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Abstract When smelling an odorant mixture, olfactory

systems can be analytical (i.e. extract information about the

mixture elements) or synthetic (i.e. creating a configural

percept of the mixture). Here, we studied elemental and

configural mixture coding in olfactory neurons of the

honeybee antennal lobe, local neurons in particular. We

conducted intracellular recordings and stimulated with

monomolecular odorants and their coherent or incoherent

binary mixtures to reproduce a temporally dynamic envi-

ronment. We found that about half of the neurons respon-

ded as ‘elemental neurons’, i.e. responses evoked by

mixtures reflected the underlying feature information from

one of the components. The other half responded as ‘con-

figural neurons’, i.e. responses to mixtures were clearly

different from responses to their single components. Ele-

mental neurons divided in late responders (above 60 ms)

and early responder neurons (below 60 ms), whereas

responses of configural coding neurons concentrated

in-between these divisions. Latencies of neurons with

configural responses express a tendency to be faster for

coherent stimuli which implies employment in different

processing circuits.

Keywords Hetero-glomerular local interneuron �
Electroantennogram � Intracellular recording �
Morphology � Mixture interaction

Abbreviations

AL Antennal lobe

EAG Electroantennogram

LN Local neuron

PN Projection neuron

ORN Olfactory receptor neuron

Introduction

Olfactory systems need to extract the biologically relevant

information from chemically and temporally complex

stimuli in a turbulent environment. This task is further

complicated by the fact that in some incidences the

important information might be carried by single com-

pounds and in others by mixtures (for review see Lei and

Vickers 2008). Accordingly, the olfactory system has to

process configural information of the mixture as a whole

(sometimes referred to as synthetic coding), but at the same

time preserve elemental information about single com-

pounds (sometimes referred to as analytical coding).

Olfactory guided behavior, which relies on efficient

olfactory coding, is prominent amongst insects. Their

comparably simple nervous system makes them excellent

models to study mechanisms of the evolutionarily preserved

olfactory system (Ache and Young 2005; Sato and Touhara

2009). The honeybee, Apis mellifera, has the ability to

differentiate many odors, and is therefore well suited to

study coding of complex odorant compositions (Menzel

et al. 1996; Galizia and Menzel 2001). Importantly, in

behavioral experiments bees are able to recognize a mixture

of two odorants as a new odor (‘configural coding’), but also

to extract the information about the two odor components

(‘elemental coding’) (Deisig et al. 2001, 2002, 2003). Thus,
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the olfactory system of the bee should allow for both,

configural and elemental elements to be processed.

Configural coding is achieved in the primary olfactory

area, the antennal lobe (AL). The AL consists of functional

subunits with high synaptic density, the glomeruli. In each

glomerulus three classes of neurons synapse onto each

other: olfactory receptor neurons (ORN), projection neu-

rons (PNs), and local interneurons (LNs). The AL network,

build by these three types of neurons, is thought to reformat

the input signal such that discernibility of stimuli is

increased (Galizia 2008). ORNs detect odorant molecules

at the antenna and form the input level of the AL. Each

glomerulus receives sensory input from one type of ORN,

which in honeybees branch throughout the superficial layer

of the glomerular ‘cap‘ (Pareto 1972). Optophysiological

measurements of AL input in different insects indicate that

it follows rules of elemental summation (Tabor et al. 2004;

Deisig et al. 2006; Silbering and Galizia 2007).

PNs form the AL output and send their axons from the

AL to higher processing areas (Mobbs 1982). In compari-

son to the input signal, representation of mixtures is more

configural in PNs (Tabor et al. 2004; Silbering and Galizia

2007; Silbering et al. 2008; Deisig et al. 2010).

LNs branch exclusively within the AL and interconnect

glomeruli. They are suggested mediators of linear and non-

linear transformations between AL input and output (Sun

et al. 1993; Ng et al. 2002; Sachse and Galizia 2003; Sachse

et al. 2006; Bhandawat et al. 2007; Olsen and Wilson 2008).

In Hymenoptera, the honeybee in particular, two main

morphological groups are distinguished: homo LNs uni-

formly innervate many glomeruli, and hetero-LNs innervate

one glomerulus densely and several sparsely. Neurons of

both groups can interconnect the cap and the central ‘core‘

within one glomerulus (Fonta et al. 1993). Similar to findings

in moth, LN response latencies in the honeybee were found

to be shorter than those of PNs suggesting that signal transfer

from ORNs to PNs is mediated via LNs (Christensen et al.

1993; Krofczik et al. 2009). Furthermore, the presence of

reciprocal synapses (Gascuel and Masson 1991) suggests a

complex synaptic layout including both, LN mediated and

direct ORN-PN signal transduction.

In the present study, we investigated in how far elemental

odorant information is preserved in individual neurons.

Further, we wondered if configural and elemental coding

strategies can be attributed to morphologically different

neurons. We approached these questions conducting intra-

cellular recordings and morphological reconstructions from

single AL neurons (LNs, as well as PNs) of the honeybee.

Single cell recordings were combined with electroantenno-

gram (EAG) recordings, in order to establish a precise tem-

poral reference frame. To simulate properties of a turbulent

environment, we created coherent or incoherent binary

mixtures. In a coherent mixture, odorant components are

delivered in synchrony, while in an incoherent mixture the

components are delivered asynchronously.

Materials and methods

Animal preparation

Worker honeybees (Apis mellifera) were caught at the

entrance of the hive or at a feeder, immobilized by cooling,

and mounted in custom-made Plexiglas holders. The bees

were allowed to acclimate to the new environment for

1–6 h before the experiment started.

Antennae were immobilized with Eicosane (melting

point 37�C; Sigma-Aldrich Chemie GmbH, Germany)

whilst head and mandibles were immobilized with Deiberit

502 (melting point 60�C; Boehme-Schoeps, Germany). To

reduce brain movements the esophagus was detached from

its muscles. The head capsule was opened between the

median ocellus and the base of the antennae. Glands and

tracheal sheaths were removed carefully. The exposed

brain was kept moist during recordings by dribbling saline

onto it if necessary (in mM: 130 NaCl, 6 KCl, 4 MgCl2, 5

CaCl2, 10 Hepes, 25 D-Glucose, 160 sucrose, pH 6.7, 500

mosm/L).

Odorants

Odorant identity (Krofczik et al. 2009) as well as con-

centration (Christensen et al. 1993; Stopfer et al. 2003)

impact the response onset measured in electroantennogram

recordings (EAG) as well as the latency of individual

neurons (Junek et al. 2010). We chose two monomolecular

odorants (1-octanol and 2-heptanone) that naturally occur

in the honeybee’s environment as both, components in

floral mixtures (Omata et al. 1990; Tollsten and Knudsen

1992; Baraldi et al. 1999) and pheromones (Balderrama

et al. 1996, 2002). We presented the single components

alone, their coherent mixture (both components with syn-

chronized odorant onset), and their incoherent mixtures

(both components with odorant onsets shifted with respect

to each other). In doing so, we created a controlled recre-

ation of the elements in a dynamic odorant environment. In

addition, comparing absolute response latencies can then

be used to identify the odorant to which a particular neuron

responds in a mixture, and thus to differentiate between

‘elemental’ and ‘configural’ coding (see below).

Stimulation paradigm

A custom-built olfactometer, similar to a previously pub-

lished model (Galizia et al. 1997) was used for stimulation.

Stimulus delivery was controlled by TTL pulses triggered
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by the recording software, Clampex (AxonInstruments

Inc., USA). Odorant flow through individual channels of

the olfactometer was calibrated using a photoionization

detector (Aurora Scientific Inc., Canada). The primary

odorants 1-octanol and 2-heptanone, diluted in mineral oil

were used for stimulation. Odorant concentration was

1:200 for 1-octanol and 1:100 for 2-heptanone. The effect

of odorant concentration on response latency was tested

with the following dilutions for 1-octanol and 2-heptanone,

respectively: 1:200 and 1:100, 1:100 and 1:200, and 1:100

and 1:100. Airborne stimuli were delivered in a constant

stream of clean air (1.2 m/s) that was directed to both

antennae. Stimulus duration was 800 ms at an inter-trial

interval of 1,800 ms. Three trials using identical stimuli

followed each other in immediate succession and consti-

tuted one stimulus block. An interval of 5,000 ms sepa-

rated two blocks from each other (Fig. 1). A completed

recording consisted of the presentation of five stimulus

blocks and two control blocks: each of the two primary

odorants, their coherent mixture, their two incoherent

mixtures, a control of mineral oil and a control of pure air.

To an incoherent mixture the onset of the second odorant

was delayed by 50 ms with respect to the first odorant. The

sequence between presentations of different blocks was

pseudo-randomized.

Electrophysiology

Three types of electrophysiological experiments were

performed: electroantennogram (EAG) recordings, intra-

cellular recordings from single AL neurons, and parallel

recordings of both of these. EAG recordings served to

validate the stimulus apparatus and to analyze odorant

concentration-specific effects in ORNs. Intracellular

recordings were used to investigate the role of single AL

neurons within the AL network. Parallel recordings with

both methods allowed measuring the response onset of

single AL neurons with respect to a sensory time reference.

Glass electrodes were pulled from borosilicate capillar-

ies (GC150F-10, Clark electronic instruments, UK) using a

horizontal Puller (P-97, Sutter Instruments Co.,USA). Sharp

electrodes ð100�250 MXÞ used for intracellular recordings

were tip-filled with fixable fluorescent dye (4% Alexa 488

hydrazid in 0.2 M KCl, 4% Micro Ruby in 0.2 M K-Acetate

or 3% Lucifer Yellow in 0.1% LiCl). Blunt electrodes

ð5�20 MXÞ used for EAG recordings were filled with 0.2 M

NaCl.

The sharp electrodes were placed on the AL and grad-

ually advanced employing a micro-manipulator (Kleindiek

Nanotechnik, Germany) until a cell was impaled. For EAG

recordings, a blunt electrode was placed on the antenna tip

using a second micro-manipulator (Brinkmann Instrumen-

tenbau, Germany). In cases where both signals were

recorded in parallel, the EAG was always taken from the

antenna ipsilateral to the AL recorded from. A common

reference electrode was placed through a small incision in

between the lower ocelli.

Recordings were performed in current-clamp mode,

using an Axoclamp 2B Amplifier (gain 10, AxonInstru-

ments Inc., SA). EAG signals were additionally amplified

by means of a custom-built external amplifier (gain 10). A

50-Hz filter (Hum-Bug, Quest Scientific, Canada) removed

line hum. Data were digitized using the Axon Interface,

DigiData 1200B (AxonInstruments Inc., USA) and stored

on hard-drive using Clampex 8.2 (AxonInstruments Inc.,

USA).

Morphology

After an intracellular recording was finished successfully,

the dye loaded in the tip of the sharp electrode (see above)

was iontophoretically expelled, with the polarity of the

current pulses (0.2 s width, 2 Hz, 1–4 nA) chosen

according to the dye’s charge.

Subsequently, in order to visualize all glomeruli we

counterstained the sensory tracts of the penetrated AL with

Neurobiotin (Vector Laboratories Inc., USA). For this

purpose, the cuticle previously removed from the head

capsule was now repositioned and closed carefully with

eicosan. The ipsilateral antenna was brought in an upright

position and surrounded by a basin made from vaseline that

was filled with 2% neurobiotin (in aq.dest.). The antenna

was cut at the scapus and the neurobiotin was given 2–3 h

to be taken up by the antennal nerve stump.

For morphological preparations, brains were removed

and fixed in 4% paraformaldehyde for 3 h at RT, or

overnight at 4�C. Subsequently, preparations were washed

3 times for 10, 30, and 45 min in phosphate buffered

solution and incubated in 0.5% avidin-coupled fluorescent

dye to visualize the neurobiotin in the ORNs (either

AMCA-avidin, or cy3, depending on the single-cell

single 
component

Trial
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Block

coherent
mixture

incoherent
mixture

off

on

off

on

off

Stimulus Duration

0       1        2       3        4       5        6       7       8        9
Time 
[sec]

Fig. 1 Stimulus protocol. Stimulus duration was 800 ms. The inter-

trial interval was 1,800 ms. Each stimulus repetition was considered

as one trial. One block consisted of three trials with identical

stimulation. The onset delay for odorants in incoherent mixture blocks

was 50 ms
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marker) for at least 5 h. Brains were then washed again 3

times for 15, 30 and 45 min, dehydrated in an ascending

ethanol series, cleared for 20 min in xylol and finally

embedded in DPX mounting medium (Fluka, Sigma-

Aldrich Chemie GmbH). To visualize staining results,

confocal image stacks were taken with a Zeiss LSM 510

Meta confocal microscope (Carl Zeiss AG, Germany).

Data analysis

Sharp recordings were filtered off-line (10 kHz lowpass

cutoff). Spikes were detected, using custom-written rou-

tines based on the open source R packages SpikeOMatic

(Pouzat et al. 2004) and STAR (Pouzat and Chaffiol 2009).

To determine firing rate and response latencies, algorithms

provided by the open source Matlab toolbox FIND (http://

find.bccn.uni-freiburg.de) were employed. Analysis of

single cell data was chosen so as to maximize compara-

bility to related work (Krofczik et al. 2009). Image pro-

cessing of confocal stacks and reconstruction of cell

morphology were achieved using AMIRA 5.1 software

(Mercury Computer Systems, Germany). For analysis of

EAG recordings, custom-written routines in R (http://www.

R-project.org) were used.

Temporal electroantennogram analysis

EAG recordings were filtered off-line (100 Hz low-pass),

and averaged over repeated trials. Response onset was

defined as the relative maximum preceding the steepest

negative slope of the potential drop which demarcated an

odorant response. This point was found to be least affected

by temporal displacement attributable to response ampli-

tude and, hence, evaluated as most reliable.

Response latency analysis

Using sharp electrodes intracellularly, we recorded from a

total of 21 cells in the antennal lobe. Neurons differed

greatly in their physiological properties: some had low

background activity, and responded to odors with single or

few spikes (Fig. 2b, right), some responded with clearly

increased firing rate (excited, Fig. 2b, left), others with a

drop in spike rate (inhibited, Fig. 2b, middle). In neurons

that yielded a good morphological staining it was possible

to identify their morphology as PNs or LNs, in all other

cases this was not possible, due to the ‘blind’ nature of our

recording: we refer to the presumably mixed population of

recorded LNs and PNs as AL neurons. We assume that no
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Fig. 2 Estimation methods of response latency was chosen with

respect to response patterns. a Exemplary traces of neurons with

different response patterns: excitation (top), inhibition (middle), or

few spikes on a depolarization (bottom). b Estimation of response

latency. Spiking activities shown for three repeated trials under

identical stimulation. Superimposed red traces indicate the response

rate function. Blue lines mark the estimated response onset and blue

bars indicate their across trial variability. Response onset for

excitation is defined as the point of steepest rising in the rate function

after stimulus onset (left). Response onset for inhibition is defined as

the point of steepest falling (middle). Response onset for neurons with

continuously sparse firing is not well captured by a rate function and

best characterized by the peak time of a single spike after

depolarization onset (right). Grey bars indicate stimulus delivery time
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ORNs were stained, because the small axon terminals of

these neurons make it unlikely that we impaled them with

our sharp electrode. In our preparations we never found

stainings of neurites directed towards the antennal nerve.

We judged a cell as responding to a stimulus, if repeated

stimulation elicited similar modulation in the neuron’s

firing pattern. Absolute latency, that is the mean latency

across trials, and relative latencies, that is trial-to-trial

differences in latency, were calculated with one of three

methods (1–3). The method was chosen based on the

respective firing pattern (Fig. 2).

1. Latencies of cells that responded to stimulation with an

increased firing-rate were estimated based on the

derivative of the trial-aligned firing rate as described

elsewhere (Meier et al. 2008). This method processes

the data in four successive steps. First, the derivative

of each single trial spike train of a given cell

was estimated by convolving with an asymmetric

Savitzky–Golay filter (Savitzky and Golay 1964)

(polynomial order 2, 300 ms width, Welch windowed).

Second, all single trial-derivatives were optimally

aligned, finding the greatest possible pair-wise cross

correlation (Nawrot et al. 2003). The resulting time-

shifts correspond to each trial’s relative latency. Their

standard deviation r gives a measure for the across-

trial latency variability. Third, the single trial spike

trains are temporally aligned by shifting each by its

individual relative latency. Fourth, the aligned spike

trains were merged into one train, representing the

cells activity pooled over trials. The convolution of

this merged spike train with the same asymmetric

Savitzky–Golay filter gave an estimate about the

derivative of the cell’s absolute firing rate, based on

which the absolute latency within a given block of

stimulation was determined. The stimulus-specific

absolute latency was defined as that point in time

where the slope of the firing rate is steepest, that is the

derivative’s maximum.

2. Latencies of cells that responded to stimulation with a

decrease in firing rate were estimated with an approach

nearly identical to 1), but instead of the steepest rising

slope, the steepest falling slope of the absolute firing

rate was defined as response onset.

3. Latencies of cells that had very low spontaneous

activity and responded to stimulation with a membrane

depolarization ridden by one or few single spikes were

estimated based on spike peak time rather than rate.

The membrane depolarization in these cells was taken

as indicative for an apparent response. The response

latency was defined as the peak time of the first spike

riding such a depolarization.

Single cell morphology

Confocal image stacks were processed using Amira 5.1

software (Visage Imaging GmbH, Germany). All prepara-

tions were carefully inspected for complete stainings: spec-

imens with irregular labeling, abruptly ending neurites or

strong fluorescent background were excluded from further

morphological analysis. However we did include prepara-

tions in which the neuron was presumably incompletely

filled but sufficient to transfer valuable information.

Incomplete stainings can never be excluded in intracellular

dye fills, for example due to extremely small neurite diam-

eter and consequently compromised distribution of fluores-

cent dye. We searched very carefully for stained axons

leaving the AL in order to differentiate between LNs and

PNs. Neurons were reconstructed using the filament editor

without further estimation of neurite diameter. Location and

size of single glomeruli were registered by interactive seg-

mentation based on OSN mass fills. Glomerulus identity was

determined by visual inspection and comparison with the

morphological atlas of the honeybee (Galizia et al. 1999,

http://neuro.uni-konstanz.de/honeybeeALatlas). To com-

pare innervation patterns with spatial patterns of AL activity

in response to the stimuli applied, the physiological atlas of

the honeybee (http://neuro.uni-konstanz.de) was consulted.

Results

Latency shifts in receptor neurons are inherited

by antennal lobe neurons

We chose two odorants and analyzed latency difference

between them at two different concentrations. At the level

of the compound olfactory receptor neuron response as

measured with EAGs, we found that response latency

decreases with increasing concentration (two-way Anova,

Fconcentration \ 0.000; Tukey test, pconcentration \ 0.000;

mean difference = 22.646 ms) irrespective of the odorant

used (podorant = 0.7; pinteraction = 0.9).

In order to investigate how ORN latency shift transfers to

the AL network we conducted simultaneous intracellular and

EAG recordings (Fig. 3a). The odorant at lower concentra-

tion evoked a smaller EAG amplitude (Fig. 3b) as well as a

weaker firing rate in phasic-tonic AL neurons (Fig. 3c). As

for EAGs, the latency in AL neurons decreased with

increasing odorant concentration (one-sided, paired t test, p =

0.048). Indeed, the difference between mean response onsets

of EAGs and AL neurons was identical for both stimuli

(37 ms; Fig. 3d). Thus, concentration-dependent latency

shifts originate in ORN activity and transfer directly to AL
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neurons. Accordingly, odorant concentration can be used to

create stimuli with distinct, characteristic latency shifts. This

phenomenon offers a tool to identify a response evoking

component from a mixture, within single AL neurons.

Simultaneous recording of AL neurons and EAG also

allowed us to report the response latency of single neurons

more accurately. Timing of olfactory stimuli is always

constrained by laboratory conditions, like air turbulences or

distance between odorant source and receiver (Vetter et al.

2006). While easy to control within one lab, these constraints

are difficult to standardize between different laboratories.

Comparability of data between laboratories is increased

when latencies are estimated with respect to a reference

derived from the animal rather than the stimulation

machinery. The EAG reliably reflects stimulus arrival at the

antennae. Hence we used the mean EAG response onset as a

reference time point to estimate single AL neuron latencies.

Both, elemental and configural coding occur in antennal

lobe neurons

In a natural environment, components of an odorant mix-

ture might impinge on the antenna simultaneously (as in a

mixture from one source), or separate in time (as when they

originate from different sources). An olfactory system that

can differentiate between these two conditions might be

able to select whether to process a mixture in a configural

way (i.e., the mixture being more than the summation of its

components), or in an elemental way (i.e., with access to

the components’ identity). To study this question, we

presented single odorants and their coherent and incoherent

mixtures. We asked whether single AL neurons can be

attributed to elemental or configural processing, and whe-

ther their coding strategies are related to the cell’s own

response latencies.

About half of all recorded AL neurons responded to the

mixture in the same way as to one of its components (n =

12, ‘elemental neurons’). The remaining cells (n = 9,

‘configural neurons’) responded to the mixtures as to a

different odorant.

‘Elemental neurons’ fell in two selectivity groups:

element selective and element dominant.

The first group (n = 7, element selective) responded to

the mixture as to one of its components, its dominant

(D) odorant. Response latency to the coherent mixture, and

the incoherent mixture in which odorant D was presented
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first, corresponded to the response latency to odorant D

alone. Responses to the incoherent mixture in which

odorant D was presented as the second component were

shifted by about 50 ms, corresponding to the delay of this

component. Hence we conclude that these neurons

responded to odorant D alone, and were not influenced by

the presence of the other, subordinate (S) odorant (Fig. 4a,

b).

The second group of ‘elemental neurons’ had a different

coding characteristic (n = 5, element dominant). These

neurons responded to both of the single components.

However, in the mixture only one odorant (D) contributed

to the response, while the other (S) did not have any

apparent impact on response pattern or latency (Fig. 4c, d).

Further, ‘elemental neurons’ fell in two latency clusters:

short latencies (early responders) below 60 ms and long

latencies (late responders) above 60 ms (Fig. 4e). All ele-

ment-dominant neurons fell into the early responders

cluster, while element-selective neurons distributed into

both clusters. Based on the combination of selectivity and

latency, we end up with three subgroups of ‘elemental

neurons’: element-dominant with early responses (n = 5),

element-selective with early responses (n = 4) and element-

selective with late responses (n = 3) (Fig. 4f, g).

Responses of ‘configural neurons’ were more diverse,

both in terms of selectivity and latency. One cell responded

only to coherent stimuli (Fig. 5a), some to mixtures only

(n = 2), but most cells responded to mixtures as well as

single compounds (n = 6, Fig. 5b). Response latencies of

‘configural neurons’ scattered broadly around 60 ms and

thus concentrated exactly between the groups of ‘elemental

neurons’ with early and late responses (Fig. 5c, d). Unlike

for ‘elemental neurons’, latencies within one ‘configural

neuron’ could be short for one stimulus and long for

another one. Fastest responses were, in the mean, evoked

by single compounds (62 ± 26 ms) and slowest by
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respond early (light green), element-selective neurons distribute in an

early (dark green) and a late group (magenta), with significant different
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incoherent mixtures (84 ± 49 ms, paired t test, p \ 0.05;

Fig. 5e).

Antennal lobe neurons are active sequentially

We analyzed response latencies in more detail by calcu-

lating population rate functions for each of the subgroups

(Fig. 6). Early responses of ‘elemental neurons’ were either

excited, or single spikes. We pooled these and estimated a

common rate function. Late responses of ‘elemental neu-

rons’ were either spike excited or inhibited responses,

which we separated in two rate functions. Amongst the

‘configural neurons’ all types of responses were repre-

sented. We pooled all non-inhibited responses in a common

rate function.

Superimposition of these rate functions illustrates that

activity peaks of the three groups follow each other in

immediate succession, suggesting that the corresponding

cells might be arranged sequentially in a functional net-

work. Early responding elemental AL neurons (green)

precede the positive rate peak of excited (magenta;

Fig. 6a), as well as the negative rate peak of inhibited late
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responding ‘elemental neurons’ (magenta; Fig. 6b). Inter-

estingly, the rate function of inhibited late responding

neurons appears to have a small activity boost, which

relapses just before early responding neurons reach their

maximal response frequency. While ‘elemental neurons’

have rather distinct activity peaks, ‘configural neurons’

appear more diverse, reflecting the scatter in latencies

within and across this neuron group.

Hetero local neurons are involved in configural as well

as elemental processing

What is the relationship between elemental and configural

responses on one side, and the cell’s morphology on the

other? Using intracellular staining we obtained the mor-

phology of one PN and three LNs. The PN fell into the

element-selective, late response group. The LNs all had

early mean responses. Two of the LN stainings were of

sufficient quality to be reconstructed into a 3D skeleton

model (Fig. 7). Both neurons responded to 2-heptanone

and to its binary mixtures (Fig. 7a, h) and were hetero-LNs,

i.e. with one densely innervated glomerulus (‘main glo-

merulus’) and several sparsely innervated glomeruli. One

was an odorant-selective ‘elemental neuron’ (Fig. 7, top

row) and the other a ‘configural neuron’ (Fig. 7, middle

and bottom row). We asked whether their glomerular

innervation pattern could explain their different response

profiles. We identified the innervated glomeruli and com-

pared these with the AL’s spatial activity pattern evoked by

2-heptanone as published in the physiological atlas of the

honeybee (http://neuro.uni-konstanz.de; c.p.: Fig. 7f). The

densely innervated glomerulus of the ‘elemental neuron’

was one of the 2-heptanone responsive glomeruli (T1–29,

Fig. 7b, c). The neurites branched within the core of the

glomerulus and reached out into an intermediate layer

between cap and core. Counterstaining of ORNs showed

that LN branches and ORN axons overlapped suggesting

that a direct input from ORNs is possible (Fig. 7d, white

arrows). The main glomerulus of the ‘configural neurons’,

however, innervated a glomerulus that is not responsive to

2-heptanone (T1–19, c.p.: Fig. 7f, g). This neuron inner-

vated several glomeruli sparsely, among which at least

three that are weakly responsive to 2-heptanone (T3–18,

T3–31, T3–52; Fig. 7i, j; see also movies in supplemental

material). Sparse arborization fibers did not reach into the

glomerular cap (Fig. 7k1, magenta arrows), which would

suggest that this neuron did not receive input from ORNs.

However, a careful reconstruction of the neuron and the

glomerular cap based on counterstained ORNs showed that

the sparsely arborizing neurites in fact distributed just

between cap and core (Fig. 7k2, magenta-white arrows).

Hence, from our data we cannot decide whether hetero-

LNs have, in their sparsely innervated glomeruli, direct,

monosynaptic ORN input from the cap, poly-synaptic input

through LNs and PNs from the core, or both.

While the response latency of the ‘elemental neuron’ to

the dominant odorant and its mixtures was similar

(36 ± 2 vs. 38 ± 4 ms), the ‘configural neuron’ clearly

responded faster to the single compound than to the mix-

tures (18 ± 1 vs. 49 ± 11 ms). This change in latency

indicates the occurrence of both, mono- and poly-synaptic

input to the configural processing LN. We hypothesize that

this neuron was embedded in two different processing

circuits that were differentially activated depending on the

sensory stimulus delivered.

Discussion

In the present study, we investigated how single neurons in

the honeybee antennal lobe (AL) process odorant mixtures.

More particularly, we wanted to know if it is possible to

differentiate between ‘elemental’ and ‘configural’ neurons.

We found that indeed, there are ‘elemental’ and ‘configu-

ral’ neurons, though the same neuron may fall into either

category depending on the particular stimulus used. Fur-

thermore, the fastest neurons have elemental responses,

while neurons with configural response properties respond

later (Fig. 6), suggesting that computing configural

responses is more demanding to the network than com-

puting elemental responses. At the same time, configural

coding is not the end result of AL processing, as shown by

even later responses of elemental neurons.

It should be noted that intracellular recordings in the

honeybee antennal lobe only allow for short measurements

(less than 10 min), and therefore the sample size of stained

neurons is small. Thus, some of the observations that we

draw, in particular about the relationship between mor-

phology and functional properties, need to be taken more

as hypotheses than as proven facts. However, together with

published reports from our colleagues (Flanagan and

Mercer 1989; Fonta et al. 1993; Galizia and Kimmerle

2004; Krofczik et al. 2009), these data help understanding

the intricate coding networks in the insect antennal lobe, in

particular with respect to mixture coding.

In what situation would elemental coding on the one,

and configural coding on the other hand be relevant for an

organism? Natural odorants as they are produced by, e.g.

flowers are usually complex blends of many chemical

compounds. A pollinating bee will perceive this bouquet as

an individual odor, much as we do the smell of coffee. In

an other instance, the bouquet of two different flowers

might mix in the air. Here, the olfactory system has the task

to separate odor components, i.e. to analyze the elements of

the mixture: ‘it smells two different flowers’ or ‘it smells

coffee and fresh baked bread’. In a turbulent environment
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odorants from different sources frequently mix and we

assume that the ‘coffee’ mixture will generally travel as a

coherent mixture, while ‘coffee and bread’ will more likely

generate incoherent mixtures. This hypothesis has been

tested using moth sexual pheromone components: when the

components were released from the same location, male

moths were attracted by the mixture (‘coherent’ case, the

moth recognized the mixture as an odor), while spatially

separated locations did not attract the males (‘incoherent’

case, the moth did not behave as to a mixture, suggesting

elemental coding (Andersson et al. 2011). In our study of

mixture processing at the level of single neurons in the AL

of the honeybee, we have therefore used two kind of

mixture stimuli: coherent and incoherent mixtures.

When looking at the response of a single neuron to the

mixture AB of two odorants A and B, it is not always a

trivial task to characterize whether the neuron responded to

A or to B, or to the mixture. A neuron that does not respond

to either A or B, but responds to AB, is clearly a ‘configural

neuron’, selective to the mixture stimulus. But how about a

neuron that responds both to A and to B, and also to the

mixture AB? Does it respond to a single one of the com-

ponents, to both individually, or to the mixture? We made

use of concentration-dependent latency shifts that are

generated in the receptor neurons to address this question.

We recorded EAG potentials in parallel to intracellular

recordings, and could determine response latencies with

great precision. We also titered odorant concentration in a

T1-29

T3-31
T3-18
T3-52

v

d
m l

b c

20 µm

d

20 µm

a

p
v d

a

p
v d

v

d
m l

a

v

d
m l

a

p
v de f g

h i j

k1

k2

Fig. 7 Glomerular innervation patterns of hetero-LNs responding to

2-heptanone. a Electrophysiological recording from a hetero-LN

exhibiting elemental coding of 2-heptanone. b Frontal view of a

reconstruction of the neuron corresponding to the traces in a. The

highlighted glomerulus (T1–29) is known to be responsive to

2-heptanone and densely innervated. c Parasagittal view of the same

hetero-LN as in b. d Confocal image illustrating the type of dense

innervation observed in the neuron in b, c. ORN innervation is given

in green, LN innervation in magenta. Note the overlapping innerva-

tion area (white arrows). e Schematic drawing of the AL illustrating

in color code the involvement of single glomeruli in the response to

2-heptanone, as determined by calcium imaging with bath applied dye

(cp. http://neuro.uni-konstanz.de/honeybeeALatlas for the physio-

logical atlas of the honeybee). Arrows indicate glomeruli which are

innervated by the neurons presented. f Color coded 2-heptanone

response as determined in calcium imaging experiments, projected on

a reconstruction of a hetero-LN exhibiting configural coding of

2-heptanone. Clearly the main glomerulus (T1–19) is not part of the

stereotypic 2-heptanone response pattern. g Parasagittal view of f.
h Electrophysiological recording from the hetero-LN in f, g exhibiting

configural coding of 2-heptanone. i Frontal view of the same neuron

as in f–h. The highlighted glomeruli (T3–52, T3–18, T3–31) are

sparsely innervated by the depicted neuron and known to be

responsive to 2-heptanone. Blue dotted line indicates the location of

the densely innervated glomerulus (T1–19). j Parasagittal view of i.
k1 Confocal image illustrating the sparse innervation in i, j of

glomeruli in the core region. Sparse arbors seem not to overlap with

ORNs (magenta arrows). k2 Reconstruction of glomerular cap and

core as well as sparse arbors from k, i. Note that neurites distribute

just between cap and core (magenta-white arrows). d dorsal, v ventral,

m medial, l lateral, p posterior, a anterior. f, g, i, j are available

as movies in supplemental material for better visualization. Arrows in

b, c, f, g, i, j indicate cell body
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way to generate distinct latencies for the two odorants A

and B. Using the distinct latencies as a marker for stimulus

identity, it was possible to infer for each neuron if a

response was evoked by a mixture as a whole, or by one of

the mixture compounds.

We found that half of the neurons responded to one of

the compounds rather than the mixture: ‘elemental neu-

rons’. These neurons could be subdivided into element-

selective neurons with early responses, element-dominant

neurons with late responses, and element-selective neurons

with late responses. Honeybee LNs have been shown to

respond faster to odorant stimulation than PNs (Krofczik

et al. 2009), which would suggest that the early responding

neurons are LNs, the late responding PNs. Since our

sample of stained neurons is small, in this work we do not

differentiate among them, and lump them all as AL

neurons.

The other half of the neurons gave ‘configural’ respon-

ses, i.e. their response patterns to the single components

and to the mixtures differed, and in particular mixture

responses did not reflect feature information of single

compounds. Response latencies of ‘configural neurons’

varied considerably, but responses were often faster for

coherent than for incoherent stimuli. This observation

suggests that these neurons may be embedded in different

processing circuits, depending on the stimulus components.

This property may be used in context-dependent coding,

whether the context is another stimulus or the physiological

state of the animal.

Electrophysiological recordings have the advantage of

high temporal resolution and thus allow to detect minute

delays of responses within and between neurons. Previous

studies have shown that LNs respond prior to PNs (Krofczik

et al. 2009) and recordings in moth revealed LN subgroups

with different latencies that allow for LN–LN interaction

(Christensen et al. 1993). These findings suggest the exis-

tence of successively active neuron populations.

In agreement with previous data from the honeybee

(Flanagan and Mercer 1989; Sun et al. 1993), we could not

find latency clusters comparable to those shown for the

moth. Our finding that ‘configural neurons’ had a tendency

to respond later to incoherent (delayed stimulus onset of

two compounds) than to coherent stimuli (single com-

pounds and their temporally coherent mixture) suggests a

less well ordered, but functionally more flexible AL-

architecture: these neurons may be recruited by different

functional networks, depending on the network activity

elicited by the stimulus.

We found another observation hinting towards non-lin-

ear processing mechanisms in the AL, in neurons with late

elemental responses: inhibited late responding neurons had

a small activity boost, relapsing just before early

responding neurons reached their maximal response

frequency. It is inspiring to think that this finding could be

explained by recurrent inhibition, as is known between

granule and mitral cells in the mammalian olfactory bulb

(for review see Urban and Arevian 2009).

Taken together, the data shown here and in other studies

show that the AL is not a simple feed-forward relay station,

but a dense and multi-layered neural network with recur-

rent connectivity.

Local neurons with asymmetric shape have been found

in many insect species (Flanagan and Mercer 1989; Stocker

et al. 1990; Christensen et al. 1993; Sun et al. 1993; Seki

and Kanzaki 2008; Chou et al. 2010). Hetero-LNs as found

in honeybees, with a single, densely innervated glomerulus

and a limited number of sparsely innervated other glome-

ruli, have so far only been found in bees, and occasionally

in other hymenoptera (Dacks et al. 2010). What is the

specific function of these neurons? Based on their mor-

phology, hetero-LNs have been proposed to be functionally

polarized, with the main glomerulus being dendritic, and

the sparsely innervated glomeruli being axonal (Galizia

and Kimmerle 2004). This ‘central-input’ polarity is useful

to shape inter-glomerular inhibition and elemental mixture

processing, in particular given that inter-glomerular inhi-

bition is dependent on the functional similarity of glome-

ruli (Linster et al. 2005). The neuron shown in Fig. 7a–c

shows all the features of such a neuron, in particular given

its innervation of glomerulus T1–29, which receives OSN

input responding to 2-heptanone, an odorant that elicits

response in this neuron. However, the neuron shown in

Fig. 7d–k does not fit this pattern. This suggests that some

hetero-LNs may have another polarity (‘central-output’):

dendritic innervation in the sparse glomeruli, and axonal in

the dense glomerulus, as suggested from developmental

studies where pruning in a dendrite-like fashion was

observed in sparse but not dense arbors (Devaud and

Masson 1999). A central-output hetero-LN may be suited

to create configural response patterns, when its focal

inhibitory action on a particular glomerulus is based on a

distributed input from a defined glomerular assembly.

However, the data also allows a third possibility. Hetero-

LNs might not have a fixed polarity (and form two groups,

i.e. ‘central-input’ and ‘central-output’), but they might in

fact act either way depending on the activity pattern in the

antennal lobe. Dendrodendritic interactions have been

shown in olfactory granule cells in the vertebrate olfactory

bulb (Shepherd et al. 2007), and reciprocal synapses abound

in insect antennal lobes, as shown in cockroach (Malun

1991; Distler et al. 1998) and bees (Gascuel and Masson,

1991). Multiple spike heights have often been recorded

from LNs (Flanagan and Mercer 1989; Christensen et al.

1993, 2001; Sun et al. 1993; Galizia and Kimmerle 2004;

Krofczik et al. 2009). If these are not due to multiple neuron

recordings or to gap-junctions between neurons, multiple
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spike heights might reflect distributed active membranes,

resulting in multiple spike initiation zones. Whether hetero-

LNs are capable of performing both, elemental and confi-

gural odorant processing, in an odor-context-dependent

manner, remains to be shown in future studies. If this

hypothesis were confirmed, this could explain their high

number in the honeybee AL. Honeybees rely to a greater

degree on flexible odorant coding than most species, given

that they are flower-constant polylectic pollen and nectar

foragers. Thus, their olfactory system must be capable of

processing and memorizing many odorant mixtures as

unique flower identifiers. In addition, social insects have a

complex communication system relying on many odors that

function as pheromones, for which so far no dedicated

subgroup of glomeruli forming a labeled line has been

found. Thus, the same combinatorial logic may be used for

floral odorants and for pheromones. In this situation, it is an

advantage for the bee to identify both the odorant elements

in a mixture, and the uniqueness of the mixture itself. The

‘elemental’ and ‘configural’ neurons presented here are

likely to form an important role in the neural networks

performing this task.
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