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ABSTRACT
We present the first three-dimensional map of the antennal lobe of Drosophila melanogas-

ter, based on confocal microscopic analysis of glomeruli stained with the neuropil-specific
monoclonal antibody nc82. The analysis of confocal stacks allowed us to identify glomeruli
according to the criteria shape, size, position, and intensity of antibody labeling. Forty
glomeruli were labeled by nc82, eight of which have not been described before. Three
glomeruli previously shown exclusively by backfills were not discernible in nc82 stainings. We
distinguish three classes of glomeruli: (1) ‘‘landmark’’ glomeruli that are constant in all four
criteria mentioned above, (2) less well-demarcated glomeruli that deviate in a single criterion,
and (3) poorly defined glomeruli that vary in more than one criterion. All class 2 and 3
glomeruli can be identified by comparison with landmark neighbors. To further aid identifica-
tion, our model assigns glomeruli to five arrays, each of which is defined by a prominent
landmark glomerulus. Six glomeruli consist of distinct, but contiguous structural units,
termed ‘‘compartments.’’ Glomerular variability observed occasionally between males and
females is in the same range as between individuals of the same sex, suggesting the lack of a
significant sexual dimorphism in the glomerular pattern. We compare the new model with a
previous map and address its potential for mapping activity and expression patterns. An
important goal of this work was to create three-dimensional reference models of the antennal
lobe, which are accessible on-line. J. Comp. Neurol. 405:543–552, 1999. r 1999 Wiley-Liss, Inc.
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The antennal lobe (AL) is the primary olfactory associa-
tion center in insects. It collects afferents from the princi-
pal olfactory appendage, the antenna, and from minor
olfactory epithelia, i.e., the labial palps in butterflies (Lee
and Altner, 1986; Kent et al., 1986) and the maxillary
palps in flies (Singh and Nayak, 1985). In the vast majority
of insects, ALs are subdivided into structural units, i.e.,
the glomeruli (Rospars, 1988; Boeckh and Tolbert, 1993).
Glomeruli are the sites of synaptic integration between the
terminal branches of olfactory afferents and the dendritic
arborizations of their target interneurons. Olfactory inter-
neurons are composed of two major classes: local interneu-
rons, intrinsic to the AL; and projection neurons (PNs),
which connect the AL with higher brain centers.

The distinctness of glomeruli varies greatly among
different species. In cockroaches (Ernst et al., 1977),
honeybees (Arnold et al., 1985), and lepidopterans (Rospars,
1983), glomeruli are very prominent. In flies, they are

much less evident (Power, 1946; Strausfeld, 1976), per-
haps because the AL lacks an elaborate glial sheath
(Stocker et al., 1983, 1990). Also, there are great species-
specific differences in their numbers, ranging from 35
glomeruli in Aedes aegypti (Bausenwein and Nick, 1998) to
156 in the honeybee (Flanagan and Mercer, 1989; Galizia
et al., 1999), and up to 1,000 in locusts or wasps (Rospars,
1988). Species that were studied in detail re-
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Fig. 1. Representative confocal stack of the antennal lobe (AL) of
D. melanogaster as shown by mab nc82 staining. Seven frontal planes
through a male AL from anterior to posterior (A–G) were selected,
from a total of 134 images at 0.34-µm intervals. Lateral is to the right,
dorsal on top. Left columns: Unaltered confocal images (primary
dataset). Middle columns: Demarcated glomeruli and compartments
(in color) superimposed on confocal images with inverted gray-scale.
Right columns: Identified glomeruli and compartments (for terminol-
ogy, see MATERIALS AND METHODS section). Colors indicate the
five glomerular arrays VA1 (blue), VA2 (yellow), D (purple), V (green),
and DM3 (red), each of which is defined by a corresponding ‘‘principal’’
glomerulus (underlined). Color-coding is identical to that of the
Virtual Reality Modeling Language (VRML)-model (Fig. 2). In each of
the five colors, dark shading indicates ‘‘landmark’’ glomeruli (class 1),
intermediate shading indicates ‘‘class 2’’ glomeruli, and light shading

indicates ill-defined glomeruli (class 3). A: Frontalmost VA2 array and
two compartments of principal glomerulus VA1. B: VA1 and VA2
arrays, contributing to the anterior portion of the AL. Note intense
staining of all glomeruli. C: VA1 and VA2 arrays. Two members of V
array appear ventrolaterally. D: Posterior part of VA1 and VA2 arrays.
Beginning of D and V arrays. E: Last members of VA1 and VA2 arrays.
First member of DM3 array and peripheral glomeruli of D and V
arrays, which compose the ‘‘middle’’ portion of the AL. Note intensely
labeled DL3, VM4. and isolated V. F: DM3 and V arrays and the
posterior ends of DA1 and DL3. Encircled numbers 1 and 2 indicate
extra glomeruli (see text). Note bright DM3 and coarse central
neuropil. G: Posterior portion of DM3 array (principal glomerulus no
longer visible). The asterisk indicates the approximate position of
VP1–3 (cf. Stocker et al., 1990). Structures on top of (G) do not belong
to the AL. Scale bar 5 10 µm in A (applies to A–G).



vealed largely invariant numbers and positions of glo-
meruli, leading to the concept of identifiable glomeruli
(Rospars, 1988). In cockroaches, bees, and moths, the
glomerular map is clearly sexually dimorphic (Rospars,
1988; Homberg et al., 1989; Rospars and Chambille, 1990;
Boeckh and Tolbert, 1993; Hildebrand and Shepherd,
1997), whereas in Drosophila melanogaster no such differ-
ence was observed (Stocker et al., 1990; Stocker, 1994).

Recent comparisons between insects and vertebrates
have revealed surprising parallels in the organization,
function, and development of the olfactory system (Hilde-
brand and Shepherd, 1997). This has renewed the impor-
tance of insects as model systems for olfactory research.
Drosophila has become a particularly attractive model due
to the striking progress in molecular genetic techniques.
For example, enhancer trap strains (Brand and Dormand,
1995) should facilitate the isolation, mapping, and charac-
terization of genes that are expressed in the olfactory
system. Moreover, they are excellent cell-specific neuro-

nal markers that allow investigation of the anatomy,
function, and development of the system. As an up-to-date
anatomical reference for such studies, we have created a
new map of the AL of D. melanogaster. A previously
published model relied on labeled afferents and PNs and
on autofluorescence in tissue sections (Stocker et al., 1983,
1990; Pinto et al., 1988). The map we present here is based
on the improved resolution of glomeruli by monoclonal
antibody staining, confocal microscopy, and three-dimen-
sional (3D) image processing.

We compare our new model with the previous map; we
discuss issues of glomerular variability, sexual dimor-
phism, and reconstruction parameters; and we address
possible applications to enhancer trap expression patterns
and functional maps. A 3D model of our reconstruction
that can be manipulated on-line is accessible through the
‘‘Flybrain’’ image database (accession number AB00200, at
http://www.flybrain.org; cf. Armstrong et al., 1995). Glo-
merular maps of the AL have been created also in the

Figure 1 (Continued)
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honeybee (Flanagan and Mercer, 1989; Galizia et al., 1999)
and Aedes aegypti (Bausenwein and Nick, 1998).

MATERIALS AND METHODS

Fly stocks

Canton-S flies were raised at room temperature (RT) in
noncrowding condition with a 12 hour light/12 hour dark
cycle. They were killed between 10 hours and 6 days after
eclosion.

Antibody staining of the brain

We tested a selection of monoclonal antibodies (mabs),
i.e., aa2, ab49, nb141, and nc82, all kindly provided by Dr.
A. Hofbauer, University of Regensburg, which were previ-
ously shown to bind to various parts of the brain (Hof-
bauer, 1991). The mab nc82, which recognizes neuropil
structures, showed the most distinct staining of glomeruli.

Flies were fixed in 4% paraformaldehyde containing
0.2% Triton X-100 for 3 hours on ice and washed for 3
hours with phosphate buffered saline containing 0.2%
Triton X-100 (PBST). Brains were then dissected and
blocked with 3% normal goat serum in PBST (RT, 1 hour).
nc82 was diluted 1:10 (volume/volume) in the blocking
solution (3% normal goat serum in PBST) and incubated
overnight at RT with gentle shaking. After a brief rinse in
PBST, an anti-mouse F(ab’)2 antibody coupled to the
indocarbocyanine fluorophore Cy3 (Jackson Immuno-
Research Laboratories, West Grove, PA) was applied 1:100
(volume/volume) in the blocking solution for 4 hours at RT.
After rinsing in PBST, brains were mounted in Vectashield
(Vector Laboratories, Burlingame, CA). To protect brains
from pressure by the coverslip, they were placed into
spacer rings of approximately 120 µm in height. The
coverslips were sealed with rubber cement (‘‘Fixogum,’’
Marabuwerke GmbH & Co., D-71732 Tamm).

Confocal microscopy

Whole-mounts of the brain were studied with a Leica
TCS 4D and a BioRAD MRC 1024 confocal microscope,
both equipped with a Kr/Ar laser. Frontal series of indi-
vidual ALs (cf. Fig. 1) were taken at 3 images/µm with
512 3 512 pixel resolution, resulting in an average of 140
images perAL (Pawley, 1990; website: http://www.cs.ubc.ca/
spider/ladic/confocal.html). ALs from 18 female and 16
male brains were analyzed and compared. Eight represen-
tative confocal image series of the AL (four females, four
males) were processed for 3D analysis. Those are used as
reference specimens in this study.

Analysis of confocal stacks and
reconstruction

We used two sets of hardware and software: A Silicon
Graphics Octane workstation equipped with the image
processing programs Amira (Konrad-Zuse-Zentrum für
Informationstechnik, Berlin), Imaris (BitplaneAG, Zürich),
and CosmoWorlds (Silicon Graphics, Inc., Mountain View,
CA), as well as a Power Macintosh 8500/150 with the
public domain NIH Image program (written by Wayne
Rasband at National Institutes of Health and available
from the Internet from http://rsb.info.nih.gov/nih-image).

Each stack of digital images was analyzed with the
following techniques (see DISCUSSION section). (1) Vol-

ume rendering (Fig. 3): The raytracing algorithm imple-
mented in Imaris was used to reconstruct views of the
entire object from defined camera positions. Animations
were created by rendering a series of images from progres-
sively shifting viewpoints, e.g., depicting a rotation from a
frontal to a posterior viewpoint with 3-µm intervals. (2)
Original stacks (Fig. 1) were compared with the volume-
rendered views to identify glomerular structures. (3) Sur-
face rendering (Fig. 2): Glomeruli were demarcated by
hand in confocal image stacks to define contours, thus
producing polygon groups of the surfaces of the glomeruli.
The polygon data were exported to the Virtual Reality
Modeling Language (VRML V2.0 utf8). The resulting
surface models were further processed with CosmoWorlds
and optimized for smooth handling on current desktop
systems (Russ, 1995; websites: http://biocomp.arc.nasa.
gov, http://stanford.edu/3dreconstruction). All figures pre-
sented here were produced by using Adobe Photoshop 4.0
(Adobe Systems, Inc.) and a Kodak Digital Science 8650 PS
Color Printer (Eastman Kodak Co.).

Terminology of glomeruli

The terminology of glomeruli is based on the one used in
the previous map (Stocker et al., 1983, 1990). Briefly, two
capital letters denote the general position of a selected
glomerulus in the AL (A, anterior; D, dorsal; L, lateral; M,
medial; P, posterior; V, ventral). Central glomeruli (C) are
defined as having no contact with the AL periphery. A
number allows for additional identification, and in those
glomeruli that are further subdivided, a small character
specifies the glomerular compartment (see below).

RESULTS

New glomerular map

Careful comparison of 34 confocal stacks indicated the
presence of 40 glomeruli in the AL of D. melanogaster
(Figs. 1, 2). Three glomeruli at the posterior edge of the AL,
VP1–3 (cf. Fig. 1), which were reported from antennal
backfills (Lienhard and Stocker, 1987), could not be recog-
nized in nc82-stained ALs. Thus, the AL now consists of 43
glomeruli, compared with 35 in the earlier model (Stocker
et al., 1990). The characteristic shapes, sizes, and locations
of many prominent glomeruli identified here by nc82 are
well known from sensory projections or from arborization
patterns of PNs (Stocker et al., 1983, 1990).

Our results corroborate the presence of all of the previ-
ously described glomeruli (except VP1–3), but extend and
modify the earlier map in several ways. (1) We discovered
eight new glomeruli (Figs. 1, 2; Table 1) . They were
situated either in regions consisting of tightly packed
glomeruli, like the DM and DL regions, or in the coarse
central neuropil, which is difficult to define because it
contains small, variable fragments and poorly delimited
areas. (2) The superior resolution provided by nc82 al-
lowed us to distinguish between ‘‘glomeruli,’’ i.e., struc-
tural units that are always well separated from one
another, and glomerular ‘‘compartments’’ that are sepa-
rated by a smaller gap and remain partially attached to
each other (Figs. 1, 2; Table 1). Compartments were
regularly observed in the six glomeruli DL2, DP1, VA1,
VA7, VC3, and VL2. VA1 consists of three compartments,
whereas the remainder consist of two compartments each.
(3) The intensity of Cy3 fluorescence (‘‘brightness’’) in nc82
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stainings provided a fourth criterion for glomerular identi-
fication, in addition to their size, shape, and position
relative to neighboring glomeruli (Fig. 1). (4) Three central
glomeruli were found to hold a different position from that
described previously. DC1 now appears in a more lateral
position, directly ventral of D, and VC1 is seen more
medially, just posterior to VC2. The former VC4 is now
located medial of DC1 and is renamed DC2, to indicate its
new dorsal position. For all other glomeruli, the previous

nomenclature (Stocker et al., 1983, 1990) was maintained,
even though in some of them the positions differ now
slightly compared with the original map.

Close comparison of AL reconstructions from males and
females revealed that intrasexual variability in terms of
glomerular number and distribution is in the same range
as between the two sexes. Hence, neither the glomerular
nor the compartment pattern appear to be clearly sexually
dimorphic. Also, studying ALs at various adult ages from

Fig. 2. Virtual Reality Modeling Language (VRML) model of the
antennal lobe (AL) as seen from anterior. Lateral is to the right, dorsal
on top. Starting clockwise from the complete pattern (top left), the
anterior glomeruli are subsequently removed to uncover the underly-

ing central and posterior glomeruli. A total of 40 glomeruli are
identified, 6 of which (DL2, DP1, VA1, VA7, VC3, VL2) consist of two to
three compartments each (‘‘Flybrain’’ database Accession Number
AB00200 at http://www.flybrain.org).
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10 hours to 6 days after eclosion did not reveal obvious
differences in the glomerular pattern.

Visual aid for glomerulus identification

Because the 40 glomeruli vary in terms of relative
position, size, shape, and brightness (see above), we distin-
guished three different classes (Table 1): Twenty-two well-
demarcated ‘‘landmark’’ glomeruli are constant in position,
size, shape, and brightness. One among them, glomerulus
V is distinct by its ventral, isolated location, and serves as
a marker for general AL orientation, together with several
other prominent glomeruli like D, DM3, VA1, and VA2.
Nine ‘‘class 2’’ glomeruli deviate in one of these four
criteria (Table 1), whereas the remaining nine ‘‘class 3’’
glomeruli are poorly demarcated and vary in more than
one criterion.

To facilitate identification, the 40 glomeruli were as-
signed to five glomerular ‘‘arrays.’’ Arrays are defined by
the five most easily identifiable glomeruli, termed ‘‘princi-
pal’’ glomeruli (D, DM3, V, VA1, VA2) and up to nine
glomeruli in their vicinity (Fig. 1; Table 1). Table 2
indicates the glomerular composition in each array. The
VA1 and VA2 arrays comprise the anterior portion of the

AL, the V and D arrays occupy its central part, and the
DM3 array includes the posterior end of the AL. In our
model, the five arrays are labeled by the colors blue, yellow,
purple, green, and red, and the three classes of distinct-
ness are shown by different shading (Figs. 1, 2). Arrays
and the color code do not suggest specific functions, but are
merely intended to help glomerular identification by mak-
ing small groups. In this way, any glomerulus can be
identified by comparing its position relative to the princi-
pal glomerulus and the neighboring glomeruli of the same
array.

By focusing on single glomeruli, we addressed questions
of glomerular identity and variability in more detail
(Fig. 3) . Although anterior glomeruli exhibit a uniformly
bright fluorescence, posterior ones differ in their intensity,
which often facilitates recognition of glomeruli. Hence, in
the posterior half of the AL, DL3, DM3, and VM4 can be
identified by their exceptional brightness alone. However,
the identification of certain class 3 glomeruli was some-
times difficult. Examples are the lack of a clear boundary
between DM1 and DM4 or DM2, the faint labeling of DP1
(Fig. 1G) and many central glomeruli, and an ill-defined
posterior half of VM5. Although some of these problems
may be due to technical reasons (see the DISCUSSION
section), there is evidence for natural variability, regard-
ing both glomeruli and compartments. For example, a
faintly stained area with a diffuse border was found
laterally of DM2 in four of eight reference specimens
(Fig. 1F). Also, a small satellite glomerulus was discovered
medially of V in two cases (Fig. 1F). Additional compart-
ments in DA4 (Fig. 3A) and VA2 were found in two of the
eight reference specimens. VA5 and DL3 (Fig. 3A) had
additional compartments in one specimen each. However,
only glomeruli and compartments that could be identified
unambiguously in all reference specimens are included in
the map.

Our map can be used essentially to identify glomeruli in
nc82-stained whole-mounts. This identification can be
done either by comparing the nc82 label of the unidentified
confocal image series to an identified stack (Fig. 1, third
row) or by manipulating the 3D surface model on-line in
the ‘‘Flybrain’’ image database (cf. Figs. 2, 4). In addition,
the map may also be helpful for identifying prominent
glomeruli visualized by other histologic techniques, al-
though the resolution will be inferior.

TABLE 1. Glomeruli in the Antennal Lobe of Drosophila melanogaster1

Glomerulus Compartments
Compared with

Stocker et al. (1990) Array Class

D D 1
DA1 VA1 1
DA2 VA1 1
DA3 VA1 2 p
DA4 VA1 2 sz
DC1 More lateral D 1
DC2 Former VC4 D 2 p
DC3 New D 2 sh
DL1 DM3 1
DL2 d 1 v DM3 2 sh
DL3 D 1
DL4 New D 1
DL5 New DM3 1
DM1 DM3 3
DM2 DM3 3
DM3 DM3 1
DM4 New DM3 3
DM5 New VA2 1
DM6 New VA2 1
DP1 m 1 l DM3 3
V V 1
VA1 d 1 m 1 l VA1 1
VA2 VA2 1
VA3 VA2 1
VA4 VA2 1
VA5 VA1 3
VA6 VA1 2 sz
VA7 m 1 l VA2 3
VC1 More medial V 1
VC2 VA2 1
VC3 m 1 l V 3
VL1 V 1
VL2 a 1 p V 1
VM1 V 1
VM2 VA2 2 sz
VM3 VA2 2 sh
VM4 V 1
VM5 VA2 3
VM6 New V 3
VM7 New DM3 2 sz
VP1–3 Not discernible by mab nc82

1Glomeruli and their compartments in the dorsal and ventral half of the antennal lobe
(AL). Glomerular nomenclature is based on the terminology of Stocker et al. (1983, 1990)
(for details, see Materials and Methods section). New glomeruli, changes in nomencla-
ture and position are indicated. For proper identification, glomeruli are attributed to
five arrays, consisting of a principal glomerulus (D, DM3, V, VA1, VA2; underlined) and
five to nine glomeruli in its vicinity (cf. Table 2). Classes refer to the distinctness of
glomeruli. Class 1 (‘landmark’) glomeruli are constant in position, shape, size, and
staining intensity. Class 2 and 3 glomeruli deviate in one or more than one of these four
criteria, respectively (see Results section). Deviations in class 2 glomeruli are indicated
in the last columns (p, position; sh, shape; sz, size).

TABLE 2. Glomerular Arrays1

AL
region Array

Direction of
identification

Sequence of glomeruli
in the array

Anterior VA1 Clockwise, starting dorsally
of VA1

DA1-VA1-VA5-VA6 (medial
of VA1m)-DA2-DA4 (at
dorsomedial tip of
VA1d)-DA3

VA2 Clockwise, dorsal of VA2 VM5-VA7-VC2 (posteroven-
tral of VA7)-VA3-VA4-
VA2-VM3-VM2-
DM5-DM6 (dorsal of
DM5)

D Clockwise from D DL4-DL3-DC3-DC2-DC1-D
V Clockwise, dorsal of V VC1-VL2-VL1-V-VM4-

VM6-VM1-VC3
DM3 anterior Clockwise, from DM3 DL5-DL1-DL2-VM7-DM2-

DM3
Posterior DM3 posterior Clockwise, from dorsal DM1-DP1-DM4

1Identification of glomeruli in the five arrays. The indicated sequence of glomeruli in
successive frontal sections from anterior to posterior helps to identify glomeruli. For
clarity, the DM3 array has been split into an anterior and posterior half. Principal
glomeruli are underlined.

.
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DISCUSSION

New glomeruli and compartments

The present study shows that the AL of D. melanogaster
consists of 43 glomeruli, 40 of which are clearly identifiable
by nc82. All the glomeruli of the previous model (Stocker et
al., 1990) were confirmed by our observations (except the
three glomeruli that are not shown by nc82; see below).
Eight glomeruli as well as the existence of compartments
in six glomeruli are newly described in this study. The
significance of compartments in cellular and functional
terms is not clear. In several moth species, afferents and
PNs were shown to terminate exclusively in specific subdi-
visions of the macroglomerular complex (Koontz and
Schneider, 1987; Hansson et al., 1991, 1992, 1994; Chris-
tensen et al., 1995). It will be interesting to study whether
this applies to compartments in Drosophila as well. From
the three glomeruli that are not stained by nc82, VP2, and
VP3 are targets of nonolfactory afferents from the aristal
sensillum (Lienhard and Stocker, 1987). The lack of stain-
ing in these could be due to less tight clustering of sensory
terminals than in ordinary glomeruli.

Variability of the glomerular pattern

Strong evidence for natural variation stems from the
rare but unambiguous occurrence of extra glomeruli and

compartments, which are for the first time described here
in Drosophila. Examples are a ‘‘satellite’’ glomerulus medi-
ally of V, which is reminiscent of other peripheral glo-
meruli (Fig. 3C), or additional compartments in peripheral
glomeruli, which do not look different than other compart-
ments (Fig. 3A). Variations in the number of glomeruli
have been reported in several insects, although the under-
lying reasons remain unknown (Arnold et al., 1985;
Rospars, 1988; Rospars and Chambille, 1990; Rospars and
Hildebrand, 1992; Galizia et al., 1999).

There may be methodologic reasons for identification
problems with certain class 3 glomeruli, e.g., subtle changes
in the strength of antibody binding or difficulties in
recognizing glomerular borders when their surface coin-
cides with the plane of section. However, problems in
identifying central glomeruli are also certainly due to the
coarse, unstructured architecture of the AL core. Central
glomeruli are weakly stained throughout and have less
well-defined borders than superficial glomeruli, as con-
firmed also in nc82 stained cryosections (data not shown).
Still, DC1–3 and VC1–3 could be distinguished reproduc-
ibly. Other structures that were also observed in the center
were not mapped because of their random distribution or
because they were present in only a few of the ALs
examined.

Fig. 3. Variability of glomerular patterns. Volume-rendered views of
two female (A,B) and two male antennal lobes (ALs) (C,D) labeled with
mab nc82 (gray scale). The surrounding tissue (cf. Fig. 1) was removed.
Demarcated glomeruli are superimposed, their colors corresponding to the
model of Figures 1, 2. Principal glomeruli V, VA1, and VA2 are shown in

green, dark blue, and yellow, respectively. Glomeruli DL3 (purple) and DA4
(bright blue) exhibit extra compartments in A. The arrowhead in C
indicates an additional glomerulus. Another four volume and surface
reconstructed ALs from different individuals are available at Flybrain (cf.
Fig. 2). Scale bars 5 10 µm inA,C (applies toA–D).
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Comparison of male and female ALs revealed that the
intersexual variability in the pattern of glomeruli or
compartments is not more pronounced than the intra-
sexual variability. These observations support earlier data
about the lack of a structural sexual dimorphism in the AL
of D. melanogaster (Stocker et al., 1990). However, because
the pattern of trichoid and basiconic sensilla on the
antenna is significantly different in the two sexes (Stocker,
1994), connectivity in the AL must be sexually dimorphic.
In support of this idea, feminization of specific AL regions
in male flies leads to changes in courtship behavior
(Ferveur et al., 1995). In contrast to D. melanogaster,
glomeruli DM1 and DM2 in the Hawaiian species D.
heteroneura and D. silvestris were found to be larger in
females than in males (Kondoh and Yamamoto, 1998). This
observation may be related to considerably higher num-
bers of antennal afferents in females (D. Yamamoto, per-
sonal communication), which is not the case in D. melano-
gaster (Stocker, 1994). Sexually dimorphic ALs are well
known also from cockroaches, bees, or moths, which ex-
hibit a male-specific macroglomerular complex (Rospars,
1988; Homberg et al., 1989; Rospars and Chambille, 1990;
Boeckh and Tolbert, 1993; Hildebrand and Shepherd,
1997).

No striking changes in the glomerular pattern from 10
hours to 6 days of adult life were observed. However, we
did not measure glomerular volumes. In the worker bee,
significant volume changes in AL glomeruli were reported
to occur during adulthood, presumably associated with
experience (Winnington et al., 1996; Sigg et al., 1997). In
Drosophila, considerable postmetamorphic plasticity was
observed in Kenyon fibers of the mushroom bodies
(Technau, 1984). Thus, despite the lack of prominent
changes, glomerular plasticity on a cellular level cannot be
excluded during adulthood.

Application of the new model

This new glomerular map proved its usefulness as a
reference for the expression pattern of Gal4 enhancer trap
lines, which are powerful tools for analyzing developmen-
tal issues in the AL (cf. Stocker et al., 1997). By crossing
such lines with a UAS-reporter strain, the yeast transcrip-
tion factor GAL4 drives the expression of the secondary
reporter (lacZ, tau, or GFP) in a pattern and timing that
depend on the genomic context of the inserted P[Gal4]
element (O’Kane and Gehring, 1987; Brand and Perrimon,
1993). Among several enhancer trap lines, we studied line
GH146 (Heimbeck et al. 1996; Stocker et al., 1997) and line
GH231 (G. Heimbeck, personal communication), which
express Gal4 in subsets of PNs and olfactory afferents,
respectively. An unequivocal identification of Gal4-positive
glomeruli was possible in double-labeled ALs in which
nc82 provides the identity of all glomeruli, whereas Gal4/
UAS-GFP expression is found in a subset. By referring to
an early version of the map, we identified glomeruli and
compartments in both lines (Halter et al., 1997).

A second important application will be the identification
of glomeruli in functional maps. [3H]2-deoxyglucose label-
ing has previously demonstrated nonhomogeneous activ-
ity patterns in the AL of Drosophila after odorant stimula-
tion, suggesting that individual glomeruli may be
functionally specialized (Rodrigues, 1988). Calcium imag-
ing techniques that were recently established for the
honeybee AL and the zebrafish olfactory bulb (Joerges et
al., 1997; Friedrich and Korsching, 1997) may soon be
applicable to Drosophila. In combination with activity
maps, the model may also help to assign possible func-
tional identities to glomerular compartments.

As another powerful use, the map may allow the glomeru-
lar localization of a wide variety of markers in a back-

Fig. 4. Interactive Virtual Reality Modeling Language (VRML97)
model of the antennal lobe (AL), available at Flybrain (cf. Fig. 2). All
glomeruli are shown as reconstructed surfaces. On-line, they can be
moved, rotated, and removed by clicking. In addition, images of the
primary data set (z axis, anteroposterior) and interpolated views of
sagittal and horizontal sections are integrated. They can be displaced
within the model by moving the violet boxes on the corresponding axis.
A: Slightly rotated frontal view. Images of sections are moved to

arbitrary positions. B: Same view and position of images, but after
removal of the landmark glomeruli of two arrays (dark green and dark
blue) by clicking. Instead, little balls have appeared at corresponding
positions to the right. The glomerulus reappears by clicking on the
corresponding ball. All these manipulations of the VRML model can be
performed with SGI Cosmo Player and Intervista WorldView on every
computer platform.
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ground labeled by nc82 or other neuropil markers (e.g.,
synaptotagmin, anti-csp). Dye fills of antennal afferents or
patterns of transcript and protein expression in specific
parts or neurons of the AL can be referred to the map. For
the majority of these techniques, fluorescent markers are
available, which allow a rapid examination of double-
labeled preparations in the confocal microscope.

Glomerular marker for the AL of
D. melanogaster

The choice of an appropriate glomerular marker was of
prime importance for establishing a 3D map of the AL,
because the borders of glomeruli in the AL of D. melanogas-
ter are not very distinct. Thus, from a large library of mabs
generated from the Drosophila brain (Hofbauer, 1991), we
have chosen the neuropil-specific mab nc82 because of its
distinct glomerular staining. Other methods, such as
autofluorescence, classic stains, antennal backfills with
various tracers, and afferent- or interneuron-specific
P[Gal4] enhancer trap lines are less suited, either because
the resolution of glomeruli is unsatisfactory or only sub-
sets of glomeruli are stained (cf. Stocker et al., 1990).
Although choline acetyltransferase (Buchner et al., 1986)
and NO synthase patterns (Müller, 1997) show distinct
glomeruli, they also label subsets only.

Applicability of 3D reconstruction
techniques for the analysis of confocal

image series

We show here that confocal microscopy combined with
advanced image treatment allows analysis of the 3D
structure of the AL in more detail than previous methods
(Stocker et al., 1990). Confocal microscopy offers improved
contrast and resolution and a smaller thickness of sections
without loss of relevant data for 3D reconstruction. The
earlier model was established from 16 sections of 4-µm
thickness (Stocker et al., 1990), whereas the data pre-
sented here rely on up to 170 sections of 0.34-µm thick-
ness. Furthermore, the primary dataset, a series of con-
focal images, is digital and has aligned sections. This
technique provides an ideal basis for the different types of
3D reconstructions available (Russ, 1995). On the one
hand, we created surface-rendered images (Fig. 2). They
have the appearance of real, physical objects and, there-
fore, communicate easily to the viewer. On the other hand,
we converted 2D images to 3D values by using a volumet-
ric display (volume rendering; Fig. 3).

Surface-rendered models consist only of the idealized
surfaces of structures that were demarcated by hand in the
primary dataset (Fig. 1) (Russ, 1995). These models con-
tain all data necessary to assemble a view of the reconstruc-
tion from any arbitrary direction and can be examined and
manipulated on current desktop computers. Therefore, we
created ‘‘portable’’ surface models of selected ALs for
interactive analysis of the glomerular organization. We
applied the VRML, an ISO-standardized 3D description
language that allows viewing and manipulation of the
reconstructed object with freely distributed software.
VRML was developed for presentation of 3D data on the
Internet and, thus, is ideally suited for creating a 3D
anatomical atlas available to the research community.
Furthermore, the new VRML standard (VRML97, utf8)
allows interactive programming such as the embedding of
original and interpolated confocal data into the surface

model (Fig. 4). This process permits reslicing of the
primary dataset of frontal sections of the AL in the
horizontal and sagittal plane.

Volume rendering produces views of the entire 3D object
(Fig. 3) (Russ, 1995). For this technique, we used ‘‘ray
tracing.’’ This algorithm basically calculates a brightness
based on light being absorbed as it travels through the
data set. In contrast to surface rendering, the calculation
of such views requires relatively high computational power.
In this study, we analyzed primary datasets of more than
40 MB each. We applied raytracing to obtain standardized
views of the datasets from a series of different angles as
defined by the position of a virtual camera. Direct compari-
son of unprocessed confocal stacks is often complicated by
slightly varying angles of sectioning. These difficulties are
avoided by visualizing the individual confocal stack as a
volume-rendered 3D object. Progress in computer technol-
ogy may ultimately allow one to investigate models with
real-time volume rendering on desktop computers.
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