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ABSTRACT

The organization of putative octopaminergic pathways in the brain and subesophageal
ganglion of the honeybee was investigated with a well-defined polyclonal antiserum against
octopamine. Five prominent groups of just over 100 immunoreactive (IR) somata were found in
the cerebral ganglion: Neurosecretory cells in the pars intercerebralis innervating the corpora
cardiaca via NCC I, one cluster mediodorsal to the antennal lobe, one scattered on both sides of
the midline of the protocerebrum, one between the lateral protocerebral lobes and the dorsal
lobes, and a single soma on either side of the central body. With the exception of the pedunculi
and B-lobes of the mushroom bodies, varicose immunoreactive fibers penetrate all parts of the
cerebral ganglion. Strong labelling was found in the central complex and the protocerebral
bridge. Fine networks of labelled processes invade the antennal lobes, the calyces and a small
part of the a-lobes of the mushroom bodies, the protocerebrum, and all three optic ganglia.

In the subesophageal ganglion, one labelled cell body was found in the lateral soma layer of
the mandibular segment. Each of the three neuromeres contains a group of six to ten somata in
the ventral median parts. Most of the ventral median cells send their neurites dorsally through
the midline tracts, whereas the neurites of a few cells follow the ventral cell body neurite tracts.

Octopamine-IR was demonstrated in all neuropils that contain pathways for proboscis
extension learning in honeybees. Because octopaminergic mechanisms seem to be involved in
the behavioral plasticity of the proboscis extension reflex, our study provides anatomical data

on the neurochemical organization of an appetitive learning paradigm.
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The biogenic amine octopamine appears to play manifold
roles as a neurotransmitter, neuromodulator, and neurohor-
mone in arthropods (see, e.g., David and Coulon, 1985;
Evans, 1985, 1993; Agricola, 1988). Although octopamine
has been the most widely studied biogenic amine in physi-
ological investigations of insect motor systems, little is
known of the physiology and anatomical organization of
octopaminergic neurotransmission in the insect brain. So
far, anatomical data on the distribution of octopamine-like-
immunoreactive (OA-IR) cell bodies in the supraesophageal
ganglion have been provided only for locusts (Konings et al.,
1988) and crickets (Sporhase-Eichmann et al., 1992). In the
locust brain, immunoreactive fibers were found in the
midbrain, circumesophageal connectives, and optic lobes,
some of which originated from a group of seven OA-IR cells
in the protocerebrum (Konings et al., 1988). The brain
receives additional OA-IR innervation from intersegmen-

tally projecting dorsal unpaired median (DUM) neurons of
the subesophageal ganglion (Brdunig, 1991). The studies in
locusts and crickets did not reveal any OA-IR in neurohe-
mal organs associated with the cerebral ganglion (Konings
et al., 1988; Sporhase-Eichmann et al., 1992).

In the brain of the honeybee, octopamine has been
detected by high-pressure liquid chromatography (HPLC)
analysis with electrochemical detection (Mercer et al., 1983;
Harris and Woodring, 1992). In this insect, several ap-
proaches have tried to elucidate its physiological functions.
Tontophoretic application of octopamine enhances light
evoked potentials in the mushroom bodies and reduces
potentials evoked by antennal stimulation (Mercer and
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Erber, 1983). A visually controlled antennal reflex is en-
hanced after the application of octopamine and an octopa-
minergic receptor ligand over the brain (Erber et al., 1991,
1993). Other investigations have addressed the question of
whether octopaminergic mechanisms might be involved in
the behavioral plasticity of the so-called proboscis extension
reflex (Kuwabara, 1957; Menzel et al., 1974; Bitterman et
al., 1983). The results of many behavioral pharmacological
studies implicate an octopaminergic influence on associa-
tive and nonassociative processes of proboscis extension
learning (Mercer and Menzel, 1982; Menzel et al., 1988,
1991; Braun and Bicker, 1992; Hammer et al., 1993).

In order to advance our understanding of the anatomical
organization of the octopaminergic system in the brain and
subesophageal ganglion, we used a polyclonal antiserum
against octopamine coupled to a carrier protein, which was
described by Eckert et al. (1992), on paraffin and vibratome
sections. Thus, we provide the first mapping of octopa-
mine-IR neurons in parts of the central nervous system of
the honeybee which contain the reflex pathways for probos-
cis extension. The present study shows that the pattern of
OA-IR is completely different than the previously reported
distribution of serotonin-IR (Schiirmann and Klemm, 1984;
Schifer and Bicker, 1986; Rehder et al., 1987) and dopa-
mine-IR (Schifer and Rehder, 1989). In addition, we com-
pare the pattern of OA-IR to autoradiographic studies of
octopamine binding sites in the brain of the bee (Erber et
al., 1991).

MATERIALS AND METHODS

Immunocytochemical staining was performed on paraffin
or vibratome sections of the brains of 160 honeybees. In the
majority of experiments, foraging worker bees were cap-
tured near the hive and immobilized by cooling at 4°C.
Animals were either immediately perfused with fixative and
brains were dissected out of the prefixed head, or brains
were dissected out of the cooled head capsule and subse-
quently immersed in the fixative. In three independent
experiments, animals were captured and kept without
feeding at 12°C until dissection on the following day. Brains
were fixed either at room temperature 4-6 hours or at 4°C
overnight (6% glutaraldehyde and 1% acetic acid in satu-
rated picric acid). After dehydration and embedding in

Fig. 1. Summary of octopamine-immunoreactive (OA-IR) groups of
somata in the cerebral and subesophageal ganglion in a frontal view.
Numbers indicate the distance from the frontal surface of the brain. a:
OA-IR in the anterior part of the brain. The first soma cluster is
positioned within the protocerebral median neurosecretory cell bodies.
Group 2, containing eight to ten somata, lies mediodorsal to the
antennal lobes scattered on both sides of the anterioventral midline of
the protocerebrum. Group 3 lies medial to each antennal lobe. b: OA-IR
in the posterior part of the brain and the subesophageal ganglion. One
soma is located on either side of the most posterior part of the central
body upper division and is indicated as group 4. Group 5 is positioned
between the lateral protocerebral lobes and the dorsal lobes of the
deutocerebrum of each hemiganglion. There is one OA-IR soma in the
subesophageal ganglion on both sides in the most anterior lateral
region of the soma rind (group 6). Group 7 comprises three cell clusters
(six to ten somata each) in the ventral median parts of the three
neuromeres of the subesophageal ganglion.

Paraplast overnight (60°C), either horizontal, sagittal, or
frontal serial sections (12 wm) were cut and mounted on
polylysine coated slides.

After rehydration through a graded ethanol series, the
sections were washed in Tris-buffered saline (TBS; 0.1 M
Tris-HCl, pH 7.6, containing 0.3 M NaCl) to remove
fixative. To saturate double bonds, sections were incubated
for 30 minutes in an 1% sodium borohydride solution in 0.1
M Tris-HCl at room temperature. After three rinses (10
minutes each) in TBS, sections were incubated in either 5%
normal goat serum or the blocking solution of a Vectastain
ABC kit diluted in SST (0.1 M Tris-HCI, pH 7.6, containing
0.3 M NaCl and 0.1% Triton X-100) for 1 hour to reduce
unspecific binding of the primary antibody and to permeabi-
lize the tissue. We applied the antioctopamine antiserum
diluted 1:800 in SST containing 0.1% Triton X-100 and 1%
normal goat serum.

The primary antiserum was applied over night in a
humidity chamber at room temperature and unbound
serum was subsequently removed by three rinses with SST,
10 minutes each. Specific binding of the antiserum was
detected either by the peroxidase technique by incubation
in goat anti-rabbit IgG (Sigma, St. Louis, MO; 1:40 in SST,
1 hour) followed by three washes in SST and incubation
with rabbit peroxidase-antiperoxidase complex (Dakopatts,
Copenhagen, Denmark), diluted 1:100 in SST for 1 hour.

Abbreviations
a a-lobe of the mushroom body mcal median calyx of the mushroom body
al antennal lobe MdN mandibular nerve
AN antennal nerve me medulla
ant anterior med median
B B-lobe of the mushroom body MNC median neurosecretory cells
br basal ring of the mushroom body calyx MVT median ventral tract
c c-layer of the lamina MxMT maxillary midline tract
ca corpora allata NCCI nervus corporis cardiaca 1
cb central body NCCIHI nervus corporis cardiaca IT
cb(l) central body, lower division no noduli of the eentral body complex
cbh(u) central body, upper division och outer optic chiasm
cc corpora cardiaca oes esophagus
co collar of the mushroom hody calyx ot optic tubercle
d dorsal ped pedunculus of the mushroom body
dl dorsal lobe po pons of the mushroom body complex (protocerebral bridge)
gl glomerulus post. posterior
la lamina pot posterior optic tract
Ical lateral calyx of the mushroom body rn recurrent nerve
LN labial nerve sog subesophageal ganglion
lo lobula v ventral
Ip lateral protocerebrum vne ventral nerve cord

mb mushroom body
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Fig. 2. Survey of neuropils containing OA-IR in the brain. Left hemisphere shows anterior, right
hemisphere posterior portions of the brain. Areas containing immunoreactive fibers are shaded. In all
neuropils of the brain and subesophageal ganglion, excluding the pedunculi and the p-lobes of the
mushroom bodies, OA-IR was detected. In the a-lobes of the mushroom bodies, only very few labelled fibers
were visible.

Alternatively, sections were treated according to the proto-
col provided with the Vectastain ABC kit (Vector Laborato-
ries, Burlingame, CA) using SST for the biotinylated second-
ary antibody and TBS for the ABC complex as dilution
buffers. After washing in 0.1 M Tris-HCI (pH 7.6, 3 x 10
minutes), sections were treated with diaminobenzidine
solution (0.2 mg/ml in Tris-HCl with 0.001% H,0,, 5-15
minutes; Sigma). Finally, sections were washed, dehy-
drated in an ethanol series, cleared in xylene, and mounted
in Entellan.

A similar protocol was employed for vibratome sections.
Fixed brains were washed in buffer, embedded in 6% agar,
and 40 pm sections were cut on a vibratome. All incuba-
tions were performed on free floating sections with dura-
tion and protocol as described for paraffin sections. Sections
were viewed and photographed with a Polyvar microscope
(Reichert-Jung), and schematic drawings were constructed
from serial sections with the aid of a camera lucida.

RESULTS
Specificity of primary antiserum

The primary antiserum was raised in rabbits using
octopamine coupled to thyroglobulin via glutaraldehyde.
We employed the antiserum on paraffin sections in a similar
histological protocol as has been reported by Eckert et al.
(1992) and Stevenson et al. (1992). Details of tests for
specificity of the employed antioctopamine serum were
given elsewhere (Eckert et al., 1992). Briefly, the affinity of
the antiserum to the protein carrier-octopamine conjugate
and its lack of cross-reactivity with dopamine, noradrena-

line, and serotonin was demonstrated by dot blot analysis.
This assay revealed a 1,000-fold less sensitive affinity to
tyramine, the natural precursor of octopamine. The antise-
rum stains neurons in other arthropod species, which,
based on physiological and biochemical evidence, are octopa-
minergic (Evans and O’Shea, 1978; Stevenson et al., 1992;
Schneider et al., 1993). Control sections of honeybee ner-
vous tissue incubated in the absence of primary antiserum
showed no immunoreactivity.

Notes on staining procedure

The immunocytochemical stainings revealed a consistent
pattern of immunoreactive somata and varicose fibers
within the neuropil. Although we observed a certain variabil-
ity in staining intensity of neuronal cell bodies and pro-
cesses in different brain regions, we present a detailed
report of repeatedly observed distribution of OA-IR in the
cerebral and subesophageal ganglia of a hymenopteran
insect.

Generally, cell bodies stained intensely, whereas the
staining in primary neurites was often low. Nevertheless,
clearly labeled neuritic profiles were traceable over consid-
erable distances within the CNS. However, due to the low
OA-IR in the thin primary neurites, it was possible only in
some preparations to trace the connections between the
labelled cell bodies and their arborizations in the neuropil.

Cell bodies in the brain

The cerebral ganglion contains five prominent groups of
OA-IR somata (Fig. 1). The diameters of all OA-IR somata
are in the range between 15 and 25 um. The first soma



Fig. 3. a:Posterior view of the brain showing OA-IR in neurohemal
structures. Fibers originating from median neurosecretory cells in the
pars intercerebralis project into the corpora cardiaca through the
median NCC I. A labelled blood vessel ascends dorsally from the fusion
point of NCC with the corpora cardiaca up to the median trachea
(arrow). b: OA-IR was detected in varicose structures of the corpora

cluster (approximately 45 cells) is positioned in the midline
of the dorsal anterior part of the protocerebrum within the
group of median neurosecretory cell bodies (Eichmiiller et
al., 1991; Fig. 3a,c). Another group of eight to ten somata
(cluster 2) was found mediodorsal of the antennal lobes
scattered on both sides of the anterioventral midline of the
protocerebrum, whereas cluster 3 was found as a compact
group of approximately six to seven cells medial to each
antennal lobe (Fig. 8b,c). One soma was found on either
side of the most posterior part of the central body upper
division (group 4). Positioned between the lateral protocere-
bral lobes and the dorsal lobes of the deutocerebrum a
group of approximately four OA-IR was detected in each
hemisphere of the brain (group 5).

The somata give rise to numerous varicose OA-IR fibers
that invade all neuropils of the cerebral ganglion (Fig. 2).
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cardiaca (large arrowhead) and in very fine fibers surrounding the large
diameter neurosecretory cells of corpora allata (small arrowhead). Both
neurosecretory structures and the esophagus enclose the dorsal aorta.
c: Median sagittal section through the pars intercerebralis shows
immunoreactive grana in medium sized somata of the median neurose-
cretory cells. Scale bars = 50 pm.

OA-IR in the neuropils will be described in the following
paragraphs.

Neurosecretory cells

Octopamine-IR was only detectable in a few cases in
neurosecretory cells of the brain and the neurosecretory
complex that is generally considered to be the main release
site into the hemolymph. In three independent experi-
ments, animals were captured on the evening before experi-
mentation and kept without feeding at 12°C until dissection
on the following day. Immunoreactivity in neurosecretory
cells and organs could be detected only in these starved
animals.

Immunoreactive grana were localized in approximately
45 somata of the median neurosecretory cells in the pars
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Fig. 4. a: Compound photomicrograph of frontal sections. OA-IR
profiles enter the calyx of the mushroom body through the lateral
antennoglomerular tract (arrowheads). Labelling in the mushroom
bodies is largely confined to the calycal neuropil. Numerous OA-IR fine
processes are visible in lip, collar, and basal ring of the calyx. Open
arrowhead indicates unlabelled part of the lateral antennoglomerular

intercerebralis. It appears that these cells project through
the NCC I, which fuses in the ventral protocerebrum with
the fibers running in median and lateral NCC II to form the
NCC of the honeybee (Eichmiiller et al., 1991) into the
corpora cardiaca (Fig. 3a,b). A blood vessel that ascends
dorsal from the fusion point of NCC with the corpora
cardiaca up to the median trachea shows intense OA-IR
(Fig. 3a, arrow). The storage tissue of the corpora cardiaca
contained densely packed varicose immunoreactive struc-
tures. In the corpora allata, very fine OA-IR fibers surround-
ing the large diameter neurosecretory cells could be de-
tected (Fig. 3c). Both neurosecretory structures form the
dorsal aorta in the honey bee (Freudenstein, 1928).

Mushroom bodies

The mushroom body neuropil consists of two cuplike
calyces that are thought to be the predominant input areas,
the pedunculus and the a- and B-lobes (Mobbs, 1982). The
shape and internal structure of the mushroom body neuro-
pil is largely reflected in the branching pattern of the
intrinsic Kenyon cells. Fibers of the Kenyon cells project
from their calycal input areas in a parallel arrangement
through the pedunculus and finally branch into the a-and

tract. : Reconstruction of several serial frontal sections through one
calyx shows higher density of labelling within the basal ring than the
other subcompartments (arrowheads). Stained profiles within the lip
connect to basal ring processes (arrows) but are separate from neurites
within the collar. Scale bar = 100 wm.

B-lobes. The calycal neuropil is subdivided into lip, collar,
and basal ring regions.

Our investigations clearly demonstrate the absence of
OA-IR in the mushroom body intrinsic Kenyon cells (Fig.
4a). The calyces, however, are innervated by extrinsic
OA-IR fibers. We could trace two fibers entering the lateral
antennoglomerular tract dorsal to the inferior optic commis-
sure (Mobbs, 1985; Maronde, 1991) joining its fibers up to
the calyces of the mushroom bodies (Fig. 4a).

The calycal subcompartments expressed considerable
differences in the density of immunoreactive innervation.
The basal ring contains a higher density of immunoreactiv-
ity than collar and lip regions (Fig. 4a,b). Reconstructions
of serial sections revealed a subset of fine fibers that, after
leaving the basal ring, pass the collar without detectable
ramifications, finally invading the lip region of the calyces
by regularly distributed labelled projections (Fig. 4b).

Compared to the presence of numercus fine varicose
labelled fibers in the surrounding protocerebral neuropil,
OA-IR is completely absent in the pedunculus, -lobe, and
large parts of the a-lobe of the mushroom body (Fig. 5a,b).
Only a few tenuous mushroom body extrinsic OA-IR fibers



Fig. 5. a: Schematic drawing of the mushroom body illustrating
positions of photomicrographs b and c. Innervation with OA-IR fibers is
indicated as gray shading. b: Frontal section through the most anterior
part of the protocerebrum at high resolution. The photomicrograph
shows the absence of OA-IR in the a-lobe of the mushroom body as
compared to the presence of numerous fine, varicose, labelled fibers in
the surrounding neuropil. ¢: Fine OA-IR fibers (examples are indicated
by arrowheads) were detected in a small segment in close vicinity of
unlabelled large diameter axons entering the «-lobe (open triangles).
The boundary between a-lobe and surrounding protocerebral neuropil
is indicated by a dotted line. Scale bar = 50 um.

innervate a small sector of the a-lobe orthogonal to the
parallel projecting Kenyon cell axons. The labelled fibers
within this sector are in close vicinity of large diameter
axons, entering the a-lobe ventrally near the B-exit point
(Fig. ba,c).
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Central complex

The strongest labelling in the protocerebrum was found
in the central complex, which is a prominent arrangement
of neuropils in the protocerebrum. It comprises the central
body, two noduli, and the protocerebral bridge. The central
body displays a much higher density of OA-IR fibers in its
lower than in its upper division (Fig. 6a) that are connected
by a regular array of labeled large diameter fibers (Fig.
6b,c,f). The arrangement of fibers is reconstructed in
Figure 6e. A sagittal section (Fig. 6f) reveals the relation-
ship between the density of the staining in the central body
at various depths and the surrounding neuropil. OA-IR was
also consistently detected in the remaining parts of the
central complex, the ventral noduli, and the protocerebral
bridge (Fig. 6b,d,f).

Optic lobes

The optic lobes contain three neuropilar masses with
columnar organization: The lamina, medulla, and lobula.
All three neuropils are innervated by immunoreactive
fibers, although no OA-IR somata could be detected within
the optic lobe area. Reconstructions indicated that a sub-
population of very few cells within soma group 5 innervates
the optic lobes. Figure 7a shows OA-IR fibers in the
external plexiform layer C of the lamina, which is a narrow
stratum nearest to the outer chiasma. In thick vibratome
section (40 pm), we could discern a network of immunoreac-
tive neurites that form an alternating array of predomi-
nantly tangentially or radially orientated fibers (Fig. 7b).
There was, however, no apparent relationship between the
immunoreactive fibers and the columnar organization of
the optic ganglia.

Antennal lobes

The deutocerebral antennal lobes are the first relay
station of the chemosensory receptors of the antennae.
Sites of synaptic contacts between sensory neurons, local
interneurons, and projection neurons are arranged as spheri-
cal glomeruli surrounding the central neuropil.

All glomeruli contain OA-IR processes deriving from the
very few profiles which enter the antennal lobes from the
ventroposterior and deuto- and tritocerebral areas (Fig. 8a).
The varicose OA-IR profiles within the cortical regions of
the glomeruli appear to be of considerable large diameter
compared to the very thin fibers in the glomerular central
neuropil.

The output relay neurons of the antennal lobe project
through the antennoglomerular tracts into the mushroom
bodies and the lateral protocerebral neuropil area (Mobbs,
1985). The relay neurons were not stained, yet both
projection areas are invaded by OA-IR fibers originating
from other regions of brain and subesophageal ganglion.
For example, as described abave, two OA-IR fibers join the
lateral antennoglomerular tract en route to the calyces of
the mushroom bodies (Fig. 4a).

The most strongly stained soma group was found in the
vicinity of the antennal lobe (cluster 3, Figs. 1, 8b,c). These
cells are most likely not connected to the neuropil of the
antennal lobe because they do not send their primary
neurites toward the glomeruli (Fig. 8c).

Subesophageal ganglion and tritocerebrum

The subesophageal ganglion is contiguous with the deuto-
and tritocerebral parts of the brain and arises from the






embryonic fusion of three neuromeres: the mandibular,
maxillary, and labial neuromeres. The subesophageal gan-
glion innervates the muscles of the neck and the proboscis
(Rehder, 1988) and serves as a relay station for the
information flow between the brain and the ventral nerve
cord.

The tritocerebrum and parts of the subesophageal gan-
glion are innervated by primary neurites of the OA-IR soma
group 5. Their cell bodies are positioned between the lateral
protocerebral lobes, the dorsal lobes of the lateral deutoce-
rebrum, and proximal ventral optic lobes (Figs. 1, 9¢). In
the posterior part of the subesophageal ganglion, their
fibers join the dorsal rim of the median ventral tract (Fig.
9¢). Four axons descend through the cervical connective. At
least two of these axons originate from group 5. As men-
tioned above, cluster 5 also contains a few cell bodies that
send projections toward the optic lobes.

The subesophageal ganglion contains one labelled cell
body in the lateral soma layer (group 6) and three groups of
cell bodies containing six to ten somata each (group 7),
which are clustered in the ventral median parts of the
mandibular, maxillary, and labial neuromeres (Figs. 1,
9a,c). In the labial neuromere, the ventral median somata
were found in a rather posterior location, close to the
cervical connective. However, in several preparations, up to
three of these cells could also be found in a dorsal soma
position (Fig. 9a).

Most of the ventral median cells send their neurites
dorsally through the midline tracts and show a characteris-
tic symmetric bifurcation (Fig. 9b), whereas the neurites of
two OA-IR cells in each neuromere follow the ventral cell
body neurite tracts (Rehder, 1988) before entering the
neuropil of the subesophageal ganglion. One cell body,
positioned in the most anterior part of the lateral soma rind
of the mandibular neuromere, sends ascending projections
into the trito- and deutocerebrum, which run parallel along
the esophagus (Fig. 9¢). No OA-IR could be detected in the
peripheral nerves of the subesophageal ganglion containing
the axons of motoneurons that serve the feeding apparatus.

DISCUSSION
Variability of staining intensity

Biochemical assays have provided evidence that octopa-
mine levels in a variety of arthropod species can be influ-
enced by the behavioral state (Davenport and Evans, 1984;
Evans, 1985; Kravitz, 1988; Hirashima and Eto, 1993a,b).
Using HPLC with electrochemical detection, Harris and
Woodring (1992) reported handling stress-induced eleva-
tions of octopamine levels in the brains of honeybees and
also measured seasonal differences in the titers of the three
amines, octopamine, serotonin, and dopamine. The major-
ity of our immunocytochemical experiments, which were

Fig. 6. Series of frontal sections through the central complex from
anterior to posterior. a: A much higher density of OA-IR fibers is
observed in the central body lower division than in its upper division.
b,c: A regular array of large diameter fibers connects the lower division
of the central body with its less densely labelled upper division. d:
OA-IR in the protocerebral bridge. e: Reconstruction of serial sections
through the central body. f: Sagittal section through the central
complex showing OA-IR in the central body divisions with connecting
large diameter axons and labelling of fibers in the cross section of the
protocerebral bridge. Note the complete absence of labelling in the
B-lobe of the mushroom body. Scale bars = 50 pm.
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Fig. 7. a: Frontal section of the first optic ganglion shows OA-IR

fibers in the external plexiform layer C of the lamina. b: Vibratome
section (40 wm) cut in a frontal plane. A net of labelled fibers invades
the medulla, which is predominantly tangentially or radially oriented.
Scale bars = 50 pm.
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performed on bees caught at their hive prior to foraging
flights, indeed showed considerable variability in the inten-
sity of the labeling in some neurons. The basic pattern of
stained somata and processes, however, was always con-

-

stant despite the variability of the immunocytochemical
staining intensity.

Neurosecretory cell of the pars intercerebralis expressed
only immunoreactivity in starved and quiescent animals.
We could show OA-IR in the median neurosecretory cells,
the NCC I, the corpora cardiaca, and fine branches in the
corpora allata in the honeybee, but no immunoreactive cells
bodies in the region of lateral neurosecretory cells or in the
median or lateral NCC II (Eichmiiller et al., 1991). Our
immunocytochemical experiments suggest that the pars
intercerebralis contains efferent neurons capable of releas-
ing OA into glands and the hemolymph.

Neuropilar compartments and soma clusters

A hallmark of OA immunoreactivity in the nervous
system of the bee is the rather homogeneous distribution of
labelled fiber profiles without apparent layering or compart-
mentalization in the major neuropil areas. With the excep-
tion of the pedunculi of the mushroom bodies and large
parts of the a- and B-lobes, varicose immunoreactive fibers
invaded all parts of the brain and the subesophageal
ganglion. Even though all three neuropils of the optic lobes
are innervated by immunoreactive fibers, there was hardly
any indication of a discrete lamination as has, for example,
been described for serotonin-IR (Schiirmann and Klemm,
1984; Schifer and Bicker, 1986), GABA-IR (Schifer and
Bicker, 1986), and acetylcholinesterase-histochemistry
(Kreissl and Bicker, 1989).

Two neuropilar areas of the central brain are clearly
distinct with respect to a compartmentalized pattern of
OA-IR. The central body displays a much higher density of
OA-IR fibers in its lower than in its upper division (Fig. 6a).
The most striking compartmentalization is found in the
mushroom bodies. The calyces are innervated by extrinsic
varicose OA-IR fibers, whereas large parts of the a- and
B-lobes are devoid of OA-IR fibers (Figs. 2, 4). Mushroom
body extrinsic fibers, however, innervate a small sector of
neuropil orthogonal to the parallel projecting Kenyon cell
axons in the «-lobe (Fig. 5). Comparison of this rather
complex pattern of immunoreactivity with autoradio-
graphic binding studies of radiolabelled octopamine reveals
a further complication: a high density of octopamine bind-
ing sites in the pedunculi and a-lobes (Erber et al., 1991,
1993) contrasts rather sharply with the absence of OA-IR.
The functional significance of this apparent mismatch of
receptors and transmitter is not presently known.

Our investigations clearly demonstrate the absence of
OA-IR in the mushroom-body-intrinsic Kenyon cells. As in
locusts (Konings et al., 1988), Kenyon cells of the honeybee
are therefore not octopaminergic, contrary to previous
suggestion (Mercer et al., 1983).

An identified ventral unpaired median neuron (VUMmx1)
of the subesophageal ganglion with unique morphology has
recently been described by intracellular recording and
staining (Hammer, 1993). The soma position of VUMmx1 is
among the median ventral cell bodies in the maxillary
neuromere, and its other anatomical characteristics are

Fig. 8. a: Frontal section through the antennal lobe at high
magnification. All glomeruli of the antennal lobes contain OA-IR
processes. b: Frontal section through the ventral protocerebrum and
antennal lobes. In the deutocerebrum, one soma cluster (group 3) was
found medial to each antennal lobe. ¢: Sagittal section through the
deuto- and tritocerebral area shows OA-IR in somata and primary
neurites (arrowheads) of soma group 3 (posterior to the right). Scale
bars = 50 pm.
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Fig. 9. a: Sagittal section through the midline of the subesophageal
ganglion shows three clusters of ventral median OA-IR cells, one in
each of the three neuromeres (arrowheads). Median cells of the labial
neuromere in this preparation are in ventral (arrowhead) and dorsal
(open triangle) positions, close to the exit of the ventral nerve cord. b:
The primary neurite of a median ventral cell of the maxillary neuro-
mere projects through the midline tract and bifurcates. ¢: Subset of
OA-IR cells in the subesophageal ganglion as obtained by a reconstruc-
tion of serial frontal sections from one preparation. Primary neurites of

soma group 5 descend toward the ventral nerve cord. The two lateral
somata (group 6, cp. Fig. 1b) of the mandibular neuromere project
anteriorly in parallel to the esophagus. Two paired somata with
projections in the ventral cell body neurite tracts, and four somata with
projections in the maxillary midline tract are shown as examples of
ventral median cells. Numbers indicate the distance (um) from the
frontal surface of the brain. The anteriormost section is shown with a
solid outline, subsequent sections are stippled. Scale bars = 100 um.
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symmetric bifurcation in the subesophageal ganglion, bilat-
eral projections into the antennal lobes, the lateral protoce-
rebra, and via the lateral antennoglomerular tracts into the
calyces (Hammer, 1991). The facts that 1) the soma posi-
tion is among the ventral OA-IR somata in the maxillary
neuromere (Fig. 9a,b), 2) all projection neuropils of this
neuron show fine branches of immunoreactive fibers (Figs.
4, 9a), 3) OA-IR neurites enter the lateral antennoglomeru-
lar tract at the same position than VUMmx1, and 4) OA-IR
neurites innervate collar and lip of the calyces separately
(Fig. 4) suggest that VUMmx1 is part of a group of
octopaminergic cells. Intersegmentally projecting neurons
of median soma position and similar morphology have also
been described in other insect species. For example, the
subesophageal ganglion of the locust has been shown to
contain OA-IR dorsal unpaired median (DUM) neurons
with a similar innervation pattern of the principal neuropils
of the central brain (Braunig, 1991). Despite the difference
in soma position with respect to the surface of the sub-
esophageal ganglion, the unique morphological characteris-
tics and the common transmitter immunoreactivity
(Braunig, 1991) would suggest a homologous relationship
between VUM and DUM cells of bees and locusts. In a study
of OA-IR in the ventral nerve cord of the locusts, Stevenson
et al. (1992) noted variations in cell body locations across
several preparations causing somata of identified DUM
neurons to shift inte a ventral median position in abdomi-
nal neuromeres.

Octopamine-IR neurons and behavioral
plasticity

The widespread branching patterns of QA-IR fibers in the
visual system seems to indicate that octopamine release by
single neurons will influence integrative processes across
large neuropilar areas simultaneously. The OA-IR neurons
in the visual ganglia may contribute to the modulation of
the visual antennal reflex (Erber et al., 1991, 1993).

The chief neuropils involved in associative proboscis
extension learning {Kuwabara, 1957; Menzel et al., 1974;
Bitterman et al., 1983) are the antennal lobes, the mush-
room bodies, lateral parts of the protocerebrum, and the
subesophageal ganglion, all of which contain OA-IR pro-
cesses. Depolarizing intracellular stimulation of an identi-
fied ventral unpaired median neuron (VUMmx1) of the
subesophageal ganglion was sufficient to substitute for the
unconditioned stimulus in the proboscis extension learning
(Hammer, 1993). This immunocytochemical study presents
evidence that VUMmx1 is part of an octopaminergic cell
group in the subesophageal ganglion. The involvement of
octopaminergic cells in the neural pathway of the uncondi-
tioned stimulus would also explain the specific effects of
octopamine injections onto associative memory (Menzel et
al., 1988, 1991; Bicker and Menzel, 1989; Hammer et al.,
1993). Systemic pharmacology provided evidence that oc-
topaminergic neurotransmission is not only involved in
associative learning but also in nonassociative plasticity of
the honeybee’s proboscis extension reflex (Mercer and
Menzel, 1982; Menzel et al., 1988, 1991; Bicker and Menzel,
1989; Braun and Bicker, 1992; Hammer et al., 1993). It
remains a challenging task to elucidate the relationship
between the functional anatomy of OA-IR neurons innervat-
ing the neuropils containing pathways of the proboscis
extension reflex and the different forms of its associative
and nonassociative neuronal plasticity.
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