified Larval
Motor Neurons In Vivo

Recordings from identified neurons in the larval VNC
have recently begun to provide the first detailed de-
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scriptions of intrinsically regulated firing patterns in
the Drosophila CNS (J. Choi, D. Park, and L. Griffith,
unpublished data and personal communication). With
the aid of a motor neuron-specific GAL4 line and
intracellular dye labeling, five prominent dorsal motor
neurons, all of which form large “type I” glutamater-
gic NMJs on identified muscles, can be individually
targeted. Each neuron within this population exhibits
a consistent set of electrical properties, and a distinct
repetitive action potential firing signature. A single
neuron in this dorsal group, MNISN-Is, forms mor-
phologically smaller type I (“Is”) synaptic boutons on
multiple muscle targets, and displays a characteristic
delayed AP firing phenotype. This delayed firing is
sensitive to membrane voltage and to the K� channel
blocker 4-AP, which selectively blocks fast transient
A-type K� currents. Paired recordings from both pre-
synaptic neuron and postsynaptic muscle have made
for one neuron-muscle pair (MN 6/7b and muscle 6),
showing that each neuronal AP results in functional
transmission at the NMJ. These results demonstrate
precise neuronal soma exposure, reliable neuronal
identification by GFP, and high-resolution neuronal
recordings, representing significant technical steps to-
ward directly addressing functional neuronal proper-
ties in the Drosophila CNS.

Endogenous and Evoked Cholinergic
Transmission in Larvae

In addition to repetitive action potential firing prop-
erties, motor neurons in the mature larval VNC re-
spond to multiple neurotransmitter agonists. Motor
neurons are strongly excited by ACh, and also re-
spond more weakly to GABA and glutamate, both of
which elicit inhibitory responses mediated primarily
by picrotoxin-sensitive Cl� currents (Rohrbough and
Broadie, 2002). Cholinergic neurons are located cen-
trally throughout the lateral VNC and brain lobes. The
VNC central neuropil is densely packed with cholin-
ergic axonal fibers with presynaptic-like varicosities,
which overlap spatially with the dendritic arbors of
motor neurons (Rohrbough et al., 2000; Rohrbough
and Broadie, 2002) [Fig. 1(C)]. Although the princi-
ple inputs to the motor neurons are thus presumed to
be primarily from cholinergic interneurons, neither
specific presynaptic partner(s), patterns of central pre-
synaptic projections, or number and distribution of
either cholinergic or noncholinergic synapses are cur-
rently known.

Larval motor neurons exhibit endogenous forms of
synaptic activity analogous to that present in the em-
bryo, including fast sEPSCs, and sustained excitatory
“rhythmic” currents and potentials (Rohrbough and

Broadie, 2002) (Fig. 6). Both fast and sustained types
of endogenous activity require external calcium, and
are reversibly blocked by the nicotinic ACh receptor
antagonist curare, indicating that cholinergic synaptic
input drives the observed motor neuron activity. Sig-
nificantly, the ability to experimentally drive evoked
excitatory synaptic transmission has been demon-
strated at Drosophila central synapses for the first
time in this preparation (Rohrbough and Broadie,
2002) [Figs. 6(B)–(C), Fig. 7). Electrical stimulation
of the CNS triggers the generation of sustained re-
sponses with the same features and pharmacology as
the endogenous forms of activity [Fig. 6(B)], indicat-
ing they share the same cholinergic synaptic basis.
Furthermore, focal electrical stimulation of defined
regions of the neuropil adjacent to the motor neuron
dendritic regions excites fast, all-or-none EPSCs (Fig.
7), indicating that transmission at single excitatory
synaptic inputs can be experimentally driven, a cru-
cial prerequisite for on-going detailed functional syn-
aptic plasticity assays.

Altered central transmission properties have been
demonstrated in the larval CNS for two classical
behavioral mutants, the temperature-sensitive para-
lytic mutant shibire (encoding Dynamin), and the
learning mutant, dunce (encoding a cAMP-specific
phosphodiesterase). In shibire mutants, a demon-
strated block of SV endocytosis at restrictive temper-
ature (Ikeda et al., 1976) leads to gradual SV deple-
tion and loss of evoked transmission at the NMJ
(Delgado et al., 2000; Kawasaki et al., 2000). In
central motor neuron recordings, both spontaneous
and evoked central synaptic transmission are also
reduced under these conditions (Rohrbough and
Broadie, 2002). This result demonstrates a conserved
mechanism of sustained transmission at central cho-
linergic and peripheral glutamatergic synapses. As in
recordings from cultured dunce neurons (above),
dunce mutant motor neurons in situ also exhibit sig-
nificantly elevated sEPSC frequency, in parallel with
a modest increase in evoked EPSC amplitude (Rohr-
bough and Broadie, 2002). The elevated dunce SV
fusion frequency, which is not observed at the NMJ
(Zhong and Wu. 1991), thus appears specific to cen-
tral synapses, demonstrating that there may be impor-
tant differences between cAMP-mediated forms of
presynaptic plasticity at different synapse types. Al-
though evoked transmission assays in this CNS prep-
aration require refinement, these results represent the
most significant cellular characterization of central
transmission in Drosophila, and provide a basis for
functional plasticity studies in behavioral mutants in
vivo.
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Current and Future Directions: From
Embryonic Transmission to Adult
Synaptic Plasticity Studies

Recent technical advances and newly developed ex-
perimental preparations now make it possible to ad-
dress the synapse-specificity of neurotransmission and
central plasticity mechanisms in mutant backgrounds
that previously could be studied only at the peripheral
NMJ. One obvious area for study will be pathways
specifically required for cholinergic transmission,
such as the genes regulating presynaptic ACh synthe-
sis and vesicular transport (D. Lee and D.K. O’Dowd,
in preparation), and postsynaptic AChR expression
and localization. However, many additional processes
will also benefit from comparison of central and pe-
ripheral Drosophila synapses. For example, a recently

identified novel synaptic mutant, bad reception
(brec), displays a complete absence of glutamate re-
ceptors at the NMJ (D.E. Featherstone and K.
Broadie, unpublished data). Does brec have a specific
role in postsynaptic development/regulation of gluta-
matergic synapses, or is it more generally involved in
postsynaptic mechanisms at multiple classes of chem-
ical synapses? To test these possibilities, neuronal
ACh responses and endogenous cholinergic activity
have been assayed in CNS neurons in the brec mutant.
Mutant neurons respond normally to ACh application,
showing normal functional AChR expression. How-
ever, the percentage of neurons exhibiting endoge-
nous excitatory activity, as well as the frequency of
endogenous events in active neurons, are both re-
duced (J. Rohrbough and K. Broadie, unpublished

Figure 6 Endogenous and evoked synaptic activity in motor neurons in the Drosophila larval
CNS. (A) Left: fast sEPSCs are present in nearly all recordings from neurons in the ventral nerve
cord of mature larvae. Right: an endogenous, sustained (�1.5 s) excitatory current recorded in
voltage-clamp (�60 mV); inset is shown with 10�-expanded time scale. As in the embryo,
rhythmically occurring cholinergic presynaptic input drives excitatory responses and bursts of action
potential firing in the postsynaptic motor neuron. (B) Left: endogenous excitatory synaptic potentials
and action potentials recorded in current clamp. Right: excitatory potential evoked by 1-ms ACh
application (arrow) is indistinguishable from endogenous synaptic potentials. (C) Endogenous
sustained excitatory event (left trace) and a sustained synaptic response elicited by electrical
stimulation (right trace, arrow) of the CNS in the same neuron. Both endogenous and evoked activity
exhibit identical cholinergic dependence.
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data). These data suggest that brec function is most
likely selective to glutamatergic synapses, and that
glutamatergic neurotransmission in the CNS may reg-
ulate the frequency of the rhythmic currents in motor
neurons that drive peristaltic locomotion (Cattaert and
Birman, 2001). Studies of this nature promise to
greatly increase our understanding of synapse-specific
mechanisms in Drosophila.

Work in the embryonic and larval CNS to date has
focused on several areas: techniques to reliably iden-
tify neurons or neuronal subpopulations; characteriza-
tion of functional electrical and endogenous synaptic
transmission properties in these neurons; and proto-
cols to reliably elicit synaptic transmission to assay
fundamental evoked transmission properties. An im-
portant further step is to develop and extend these
approaches toward assaying forms of functional syn-
aptic plasticity most relevant to behavioral modula-
tion. Specifically needed are investigations of both
short-term and long-term activity-dependent alter-
ations in central cholinergic transmission, and estab-
lished stimulation paradigms which effectively reveal
common forms of central transmission modulation,
including paired-pulse and short-term facilitation, and
posttetanic potentiation. Likewise, it is important to
determine whether frequency-dependent synaptic de-
pression is an important component of plasticity in
Drosophila circuits. Preliminary studies in the larval
CNS reveal that cholinergic synaptic inputs onto mo-
tor neurons exhibit both frequency-dependent short-
term facilitation and depression in different experi-
mental conditions [Fig. 6(B) and (C); J. Rohrbough
and K. Broadie, unpublished data]. A major objective
is to determine whether long-term potentiation (LTP)
and/or long-term depression (LTD) are active at these
central Drosophila synapses, as has been suggested in
other insects (Oleskevich et al., 1997), and what cel-
lular pathways, such as such as the Ca2�- and cAMP-
dependent signaling, are involved.

Although progress is being made toward these
goals, a sizeable gulf remains between these recent
cellular assays in the embryonic and larval CNS, and
successful application of similar approaches to adult
CNS areas. One key target is the Drosophila mush-
room body (MB), a paired L-shaped structure of �80
�m dimensions containing �2500 neurons per hemi-
sphere, which is extensively implicated in olfactory
learning and memory behavior. The MBs and their
role in behavior have received renewed and intense
attention recently (Armstrong et al., 1998; Pascual
and Preat, 2001; Waddell and Quinn, 2001; recent
reviews by Davis, 2001; Roman and Davis, 2001; T.
Tully, 2002, this issue). Extracellular field recordings
of evoked population responses in the (much larger)

Figure 7 Fast evoked excitatory synaptic transmission
and activity-dependent plasticity in the larval CNS. (A)
All-or-nothing fast excitatory synaptic currents (EPSCs)
evoked by focal electrical stimulation (2, 3, and 4 volts) of
the central neuropil adjacent to the motor neuron dendritic
region [see Fig. 1(C) for example of stimulation configura-
tion]. Recorded from a dunce mutant larval motor neuron in
physiologic 2 mM Ca2� saline. (B) EPSC evoked by low-
frequency stimulation (LFS; left trace) in 0.5 mM Ca2�

saline in a wild-type larval neuron. EPSC amplitude rapidly
facilitates and then declines in response to 20 Hz stimula-
tion (right trace). (C) In physiologic 2 mM Ca2� saline,
low-frequency stimulation evokes a strong EPSC in a dunce
mutant larval neuron. Higher frequency (10 Hz) stimulation
leads to rapid short-term depression of EPSC amplitude (top
left trace), which fully recovers after 20 s (top right trace).
In different neurons, 20-Hz stimuli appears to support both
depression and facilitation (bottom traces); note that depres-
sion during the 20 Hz train is less pronounced than that
during a 10-Hz train. Successive 20-Hz trains delivered at
2-s intervals reveals facilitation during high-frequency stim-
ulation (lower middle and lower right trace).
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MBs of honeybees have recently demonstrated both
cholinergic synaptic transmission (Oleskevich, 1999),
and long-term synaptic plasticity (Oleskevich et al.,
1997) similar in many aspects to that recorded in
mammalian hippocampal slices. Synaptic function
underlying behavioral plasticity in the MBs and cen-
tral brain of Drosophila, however, has so far been
only indirectly addressed. Conditionally disrupting
synaptic function throughout the MBs with the tem-
perature-sensitive shibire protein has demonstrated a
requirement for MB synaptic transmission in memory
retrieval (Dubnau et al., 2001; McGuire et al., 2001).
In the last year, Ca2� imaging experiments have pro-
vided the first physiologic view of odorant-induced
MB activity at the cellular level (Waddell et al., 2000;
Wang et al., 2001), and have shown altered levels of
Ca2� activity in known learning and memory mutants
(Rosay et al., 2001; reviewed by Carlson, 2001;
Davis, 2001). To date, such optical methods represent
the practical limit to physiologic access in the Dro-
sophila MB.

Although certainly speculative at this time, it is
nevertheless tempting to envisage functional synaptic
recordings and activity dependent plasticity assays in
normal and mutant Drosophila brains in the near
future. A whole-brain recording preparation? Brain
slice preparations? An increasing motivation to adapt
these approaches to Drosophila is clearly evident.
Developing the resources to carry out detailed cellular
assays is obviously necessary to maintain and further
exploit Drosophila at the forefront of experimental
models being used to unravel the genetic and molec-
ular bases of behavior.

In conclusion, the recent advances made in the
emerging functional studies of the Drosophila CNS
are both exciting and gratifying. Preliminary reports
suggest that mechanisms underlying expression of
functional neuronal properties and synaptic transmis-
sion in Drosophila, like those that control cell fate,
axon guidance and synapse formation, are highly con-
served across species. Because of this, the exploita-
tion of the powerful molecular genetics in this model
system offers the prospect of rapidly identifying and
understanding the regulatory mechanisms orchestrat-
ing the functional development of neuronal circuits,
and provides a means for the investigation of the
cellular mechanisms of neuronal plasticity that under-
lie behavior.

We thank J. Choi, D. Park, and L. Griffith for providing
unpublished results on larval recordings, P. Salvattera for
Cha GFP flies, and C. Rodesch for technical assistance.
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