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Sachse, Silke and C. Giovanni Galizia. Role of inhibition for tem-
poral and spatial odor representation in olfactory output neurons: a
calcium imaging study. J Neurophysiol 87: 1106–1117, 2002;
10.1152/jn.00325.2001. The primary olfactory brain center, the an-
tennal lobe (AL) in insects or the olfactory bulb in vertebrates, is a
notable example of a neural network for sensory processing. While
physiological properties of the input, the olfactory receptor neurons,
have become clearer, the operation of the network itself remains
cryptic. Therefore we measured spatio-temporal odor-response pat-
terns in the output neurons of the olfactory glomeruli using optical
imaging in the honeybee Apis mellifera. We mapped these responses
to identified glomeruli, which are the structural and functional units of
the AL. Each odor evoked a complex spatio-temporal activity pattern
of excited and inhibited glomeruli. These properties were odor- and
glomerulus-specific and were conserved across individuals. We com-
pared the spatial pattern of excited glomeruli to previously published
signals, which derived mainly from the receptor neurons, and found
that they appeared more confined, showing that inhibitory connections
enhance the contrast between glomeruli in the AL. To investigate the
underlying mechanisms, we applied GABA and the GABA-receptor
antagonist picrotoxin (PTX). The results show the presence of two
separate inhibitory networks: one is GABAergic and modulates over-
all AL activity, the other is PTX-insensitive and glomerulus-specific.
Inhibitory connections of the latter network selectively inhibit glo-
meruli with overlapping response profiles, in a way akin to “lateral”
inhibition in other sensory systems. Selectively inhibited glomeruli
need not be spatial neighbors. The net result is a globally modulated,
contrast-enhanced and predictable representation of odors in the ol-
factory output neurons.

I N T R O D U C T I O N

In recent years, research in olfaction has considerably en-
riched understanding of how the brain works. Olfactory recep-
tor genes have been cloned in vertebrates (reviewed by Mom-
baerts 1999) and in Drosophila (Clyne et al. 1999; Vosshall et
al. 1999), and the projection of afferent axons to the olfactory
bulb and its insect analog, the antennal lobe (AL), has been
visualized (Gao et al. 2000; Mombaerts et al. 1996; Vosshall et
al. 2000), showing a strict topology of its functional processing
units, the olfactory glomeruli. Odor-specific spatio-temporal
activity patterns of these olfactory glomeruli have been shown
in vertebrates (Cinelli et al. 1995; Friedrich and Korsching
1997, 1998; Kauer et al. 1987; Lam et al. 2000; Meister and
Bonhoeffer 2001; Rubin and Katz 1999; Uchida et al. 2000) as

well as in invertebrates (Galizia et al. 1999b, 2000; Joerges et
al. 1997; Sachse et al. 1999) and indicated that odors are
represented as combinatorial activity patterns of glomeruli.
The olfactory bulb and the AL are stereotypical examples of
neural networks that process sensory information, where an
enormous input via afferent fibers is transformed into an output
consisting of a comparatively small number of neurons (Hilde-
brand and Shepherd 1997; Schild 1988). These networks are
ideal models for computational analyses of biological neural
networks. Still, our understanding of the olfactory code is
limited, and this limitation is also due to our inability to follow
the physiological responses along their path when being pro-
cessed by its neural components. We have now succeeded in
filling one gap in the analysis of the olfactory code using
calcium imaging in the honeybee. We measured the spatio-
temporal response patterns of the processed information, i.e.,
of the output neurons of the olfactory glomeruli, to investigate
how the AL shapes the olfactory code.

In the honeybee Apis mellifera, 60,000 olfactory receptor
neurons (RNs) are housed in antenna sensilla (Esslen and
Kaissling 1976) and convey input signals to the AL through
four tracts (T1–T4) (Suzuki 1975). The sensory axons con-
verge on two categories of AL neurons, namely 4000 local
interneurons (LNs) (Witthöft 1967), which exclusively branch
within the AL, and about 800 projection neurons (PNs) (Bicker
et al. 1993), which represent the AL output. The synaptic
contacts between RNs, LNs, and PNs are localized in areas of
high-synaptic density, the AL glomeruli (Gascuel and Masson
1991). Each glomerulus represents an identifiable morpholog-
ical and functional unit, of which there are about 160 arranged
in a single layer around the AL (Arnold et al. 1985; Flanagan
and Mercer 1989b). Glomeruli can be individually identified
on the basis of their shape and relative position and are named
according to the antennal tract which innervates them (T1 to
T4), followed by a number, e.g., T1-17 or T1-33 (Flanagan and
Mercer 1989a; Galizia et al. 1999a). The output information
from the AL is relayed to the lateral protocerebrum and the
mushroom bodies via three different antenno-cerebral tracts
(ACT; Fig. 1, A and B) (Mobbs 1982). The small medio-lateral
ACT (ml-ACT) contains pluriglomerular cells. The lateral and
median ACTs (l- and m-ACTs) contain axons of uniglomerular
PNs (Abel et al. 2001), innervating glomeruli of T1 or T2 and
T3, respectively (Abel et al. 2001; Bicker et al. 1993) (Fig. 1,
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C and D). Each glomerulus is innervated by about three to five
uniglomerular PNs of the l- or m-ACT. Since only glomeruli
on the exposed surface of the AL are accessible for optical
imaging and since these are T1-glomeruli, we selectively back-
filled the l-ACT with the calcium-sensitive dye fura-dextran
and optically recorded its glomerular response properties. We
measured the spatio-temporal representation of the alcohols
1-hexanol, 1-octanol, 1-nonanol, and the alarm pheromone
isoamylacetate, and evaluated the activity patterns at the level
of morphologically identified glomeruli using a digital AL atlas
(Galizia et al. 1999a). In previous imaging studies, where we
bath-applied the calcium-sensitive dye and thus labeled all AL
cells, a homologous series of aliphatic alcohols evoked over-
lapping activity patterns, which were often restricted to neigh-
boring glomeruli (Sachse et al. 1999). To ensure a specific
recognition of chemically similar odors, which is realized for

the honeybee and has been shown with behavioral experiments
(Laska et al. 1999), the activity patterns have to be sharpened
in the neural network. This could possibly be accomplished by
a narrowing of the glomerular response profiles through a
lateral inhibition of the PNs, which is shown for vertebrates
(Margrie et al. 2001; Yokoi et al. 1995). Here, we examine
such processing properties of the AL by measuring the pro-
cessed odor representation and comparing it with the input
information. Application of GABA and its receptor antagonist
picrotoxin (PTX) to the AL provided us with information about
inhibitory mechanisms, leading to a proposal about the wiring
of the AL network.

M E T H O D S

Animal preparation and staining process

Adult worker honeybees were caught from various hives in the
morning, fixed in a Plexiglas stage using dental wax, and fed with
sucrose solution. A small window was cut into the cuticle and glands
and trachea were carefully removed. A glass electrode was coated
with crystals of fura-dextran (potassium salt, 3000 MW, Molecular
Probes, Eugene, OR), dissolved in 2% bovine serum albumin solution,
and inserted into the left deutocerebrum lateral to the �-lobe, aiming
for the l-ACT. A similar dye application method was shown to be
effective for calcium-green-dextran (Delaney et al. 2001; Gelperin
and Flores 1997). The brain was rinsed with Ringer solution (130 mM
NaCl, 6 mM KCl, 4 mM MgCl2, 5 mM CaCl2, 160 mM sucrose, 25
mM glucose, 10 mM HEPES, pH 6.7, 500 mosmol; all chemicals
from Sigma) to remove extracellular dye. After 3 h of staining, the
antennae were immobilized with two-component silicon (Kwik-Sil,
WPI) and the abdomen was cut. The preparation was covered with a
coverslip and constantly superfused with Ringer during measurements
(1 ml/min). Clear signals were registered in 13 of 155 bees tested.
This small yield indicates the selectivity of the backfill method: only
when the electrode hit the l-ACT, the dye was transported to the AL
within the PNs, and we could measure calcium responses in the
glomeruli. Since Molecular Probes discontinued producing fura-dex-
tran 3000 MW, control experiments with fura-dextran 10,000 MW
were performed showing identical results. We also measured PN
responses in one animal which was stained with calcium-green-1-
dextran (potassium salt, 3000 MW, Molecular Probes), confirming
that the dynamic patterns of PNs were not dependent on the dye used.

In control experiments, we anterogradely stained the three ACTs by
inserting the dye tetramethylrhodamine-dextran (3000 MW, Molecu-
lar Probes) into the AL (Fig. 1B). Furthermore, we locally applied
tetramethylrhodamine-dextran at the same position as was used for the
calcium-sensitive dye to retrogradely stain the l-ACT neurons and
their corresponding glomeruli (Fig. 1C). Both preparations were im-
aged using confocal microscopy.

Calcium measurements of PN responses

Imaging was done using a T.I.L.L. Photonics imaging system
(Germany). Monochromatic excitation light alternated between 340
and 380 nm, dicroic: 410 nm, emission: LP 440 nm. Measurements
were done with an upright Axioskop microscope (Zeiss), using a
Leica long distance 20� air objective (numeric aperture � 0.6). Pixel
image size was 2.4 � 2.4 �m, obtained by 2 � 2 binning on chip. For
each measurement, a series of either 60 or 90 double frames were
taken with frequencies of 6 Hz. Light was turned off between frames.
Interstimulus interval was 40 s, i.e., the animal was not exposed to
light for about 30 s between measurements.

Odors were delivered to the antennae using a custom-made and
computer-controlled olfactometer by switching from a constant air

FIG. 1. The olfactory output neurons of the honeybee antennal lobe (AL).
A: schematic view of the honeybee brain. The olfactory pathway leads from the
antenna (Ant.) to the first olfactory neuropil, the AL. The PNs send their axons
to higher processing centers: the lateral protocerebrum (LPL) and the medial
and lateral mushroom body calyx (MC and LC). �: �-lobe of the mushroom
body. B: confocal section of a honeybee brain showing the area marked by a
rectangle in A. The output neurons were anterogradely stained by applying
tetramethylrhodamine-dextran to the AL. The projection neurons (PNs) leave
the AL via the median, the lateral, and the medio-lateral antenno-cerebralis
tracts (m-, l-, and ml-ACT). For retrograde l-ACT staining, we aimed at the
position marked by the white arrow. OS: esophagus. C: confocal section of the
AL in another animal, in which the l-ACT neurons were retrogradely fluores-
cently stained by inserting tetramethylrhodamine-dextran at the same position
as has been used for the calcium-sensitive dye (white arrow in B). Only
glomeruli of the T1 tract were stained (some of them are not in the focal plane
and therefore not visible, e.g., glomeruli 27, 37, 49), which are labeled with
their identities corresponding to the digital AL atlas (Galizia et al. 1999a).
Glomeruli of tract 3 are not stained (the white arrow indicates the position
where glomerulus T3-45 would appear), because they are innervated by the
m-ACT neurons. The black arrows mark the soma clusters of the l-ACT
neurons. Note that this image is turned upside down as compared with B and
corresponds to the AL orientation in all other figures. D: schematic view of the
AL with the 23 most frequently recognized glomeruli labeled with their
identities (AN: antennal nerve).
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stream to an odor stream to eliminate mechanical stimulation (Galizia
et al. 1997). Stimulus duration was 2 s. For each odor, 6 �l of the
odorant dissolved in mineral oil was applied on a filter paper (1 cm2)
in a plastic syringe. Dilution was adjusted to equal effective vapor
pressure for the different odorants. The control stimulus was a syringe
plus filter paper with mineral oil. Odors used were isoamylacetate,
1-hexanol, 1-octanol, and 1-nonanol (Sigma-Aldrich, Deisenhofen).

Solutions of GABA (Sigma) and PTX (Sigma) were dissolved in
Ringer for final concentrations of 10 mM for GABA and 1, 10, and
100 �M for PTX. Solutions of GABA and PTX were bath-applied and
reached the brain within 30 s after the perfusion switch. We measured
6 of the 13 successfully stained bees with a standardized protocol of
the pharmacological treatment. The standardized protocol consisted at
least of two measurements for each odor during each treatment. The
whole protocol started with Ringer application. PTX was applied with
increasing concentrations for 12 min each. The brain was then washed
with Ringer until the PTX effects were no longer visible (�45 min).
Then GABA was applied for 12 min. The GABA effects could be
completely washed out after about 3 min. In control animals we
bath-applied GABA without prior incubation of PTX, showing that
the GABA effect was not influenced by the preceding PTX applica-
tion.

Data processing

Calcium concentration data are shown as absolute changes of
fluorescence ratio between 340 and 380 nm excitation light. More
specifically, for each pixel the false-color-coded images give the
signal increase between frames 5 and 16

�(F340/F380)FC � �F34015–17

F38015–17

�
F3404–6

F3804–6

� � 1000

For the time traces, values are given as

�(F340/F380)i � �F340i

F380i

�
F3403–5

F3803–5

� � 1000

In these formulas, Fxxxi indicates the fluorescence intensity for exci-
tation light of xxx nm in frame i, Fxxxi–j indicates the averaged
fluorescence intensity from frame i to frame j. Subtracting frames 3–5
from the time traces leads to these traces being all superimposed at a
value of 0 shortly before stimulus onset. This is necessary because
PNs revealed a high amount of spontaneous activity and each glo-
merulus had individual background fluorescence. Furthermore, the
ratios were median-filtered for shot noise reduction (filter size 3 pixels
in two spatial and one temporal dimension) and were corrected for
lamp noise by subtracting the median value of each frame from it.
Calculations were done in IDL (Research Systems, CO). Changes in
�(F340/F380) of Fura are approximately proportional to changes of
the intracellular calcium concentration. Their absolute values, how-
ever, are influenced by several experimental parameters, such as
background fluorescence, staining intensity, and light exposure time.
Therefore these absolute values vary greatly between individuals and
cannot be compared.

We attributed the signals to identified glomeruli in the following
way. The glomerular structure was visible in the fura ratio images,
allowing us to identify the glomeruli on the basis of their morpho-
logical borderlines using a digital atlas of the AL (Galizia et al. 1999a)
(Figs. 1D and 2A). This method has been described in detail (Galizia
et al. 1999c; Sachse et al. 1999). Since not all glomeruli were visible
or identifiable in all animals, the total count differs for different
glomeruli (on average 19 glomeruli per animal). For time courses
squares of 11 � 11 pixels (corresponding to 26.4 �M side length and
always well within the glomerulus chosen) were placed onto the
center of a glomerulus, their values were averaged, and the courses
were plotted against time (Figs. 2, 3, and 5).

For each animal, glomerulus, and odor, we calculated the response
as the maximum during stimulus application. The median was taken
to average repeated stimulations within one animal. All responses
within the noise limit were clipped to 0. Noise was estimated as the
SD of the time courses between frames 4 and 11 (i.e., before stimulus)
averaged over all measurements in one animal. To compare animals
with different background fluorescence and thus different maximal
activities, we set the strongest glomerular response of each animal at
100% and scaled the other responses accordingly. We then calculated
the species’ glomerular response (Fig. 4) by taking the median re-
sponse of all animals. A calcium decrease during stimulus application
was assigned to the category “negative response” (Fig. 4). To calcu-
late the number of glomeruli that were spontaneously active (Fig. 5B)
or that responded to nonanol (Fig. 5C), we counted each activity event
above noise limit. The resting calcium levels (Fig. 5D) were calcu-
lated from the percental F340/F380 changes before, during, and after
the pharmacological treatment of all animals.

Statistical analyses of the data were performed using JMP 3.2.1,
Statistical Discovery Software (SAS, Cary, NC). We calculated the
correlation matrix (Fig. 4, A and B) based on the species’ glomerular
responses. We included the same subset of glomeruli (n � 22) for
both data sets. We used a two-tailed paired t-test to verify significant
differences during the pharmacological treatment (Fig. 5, B–D).

R E S U L T S

Selective staining of olfactory output neurons

To selectively stain the uniglomerular output neurons of the
AL, we aimed at the nerve tract l-ACT, which connects T1-
glomeruli with higher order brain centers. We locally applied
the calcium-sensitive dye fura-dextran into the deutocerebrum
lateral next to the �-lobe (Fig. 1B, white arrow), a place where
the PNs of the l-ACT are the only neurons which project to the
AL. Since the fura-dextran is membrane-impermeable, it is
incorporated and transported only by cells at the application
site. Therefore a staining of the other neurons in the AL (RNs,
LNs, and PNs in the m- and ml-ACT tracts) can be excluded.
In control experiments we inserted tetramethylrhodamine-dex-
tran using the same procedure and visualized it with the con-
focal microscope. These stainings confirmed that there was
either no staining in the AL (indicating that the tract was not
labeled), or selective staining of T1-glomeruli (Fig. 1C), which
are the glomeruli innervated by l-ACT neurons (Abel et al.
2001; Bicker et al. 1993). Morphologically, a successful load-
ing was apparent when the somata of the l-ACT neurons were
stained (Fig. 1C, black arrows); physiologically, successful
loading was apparent by a fast, “flickering” form of spontane-
ous activity (see following text).

Spontaneous activity in olfactory output neurons

We found two different types of spontaneous activity: one
consisted of very brief and small changes in calcium concen-
tration, which in the individual time courses is not distinguish-
able from random noise. When observed as a movie of the AL,
it was clear that the glomeruli were active as units in this noise,
so that the entire AL appeared as if the individual glomeruli
were continuously flickering (see example on http://www.
neurobiologie.fu-berlin.de/honeybeeALatlas/PN_physiol.htm).
This flickering was a clear indicator of successfully stained
PNs even in the absence of an olfactory stimulus. Only animals
where all visible T1-glomeruli were successfully stained were
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included in the evaluation of the data. In addition, PNs showed
a slow spontaneous activity, with individual events clearly
above noise levels (Fig. 2B). Again, the active units corre-
sponded to individual glomeruli, which in most cases could be
identified morphologically using a digital AL atlas (Galizia et

al. 1999a) (Figs. 1D and 2A). On average, seven activity events
of individual glomeruli were visible during a measurement of
10 s in a field of view comprising about 19 glomeruli. This
form of spontaneous activity was reminiscent of what has also
been found in electrophysiological recordings of PNs of honey-

FIG. 2. Glomerular responses of selectively stained PNs in the honeybee AL. All sequences can be seen as movies at
http://www.neurobiologie.fu-berlin.de/honeybeeALatlas/PN_physiol.htm. A, left: morphological view of the AL, where the glo-
merular structure and the border of the AL have been reconstructed. The single glomeruli have been identified using the digital AL
atlas. Right: false-color-coded spatial response pattern to nonanol. Red indicates strongest response; blue indicates the weakest
response. The reconstructed glomerular map is superimposed onto the response pattern. White boxes mark positions of glomeruli
evaluated in B (left) or C–E (right). B–E: time traces of identified glomeruli (left) and selected false-color-coded frames (right) from
a movie of 10 s (same animal as in A). The colors of the time traces correspond to identified glomeruli, whose positions are marked
by colored boxes in the first frame. The numbers at the bottom in each frame show time after measurement onset (in s).
Odor-stimulus is marked by a shaded area in the time courses and a red bar in the frames (B: no stimulus, C: isoamylacetate,
D: hexanol, E: nonanol). Note the different scales of the false-color coding. F: time traces (left) and selected frames from a movie
(right) during repetitive stimulation with octanol (different animal from A–E). The stimulus is given 3 times for 2 s with a frequency
of 0.25 Hz. Note the different false-color scaling in comparison to the other frame series (here, green represents no response and
blue represents a calcium decrease). The absolute values differ between animals (see METHODS). All scale bars correspond to 50 �m.
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bees, moths, and lobsters (Abel 1997; Kanzaki et al. 1989; Sun
et al. 1993; Wachowiak and Ache 1998), consisting of irregular
background spontaneous activity with alternating spike bursts
(Abel 1997; Kanzaki et al. 1989).

Odor response properties of olfactory output neurons

Olfactory stimulation with the odors isoamylacetate, 1-hexa-
nol, 1-nonanol, and 1-octanol led to specific and complex
spatio-temporal activity patterns (Fig. 2, C–F), which were
above spontaneous activity level. These patterns always con-
sisted of a group of glomeruli, increasing in intracellular cal-
cium concentration at stimulus onset, and another group show-
ing an increase at stimulus offset. For most odors and animals
we also observed glomeruli that decreased their calcium con-
centration either at or after stimulation with an odor. For
example, in the animal shown in Fig. 2C, application of
isoamylacetate evoked a sequenced activation of five glomer-
uli: within 500 ms after stimulus onset two glomeruli showed
a strong calcium increase (glomerulus 28: cyan line, glomer-
ulus 36: not shown as trace in Fig. 2C). Glomerulus 28 re-
vealed repeated activity peaks until the end of the measure-
ment. At 1000 ms after stimulus onset another two glomeruli
joined the pattern (glomeruli 49 and 55: not shown as traces in
Fig. 2C), whose activity ended after stimulus offset. Glomer-
ulus 35 (blue line in Fig. 2C) showed a calcium increase
shortly before and during the stimulus application. While this
increase was consistent across measurements and animals, its
appearance before stimulus in the measurement shown was
unique and indicates a spontaneous component. Glomerular
response patterns differed between odors: hexanol elicited a
consistent strong but short lasting response in glomeruli 28

(cyan line in Fig. 2D) and 38 (not shown) shortly after stimulus
onset. After 1.8 s (i.e., still within the stimulus) glomerulus 35
(blue line) increased its response, which became maximal at
stimulus offset. This OFF response was unique for this measure-
ment and thus probably spontaneous. Glomerulus 24 (yellow
line) consistently showed an excitation 1 s after stimulus offset,
which we therefore classed as an “OFF” response; conversely,
the two glomeruli active at 7.5 s after stimulus onset were not
reliably active for repeated measurements, suggesting that they
were spontaneously active. Nonanol elicited a diagonal pattern
of two glomeruli (17 and 33, Fig. 2E) at stimulus onset, an OFF

response in glomerulus 35, and a weak excitation in glomeru-
lus 24. Thus in the two glomeruli 35 and 24 the chemically
closely related odors hexanol and nonanol elicited opposing
responses. We tested the mutual relationship of ON- and OFF-
responses by repetitively stimulating with an odor at a fre-
quency of 0.25 Hz (Fig. 2F, different animal from Fig. 2, A–E).
Interestingly, two neighboring glomeruli showed opposite re-
sponses which were directly correlated to stimulus timing: the
glomerulus marked in red was strongly activated during stim-
ulus application and showed a calcium decrease at stimulus
offset, whereas the glomerulus marked in blue revealed a
calcium decrease during stimulus application and an activation
between the stimuli. Lengthening the stimulus from 2 to 4 s led
to PN responses lasting �4 s as well (data not shown).

Comparison of the PN activity patterns between different
individuals

The spatial patterns of glomeruli strongly activated by
isoamylacetate, hexanol, and nonanol were identical for all
bees tested (n � 7, Fig. 3A). These were glomeruli 28 and 49

FIG. 3. Odor stimulation leads to glomerular patterns of calcium increase and decrease of PNs; these patterns are conserved
across individuals. A: false-color-coded spatial response patterns of 3 different honeybees during stimulation with the odors
isoamylacetate, hexanol, octanol, and nonanol. The maximal response intensity is given for each frame to the right. Calcium
decreases are not visible, since the false-color scale was cut at 0. In all three bees, isoamylacetate evoked a strong calcium increase
in glomeruli 28 and 49, hexanol elicited a strong response in glomerulus 28 and an intermediate response in glomerulus 38, and
nonanol leads to a strong activation of glomerulus 33 and an intermediate of glomerulus 17. The activity patterns of octanol appear
more variable; while the identity of activated glomeruli is equal between the bees, their relative activity strengths differ. B: time
traces of 5 different animals (marked by different colors) for 6 identified glomeruli during stimulation with octanol. Octanol elicits
a calcium increase in glomeruli 17 (5 of 5 animals), 33 (4 of 5), and 52 (5 of 5), and a decrease in glomeruli 23 (4 of 5), 29 (4 of 4),
and 35 (5 of 5). Response amplitudes cannot be compared between individuals (see METHODS). Differences between individuals may
reflect individual experiences.
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for isoamylacetate, 28 and 38 for hexanol, and 17 and 33 for
nonanol. Interestingly, the response to octanol was more vari-
able between individuals, which is due to the shift of the
strongest response between the glomeruli 52 (bee 2), 33 (bee
4), or 17 and 33 (bee 5), respectively. We classified responses
as positive (calcium increase) or negative (calcium decrease,
due to intraglomerular inhibition; see following text), and we
compared the stimulus-response polarity of individual glomer-
uli between different individuals (Fig. 3B). Negative responses
revealed themselves either as a calcium-concentration decrease
during the stimulus or as a rebound calcium increase after
stimulus offset (OFF response) due to release from inhibition.
Response polarity was strongly conserved between animals for
all tested odors. For example, in all animals, octanol, which
was the most variable odor in the tested odor set, elicited a
positive response in glomeruli 17, 33 (only one exception), and
52 and a negative in glomeruli 23 (one exception), 29, and 35
(Fig. 3B). Positive or negative responses differed with the odor:
for example, glomerulus 35, which revealed an inhibitory
response to nonanol and octanol (Figs. 2E and 3B), showed an
excitatory response during isoamylacetate stimulation (Fig.
2C). Besides the stereotypical glomerular responses, there is
some variability which mainly affects response intensity. Part
of it is probably a genuine variability between animals and part
is due to experimental parameters, such as differences in
autofluorescence (see DISCUSSION).

Since response polarity is conserved among individuals, we
calculated the average representation of odors as patterns of
excited and inhibited glomeruli in a schematic AL (Fig. 4A).
Positive response intensities are given in five categories, while
negative responses have only one category. Interestingly, the
excited and inhibited glomeruli are not necessarily neighbors.
For octanol they appear almost as clusters in the AL, which are
separated through nonresponding glomeruli, in the response to
nonanol, they are also clustered, but without nonresponding
glomeruli in between, while they are interspersed throughout
the AL for hexanol (Fig. 4A).

Comparison of the input and the output neurons in the AL

In previously published experiments, using a bath-applica-
tion of the calcium-sensitive dye, we studied the glomerular
activity as a “compound” signal of all cell types in the AL
(RNs, LNs, and PNs) (reviewed in Galizia and Menzel 2001)
with a probable emphasis on RNs (Galizia et al. 1998) and
found those activity patterns to also be conserved within the
species (Galizia et al. 1999c; Sachse et al. 1999). To compare
the compound responses with the odor responses reported in
this paper, we replicate the compound responses to hexanol,
octanol, and nonanol in Fig. 4B (from Sachse et al. 1999)
alongside the PN responses in Fig. 4A. A strong similarity is
apparent between the spatial pattern of the output neuron
responses and the compound signal. In both, the activity pat-
tern of hexanol is dominated by glomerulus 28 and 38, octanol
by glomeruli 17, 33, and 52, and nonanol by the characteristic
diagonal pattern (glomerulus 17 and 33; compare with Fig. 1D
for glomerular identity). However, most glomeruli, which are
intermediately or weakly active in the compound signal, show
no calcium increase in their PNs. For example glomerulus 17
showed a medium strong response to hexanol (green category),

but no PN response (dark blue category). The weak compound
response of glomeruli 23, 35, and 48 during octanol stimulation
results in negative responses of their PNs and the strong
compound response of glomerulus 17 to nonanol (red category)
is reduced to an intermediate PN response (green category). A
correlation analysis of each odor pair shows that the glomerular
activity patterns of the PNs are less correlated to each other
than the patterns of the compound signal (Fig. 4, A and B).

Analyzing the inhibitory connections within the AL

To analyze the influence of inhibitory neurons on the PN
responses, we bath-applied GABA or the fast GABA receptor
antagonist PTX. PTX has been shown to be effective in an
insect AL preparation (MacLeod and Laurent 1996; MacLeod
et al. 1998; Stopfer et al. 1997; Waldrop et al. 1987; Wehr and
Laurent 1999); PTX reversibly blocked odor-induced inhibi-
tory postsynaptic potentials (IPSPs) in olfactory PNs (Waldrop
et al. 1987) and abolished odor-induced oscillations (MacLeod
and Laurent 1996). The calcium signals were strongly sensitive
to GABA: about 2 min after GABA reached the AL, the
calcium responses to odors were totally abolished in all ani-
mals measured (Fig. 5, A and C) with a complete recovery after
wash-out (5 of 6 animals). Accordant to studies of the moth

FIG. 4. Fewer glomeruli are involved in the PN activity patterns in com-
parison to a compound signal of all cell types [receptor neurons (RNs), local
interneurons (LNs), and PNs]. A: glomerular activity patterns of selectively
stained PNs responding to the odors hexanol, octanol, and nonanol, depicted
with a schematic AL. The color code gives the relative response intensity in 5
bins (for calculation details see METHODS). Inhibitory responses are represented
by an additional category. The correlation for each odor pair (calculated for the
identical glomeruli subset of each) are represented at the bottom. B: spatial
activity patterns of the previously obtained compound signal to the same odors
as in A, measured with a bath-applied calcium-sensitive dye (categories have
been attributed in an identical way; data from Sachse et al. 1999). No calcium
decrease was seen. The correlation for each odor pair, as in A, is shown at the
bottom. Comparison of A with B reveals a good match of strongly activated
glomeruli. However, the PN patterns appear more selective due to the lack of
weakly activated glomeruli.
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Manduca sexta (Christensen et al. 1998; Waldrop et al. 1987),
GABA abolished both excitatory and inhibitory responses of
PNs. Spontaneous activity also decreased significantly during
GABA application (Fig. 5B).

Application of PTX changed both temporal and spatial as-
pects of the calcium signals in a stereotypical manner. The
number of glomeruli that were spontaneously active or that
showed excitatory responses to an odor was significantly in-

FIG. 5. Application of GABA to the AL totally abolishes the odor-evoked responses of PNs, whereas PTX changes both spatial
and temporal components of the signals. A: time traces of glomerulus 33 (left) and false-color coded activity patterns (right)
(position of glomerulus 33 corresponds to the square) to nonanol stimulation before, during, and after GABA application. Nonanol
stimulation is marked by a shaded area in the time course. B–D: influence of PTX and GABA on the number of spontaneously
activated glomeruli, the number of glomeruli responding to nonanol during a measurement of 10 s, and the resting calcium level.
Each bar represents mean and SE values of 6 measurements. The arrangement of the different bars from left to right reflects the
temporal sequence of the experiment. Asterisks give significant differences to the first Ringer measurement (*P � 0.05, **P �

0.01, two-tailed paired t-test). E: spatial activity patterns to nonanol (upper row) during a successive increase of the PTX
concentration. The glomerular structure has been reconstructed in the first image (compare with Fig. 2A for glomerular identity).
By subtracting these activity patterns during or after PTX application from the first pattern (i.e., before PTX), we calculated
difference images (middle row), which highlight calcium increases (red) and decreases (blue) due to PTX. These effects almost
disappear again in the wash. The bottom row represents the time traces of 5 identified glomeruli, whose positions in the AL are
marked by colored boxes in the first image. The numbers at the top right in each frame indicate the time elapsed from the latest
perfusion switch. Scale bar, 50 �m.

1112 S. SACHSE AND C. G. GALIZIA

J Neurophysiol • VOL 87 • FEBRUARY 2002 • www.jn.org



creased following PTX treatment (Fig. 5, B and C). Further-
more, in all glomeruli the resting calcium levels increased with
PTX (Fig. 5D), which was apparent in the ratio 340/380 nm.
We attribute this calcium increase to the increased spontaneous
activity. In our standard protocol, where PTX was applied
in steps of increasing concentration (10� 10�6 M, 10� 10�5 M,
10� 10�4 M), some PTX effects decreased again at the highest
concentration (Fig. 5, B and C). This is probably due to the
prolonged PTX application: in control experiments direct ap-
plication of 10�4 PTX led first to a strong increase in sponta-
neous and odor-evoked activity, which changed after 5 min of
application to a decrease in these effects (n � 3, data not
shown).

PTX-induced changes in the temporal response courses were
odor specific and consistent across animals. We found five
types of characteristic effects following PTX application. Fig-
ure 5E shows an example for nonanol in which the time
courses of five glomeruli are shown, one for each observed
effect. During PTX application the characteristic diagonal pat-
tern of nonanol changed into a more widespread pattern, be-
cause of added glomeruli (e.g., glomerulus 54, cyan line).
These added glomeruli are apparent as red in the difference
images (middle row in Fig. 5E). Excitatory responses were
lengthened by PTX and showed a double peak (e.g., glomer-
ulus 33, red line). Although PTX caused a significant overall
increase in the number of activated glomeruli, some glomeruli
were reduced in their activity. For example, the response of
glomerulus 17 was significantly reduced in the nonanol pattern
during PTX application (green time course in Fig. 5E) in all
animals measured. A similar reduction appeared in glomeruli
24 and 38 to the odor octanol and hexanol, respectively. We
did not observe such an effect for isoamylacetate. Furthermore,
PTX treatment increased inhibitory responses or left them
unchanged (e.g., glomerulus 8 or 35 in Fig. 5E), which is
apparent as blue in the difference images (middle row in Fig.
5E). Most PTX effects were reversible in the wash but minor
changes in the time courses persisted even after long washing
periods. Taken together, the five types of effects following
PTX application were as follows (“a” to “e” in Fig. 6A):
increased response of weakly (a) or strongly (c) activated
glomeruli, increased inhibition of inhibited (b) or nonrespond-
ing (d) glomeruli (the latter becomes visible due to the in-
creased calcium-resting levels, Fig. 5D) and reduced response
of intermediately activated glomeruli (e), which is the opposite
effect to (a). These effects were again odor- and glomerulus-
specific and consistent across animals (n � 6): for example,
glomerulus 33 falls into category a for octanol, into d for
isoamylacetate and hexanol and into c for nonanol. Character-
istic glomeruli for each effect and odor are given in Fig. 6A. As
for the odor responses without pharmacological treatment (Fig.
3), we found some variability across animals also for the
effects of PTX. Interestingly, effects a and d were less consis-
tently observed for the same glomerulus in different animals,
while effects b, c, and e were highly conserved across individ-
uals.

D I S C U S S I O N

In this study we measured the neuronal output of the olfac-
tory glomeruli by optically recording the calcium responses of

selectively stained PNs. These results show that the AL cir-
cuitry transforms the input from the RNs into a complex
spatio-temporal glomerular pattern, including calcium in-
creases and decreases (Figs. 2, 3, and 4). A similar variety of
response properties consisting of both excitatory and inhibitory
phases has been shown electrophysiologically in PNs of dif-
ferent insects and in lobsters (Abel 1997; Kanzaki et al. 1989;
Sun et al. 1993; Wachowiak and Ache 1998). Electrophysio-
logical recordings combined with calcium imaging of PNs in
the honeybee showed that inhibitory responses coincide with a

FIG. 6. Two inhibitory networks shape the odor representation of PN
responses. A, above: examples of time courses of PN responses to odors; gray:
superfusion with PTX; black: Ringer control. PTX leads to increased resting
[Ca2�] levels and changes the response properties, which can be categorized as
5 types of effects (a–e). Below: examples for identified glomeruli for each
category (a–e) for different odors. B: resulting model for the functional
connectivity between olfactory glomeruli (labeled according to the categories
a–e) when stimulated with a particular odor. Glomerulus c gets strong RN
input and inhibits other glomeruli with PTX-insensitive synapses (black cir-
cles). Glomeruli a, b, and e get weak RN input, d no RN input for this odor.
All glomeruli feed into a global, PTX-sensitive inhibitory network (gray
circles). Therefore application of PTX leads to an increase of the PN response
of weakly activated glomeruli (a) and a prolongation of glomeruli with a strong
RN input (c). The tonic increase in intracellular calcium and spontaneous
activity due to PTX leads to the calcium decrease becoming more visible; thus
the inhibitory response of inhibited glomeruli is enhanced (b), and inhibitory
PN responses during odor stimulation are visible in previously nonresponding
glomeruli (d), in particular if they are spontaneously active shortly before the
stimulus onset. The reduction of type e glomeruli following PTX application
may be due to PN desynchronization. C: cell types present in the honeybee AL.
RNs innervate a single glomerulus. Homogeneous LNs innervate diffusely
between 30–100 glomeruli. Heterogeneous LNs densely innervate 1 glomer-
ulus and other glomeruli only sparsely. PNs only innervate a single glomeru-
lus. Each glomerulus is innervated by about 3–5 PNs. Multiglomerular PNs
and modulatory neurons also innervate the AL and are not shown here.
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calcium decrease in these cells (Kimmerle and Menzel 2000).
In motion-sensitive cells of the fly optic system as well as in rat
mitral cell dendrites, a perfect correlation between intracellular
calcium concentration and membrane potential was observed
(Charpak et al. 2001; Single and Borst 1998). The direct input
from RNs to PNs is believed to be mediated by nicotinic
acetylcholine receptors (Bicker 1999), which are calcium-per-
meable in cultured honeybee neurons (Goldberg et al. 1999). In
locusts the calcium influx through these receptors contributes
about 25% to the total calcium signal (Oertner et al. 1999).
Therefore the calcium measured in this study may consist of
both a component reflecting the input to the PN and a compo-
nent proportional to the membrane potential, thus correspond-
ing to the output from the PN. Thus the calcium responses may
overestimate the PN spike output to the mushroom bodies.
However, in studies combining electro- and opto-physiological
recordings of olfactory output neurons in rats (Charpak et al.
2001) and honeybees (Kimmerle and Menzel 2000) a high
concordance between both techniques was found, suggesting
that calcium responses overestimate the AP-train response only
to a limited extent. While imaging techniques allow inspecting
the spatial distribution of neural activity, the temporal resolu-
tion is substantially reduced as compared with electrophysio-
logical measurements. The time resolution of our experiment
(6 Hz) precludes a precise description of the temporal structure
of the PN responses in terms of spike frequency.

Without odor application, the AL showed two types of
spontaneous activity, one similar to a diffuse flickering, and
another consisting of individual active glomeruli. These two
modes of spontaneous activity may reflect the background
firing versus the bursting firing of PNs, both of which has been
reported in single-cell recordings (Abel 1997; Kanzaki et al.
1989). Alternatively, the stronger activity bouts may corre-
spond to events of simultaneous activity of the three to five
PNs innervating each glomerulus. More experiments are
needed to address this question.

We found that the odor-evoked response of PNs is deter-
mined by both the odor used and the innervated glomerulus.
Interestingly, for some odors the excited and inhibited glomer-
uli clustered together (Fig. 4A). This indicates that in the
honeybee inhibitory connections are not limited to neighboring
glomeruli. In honeybees, LNs generally innervate individual
glomeruli of the spherical AL with branches originating from
the coarse neuropil at the center of the AL, so that the wiring
length between glomeruli is independent of their physical
distance.

The response features of PNs innervating a particular glo-
merulus are conserved between different individuals (Fig. 3).
Still, there is some variability in the glomerular responses
when comparing among individuals (Fig. 3) as well as within
one animal (data not shown). This variability appears to be
higher, compared with our previously published data, where
the responses derived mainly from the afferents (Galizia et al.
1999c; Sachse et al. 1999). Part of this is probably due to the
animals’ individual experiences, since our animals were for-
agers and therefore not odor-naive in our experiments. Appet-
itive learning has been shown to influence the glomerular
responses (Faber et al. 1999) so that the interindividual differ-
ences may reflect different foraging backgrounds. PN re-
sponses, representing the output of the AL, are affected more

strongly by these plastic changes than RNs. Interestingly, for
the most variable odor in our study (octanol), response simi-
larity was correlated with season, but not with beehive. A
detailed analysis of this variability is beyond the scope of this
paper. Within an experiment, the repeated exposure to odors,
even without a reward, can also lead to learning events in the
AL, as shown in electrophysiological recordings from locust
PNs (Stopfer and Laurent 1999).

Because of the conserved glomerular features among indi-
viduals, we assume that the three to five PNs innervating a
particular glomerulus have similar response profiles. In con-
trast to the data presented here, the previously published com-
pound signals are dominated by the afferent input (Galizia et
al. 1998). The glomerular pattern of PNs appears more con-
fined than the published compound signal from all AL cells,
which is supported by a correlation analysis for each odor pair
(Fig. 4, A and B). We are currently measuring with both
staining protocols simultaneously: preliminary results confirm
the comparison made here. In addition to the quantitative
differences, we also found that the glomerular output can be
inhibited by odor stimulation. These differences between AL
input and output suggest that the AL network enhances the
contrast between different odor representations. These findings
agree with electrophysiological recordings of olfactory PNs in
vertebrates and invertebrates, which show that the range of
odorants eliciting activity in these neurons is typically not as
broad as that for sensory neurons (Christensen et al. 1996;
Mori and Shepherd 1994). Also, the temporal patterns are
sharper than the compound signal, since most of the PN re-
sponses are directly stimulus correlated and start or end with
stimulus onset or offset (Figs. 2, 3, and 5).

The spatio-temporal sharpening is probably accomplished
by the network of inhibitory LNs (Christensen et al. 1993; Sun
et al. 1993). A prominent inhibitory neurotransmitter in the
honeybee AL is GABA (Schäfer and Bicker 1986). Applica-
tion of GABA totally abolished the odor representations,
whereas PTX led to higher resting calcium levels, more spon-
taneous activity, more glomeruli responding to an odor (both
with excitation and with inhibition), individual glomeruli drop-
ping out of the pattern, and changes in the time courses of the
glomerular responses (Fig. 5). In electrophysiological single-
cell recordings it has been shown that PTX blocked the oscil-
latory activity of PNs evoked by odors (MacLeod and Laurent
1996) or by electrical stimulation of the primary afferents
(Wehr and Laurent 1999) and that it impairs fine odor discrim-
ination (Stopfer et al. 1997). Oscillations have been observed
in a variety of species and are probably controlled by GABAer-
gic LNs (Laurent 1996; MacLeod and Laurent 1996; Wehr and
Laurent 1999). They lead to the synchronization of action
potentials in PNs as responses to odors (Wehr and Laurent
1996). The significant reduction of some glomerular responses
following PTX application (glomeruli of type e in Fig. 6A) may
be a consequence of the desynchronization of PN responses
(MacLeod and Laurent 1996). The temporal resolution of our
recordings is not sufficient to verify this hypothesis. However,
Laurent’s group also found that the slow, odor-specific tempo-
ral patterns were unaffected by PTX (MacLeod and Laurent
1996; MacLeod et al. 1998; Stopfer et al. 1997), contrary to our
observation of substantial changes. This contradiction with our
results could be due to the fact that in single-cell recordings
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only a specific subpopulation of PNs is sampled, whereas our
recordings reflect the activity in all PNs. Stopfer et al. (1997)
interpreted the observed impaired discrimination of related
odor stimuli due to PTX as a result of PN desynchronization.
On the basis of the new data shown here, this result must be
reinterpreted to include both temporal and spatial features. The
finding that odor responses of neurons downstream to the PNs
were affected by PTX application to the AL (MacLeod et al.
1998) is in line with our results.

Comparing the glomerular PN responses before and after
PTX treatment (Figs. 5 and 6A) allows one to postulate a
putative AL network model (Fig. 6B). PTX leads to more
glomeruli being active, showing that it affects inhibitory con-
nections. However, strong inhibitory responses still remained,
indicating the existence of a second, PTX-insensitive, inhibi-
tory network. Our glomerular connectivity model therefore
implies two independent inhibitory networks, in a way akin to
what has been proposed for the honeybee’s olfactory system
based on anatomical data (Linster et al. 1994). The first one is
a global inhibitory network which is driven by all glomeruli
and affects all glomeruli; it is PTX-sensitive and therefore
GABAergic (gray circles in Fig. 6B). The putative respective
interneurons have been morphologically described: homoge-
neous LNs (13% of LNs) distribute their branches homoge-
neously over the whole AL and diffusely innervate many
glomeruli (Flanagan and Mercer 1989b; Fonta et al. 1993) (Fig.
6C). Moreover, it has been shown that ca. 750 of the 4000 LNs
in the honeybee’s AL are GABAergic (Schäfer and Bicker
1986; Witthöft 1967). This PTX-sensitive network effects a
global gain control mechanism and could be instrumental for
the establishment of oscillations (Laurent 1996). A second
inhibitory network is PTX-insensitive and therefore unmasked
when the GABAergic system is silenced by PTX application.
Its neurons connect specific glomeruli (black circles in Fig.
6B). Figure 6A gives examples for these connections: for
example, there is an inhibitory connection from glomerulus 28
to glomeruli 18, 24, 17, and 33 (revealed by stimulating with
hexanol), and from glomerulus 33 to glomeruli 28, 35, 8, and
48 (revealed by stimulating with nonanol). Note that in these
postulated connections the receiving glomerulus is unambigu-
ously identified in our measurements (e.g., glomerulus 24 is
clearly inhibited by hexanol). The active glomerulus causing
this inhibition (e.g., glomerulus 28 for hexanol) is not unam-
biguous, because it is likely that other active glomeruli were
outside the imaged area. Morphologically, these connections
could be accomplished by heterogeneous LNs (87% of LNs),
which densely innervate one particular glomerulus and dif-
fusely branch in other glomeruli (Flanagan and Mercer 1989b;
Fonta et al. 1993) (Fig. 6C). For this network the inhibitory
transmitter remains unclear. A possible candidate would be
histamine, which has been shown to be an inhibitory transmit-
ter in the olfactory system of the lobster (Wachowiak and Ache
1997), and for which there is a strong population of immuno-
reactive local interneurons in the honeybee AL (Bornhauser
and Meyer 1997). This network mediates a sort of “lateral”
inhibition, where lateral is a functional term and not necessar-
ily related to neighboring glomeruli but rather to specific
relationships between response properties in a multidimen-
sional olfactory space (Galizia and Menzel 2000). Indeed,
inhibited and inhibiting glomeruli generally have overlapping

response profiles in the physiological AL atlas [http://www
.neurobiologie.fu-berlin.de/honeybeeALatlas (Sachse et al.
1999)]. Interestingly, a minimum difference between the glo-
merular response profiles appears to be required: in the case of
aliphatic alcohols, a response range distance of two to four
carbon atoms is observed. For example, glomerulus 28, which
is maximally activated for hexanol (C6), is inhibited during
nonanol (C9) stimulation (�C � 3), but not by octanol (�C �

2). Thus in terms of olfactory similarity, the inhibitory con-
nections may resemble a “Mexican hat” function. It should be
noted, however, that these glomerulus-specific inhibitory con-
nections are not always reciprocal: a glomerulus may inhibit
another glomerulus without being inhibited by it (for example,
glomerulus 28 inhibits glomerulus 24, but is not inhibited
by it).

Our recordings of the spatio-temporal response patterns of
the output neurons from the AL in honeybees fill one gap in the
analysis of the olfactory code. Together with previous studies
of odor-evoked spatial activity patterns of a compound signal
and pharmacological experiments, we show that the neural
network of the AL optimizes the olfactory code and we pro-
pose a wiring model for the neurons involved.
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NOTE ADDED IN PROOF

We have now experimentally confirmed that histamine acts as an
inhibitory transmitter in the honeybee AL. The spontaneous activity as
well as the odor responses were strongly reduced during bath appli-
cation of 10 mM histamine to the honeybee brain. Responses recov-
ered after wash-out (n � 5). Further experiments have to be done in
order to analyze if histamine is indeed the transmitter of the specific
inhibitory network as proposed in this paper, or part of an additional
(i.e. third) inhibitory network.
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