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Abstract Ants have a well developed olfactory
sense, which they need both for the perception of
environmental chemicals, and for a highly sophisti-
cated intraspecific communication system based on
pheromones. The question arises therefore as to
how different odors are coded in the antennal lobe,
the first central neuropil to process olfactory infor-
mation. We measured odor-evoked activity patterns
using in vivo neuropil calcium recording in the an-
tennal lobe of the ant Camponotus rufipes. We
found that (a) odors elicit focal activity spots (diam-
eter ca. 20 pm) which most probably represent the
olfactory glomeruli; (b) different odors are coded in
odor specific patterns of such activated spots, and a
particular spot can participate in the pattern for dif-
ferent odors; (c) calcium increased in the activated
spots within the 2-s stimulation period and slowly
declined thereafter.

Introduction

Olfaction is the primary sense for many animal spe-
cies. In social insects, such as bees and ants, odors
are important for a variety of behavioral activities:
location of food sources (e.g., by smelling specific
plant or prey odors), intraspecific communication
(e.g., when following a trail marked with a specific
pheromone), interspecific communication (e.g., in
symbiotic interactions with other species), and for
development (e.g., when a queen of bees or ants sig-
nals her presence and thereby affects the reproduc-
tion of the worker caste; Holldobler and Wilson
1990). A number of these chemicals must to be iden-
tified unambiguously by the olfactory system. Some
are genetically predictable because as pheromone

substances their production is coded in the same ge-
nome as the receptor cells which they stimulate, oth-
ers are environmentally predictable, such as specific
food odors, and again others are unpredictable, such
as flower odors which change with season and geo-
graphic range.

The antennal lobe (AL) is the primary olfactory
neuropil in the insect brain. It receives afferent in-
put from the receptor cells on the antenna and re-
lays this information via the projection neurons to
higher order brain centers, such as the mushroom
bodies and the lateral protocerebrum. In the AL sy-
naptic contacts are limited to neuropil structures of
diameter between 20 and 50 um, called glomeruli,
which surround a central coarse neuropil. Local in-
terneurons interconnect the glomeruli. These basic
properties of insect ALs have been the subject of
several reviews (Boeckh and Tolbert 1993; Hilde-
brand and Shepherd 1997; Masson and Mustaparta
1990; Rospars 1988; Stocker 1994).

The number of glomeruli varies greatly between
species, ranging from 43 in Drosophila melanogaster
(Laissue et al. 1999) to 1000 in Schistocerca gregaria
(Rospars 1988). Even within hymenopteran species
the number of glomeruli varies greatly: Apis melli-
fera has 160 and Vespa crabro 1000 glomeruli. The
question arises therefore as to whether the function-
al organization of glomeruli is similar in different
species.

It has been shown by using in vivo optical recording
of intracellular calcium concentration that odors
evoke characteristic and stimulus-specific glomeru-
lar activity patterns in the ALs of honeybees (Gali-
zia et al. 1997, 1998; Joerges et al. 1997). In this
study we investigated the possibility of applying the
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same method to ALs of the ant Camponotus rufipes.
This formicine species is quite common in South
America. Part of its chemical communication system
is well studied (Ubler et al. 1995). Therefore an
analysis of its olfactory system appears timely.

Materials and Methods
Animals

All animals came from the stock reared at the Uni-
versity of Wiirzburg and are the progeny of a mated
female from El Bagnol, Argentina, collected in
October 1996. They were fed corpses of various in-
sect species and honey diluted in water. Medium-
sized individuals where used in all experiments. This
contribution is based on the measurement of 49 in-
dividuals, 7 of which showed stimulus-correlated ac-
tivity. Only the latter were included in the data anal-
ysis.

Calcium Imaging

For functional optical imaging the method described
for honeybees (Galizia et al. 1997, 1998) had to be
adapted to the ant. The ants were cooled in order to
anesthetize them and fixed with dental wax in a cus-
tom made recording chamber of Plexiglas. A win-
dow was cut open between the eyes and behind the
antennae. Then tracheae and muscles were removed
from the head capsule, taking great care not to dam-
age the optical or antennal nerves. Using a shar-
pened and bent needle (minute insect pin with shaft
diameter of 150 wm) the neurolemma above the
ALs was gently ripped, without changing the ap-
pearance of the AL itself (i.e., if at this point the AL
looked as if the glomeruli were popping out of it by
excess internal pressure, the preparation was dis-
carded). This neurolemma peeling proved to be the
most delicate step in the preparation. Then 50 .l
dye solution (50 mg calcium green 2 AM, Molecular
Probes; dissolved first in 50 pl 20% pluronic plus
DMSO, and this stock solution diluted with 800 p.l
physiological saline solution, see below) was applied
to the head capsule. The preparation was covered
with a cover-slip, and placed in a cool (10°C), dark
container for 1h. After this incubation time the
brain was rinsed in fresh physiological saline solu-
tion (130 mM NaCl, 6 mM KCI, 4 mM MgCl,, 5 mM
CaCl,, 160 mM sucrose, 25 mM glucose, 10 mM
HEPES, pH 6.7, 500 mOsmol). Then a clean needle
(shaft diameter 150 wm) was inserted between sube-
sophageal ganglion and protocerebrum to stabilize
mechanically the brain, and the preparation was
placed under the microscope.

534

Images were taken through a x40 air NA=0.6 ob-
jective. Each measurement consisted of 40 measured
frames, at a rate of two frames per second. Exposure
time for each frame was 240 ms. Odorant stimulus
was given from the 9th to the 13th frames. Spatial
resolution was 51 X 51 pixels (binned on chip from
the 512 x 512 pixels of the cooled CCD camera, Pho-
tometrics CH250A), spanning 250 X250 wm of the
AL. Each binned pixel corresponds to 5X5 pm.
From the raw fluorescence intensity data signals
were calculated as AF/F. The mean fluorescence
over the entire 40 frames was taken, for each pixel,
as an estimate for F. Dark current of the CCD ca-
mera was measured before each experiment (i.e.,
before each measured ant) and subtracted from the
measured fluorescence intensities. Odors were deliv-
ered with a computer controlled olfactometer (Gali-
zia et al. 1997). For each odor 4 pl of the pure sub-
stance was placed on a piece of filter-paper (1 cm?)
and the filter paper placed in a 1 ml plastic syringe
which in turn was inserted into the olfactometer.
Odors used were: citral, 4-methyl-3-heptanol, 1-hex-
anol, hexanal, 2-methyl-3-buten-2-ol, 4-methylpyr-
role-2-carboxylic acid-methylester (dissolved in hex-
ane), menthol (dissolved in hexane), n-undecane.
All substances were from Sigma, Deisenhofen, Ger-
many.

Results
Spatial Pattern of Activated Glomeruli

Stimulation with odors leads to specific spatial activ-
ity patterns in the AL that can be measured with cal-
cium imaging. Figure 1 presents the response pat-
terns to eight different odors. The activity patterns
consist of several discrete foci, which differ from
odor to odor, although the same focus may be acti-
vated by more than one odor. The activated foci are
generally spatially separated from each other, which
suggests that contiguous glomeruli do not necessar-
ily have similar response profiles. The response to
hexanal appears to be more widespread, with a cen-
tral active band on the AL. The diameter of the foci
is about 20 wm, which is in the range of the diameter
of olfactory glomeruli. For every given odor most of
the AL remained inactive. The elicited patterns
matched for repeated stimulation with the same
odor (data not shown), as has also been reported for
glomeruli in honeybees (Joerges et al. 1997; Galizia
et al. 1998). All these observations together argue
for the activity spots to correspond to olfactory
glomeruli.

No qualitative difference was found between the
patterns elicited by n-undecane (an alarm phero-



mone in C. ligniperdus and several other Campono-
tus species, and probably also in C. rufipes; Holl-
dobler and Wilson 1990), and the other substances.

Temporal Pattern of Odor Evoked Activity

Upon stimulus delivery there was a significant in-
crease in intracellular calcium in the activated glom-

Fig. 1A-H. False-color coded activity patterns in the AL of C. rufipes
as response to different odor stimuli. False-color bar (at bottom) col-
or-code for values of AF/F ranging from 0% to 0.73%. The antennal
nerve is pointing up, image size is 250 X 250 wm. Each panel shows the
response to a different odor. Most odors are common plant odors,
such as citral, 1-hexanol, and hexanal, and may also act as phero-
mones in some species. A) Citral, an alarm pheromone in some ant
species. B) 4-Methyl-3-heptanol, a substance used as trail pheromone
in some ant species, and found in the mandibular gland in others. C)
1-Hexanol, an alarm pheromone in some species. D) Hexanal, also an
alarm pheromone in some species. E) 2-Methyl-3-buten-2-ol, an alarm
pheromone in Vespa crabro. F) 4-Methylpyrrol-2-carboxylacid-methy-
lester, a trail pheromone for various species of leaf-cutting ants. G)
Menthol. H) n-Undecane, an alarm pheromone in many Camponotus
species. Some glomeruli are marked with arrow, arrowhead, or double
arrowhead to ease comparison. Note the overlap in the elicited pat-
terns. For example, citral, 2-methyl-3-buten-2-ol and menthol all elicit
activity in the position marked (arrow)

eruli, which reached its maximum within 2-3 s. Fig-
ure 2 shows the temporal activation pattern for sev-
eral glomeruli for different odor stimuli. The signal
decayed to baseline within 5-8s. Maximum re-
sponse amplitude was about 0.7% AF/F. Note that
in different glomeruli the response to the various
odors has a different time latency (Fig. 2). Also note
the different response patterns in Fig.2B and
Fig. 2D, which represent two positions at a distance
of 20 pm, i.e., two neighboring glomeruli.

Discussion

Methodological aspects of calcium imaging in the
ant AL

To analyze the network properties of brains it is
necessary to measure the activity in entire neuropils.
Here we report the successful calcium imaging of an
entire neuropil in a living insect brain other than the
honeybee. The transferability of a method from one
species to another is not a trivial matter, and often
entails surprises. For example, radioactively labeled
2-deoxyglucose staining has been used to measure
activity in Drosophila melanogaster (Rodrigues
1988) and has recently been used in the blowfly Cal-
liphora vicina (Distler 1998), but the same method
does not work in the cockroach Periplaneta america-
na (P. Distler, personal communication), possibly
because of differences in glucose metabolism.

In adapting the technique to the ant we had to intro-
duce a number of changes. The two most important
differences are the following: in the ant we had to
damage the neurolemma mechanically using a small
pin. Failure to do so invariably resulted in insuffi-
cient or absent loading of the dye. The neurolemma
in the ant is mechanically much more resistant than
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Fig. 2A-E. Time course of the signals in individual glomeruli. A-D)
For each glomerulus the responses to six different odors are plotted
(see figure). Relative fluorescent changes (AF/F) corrected against
bleaching by subtracting the air control time-course are plotted
against time (s). Black bar stimulus. The position of the glomeruli
shown is given in E. Note that B and D are direct neighbors. For each
glomerulus a square of 5x5 pixels (25x25 wm) was averaged; for
glomerulus B the square was 3 X5 pixels

that in the honeybee, making it likely that it also
forms a more efficient blood-brain barrier. Further-
more, we had to stabilize the brain with a pin. In C.
rufipes the brain almost floats in the head capsule
and is attached to the very thin optical and olfactory
nerves. Since a stable preparation and the lack of
movement are compulsory for imaging purposes, the
brain had to be fixed artificially.

The signals in C. rufipes were much smaller than
those in A. mellifera (maximum signals of 0.8% AF/
F in the ant against generally 2-3% AF/F, and some-
times up to 5%, in the bee). This is due partly to a
higher background caused by tissue autofluores-
cence, which leads to the meaningful light intensity
changes riding on top of a strong background light.
This reduces the relative light changes, and there-
fore the signals measured as AF/F.

Patterns were not equal between individuals. In our
experiments the imaged region and the angle with
which the AL was observed differed between indi-
viduals, and this fact alone could thus account for
the differences observed. Furthermore, since the
glomeruli are arranged in multiple layers in C. ru-
fipes, slight differences in relative position, arrange-
ment, or tissue transparency could lead to differing
patterns. Another possibility is that the glomerular
response patterns differ between individuals. How-
ever, this hypothesis appears less likely because the
glomerular activity map is conserved between indi-
viduals in honeybees (Galizia et al. 1999), and may
also be conserved in mammals (Johnson et al. 1998;
Mori et al. 1992).

Spatiotemporal activity patterns

The activity patterns observed in the olfactory glom-
eruli are shaped by the response properties of the
receptor neurons innervating them, and by inter-
glomerular connections. It is unknown whether in
ants (or in any other insect) each glomerulus obtains
input from only one or from several receptor neuron
types, and whether each receptor neuron type exclu-
sively innervates one glomerulus or more than one.
However, if more than one glomerulus receives
identical input, one would expect a high correlation
in the activity responses of groups of glomeruli. This



was not seen in our measurements: although each
odor elicited activity in several glomeruli, no group
of glomeruli responded in a correlated manner to
the tested odors. The data are not yet conclusive.
Since in C- rufipes the glomeruli lie beneath each
other, it may be that glomeruli with similar response
profiles were out of focus, or masked by more su-
perficial glomeruli, and thus not visible in our activi-
ty measurements. Furthermore, the lateral, medial,
and posterior side of the AL could also not be
imaged.

The other two possibilities (innervation of each
glomerulus with one receptor type, or with a unique
combination of different receptor types) would lead
to activity patterns which are comparable to those
which we found, assuming that the response profile
of a receptor neuron is a complex pattern: each odor
elicits a unique pattern of several activated glomeru-
li. For example, in Fig. 1, the glomerulus marked
with an arrow responds to citral, 2-methyl-3-buten-
2-ol and menthol, as well as (weakly) to 1-hexanol.
This means that either one receptor type has a
broad response spectrum encompassing all of these
odors, or that several receptor types innervate this
glomerulus, thus leading to this complex response.
A decision between these two hypotheses must rely
on physiological measurements from single recep-
tors, receptor neuron mapping, and/or on functional
staining of their axons.

The temporal properties found in ants are compara-
ble with our findings in honeybees: in both species
there is a strong increase within the first two sec-
onds, followed by a slower decline. Also, the re-
sponse to a given odor is of different intensity in dif-
ferent glomeruli, and its onset may differ by one or
two frames (0.5-1 s). Delayed responses are usually
of weak intensity (see Fig. 2).

Summing up, the measurements from C. rufipes are
in good agreement with what we find in honeybees.
We conclude that the basic physiological organiza-
tion is very similar in these two species. Studying the
olfactory code in ants is rewarding for two reasons:
first, ants have a plethora of different pheromones.
Some of these differ in the behavior which they eli-
cit depending on their absolute concentration (H6ll-
dobler and Wilson 1990). However, as in worker
honeybees, the ALs do not have any morphological-
ly evident structures devoted to pheromone proc-
essing. The data presented here suggest that phero-
monal and nonpheromonal processing are also func-
tionally indistinguishable at the level of the AL. Be-
haviorally, pheromones lead to stereotyped re-
sponses, while environmental odors lead to re-
sponses shaped by experience. This difference may
be a task of structures upstream of the AL, as the

mushroom bodies or the lateral protocerebrum. A
comparison between closely related ant species,
which have clearly separated pheromonal signals,
but very similar morphology, would be instructive in
this context: does a glomerular pattern code for a
behavioral meaning (which would mean that the af-
ferent innervation is different between the observed
species), or does it merely reflect the chemical com-
position of the odors, irrespective of their meaning,
which would imply that the differences start up-
stream, possibly at the level of the projection neu-
rons.
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