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Most animals depend on the identification of odours to locate
food or to find mating partners. To accomplish this, the olfactory
system must recognize relative concentrations of a large number
of substances by analysing complex patterns of chemoreceptor
activations'’, but how these patterns are represented in the brain
is not well understood. Previous studies indicated that odours
evoke specific patterns of activity in olfactory sensory centres’”
and led to the hypothesis that single glomeruli in the olfactory
bulb of mammals respond to particular receptor types® . We
made optical recordings in vivo in the honeybee brain to inves-
tigate neuronal population responses to odorants delivered
naturally to the animal. We report here that odours evoked
specific spatio—temporal excitation patterns in the antennal
lobe, the structural and functional analogue of the olfactory bulb".
Specific ensembles of active glomeruli represent odours in a
combinatorial manner. A comparison between different indi-
viduals shows remarkable similarities for a pheromone component,
but not for general flower odours. Mixtures evoked patterns that
were combinations of the single odorant responses. These com-
binations were not fully additive, however, indicating inhibitory
effects on single glomeruli. Such interactions could be crucial for
the formation of singular codes for complex odour blends.

Both the olfactory bulb and the antennal lobe have a glomerular
structure with lateral connections between glomeruli, and process
incoming signals from broadly tuned odorant receptors'™' ",
Recordings of glomerular output neurons in insects and vertebrates
indicate distributed odour representations'™"", Evidence accumu-
lated from molecular biological studies suggests that receptor
neurons expressing the same receptor protein converge onto
single glomeruli®™"". To visualize the nature of odour-elicited activ-
ity in vivo, we made optical recordings of calcium-dependent
fluorescence in the honeybee, Apis mellifera. The coding of odour
mixtures and the similarity between odour representations in
different individuals were of special interest.

The antennal lobe is a spherical structure with 156 glomeruli that
are innervated by about 60,000 chemoreceptor axons. The glomer-
uli lie in one layer in the outer rind of the sphere (Fig. 14, a)" and
the preparation allowed us to image those lying on the upper half of
the antennal lobe. Stimulation with odours led to spatial patterns of
increased fluorescence that can be related to the neuroanatomical
structure (Fig. 1A, b). The centres of activity consistently
corresponded to single glomeruli. Signals reached peak values of
5% change in fluorescence over background fluorescence, allowing
for single-sweep measurements. Successive stimulations with the
same odour led to reproducible patterns of activity (Fig. 14, ¢, d).
Correlation analysis of five repeated single trials for the odour citral
confirms the high consistency of the responses (average value of
correlation matrix: r, 0.85 £ 0.02s.e.m., P<0.001; time-span
between first and last trial: 1h).

A distributed odour representation implies that single glomeruli
can be activated by different odours. Time courses of signals at
selected glomeruli are indeed odour-specific (Fig. 1B, a). They can
outlast stimulation for several seconds, presumably as a result of
calcium dynamics (also, responses of antennal lobe neurons can last

several seconds after odour stimulus offset'”). Intracellular record-
ings from olfactory interneurons led to the suggestion that odours
are not only represented as spatial activity patterns, but as patterns
that evolve over time'""**, Although our temporal resolution is too
low to reveal fast dynamic effects, we could observe slower spatial
dynamics that were odour-specific. Changes of spatial activity
distribution aver time were also reported in the salamander olfac-
tory bulb’. An example for the odour hexanol, where different
glomeruli are activated in temporal succession (At = 500 ms) is
given in Fig. 1B, b.

The patterns were specific for every odour tested, with distributed
but overlapping activities {Fig. 2), confirming that single glomeruli
may participate in activity maps of different odours. The natural
plant extract carnation, which is a complex blend of many sub-
stances, did not lead to more extensive activity than the other five
pure substances tested here.

To determine whether the odour-specific glomerular activity
patterns are conserved between individuals, we compared the
signals of different bees (Fig. 3). Citral led to strong medial
activation and to similar overall activation patterns (n = 8) (Fig.
3a). The minor differences could depend on slight variations in view
and preparation. The representation for citral, therefore, seems to
be conserved between individuals. For the tested flower odorants,
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Figure 1 A Optical imaging during stimulation with odours yvields spatial activity
panterns that are odour specific and can be related to the glomerular morphology
of 1he honeyoee antennal Iobe [AL). &, Reconstruction of an AL, b, Fluorescence
picture of the imaged srea from an AL stained with the dys RH735, A single
glomerulus is marked with a dotted circle. Scale bars, 50pm. ¢, Cdour-evoked
actily in the AL shown in b during a single 2-8 stimulation with citral (1st tiial). The
outling of the glomeruius marked in b s superimposed (dotted line). Signel range
|@FiF],. = — 0. 1%, [dFiF].,. = 1.8%. d, Citral pattern evoked by stimulation & min
later (3rd trial with citral, Bth trisl in total, [dFF],, = 0.1%, [dFiF].. = 15%).
Carrelgtion between patterns in ¢ ang o, r = 0.92 (P = 0.001). B, Timg courses
of calcium signals at selected glomeruli {different exgeriment) a, Cdours elicit
specific signals upon stimulation (bar), b, Hexanol leads 10 successive activation
of different regions (see Inset)
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the variability between individuals is higher, as shown for hexanol
(Fig. 3b) (n = 5). We computed the correlation coefficients for all
possible pairs of patterns shown (see Methods). For citral, the
average correlation coefficient is r = 0.50, whereas for hexanol,
r = 0.35. The higher correlation coefficient for citral shows that
citral induces more constant n:sponscs than hexanol. This differ-
ence could be related to the fact that citral (besides being a
component of some flower fragrances) is an important pheromone
component for honeybees. In male moths, specialized macroglomeruli
are exclusively concerned with processing sex pheromone signals™.
Worker honeybees are female and, although pheromones are
important for their communication, do not possess a macroglomerular
complex. The patterns evoked by citral (and other pheromones, for
example isoamyl acetate; see Fig. 2) overlap considerably with those
of other tested odours, indicating that certain pheromones are
processed by the same neural circuits as general odours.

The olfactory system must provide a concentration-invariant
code for odour identity, Bees, for example, recognize odours over
a wide range of concentrations™. We investigated the effect of odour
intensity by comparing signals evoked at different concentrations.
In all cases, patterns evoked by low concentrations were topologi-
cally nearly identical to those evoked by high concentrations, but
with reduced signal amplitude. For citral, the correlation between
high and low concentration responses was r = 0.90, P < 0.001; for
hexanol it was r = 0.83, P < 0.001. The correlation between citral
and hexanol responses at high concentrations was small (r = 0.29,
P<0.01), and at low concentrations there was no significant
correlation between them. Using higher amounts of odour sub-
stance (>10 pl) led to higher signal amplitudes, showing that our

standard concentration does not lead to saturation. Our findings
show that concentration-invariant patterns of activity already occur
at the level of the antennal lobe glomeruli, as indicated by results
from the salamander olfactory bulb’.

Most natural odours are complex blends of volatile compounds,
so we studied the patterns evoked by mixtures of odorants. Figure 4a
shows the results from stimulation with citral, hexanol and their
binary mixture, The mixture pattern included components of both
single odours. The reaction profiles shown in Fig. 4b, however,
indicate inhibitory interactions at several glomeruli for the mixture
response. Mixtures of more than two components led to stronger
inhibitory effects. The results in Fig. 4¢ show that for binary
mixtures the inhibitory effects are moderate. For the ternary
mixture the inhibitory effects increase, leading to a pattern that
differs more from the arithmetic sum of its components than for
binary mixtures,

Membrane-permeant and dextran-coupled calcium dyes were
used previously in vertebrate preparations™ "', We have succeeded
for the first time in registering spatio—temporal calcium signals
from a central brain structure in vivo during natural stimulation. We
show that odours are represented in the antennal lobe by specific
maps of active glomeruli'**, The acetoxymethyl-ester-coupled dye
is likely to be taken up by receptor cells, local interneurons,
projection neurons and glial cells. Tt is important to have some
information on the origin of the signals measured. The dense set of
afferents from the antenna (Fig. 1A, a) constitutes the largest group
of neurons innervating the antennal lobe and these axons exclu-
sively arborize in the rind of glomeruli, whereas other neurons
branch in all parts of the glomeruli. This indicates that the afferents

Figure 2 Spatial actvity patemns are specific for each tested odour. Six 1ested
ogours evoked distributed but overapping glomerular activity. Neighbouning
gromeruli can react quite differently to odours {see central region lor hexanol and
hexanal, where two glomerul are active for hexanol, but only one is actve for

hexanal) Signal ranges (4t trisl for sach odour) geraniol, [dFF].. = —D0.1%,
(AR b = 0.6%:; isOBMYlactate, (0FIF),.. = —0.6%, [0FF]... = 1.9%; hexanal,
[AFHF by, = 0. 1%, [OFIF],, = 1.6%; hexanol, [dFF),,. = —0.3%, [8FF L., = 1.8%;
carnation, [dFF)., = - 02%, [0FF]... =10%: ocitral [dFF)., = —D4mn,
[FIF | = 0. 7%,
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Figure 3 Patterns are more constant in differant ammals for the pheromane
componant citral than for the Nower odorant hexanol. a, Citrsl patierms from 4
individual honeybees (2 left and 2 right ALs) all showing activity on the ceniral
medial side of the AL Patterns are symmetrical across the longitudinas! body axis
Signal ranges’ top lelt, |dEF]. . = 0%, [dFF],. = 1.1% (single stimulation, 1st
trigl); 100 right. |6FF],.. = 02%., [0FIF].... = 1.7% (single stmulation, 15t tmal);
pottom left, [dFIF],., = 0%, [dFIF)., = 0.3% (wials 1-8 averaged) bottom right.
[GFIF |y = — 0.4%, [dFIF),.,. =0.7% (trials 1-4 averaged); b, Hexanol patterns
from the same 4 animals {same views of the AL) are more vanable across
individuals (see text), Signal ranges (number of averaged tnals as for corespond-
ing citral patternsy top lel, |dFF],,., = —03%, [0FF],.. =08%: top right
(FIF ), = 0.2%, [dFIF],,. = 1.1%; bottom left, [dFF]., = 0%, [0FIF].,., = 05%;
vottam right, (dFIF),, = - 0.20, [6FIF|,., =
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Figure 4 Mixtures ¢! odorants elicited patlerns that include eomponents of the
single pdorant patterns. a, Patterns evoked by citral, hexanol and by their binary
mixture. For comparison, the arithmetic sum of the two single response panerns
is shewn, The glomerulus marked with a triangle in the mixture patiern was less
active than during Stimulation with Gitral alone. The star marks a glomerulus that
was more active than expected by the arithmetic sum (1st miai). b, Response
profiles of @ different glomerul {same experiment as in a). Size of circles gives
maximal signal in response o odours (smallest circle corresponds 1o

contribute a major part to the signal. Mixture interactions between
odorants are likely to occur at several stages in the olfactory pathway
starting with the receptor cells”’. GABA-immunoreactive interneur-
ons of the antennal lobe may also synapse back onto receptor cell
terminals, as has been shown in the cockroach Periplaneta
americana™. Consequently, the observed nonlinear mixture effects
could be the result of interactions at the receptor level, or of network
interactions in the antennal lobe'*, or both. In all cases they could
be important for the formation of distinct olfactory codes for given
odour blends. Even though olfactory receptor cells can have highly
nonlinear reaction properties’™™, the patterns were almost inde-
pendent of stimulus concentration’. We conclude that the antennal
lobe is capable of forming stable representations from complex
sensory responses’. Results from molecular biological studies in
vertebrates have shown consistent and mirror symmetric projection
patterns of olfactory receptors to the olfactory bulb in different
individuals®"". The functional activity patterns shown here demon-
strate invariance and mirror symmetry for a behaviourally important
pheromone. For non-pheromones, the inter-individual differences
are higher. A possible hypothesis is that their representations may be
modified on the basis of individual experience. Neural plasticity in
olfactory neuropiles can lead to changes in behaviour, both in insects™
and vertebrates™, Future experiments, combining functional imaging
of the intact brain with olfactory learning, will provide a chance to
investigate the formation of olfactory memories in viva,

Methods

Animals. Adult worker honeybees (departing from the hive) were caught in the
morning, fixed in metal tubes and fed with sucrose solution. Animals were
experimentally naive, but may have learned odours in the field before being
captured.

Preparation, staining and imaging. Calcium-dependent fluorescence was
used as an indicator of neuronal activity. Experiments were performed with
adult warker bees (in some cases immobilized heads only). The brain was
incubated with the calcium indicators calcium-green- 1-acetoxymethyl {AM)
or calcium-green-2-AM (Molecular Probes, Oregon) for 1h, resulting in
uniform labelling of the antenal lobe (AL). Images of the AL were taken from
the intact brain perfused with bee saline through a window cut in the head
capsule covered with a cover glass, About 30 of 156 glomeruli in the AL were
imaged simultaneously. Clear signals were registered in 27 bees for up to 4 h,
Signals are expressed as a change in fluorescence over background fluorescence
(dF/F). Series of 30-50 frames {2-3 frames per s) starting 4—6s before
stimulation were recorded with a CCD camera (Photometrics CH250A).

18
AFIF %),

aFiF = 0.3%, largest circle, dFIF = 2.1%; signals <03% excluced), Activities of
citral {Ci} and hexanol (Hx) are combined in the mixture response (Mix], Minus
signs mark sites where mixlure activity is less than the largest single componeant
activity. The. grithmetic sum of Ci and Hx 15 shown with grey backgrounrd. ¢,
Response profiles fram another sxperiment with carmation {Ca), hexanal arid
ciral. The 2 possible binary mixtures and the ernary mixture are shown as well
(GFiF ., = 0.2%, GFiF,.,, = 14%; 1rials 1-4 averaged).

Exposure time per frame was 200 ms. The confocal reconstruction shown in
Fig. 1A, a was prepared by injecting neurobiotin into the antennal nerve and
staining with streptavidin/CY.3.

Odour stimulation. Odours were delivered to the freely moving antennae
using a custom-made olfactometer by switching from a constant stream of air
ta an odoran! containing one in order to eliminate mechanical stimulation
associated with stimulus onset. Stimulus duration was 2 s. Concentrations were
determined by the amount of odorant substance placed on ilter paper inserted
in the olfactometer. Pure concentration corresponds to 5 pl substance, 1:100
corresponds 1o 5 pl substance diluted 1:100 in mineral oil, Mixtures were
produced in the olfactometer by mixing two odorant-containing air streams
(the same results were obtained by using a mixture prepared in advance and
placed inside one adour container |. To ensure that we used physiological odour
concentrations, we trained bees 1o odours with the same olfactometer (in
separate experiments). Animals responded clearly and selectively only to the
trained odour {data not shown).

Figures and statistics. Images were spatially low-pass filtered with a 7% 7
pixel pyramidal filter. No temporal filters were applied. Data were corrected for
dye bleaching by subtracting one sweep without stimulation (background trial)
from one with stimulation. For all figures, 3—6 frames during the 2-s stimula-
tion interval were averaged to give a single frame. These were false-colour-
coded 1o show the relative increase of calcium-dependent fluorescence showing
the odour-evoked response. For correlation analysis, the linear Pearson
correlation coefficient between two frames was calculated on spatially binned
data (7 % 7 pixel). Significances are given for two-sided tests. {Applying
Spearman’s rank correlation led to equivalent results.) Where measurements
of left and right side of the brain were compared (Fig. 3), the mirror image of
the left-side patterns and the unmodified right-side patterns were used to
calculate correlations to account for the mirror symmetry of left and right. The
arithmetic sum pattern shown in Fig. 4a was rescaled to the same range as the
measured mixture pattern to allow direct comparison.
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