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ABSTRACT A variety of approaches have been developed to localize neurons and neural
elements in nervous system tissues that make and use acetylcholine (ACh) as a neurotransmitter.
Choline acetyltransferase (ChAT) is the enzyme catalyzing the biosynthesis of ACh and is
considered to be an excellent phenotypic marker for cholinergic neurons. We have surveyed the
distribution of choline acetyltransferase (ChAT)-expressing neurons in the Drosophila nervous
system detected by three different but complementary techniques. Immunocytochemistry, using
anti-ChAT monoclonal antibodies results in identification of neuronal processes and a few types of
cell somata that contain ChAT protein. In situ hybridization using cRNA probes to ChAT messenger
RNA results in identification of cell bodies transcribing the ChAT gene. X-gal staining and/or
b-galactosidase immunocytochemistry of transformed animals carrying a fusion gene composed of
the regulatory DNA from the ChAT gene controlling expression of a lacZ reporter has also been
useful in identifying cholinergic neurons and neural elements. The combination of these three
techniques has revealed that cholinergic neurons are widespread in both the peripheral and central
nervous system of this model genetic organism at all but the earliest developmental stages.
Expression of ChAT is detected in a variety of peripheral sensory neurons, and in the brain neurons
associated with the visual and olfactory system, as well as in neurons with unknown functions in the
cortices of brain and ganglia. Microsc. Res. Tech. 45:65–79, 1999. r 1999 Wiley-Liss, Inc.

INTRODUCTION
Acetylcholine (ACh) is an important major neuro-

transmitter in the nervous system of most animals,
including insects. ACh, along with its biosynthetic
enzyme choline acetyltransferase (ChAT, EC 2.3.1.6)
and degradative enzyme acetylcholinesterase (AChE,
EC 3.1.1.7), is present in Drosophila at very high levels
when compared to brain regions from a number of
vertebrates (for reviews see: Buchner, 1991; Restifo and
White, 1990; Salvaterra and Vaughn, 1989). Null muta-
tions in either the ChAT or AChE genes result in late
embryonic lethality (Greenspan, 1980; Hall and Kankel,
1976) indicating the essential nature of both genetic
functions. The genes for Drosophila ChAT (Cha) and
AChE (Ace) have both been cloned and characterized
(Hall and Spierer, 1986; Itoh et al., 1986; Sugihara et
al., 1990). Regulatory DNA has been mapped in Dro-
sophila adults and at earlier developmental stages for
Cha by constructing transgenic animals where the 5’
flanking DNA is used to drive reporter gene expression
(Kitamoto et al., 1992, 1995; Kitamoto and Salvaterra,
1993). Conditional temperature-sensitive mutants of
either Cha or Ace show morphological, physiological,
and behavioral abnormalities in animals challenged at
a restrictive temperature (Greenspan, 1980; Gorczyca
and Hall, 1984; Chase and Kankel, 1988). These genetic
observations imply that cholinergic transmission is
important for a variety of neurobiological processes in
this animal. The genes encoding subunits of the two
main classes of ACh receptors, nicotinic and musca-

rinic, have also been identified and characterized in
Drosophila (for reviews see: Gundelfinger, 1992; Gun-
delfinger and Hess, 1992; Hannan and Hall, 1993;
Trimmer, 1995). Recently, the gene encoding Dro-
sophila vesicular acetylcholine transporter protein has
also been identified and shown to be organized along
with ChAT into a cholinergic locus similar to the
genomic organization seen in other species (Kitamoto et
al., 1998). This wealth of genetic and molecular informa-
tion on genes related to ACh metabolism has estab-
lished Drosophila as an excellent model system to study
the function and regulation of cholinergic neurotrans-
mission in a comprehensive manner.

In spite of the wealth of genetic and molecular
information about Drosophila cholinergic macromol-
ecules and genes, physiological studies characterizing
the function of cholinergic transmission are still rare
(Gorczyca and Hall, 1984; Gorczyca et al., 1991;
Greenspan, 1980). One reason for this is that few
specific cholinergic neurons have been directly identi-
fied. For further analysis and characterization of the
function of cholinergic transmission, it is necessary to
obtain a more detailed map of cholinergic systems in

Contract grant sponsor: US NIH-NINDS; Contract grant sponsor: Kawasaki
Medical School; Contract grant number: 7–601, 8–612; Contract grant sponsor:
Japanese Ministry of Education, Science, Sports, and Culture; Contract grant
number: Grant-in-Aid for Scientific Research 09640816.

*Correspondence to: Paul M. Salvaterra, Division of Neurosciences, Beckman
Research Institute of the City of Hope, 1450 East Duarte, California 91010.

Received 21 July 1998; accepted in revised form 24 October 1998

MICROSCOPY RESEARCH AND TECHNIQUE 45:65–79 (1999)

r 1999 WILEY-LISS, INC.



Drosophila and identify particular neurons that may be
favorable for future physiological analysis. This review
briefly summarizes our present knowledge of the distri-
bution of cholinergic cells in Drosophila nervous sys-
tem.

ChAT has long been considered the most reliable
biochemical marker for cholinergic neurons (Salvaterra
and Vaughn, 1989). Three monoclonal antibodies specifi-
cally recognizing Drosophila ChAT protein (1C8 and
1G4: Crawford et al., 1982; 4B1: Takagawa and Salva-
terra, 1996) have been used for immunocytochemical
studies. The results have revealed a wide distribution
of ChAT containing neural elements in specific regions
of the neuropil in the adult and larval nervous system
(Buchner et al., 1986; Gorczyca and Hall, 1987; Ikeda
and Salvaterra, 1989; Yasuyama et al., 1995a,b, 1996a).
It has not been possible using immunocytochemistry,
however, to definitively localize the cell bodies contrib-
uting to most ChAT immunoreactive terminals. In only
a few specialized cases, have cell bodies been identified
(Gorczyca and Hall, 1987; Yasuyama et al., 1995a,b,
1996a).

An alternative approach to identify neurons express-
ing ChAT is in situ hybridization using cRNA probes
specific for Drosophila ChAT mRNA. ChAT gene tran-
scripts have been localized in nearly the entire cortical
region of the cephalic ganglion using this technique
(Barber et al., 1989; Yasuyama et al., 1996a). Unfortu-
nately, this approach is insufficient to provide single-
cell resolution of most cells primarily because of the
small size of Drosophila cortical interneurons. A subset
of labeled larger cell bodies, however, was detectable in
the cortices associated with the optic and antennal
lobes.

A third reporter gene approach has also been used to
locate Drosophila cholinergic neurons. ChAT regula-
tory DNA is fused in frame with a b-galactosidase
reporter gene and used to generate transgenic fly lines
with P-element technology. Histochemical and/or immu-
nocytochemical detection of b-galactosidase reporter
gene, whose expression is controlled by ChAT regula-
tory DNA, can thus reveal cholinergic neurons. A series
of P-element mediated transformed fly lines containing
approximately 7.4 kb of 5’ flanking DNA from the
Drosophila Cha gene (7.4 kb-ChAT/lacZ transfor-
mants) have been generated by Kitamoto et al. (1992).
These transformants display a b-galactosidase expres-
sion pattern that is very similar to that of endogenous
ChAT protein in adult animals (Kitamoto et al., 1992,
1995) as well as earlier developmental stages (Kita-
moto and Salvaterra, 1993). One advantage of this
approach to localizing cholinergic neurons is that the
distribution of X-gal reaction product is not confined to
the neuropil, as seen for ChAT immunocytochemistry,
or to the cell bodies, as seen with in situ hybridization,
but can be observed throughout the neurons.

The aim of the present review is to summarize
previous observations on the distribution of cholinergic
neurons in Drosophila central and peripheral nervous
system inferred from these three distinct but compli-
mentary localization techniques. Comprehensive infor-
mation on cholinergic as well as other neurotransmitter
systems in Drosophila and other insects can be ob-
tained from the excellent reviews by Buchner (1991),
Nässel (1991) and, Restifo and White (1990).

DISTRIBUTION OF PUTATIVE CHOLINERGIC
NEURONS IN PERIPHERAL

NERVOUS SYSTEM
ChAT expression is exclusively inferred in chemosen-

sory neurons associated with the olfactory and gusta-
tory system, and proprioceptive sensory neurons by
X-gal staining of P-element transformants carrying a
7.4 kb/lacZ fusion gene. In adults, photoreceptor cells in
the ocelli and the compound eyes, as well as the
mechanosensory neurons associated with tactile
bristles, are not stained. The lack of staining in these
cells is consistent with the suggestion that histamine,
notACh, is the synaptic transmitter used by photorecep-
tors and mechanosensory cells in Drosophila (Buchner
et al., 1993; Pollack and Hofbauer, 1991). In contrast to
adults, the larval photoreceptor organ (Bolwig’s organ;
Bolwig, 1946) expresses the ChAT gene, suggesting
that ACh may function as a neurotransmitter in the
larval photoreceptor cells (Yasuyama et al., 1995b).

Embryos
In stage-15 embryos, the peripheral sensory neurons

are distributed in four loose clusters within each abdomi-
nal segment, from ventral to dorsal termed: v, v’, l, and
d (Ghysen et al., 1986). b-Galactosidase expression is
apparently found in all sensory neurons of the d cluster,
whereas in the l and v clusters, some of the neurons
such as the chordotonal neurons do not show positive
reporting (Kitamoto and Salvaterra, 1993). In situ
hybridization using a nonradioactive ChAT cRNAprobe,
strongly labels three pairs of cell clusters: Bolwig’s
organs, the dorsal and ventral organs in the gnatho-
cephalon of the embryo, and clustered sensory neurons
in abdominal segments (Yasuyama et al., 1995b).

Larvae
The larval photoreceptor organs (Bolwig’ organs),

which lie lateral to the mouth hooks, project their axons
to the brain via Bolwig’s nerves through the optic stalks
(Bolwig, 1946; Steller et al., 1987). In the third larval
instar, Bolwig’s organs are strongly stained with X-gal.
Bolwig’s nerve running through the optic stalk also
exhibits strong ChAT immunoreactivity (Yasuyama et
al., 1995b). In the imaginal leg discs of late third instar
larvae, b-galactosidase expression can be observed. The
six to seven cell bodies near the center of the leg discs
are stained (Kitamoto and Salvaterra, 1993) with a
similar pattern of distribution as the pre-existing neu-
rons described by Jan et al. (1985), suggesting these
stained cells are sensory neurons. No b-galactosidase
expression is detectable in the eye, antenna, or wing
discs. The distribution of sensory neurons expressing
the ChAT gene in larval peripheral nervous system
remains to be examined.

Adults
Antenna. The third segment (funiculus) bears the

olfactory sensilla classified into three morphological
types: club-shaped basiconic sensilla, spine-shaped tri-
choid sensilla, and small cone-shaped coeloconic sen-
silla. These sensilla are arranged in a characteristic
pattern on the surface (Mindek, 1968; Stocker et al.,
1983; Stocker, 1994). Most, if not all, of the sensory
neurons associated with these three types of sensilla
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are stained with X-gal (Kitamoto et al., 1995). In the
second segment (pedicel), the sensory neurons of Johns-
ton’s organ, which is presumably a detector of vibratory
stimuli (Ewing, 1978; Miller, 1950), are also stained. In
the arista, a faintly stained bundle is detectable (Kita-
moto et al., 1995).

Maxillary Palp. This appendage bears two catego-
ries of sensillum that can be distinguished: olfactory
sensilla of the basiconic type and mechanosensory
bristles (Singh and Nayak, 1985; Stocker, 1994). Stain-
ing with X-gal is mainly detected in the cell bodies
located on the dorsal side of the palps, where the
olfactory sensillum cover the surface, whereas the
mechanosensory bristles are located on the ventral
surface. This suggests that the sensory neurons associ-
ated with the olfactory sensilla are expressing reporter
gene and are thus likely to be cholinergic (Kitamoto et
al., 1995).

Labial Palps. The labellum contains two major
types of sensillum: taste bristles and taste pegs (Stocker,
1994). Staining with X-gal is detected in the sensory
cells of all these sensilla. In addition, a distinct cell body
that may correspond to the multipolar cell described by
Wilczek (1967) in the blowfly, is stained in each half of
the labial palps close to the labial nerve (Kitamoto et
al., 1995).

Pharynx. Three groups of paired cell body clusters
are stained with X-gal along the pharynx (Fig.1A).
These cell clusters seem to belong to the dorsal and
ventral cibarial sense organs, and the labral sense

organ, respectively. Each of the dorsal cibarial sense
organs contains two sensilla with three chemosensory
neurons (Nayak and Singh, 1983). Three stained cell
bodies are detected in a cluster dorsally adjacent to this
sense organ, and likely to be its sensory neurons
(Fig.1B). Each ventral cibarial sense organ has two or
three sensilla with two to four chemosensory neurons
(Nayak and Singh, 1983). A cluster of stained cell
bodies, which likely consists of three or more cell
bodies, is found close to each ventral cibarial sense
organ (Fig.1C). The cluster seems to be associated with
this sense organ, but not a ventral and a dorsal row of
‘‘fish-trap’’ bristles (Nayak and Singh, 1983; Stocker
and Schorderet, 1981), which are mononeuronal mecha-
nosensory bristles (Nayak and Singh, 1983). The labral
sense organ consists of nine sensilla forming an irregu-
lar row on either side of the midline of pharynx behind
the oral opening (Nayak and Singh, 1983). Kitamoto et
al. (1995) found at least four stained cells on each side of
the midline in cryosections at the level of this organ (see
also Fig.1D).

Legs. The sensilla in the legs are categorized into
three types: tactile bristles, which are abundantly
distributed over the entire leg surface; taste bristles,
most of which are concentrated on the tarsal segments;
and internal and external proprioceptors, including the
hair plate, campaniform sensilla, and chordotonal or-
gans (e.g., Kankel et. al., 1980; Murphey et al., 1989;
Nayak and Singh, 1983; Shanbhag et al., 1992; Smith
and Shepherd, 1996; Stocker, 1994). Figure 2 summa-

Fig. 1. Distribution of X-gal staining in the pharynx of adult 7.4
kb-ChAT/lacZ transformants. A: Three groups of paired cell body
clusters associated with the sense organs (DCSO, VCSO and LSO) are
stained along the pharynx. B–D: Magnified views of the cell body

clusters (arrows). B: The dorsal cibarial sense organs (DCSO). C: The
vental cibarial sense organs (VCSO; arrowhead). D: The labral sense
organs (LSO). DB, VB, dorsal and ventral fish-trap bristles; LB, labial
palps; LBN, labial nerve. Scale bar in A 5 100 µm; in B 510 µm.
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rizes the distribution of proprioceptors on a prothoracic
leg stained with X-gal. Staining is restricted to the
sensory neurons associated with the taste bristles and
proprioceptors (Kitamoto et al., 1995; Yasuyama et al.,
1996b). In the coxa, three clusters of sensory cells
associated with the hair plates are stained close to the
junction with the thorax. The number of stained cell
bodies equals the number of observed sensory hairs
composing the hair plate. In the trochanter, five cell
clusters are detectable: three of them belong to hair
plates, and the remainder to campaniform sensilla. In
the femur, two clusters of sensory cells associated with
campaniform sensilla are detected on the dorsal and
ventral proximal surfaces. In addition, the chordotonal
organs are stained as obvious structures. In the tibia,
there are a pair of campaniform sensilla on the dorsal
surface and three single campaniform sensilla on the
ventral surface. The cell bodies corresponding to these
sensilla are stained. In this segment, the structure that
seems to correspond to the stretch receptor is also
strongly stained close to the joint with the tasus. The
tibia and tarsi bear a number of taste bristles accompa-
nied by stained cell bodies in clusters. In most cases,
four stained cells are recognizable in a cluster (Fig. 3).
The taste bristles on the legs are multimodal sensory
sensilla having usually four chemosensitive and a
mechanosensitive neuron (Stocker, 1994). On the distal

surface of the first, third, and fifth tarsomere, a pair
of campaniform sensilla are present (Fig. 2A, CSs
marked with asterisk; Merrit and Murphey, 1992).
There are many stained cell bodies in each tarsomere,
including the neurons of the taste bristles. It is not yet
known, however, which stained cell bodies belong to
those campaniform sensilla (Yasuyama, unpublished
results).

Wing. In the wing blade, mechanosensory and
chemosensory bristles are located on the anterior wing
margin (the first longitudinal vein, L1; Hartenstein and
Posakony, 1989; Palka et al., 1979). A thin fiber bundle
stained with X-gal is observed along L1 (Kitamoto et
al., 1995). This bundle is likely to be the axon fibers
from the neurons associated with chemosensory bristles.
The sensory cells associated with the twined campani-
form sensilla on vein L1, and the sensillum on the
anterior cross vein (Huang et al., 1991) are obviously
stained (Fig. 4A). The cells of the campaniform sensilla
lying along vein L3 are stained only faintly (Yasuyama,
unpublished results). In the distal radius vein, the cells
associated with the dorsal and ventral humeral cross-
vein sensilla, and the cell projecting a fiber into the
giant sensillum of the radius (Cole and Palka, 1982) are
stained (Fig. 4D–F). In the proximal and medial radius,
where small campaniform sensilla occur in cluster
(Cole and Palka, 1982), the stained cell bodies are found

Fig. 2. Diagrams of the positions of proprioceptors on an adult prothoracic leg. A–C,E: Anterior view.
D: Posterior view. CO, chordotonal organ; CS, campaniform sensillum; HP, hair plate; SR, stretch
receptor. Each number appended to CS or HP represents the number of sennsillum composing each
cluster of hair plates or campaniform sensilla.

68 K. YASUYAMA AND P.M. SALVATERRA



in a cluster (Fig. 4B,C). The sensory cells associated
with the tegula sensilla are also stained (Yasuyama,
unpublished results).

Anal Plates and Genitalia. Bristles of varying
sizes and shapes occur in a distinct pattern on the
surface of the anal plates and the male and female
external genitalia (Taylor, 1989b). In the anal plates,
which bear thin and curved bristles, X-gal staining is
restricted to the cells under the particular bristles that
are located on the ventral part of the anal plate. This
staining pattern is shown in both the male and female
(Kitamoto et al., 1995). In most cases, only a single cell
is stained corresponding to each bristle. No stained
cells are found associated with the bristles on the male
genital arch and on the eighth tergite (Yasuyama,
unpublished results). In the male genitalia, most of the
bristles are thought to be mechanosensory, based on
their external aspect (Taylor, 1989a). In the clasper of
male genitalia, X-gal staining is observed in the cells in
the clusters associated with a group of ventrally lo-
cated, stout bristles. Staining is also observed at the
base of the particular hypandrial bristles (Kitamoto et
al., 1995). In the female genitalia, the three pairs of
microbristles (sensilla trichodea) on the vaginal plate
have been surmised to be chemosensory (Stocker, 1994;
Taylor, 1989a). The uterus, following the vaginal plate,
is strongly stained. This staining is probably due to
endogenous X-gal hydrolyzing activity and presents an
obstacle to further characterization of the sensory
neurons associated with the bristles on the vaginal
plate using the lacZ reporter gene approach (Ya-
suyama, unpublished results).

Buchner et al. (1993) have found in Drosophila that
most sensory bristles including multimodal and tactile

ones are associated with only one histamine-like immu-
noreactive neuron, and that campaniform sensilla or
chordotonal organs do not stain. Based on these obser-
vations, they have suggested that the sensory cells of
tactile bristles and the mechanosensory neurons of
multimodal taste bristles are histaminergic. The obser-
vation that b-galactosidase reporting, using regulatory
sequences from the ChAT gene, is restricted to the
multimodal taste bristle and proprioceptors such as
campaniform sensilla, is consistent with the above
hypothesis. In locust, the femoral chordotonal organs
and external proprioceptors have been shown to be
cholinergic by their ChAT immunoreactivity (Lutz and
Tyrer, 1988). Information about the transmitters used
in chemosensory systems of arthropods is still rather
limited. In Manduca sexta, antennal olfactory sensory
neurons have been proposed to be cholinergic in addi-
tion to antennal mechanosensory neurons based on
their AChE activity (Homberg et al., 1995; Stengl et al.,
1990). In the decapode crustacea, immunocytochemical
studies have shown that FMRFamide may serve as a
transmitter of non-olfactory chemosensory neurons
(Schmidt 1997; Schmidt and Ache, 1994).

DISTRIBUTION OF CHAT EXPRESSING
NEURONS IN THE CENTRAL

NERVOUS SYSTEM
Embryos

ChAT mRNA and enzymatic activity varies as a
function of the developmental stage of Drosophila.
ChAT mRNA is first detected approximately 6–7 hours
after oviposition, increases through the first and second
larval instar, decreases into early pupal stages, and
increases again during late pupation, reaching a maxi-
mum in adults. The enzyme activity during develop-
ment shows a similar qualitative pattern but exhibits a
temporal scale that lags behind the mRNA changes by
several hours. ChAT activity is first detected at nearly
the same time as ChAT mRNA (6–7 hours after oviposi-
tion), increases through the first and second larval
instar stages, reaches a maximum in the third instar,
decreases throughout early pupation, then increases
and reaches a second maximum between late pupal
stages and young adults (Carbini et al., 1990).

In stage-15 embryos (12–14 hours after oviposition),
in situ hybridization signals are detected broadly in the
supraoesophageal ganglion. In each half segment of the
ventral nerve cord, two clusters of cells express ChAT
mRNA. The lateral cluster consists of about ten cells.
The medial cluster is subdivided into two groups: the
anterior cluster containing three cells, and the poste-
rior cluster containing three or four cells (Yasuyama et
al., 1995b). b-Galactosidase expression in stage-15 em-
bryos of 7.4 kb/lacZ transformants is also observed in
embryonic central nervous system. In the ventral nerve
cord, however, fewer cells expressing reporter genes are
detected in each segment compared with the number of
cells revealed by in situ hybridization. Only a pair of
cells located on each side of the midline, and a cluster
laterally positioned to each of the paired cells is ob-
served (Kitamoto and Salvaterra, 1993). ChAT immuno-
reactivity is first observed 16–18 hours after oviposi-
tion. Immunoreactivity is primarily localized to the
neuropil region, and also to a small number of cell
bodies in the cortices associated with the suboesopha-

Fig. 3. X-gal staining of cell bodies associated with the taste bristle
(TB) on a tarsomere of an adult prothoracic leg in 7.4 kb-ChAT/lacZ
transformants. Four stained cell bodies (arrows) are recognizable in a
cluster. The tactile bristle (thin arrow) is accompanied by a bract
(arrowhead). The sensory cells of tactile bristles are not stained. Scale
bar 5 20 µm.
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geal ganglion. The intensity of staining increases in the
more fully developed central nervous system of em-
bryos 2–4 hours before hatching (Gorczyca and Hall,
1987).

Larvae
Brain. The pattern of ChAT immunoreactivity in

first instar larvae is very similar to that of late embryo.
In second larval instar, the brain lobes are readily
discernible, and the calyces of the mushroom bodies are

apparently stained (Gorczyca and Hall, 1987). In late
third instar larvae, the calyces are prominently stained
as a spherical structure at the top of the neuropil region
(Yasuyama et al., 1995b). In the anteromedial region of
the protocerebrum, four to six cell bodies exhibit strong
ChAT immunoreactivity (Gorczyca and Hall, 1987;
Yasuyama et al., 1995b). These cells are likely to be
identical to the median neurosecretory cells within the
pars intercerebralis of adult brain. In situ hybridization
signal for ChAT mRNA, b-galactosidase expression and

Fig. 4. Distribution of X-gal staining in the wing of adult 7.4
kb-ChAT/lacZ transformants. A: The stained cell bodies (arrows)
associated with the twined campaniform sensilla (small arrowheads)
on the first longitudinal diatal vein (L1), and with the campaniform
sensillum on the anterior cross vein (ACV). B: The cell bodies
associated with the clusters of small campaniform sensilla on dorsal
surface of the proximal radius, which are strongly stained in clusters

(arrows). C: The campaniform sensilla (arrowheads) on the ventral
surface of medial radius and their stained cell bodies (arrows).
D–F: Sensilla and stained cell bodies in the distal radius. D: The
dorsal humeral cross-vein sensillum (arrowhead) and its large sensory
cell (arrow). E, F: The giant sensillum of the radius (arrowhead in E)
and its large sensory cell (arrow in F). E and F show the same field at
different focal planes. Scale bars 5 20 µm.
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ChAT immunoreactivity are all detected in the corre-
sponding cells of larval, pupal, and adult brain (Ya-
suyama et al., 1995b). In locust, the neurosecretory
cells of the pars intercerebraris in adult brain also
show acetylcholine and ChAT immunoreactivity (Gef-
fard et al., 1985). In addition, a monopolar cell that is
located proximal to the larval optic neuropil and termi-
nates its axon in the suboesophageal neuropil is appar-
ent (Gorczyca and Hall, 1987). Many b-galactosidase
expressing cell bodies are detected in the cortices
associated with the larval central brain of the late third
instar larvae (Kitamoto and Salvaterra, 1993). This
suggests that a large number of cholinergic neurons are
involved in the ChAT immunoreactivity found in the
neuropil.

In the larval optic lobe, Bolwig’s nerve (Gorczyca and
Hall, 1987; Yasuyama et al., 1995b) as well as a neuron
close to the insertion site of the optic stalk (referred to
as ChaLV; Yasuyama et al., 1995b) exhibit ChAT immu-
noreactivity (Fig. 5A). A projection of ChaLV runs in
parallel with Bolwig’s nerve to the larval optic visual
neuropil. This neuron is likely to be one of the larval

first order visual interneurons described as optic lobe
pioneers due to the similarity in cell body position and
axon trajectory (Tix et al., 1989). Bolwig’s nerve, run-
ning on the surface of the optic stalk, consists of twelve
fibers showing ChAT immunoreactivity (Fig. 5B), sug-
gesting that all twelve of the larval photoreceptors
comprising Bolwig’s organs are cholinergic. b-Galactosi-
dase expression is also detected in the neurons corre-
sponding to ChaLV in the larval and early pupal optic
lobe, as well as in Bolwig’s organ and its nerve (Ya-
suyama et al., 1995b).

Ventral Ganglia. The larval ventral ganglia con-
sist of fused suboesophageal, thoracic and abdominal
ganglia. In the ventral ganglia, as in the brain, ChAT
immunoreactivity is widely distributed throughout al-
most the entire neuropil, except the specific structures
in the thoracic neuromeres (thin arrows in Fig. 6B).
Each of the thoracic neuromeres contains a pair of
conspicuous ventro-lateral swellings of neuropil with a
finely textured aspect, which seem to correspond to the
imaginal leg neuropil described by Merritt and Mur-
phey (1992). These neuropils are not stained exclu-
sively. The commissures with immunoreactive fibers
are seen in a segmentally repeated array. The stained
commissures are distinct in the suboesophageal and
thoracic ganglia (Fig. 6A). Immunolabled fibers are also
seen running through the cortices to the neuropil
regions (thick arrow in Fig. 6B). These fibers may be the
axons originating from larval sensory cells. Segmen-
tally arranged, bilaterally paired cell bodies are stained
in the ventro-lateral cortices associated with the tho-
racic neuromeres (Fig. 6C).

Pupae
ChAT immunoreactivity in ChaLV is detectable in its

axon but not in cell bodies until about 60 hours after
puparium formation (APF) (arrowheads in Fig. 7A;
Yasuyama et al., 1995b). Thereafter, no staining of
ChaLV or its axon can be observed. b-Galactosidase
activity, in contrast, is detected in the ChaLV cell body
of 40-hour APF pupae. The discrepancy between the
results of these two different but complementary tech-
niques may be attributed to the stability of b-galactosi-
dase relative to ChAT protein. ChAT immunoreactivity
in Bolwig’s nerve is not detected in the optic lobe of
24-hour APF pupae (Yasuyama et al., 1995b).

ChAT immunoreactivity in the developing brain no-
ticeably decreases by 36-hour APF (Fig. 7A), and disap-
pears almost entirely by 60 hours. Thereafter, the
immunoreactivity increases gradually, in conformity
with the development of brain and optic lobes (Gorczyca
and Hall, 1987). In the optic lobes of 70-hour APF
pupae, three faintly stained layers are discernible in
the medulla (Fig. 7B). In the lobula and lobula plate,
only very faint labeling is detected. In the pupae of
85-hour APF, four layers in the lobula are apparently
stained, in addition to three layers in the medulla (Fig.
7C). In the lobula plate, four well-stained layers are
detected. This contrasts with newly eclosed adults
where the posterior two layers of the lobula plate show
apparent ChAT immunoreactivity, while the anterior
two do not (Fig. 7D). A similar staining pattern in the
lobula plate is observed in mature adults (Yasuyama et
al., 1995a). These observations suggest that negative
regulation of the ChAT gene suppresses ChAT expres-

Fig. 5. ChAT immunoreactivity in Bolwig’s nerve and ChaLV
neuron of a late third instar larva. A: A whole-mount preparation
showing a strongly stained ChaLV cell bodies (arrow), which is located
near the insertion site of the optic stalk (OS), and Bolwig’s nerve
(arrowhead), which runs on the surface of eye imaginal disc (ED) and
optic stalk. B: An electron micrograph of a transverse section of
Bolwig’s nerve running through the optic stalk. All twelve axons
(1–12) composing Bolwig’s nerve show apparent ChAT immunoreactiv-
ity. Scale bar in A 5 20 µm; in B 5 1 µm.
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sion in the anterior two layers of lobula plate just before
or after eclosion.

Adults
Optic Lobe. In the lamina of some preparations,

the optic cartridge and radially arranged dot-like struc-
tures proximal to the lamina cell body layer show ChAT
immunoreactivity (Fig. 7D,E; Buchner et al., 1986;
Gorczyca and Hall, 1987; Ikeda and Salvaterra, 1989;
Yasuyama et al., 1995a). The stained structures in the
distal lamina seem to be the synaptic terminals for
intrinsic or centripetally projecting neurons (Buchner
et al., 1986; Gorczyca and Hall, 1987). Buchner et al.
(1986) have pointed out the similarity of this structure
to the terminals of the C2 interneurons. More recent
evidence that C2 interneurons in the blowfly are GAB-
Aergic (Datum et al., 1986; Meyer et al., 1986) make
this less likely. Therefore, the identity of the ChAT
immunoreactive lamina structure should be considered
as unresolved (Buchner et al., 1988). In the medulla,
three to five or more layers are distinctly stained (Fig.
7D; Buchner et al., 1986; Gorczyca and Hall, 1987;
Ikeda and Salvaterra, 1989; Yasuyama et al., 1995a).
The distal two or three stained layers have been
suggested to correspond to the layers of the synaptic
terminals from L1 and L2 laminar monopolar neurons
(Ikeda and Salvaterra, 1989). Laminar monopolar neu-
ron L4 and L5 also terminate in the second layer

proximal to the outermost one (Fischbach and Dittrich,
1989). This does not exclude the possibility that these
neurons contribute to ChAT immunostaining in the
medulla. Figure 7E shows two types of ChAT immuno-
reactive cell bodies in lamina cortex, the large ones
lying distally and the small ones lying proximally. The
terminals of the medulla T neurons have been sug-
gested as candidates for staining of the innermost layer
proximal to the serpentine layer (Ikeda and Salvaterra,
1989). In the lobula, four distinct immunoreactive
layers can be seen. In the lobula plate, the immunolabel-
ing is diffuse (Buchner et al., 1986), or two layers are
recognized in the posterior half (Yasuyama et al.,
1995a).

Except for the lamina monopolar neurons, the cell
bodies in the optic lobe are not distinctly immunola-
beled in general, whereas in situ hybridization with a
radioactive (Barber et al., 1989) or a nonradioactive
(Yasuyama et al., 1996a) cRNA probe specific for Dro-
sophila ChAT mRNA and X-gal staining of 7.4kb-ChAT/
lacZ transformants (Kitamoto et al., 1992) determined
the location of cell bodies expressing the ChAT gene in
the optic lobe cortices. These latter two techniques
reveal heavily labeled cell bodies in the lamina cell body
layer, in the cortices on both the anterior and posterior
sides of the first chiasm, and in the cortices located
anterior to medulla and posterior to the lobula plate
(Kitamoto et al., 1992; Yasuyama et al., 1996a). These

Fig. 6. ChAT immunoreactivity in the larval ventral ganglia.
Horizontal sections at different levels from dorsal (A) to ventral (C).
Staining is observed in nearly the entire neuropil of the ganglia. A:
The commissures (arrowheads) in the suboesophageal (SOG) and
thoracic (TG) neuromeres show immunoreactivity as well as the
neruopils. B: Paired conspicuous ventro-lateral neuropils (thin ar-

rows) in each thoracic neuromere are not stained. A fiber running
through the cortices of the pro-thoracic neuromere (thick arrow)
indicates immunoreactivity. C: Bilaterally paired cell bodies in the
thoracic neuromeres (arrowheads) are stained in the ventro-lateral
cortices. AG, abdominal ganglia. Scale bar 5 20 µm.
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Fig. 7. ChAT immunoreactivity in horizontal sections of pupal and
adult optic lobes. A: A 30-hour APF pupa. The immunoreactive axon of
the ChaLV (arrowheads) runs along the distal edge of the developing
medulla (Me). B: A 70-hour APF pupa. Three faintly stained layers
(arrowheads) are seen in the medulla (Me). C: An 85-hour APF pupa.
In the lobula (Lo) and lobula plate (LoP), four stained layers are
detectable (small arrowheads), respectively, in addition to three layers
(large arrowheads) in the medulla. D: A freshly eclosed adult. The
immunoreactive three (large arrowheads) and four layers (small
arrowheads) are apparent in the medulla and lobula, respectively. In

the lobula plate, posterior two layers (arrowheads) show stronger
immunoreactivity compared to the anterior two. Note that cell bodies
(thick arrow) in the lamina cortex, and dot-like structure (thin arrow)
in the distal region of the lamina (La) are stained. E: A horizontal
section of the adult lamina. In the lamina cartridge (La), the radially
arranged dot-like structures (arrowhead) in the distal region and the
fine fibrous structures (thin arrow) in the proximal half are stained
distinctively. In this preparation, the cell bodies of lamina neurons are
also stained (thick arrow). Scale bar 5 20 µm.
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observations are consistent with the suggestion, based
on ChAT immunocytochemical observations, that some
of the laminar monopolar neurons and medullar T
neurons may be cholinergic.

Brain. In the cephalic and the suboesophageal
ganglion, rather strong ChAT immunoreactivity is
widely detected throughout almost the entire neuropil
(Fig. 8), with the exception of the three lobes and
peduncles of the mushroom bodies, which are nearly
completely unstained (Fig. 8A). The antennal lobes
(Figs. 8A, 9B), the antennal mechanosensory projec-
tions (Fig. 8B), the calyces of the mushroom bodies (Fig.
8D), and the optic tubercles (Fig. 8A) are prominently
labeled (Buchner et al., 1986; Gorczyca and Hall, 1987;
Yasuyama et al., 1995a). Some other neuropil regions,
the lateral tip of the accessory protocerebrum (Fig. 8A)
and the lateral protuberance of ventral protocerebrum
(Fig. 8B), are also strongly stained. Among the neuro-
pils associated with the central complex, the caudal
half of the ellipsoid body, the noduli, and the lateral
triangles are strongly stained, while the fan-shaped
body and the protocerebral brides are moderately
stained (Figs. 8B, 9A; Buchner et al., 1986; Yasuyama
et al., 1995a). In addition, strong immunoreactivity is
detected in some fiber bundles in the ganglia: the
ocellar nerve, which consists of six to eight distinctively
stained axons with large diameters terminating in the
posterior slope with extensive arborization (Fig. 8D,F;
Yasuyama et al., 1995a), the antennal glomerular tract
(Fig. 8D; Buchner et al., 1986; Gorczyca and Hall, 1987;
Yasuyama et al., 1995a), the tract connecting the
lateral protocerebrum with the ipsilateral deutocere-
brum (Fig. 8C), the commissure connecting the right
and left deutocerebrum (Fig. 8D), and the commissure
in the subesophageal ganglion (Fig. 8E). In contrast,
the commissures just anterior and posterior to the
noduli of the central complex exhibit no labeling (Ya-
suyama et al., 1995a).

In the cephalic ganglion, in situ hybridization with a
nonradioactive cRNA probe revealed a number of cell
bodies expressing ChAT transcripts in almost the en-
tire cortical region (Yasuyama et al., 1996a), including
the antennal lobe cortex where ChAT immunoreactive
cell bodies are detected (Fig. 9B; Gorczyca and Hall,
1987). The cell bodies in the cortices anterior to or
between the right and left antennal lobes, as well as the
cortical regions lateral to the antennal lobe, exhibit
substantial amounts of ChAT mRNA. Some of these
cells are probably the source of immunoreactivity in the
antennal glomerular tracts, which carry the axons of
antennal relay interneurons (Yasuyama et al., 1996a),
suggesting that some of the antennal interneurons are
cholinergic. X-gal staining of the 7.4 kb/lacZ transfor-
mants also reveals cell bodies expressing reporter gene
in the antennal lobe cortex (Kitamoto et al., 1992). In
the suboesophageal ganglion, ChAT mRNA-expressing
cell bodies are detected in the lateral cortical region.
Strongly labeled cells are also found along the midline
on the anteroventral cortex situated posterior to the
sucking pump (Yasuyama et al., 1996a). These neurons
are suggested to resemble the giant symmetric relay
interneurons described by Stocker et al. (1990) (Ya-
suyama et al., 1996a). Two sets of neurons are detected
by their distinctive staining with the different but
complementary techniques for detecting the cholinergic

neurons: the median neurosecretory cells in the pars
intercerebralis (see also Brain), and two groups of
paired neurons in the posterior cortical rind designated
as PPM neurons located in the median region dorsal to
the esophagus, and PPL neurons located laterally to the
esophagus (Yasuyama et al., 1996a). These neurons are
characterized by the persistence of ChAT mRNA expres-
sion and ChAT immunoreactivity in Cha temperature-
sensitive mutants exposed to a restrictive temperature.
In contrast, most other cholinergic neurons in the
mutants down-regulate Cha gene expression at restric-
tive temperature. In these specific cholinergic neurons,
ChAT expression may thus be controlled in a manner
that is different from other cholinergic neurons (Ya-
suyama et al., 1996a). The functions and entire struc-
tures of the PPL and PPM neurons remain to be
resolved. A variety of peptidergic phenotypes have been
described for the median neurosecretory cells of Dro-
sophila and larger flies by immunocytochemistry (Duve
and Thorpe, 1979, 1981, 1983; Nässel and O’Shea,
1987; O’Brien et al., 1991; White et al., 1986), and in
some cells, co-localization of two different neuropep-
tides has been demonstrated (Nässel, 1993). If the
cholinergic median neurosecretory cells of Drosophila
pars intercerebralis also contain other neuropeptides,
such as FMRFamide, these cells may provide a useful
model system to investigate molecular mechanisms
regulating production of co-transmitters.

Thoracico-abdominal Center. The thoracic-ab-
dominal center is composed of fused thoracic and
abdominal ganglia (Power, 1948). The tectulum, which
overlays the segmental neuromeres (Power, 1948), is
almost uniformly stained with a coarse granular aspect
by anti-ChAT antiserum (Fig. 10C–E). Each of the
thoracic neuromeres has a pair of leg neuropils, which
are ventro-lateral swellings of neuropil associated with
leg motor and sensory function (Merritt and Murphey,
1992). The leg neuropils, in contrast to the tectulum,
display ChAT immunoreactivity with a fine granular
aspect (Fig.10A–C). Distinct staining is seen in the
anterior and posterior edge of the anterior and poste-
rior lateral association center, respectively, and in the
region along the oblique tract, and also in the ventro-
medial region of the lateral ventral association center,
in each leg neuropil (Fig. 10). The medial ventral
association center (mVAC) in each thoracic neuromere
(Fig. 10A,C, and E) and the dorsal and ventral longitu-
dinal tracts are also stained distinctively (Fig. 10A,B,
and E). The ChAT immunoreactive longitudinal tracts
may correspond to the faciculi described by Power
(1948), that is, the haltere nerves, the median tract of
dorsal cervical fasciculus, the intermediate tract of
dorsal fasciculus, and the dorsal lateral tract of ventral
fasciculus. Further studies, however, are required to
precisely characterize the ChAT immunoreactive fas-
ciculi found in the thoracico-abdominal center. The
ventral neuropil region within the accessory mesotho-
racic neuromere (Power, 1948), where the sensory
neurons in the wings mainly terminate, termed ‘‘ovoid’’
(Palka et al., 1979) also exhibits ChAT immunoreactiv-
ity (arrows in Fig. 10D). In the abdominal ganglia,
staining is seen in the entire neuropil region. The
commissures with immunoreactive fibers are observed
indistinctly in a segmentally repeated array (Ya-
suyama, unpublished results).
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Fig. 8. ChAT immunoreactivity in the adult brain. A–F: Frontal
sections are shown at various levels of brain corresponding to anterior-
to-posterior sections. Staining is observed in almost the entire neuro-
pil. Notable unstained regions include the three lobes (alpha lobe, aL;
beta lobe, bL; gamma lobe, cL; A) and the peduncle (P) of the
mushroom bodies (B). Arrowheads in C and D indicate the nerve tract
connecting the lateral protocerebrum (LP) with deutocerebrum and
the commissure connecting right and left deutocerebrum, respectively.

Arrows in D and F indicate the axons of ChAT immunoreactive ocellar
interneurons.Arrowhead in E shows the commissure in the subesopha-
geal ganglion (SOG). AL, antennal lobe; AMP, antennal mechanosen-
sory projection; AP, lateral tip of accessory protocerebral lobe; AT,
antennal glomerular tract; CA, calyces; FB, fan-shaped body; NO,
noduli; OE, esophagus; OT, optic tubercle; PB, protocerebral bridge,
VLP, ventrolateral protocerebrum. Scale bar 5 50 µm.
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In flies, modality-specific segregation of afferent axo-
nal arbors, originating from the leg sensory organs, in
the thoracic neuromere has been demonstrated by
Murphey et al. (1989). The chemosensory neurons
associated with taste bristles of legs project to the
ventro-medial neuropil regions of each leg neuropil,
corresponding to the ChAT immunoreactive regions
(Fig.10). The afferent axons of the proprioceptors such
as hair plates and campaniform sensilla terminate in
the anterior and posterior lateral association center,

and in the neuropil region along the oblique tract of the
leg neuropils (Merritt and Murphey, 1992; Smith and
Shephard, 1996).

The axons of sensory neurons of the femoral chor-
dotonal organs (FCO) run along the oblique tract and
terminate in mVAC (Smith and Shephard, 1996). These
facts and the distribution pattern of ChAT immunoreac-
tivity suggest that the chemosensory and propriocep-
tive sensory neurons in the leg, including FCO neurons,
and in the wing are cholinergic. This is also consistent
with the observations that X-gal staining of the 7.4
kb/lacZ transformants shows reporter gene expression
in chemosensory and proprioceptive sensory neurons
including FCO in the legs (see also Adult, leg, and wing;
Kitamoto et al., 1995; Yasuyama et al., 1996b).

PERSPECTIVES
The gene for the vesicular acetylcholine transporter

(VAChT) has recently been identified in Drosophila and
specific antibodies have been generated (Kitamoto et
al., 1998). It will be interesting in future studies to
localize VAChT expression and compare its distribution
to ChAT since both genes form a cholinergic locus and
appear to be under common transcriptional regulation.
Electron microscopic immunocytochemistry using anti-
sera against both ChAT and VAChT proteins will reveal
the intracellular localization of these proteins, and
identify cholinergic synapses in the nervous system. In
addition to these antisera, specific antisera against the
subunit proteins of Drosophila muscarinic (Blake et al.,
1993) and nicotinic (Jonas et al., 1994; Schuster et al.,
1993) receptors have also been raised. The lamina of
the optic lobe might be a good model to investigate
cholinergic transmission by immunocytochemical ap-
proaches using antibodies related to cholinergic macro-
molecules. ChAT immunocytochemistry implies that
some of lamina neurons are cholinergic, and there is an
excellent catalogue of the synaptic connections of all
columnar elements in the lamina (Meinertzhagen and
O’Neil, 1991).

The development of knowledge regarding cholinergic
neuron distribution in Drosophila, coupled with the
power of genetic analysis of this organism, is sure to
result in new insights into neurotransmitter phenotype
selection and maintenance. This knowledge will help
formulate questions regarding the contribution of a
particular neurotransmitter system to nervous system
function. Future genetic, molecular, and physiological
studies in Drosophila should provide a deeper under-
standing of how this organism makes and uses acetyl-
choline to generate particular behaviors and physiologi-
cal functions. Finally, the nature of cholinergic deficits
seen in a variety of human neurodegenerative diseases
such as Alzheimer’s disease and amyotrophic lateral
sclerosis should benefit from our ability to understand
cholinergic neurobiology in a model experimental organ-
ism such as Drosophila.
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