
Pheromones are important cues for social insects such as ants. As a first step in elucidation of pheromon-

al information processing mechanisms in the myrmicine ant, we investigated the morphological structure

of the antennal lobe. Using autofluorescence imaging, labeling of neuronal filamentous actin, and

reduced silver impregnation staining, the antennal lobe was found to consist of five compartments that,

each received input from a different antennal sensory tract. Two major tracts of projection neurons, the

medial and lateral antenno-cerebral tract (m- and l-ACT), originated from a different region of the anten-

nal lobe. The m-ACT originated from the posterior part of the antennal lobe whereas the l-ACT origi-

nated from the anterior part. These results demonstrate a spatial segregation of function within the anten-

nal lobe.
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INTRODUCTION

Many behavioral studies have shown that pheromones are one of the crucial sensory

cues for inter-individual communications in social insects such as bees and ants. In

the myrmicine ant, like some other ant species, it has been reported that the workers

recognize the presence of the queen by a chemical signal from the queen and that it

inhibits workers’ reproduction [3]. It is considered that the worker receives this

‘queen signal’ by contacting a cuticular hydrocarbon on the body surface of the

queen. However, the neuronal mechanism underlying pheromonal information pro-

cessing, including the ‘queen signal’ is still unclear in this species.
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The antennal lobe is the primary olfactory center in the insect brain. It consists of

glomeruli, small spherical neuropil structures, where sensory neurons, local interneu-

rons and projection neurons make synapses onto each other. It has been suggested

that the chemical information from the antennae is represented in the antennal lobe

as a spatial activity pattern of the glomeruli [1], and so considerable efforts have been

made to develop a glomerular atlas of the antennal lobe in many insect species [2, 6].

Recently, in other ant species, certain glomeruli were proposed as being specialized

for pheromonal information processing [5, 9]. To obtain an insight into the mecha-

nism underlying pheromonal information processing in the ant, we investigated the

structure and input and output pathways of the antennal lobe by observing autofluo-

rescence, labeling of neuronal filamentous actin (f-actin) and reduced silver impreg-

nation staining.

MATERIALS AND METHODS

Workers of the ant, Aphaenogaster smythiesi japonica, were used for the experi-

ments. For autofluorescence imaging, brains were dissected out to fix in 2.5% glu-

taraldehyde solution for 2 days at 4 °C. For detailed observation of each glomerulus

in the antennal lobe, we fluorescently labeled f-actin, which is known to be aggre-

gated in the olfactory glomeruli of various animals including insects [5, 7]. Dissected

brains were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS, pH

7.4) and incubated in 0.2 units of Alexa Fluor 488 Phalloidin (Molecular Probes) ini-

tially for 4 hours at room temperature, and subsequently for 2–5 days at 4 °C (for fur-

ther details, see [7]). Each preparation was rinsed in PBS, dehydrated in an alcohol

series, cleared in 80% glycerol, and observed using a conforcal laser-scanning micro-

scope (Olympus, FV1000). Serial optical sections of the brain were obtained at inter-

vals of 1 μm throughout the depth of the antennal lobe. The structure of the antennal

lobe was three-dimensionally reconstructed using AMIRA software (Mercury

Computer Systems). For reduced silver impregnation, dissected brains were fixed in

a solution containing 4% paraformaldehyde, 5% glacial acetic acid, and 85% ethanol

for 2–4 hours, dehydrated, and embedded in paraffin. A variation of the Bodian

reduced silver impregnation method was used for 10 μm sections, and the prepara-

tions were observed under a conventional wide-field microscope (Olympus, BX51).

RESULTS

Compartment structures of the antennal lobe

The antennal lobe of the ant was clearly divided into five helically-arranged com-

partments (I–V; Fig. 1A–C, E). We numbered these compartments as I, II, III, IV and

V from ventral to dorsal, respectively. Compartment I was located in the most ven-



tral part of the antennal lobe, whereas compartments II, III and IV were located in

the ventro-lateral, dorso-lateral and dorso-medial part of the antennal lobe, respec-

tively (Fig. 1A–C). Compartment V was located in the dorso-postrerior part of the

antennal lobe (Fig. 1C) and bulges more dorsally compared with other compart-

ments. A different antennal sensory tract (Fig. 1D) terminated in each compartment,

indicating that the compartmental structure was based on a sensory input system.

Compartment III, unlike other compartments, included some relatively large

gromeluli. Specifically, two large glomeruli were located in the dorso-posterior edge

of the compartment III (Fig. 1F).
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Fig. 1. Five compartments (I–V) of the antennal lobe of the ant. A–C. Confocal images of different focal

planes of the antennal lobe from ventral (A) to dorsal (C). A. I, II and III are shown in the ventral part

of the antennal lobe. B. I, II, III and IV are shown in the middle part of the antennal lobe. C. III, IV and

V are shown in the dorsal part of the antennal lobe. D. Frontal section of the antennal lobe in a reduced

silver-stained brain. I, II, III and IV are shown. II and IV receive inputs from a different bundle of the

sensory neurons (arrowheads). E. 3-D reconstruction of the five compartments of the antennal lobe.

F. Two large glomeruli in the compartment III (arrowheads) in a frontal section of the antennal lobe

stained by a reduced silver impregnation method. Scale = 20 μm
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Central projection from the antennal lobe

Information from the antennae is relayed by the projection neurons in the antennal

lobe, which terminate in the mushroom bodies and the lateral protocerebrum via

antenno-cerebral tracts (ACTs). We found that the medial (m-) ACT originated from

the posterior part of the antennal lobe, mainly from compartment V (Fig. 2A) where-

as lateral (l-) ACT originated from the anterior part, mainly from compartment III

(Fig. 2B). This result suggests a functional difference between anterior and posterior

regions of the antennal lobe.

DISCUSSION

In this study, we showed that the antennal lobe of the ant consists of five compart-

ments, each of which receives input from a different sensory tract, and that the two

main ACTs originated from different regions of the antennal lobe. A detailed descrip-

tion of input-output connectivity in the antennal lobe has been reported in honeybees

[4]. In honeybees, the projection neurons of the m-ACT innervate glomeruli in the

dorso-posterior hemisphere of the antennal lobe, and those of l-ACT do so in the ven-

tro-anterior one. Here, we also found that, in ants, the m-ACT and l-ACT originated

from posterior and anterior regions of the antennal lobe, respectively. This similari-

ty suggests that the spatial relationship of the connectivity between the glomeruli and

the ACTs is common in social insects. Further morphological investigations of the

sensory afferent tracts and the ACTs are required to confirm this issue.

Fig. 2. Two major tracts of projection neurons stained by a reduced silver impregnation method. A.

Frontal section of the dorsal part of the antennal lobe. The m-ACT originates from the most posterior part

of the antennal lobe, mainly compartment V. B. Frontal section of the middle part of the antennal lobe.

The l-ACT originates from the anterior part of the antennal lobe, mainly compartment III. Scale = 20 μm



Does the compartmental structure reflect any functional differences? We found

that compartment III included some large glomeruli in the dorso-posterior edge (Fig.

1F). In the ant, C. rufipes, it has been reported that alarm pheromone-sensitive

glomeruli are located in this area of the antennal lobe [9]. It is possible that this area

also participates in pheromonal information processing in A. smythiesi japonica.

Recently, we found that one of these large glomeruli was strongly stained by both

NADPH-diaphorase histochemistry and nitric oxide- (NO-) induced anti-cGMP

immunocytochemistry (data not shown), suggesting that NO acts as a neuromodula-

tor in this glomerulus. In the silkworm moth, it has been suggested that the

NO/cGMP signaling cascade plays a role in the information-processing pathway of

sexual pheromones [8]. The elucidation of the relationship between pheromonal

information processing and the NO/cGMP signaling cascade would give us an

insight into the pheromonal communication mechanism in ants.
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