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Fig. 3 AL neurons inherit a concentration-dependent latency shift
from peripheral neurons. a Exemplary traces of simultaneous EAG and
single-cell recording. Grey bars indicate stimulus delivery time.
Dotted lines indicate the time of stimulus detection on the antennae,
measured by EAG (upper trace). b EAG amplitude differs for different
stimuli. EAG in response to lower concentrated 1-octanol is depicted
in red. EAG in response to higher concentrated 2-heptanone is
depicted in blue. Traces shown are averaged (n = 11). ¢ AL neurons

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
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mean firing rate differs for different stimuli. Color code as in b. Rate
functions are aligned and averaged over all neurons which responded
with a phasic-tonic pattern (n = 12). (d) Response latencies of EAG
and AL neuron recordings differ significantly for different stimuli, but
keep the same relative time shift (37 ms). Color code as in b, ¢. Bars
illustrating mean latency in EAGs are stripy. Bars illustrating mean
latencies from single cell measurements are colored solid. Same
animals as in b, ¢; error bars give standard deviations

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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Fig. 4 Grouping ‘elemental neurons’, according to element selectivity
and mean cell latency. a Example of an element-selective neuron. The
dominant odorant (D) evokes responses both as single stimulus and in
mixtures (SD = coherent mixture, S-D/D-S = incoherent mixtures). The
subordinate odorant (S) does not contribute to the response. Grey bars
indicate stimulus delivery time. b Merged spike trains comprising all
element-selective ‘elemental neurons’ (n=5). Note the lack of response
to the subordinate odorant (S), as compared to the other conditions.
¢ Example of an element-dominant neuron. Both odorants evoke
responses, but in incoherent mixtures a latency shift indicates

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

preference of odorant D. d Merged spike trains comprising all
element-dominant neurons (n = 7). Note that subordinate (S) as well
as dominant (D) odorant evoke a response. e Irrespective of selectivity,
neurons’ latencies cluster into an early (green) and a late (magenta)
group. f Based on the combination of latency and selectivity, three
neuron groups become apparent. Element-dominant neurons always
respond early (light green), element-selective neurons distribute in an
carly (dark green) and a late group (magenta), with significant different
latencies (paired ¢ test, one-sided, p = 0.001). g Table of mean cell
latencies sorted according to group

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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Fig. 5 ‘Configural neurons’ and distribution of latencies with respect
to ‘elemental neurons’. a Responses to coherent stimuli only
[Latencies (ms): B 94, AB 132). Grey bars indicate stimulus delivery
time. b Example of an AL neuron which responded to single
compounds and coded mixtures configurally [n = 6, latencies of the
individual neuron (ms): A 62, B 49, ab 61, A-B 67, B-A 87].
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Fig. 6 Early responding AL neurons may impact late responses in
AL neurons. Group averaged rate functions of early responding
‘elemental neurons’ (green trace, n = 9), late responding ‘elemental
neurons’ (magenta, n = 3) and ‘configural neurons‘ (blue trace, n = 6).
Grey shades indicate stimulus delivery time. The odorant-selective,
late group comprised responses of excitation (a) and inhibition

incoherent mixtures (84 =+ 49 ms, paired ¢ test, p < 0.05;
Fig. Se).

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,
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¢ Histogram of latencies from neurons with configural responses
(blue), early (green) and late (magenta) neurons with elemental
responses (green and magenta as in Fig. 4e). d Table of mean cell
latencies sorted according to group. e Histogram resolving response
latencies of ‘configural neurons’ to single compounds (white),
coherent mixtures (black) and incoherent mixtures (grey)
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(b) which are treated separately. a Rate peaks of early neurons
precede positive rate peaks of excited late AL neurons. b Rate peaks
of early neurons also precede negative rate peaks of inhibited late
neurons. Note the initial small activity boost which precedes the
inhibited period

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



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 ORNSs 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,
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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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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. ¢ 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, ¢. 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

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.

2-heptanone. Clearly the main glomerulus (T'1-19) 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
ORNSs (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 (rmagenta-white arrows). d dorsal, v ventral,
m medial, [ lateral, p posterior, a anterior. f, g, i, j are available
as movies in supplemental material for better visualization. Arrows in
b, ¢, f, g, i, j indicate cell body

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



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
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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-LN's 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-LLNs 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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