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Honeybee

Martin F. Brill,' Tobias Rosenbaum,! Isabelle Reus,' Christoph J. Kleineidam,"-> Martin P. Nawrot,>*

and Wolfgang Rossler!

'Department of Behavioral Physiology and Sociobiology, Biozentrum, University of Wiirzburg, 97074 Wiirzburg, Germany, 2Department of Biology,
University of Konstanz, 78457 Konstanz, Germany, *Neuroinformatics and Theoretical Neuroscience, Institute of Biology, Freie Universitit Berlin, 14195
Berlin, Germany, and “Bernstein Center for Computational Neuroscience Berlin, 10115 Berlin, Germany

In their natural environment, animals face complex and highly dynamic olfactory input. Thus vertebrates as well as invertebrates require
fastand reliable processing of olfactory information. Parallel processing has been shown to improve processing speed and power in other
sensory systems and is characterized by extraction of different stimulus parameters along parallel sensory information streams. Honey-
bees possess an elaborate olfactory system with unique neuronal architecture: a dual olfactory pathway comprising a medial projection-
neuron (PN) antennal lobe (AL) protocerebral output tract (m-APT) and a lateral PN AL output tract (I-APT) connecting the olfactory
lobes with higher-order brain centers. We asked whether this neuronal architecture serves parallel processing and employed a novel
technique for simultaneous multiunit recordings from both tracts. The results revealed response profiles from a high number of PNs of
both tracts to floral, pheromonal, and biologically relevant odor mixtures tested over multiple trials. PNs from both tracts responded to
all tested odors, but with different characteristics indicating parallel processing of similar odors. Both PN tracts were activated by widely
overlapping response profiles, which is a requirement for parallel processing. The 1-APT PNs had broad response profiles suggesting
generalized coding properties, whereas the responses of m-APT PNs were comparatively weaker and less frequent, indicating higher odor
specificity. Comparison of response latencies within and across tracts revealed odor-dependent latencies. We suggest that parallel
processing via the honeybee dual olfactory pathway provides enhanced odor processing capabilities serving sophisticated odor percep-

tion and olfactory demands associated with a complex olfactory world of this social insect.

Introduction

Olfaction is of paramount importance for most animal species.
Insects evolved sophisticated olfactory systems for communica-
tion, orientation, nest-mate recognition, and predator avoidance
(Hansson and Stensmyr, 2011; Martin et al., 2011). For olfactory
processing, nervous systems are confronted with an enormous
chemical coding space (Guerrieri et al., 2005; Schmuker and
Schneider, 2007), but also face the need to process dynamic sen-
sory input fast and efficiently (Geffen et al., 2009; Nawrot, 2012).
Sensory processing along parallel pathways supports this task
(Nassi and Callaway, 2009). Compared with knowledge on par-
allel processing in other sensory modalities (auditory, visual, so-
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matosensory), parallel processing in olfactory systems is far from
being understood (Galizia and Réssler, 2010).

In insects, olfactory receptor neuron (ORN) axons transfer
input from antennal sensilla to glomeruli, spheroidal neuropil
units in the antennal lobe (AL), the analog to the vertebrate ol-
factory bulb (OB) (Hildebrand and Shepherd, 1997; Kay and
Stopfer, 2006). After AL processing (Martin et al., 2011; Wilson,
2011), odor information is transferred via projection (output)
neurons (PNs) as spatiotemporal response patterns (Sachse and
Galizia, 2002; Wilson and Laurent, 2005; Krofczik et al., 2008;
Arenas et al., 2009) to higher brain centers in the mushroom
bodies (MBs) and lateral horn (LH) (Mobbs, 1982). Hymenop-
tera (ants, bees, wasps) possess a unique dual olfactory pathway
(Abel et al., 2001; Kirschner et al., 2006; Zube et al., 2008; Galizia
and Rossler, 2010; Rossler and Zube, 2011; Nishikawa et al., 2012)
with a medial AL protocerebral tract (m-APT) and a lateral AL
protocerebral tract (I-APT). Both tracts comprise axons from
~920 uniglomerular PNs (~410 m-APT PNs and ~510 1-APT
PNs) (Rybak, 2012). M-APT PNs connect glomeruli in the lower
AL hemilobe with the MB and the LH, whereas I-APT PNs con-
nect glomeruli in the upper AL hemilobe in reverse order with the
LH and MB.

This dual pathway represents a favorable system to address
fundamental questions in parallel olfactory processing. It is still
unclear whether the tracts code odors in a “dual segregated” fash-
ion (different odors in different tracts), like pheromonal and
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Figure 1.
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Simultaneous dual-tract olfactory PN recordings using thin-wire electrodes. A, Schematic overview of the recording position in uniglomerular PN pathways of the honeybee. The AL is

innervated by axonal olfactory receptor neuron tracts (T1-T4) that segregate in glomeruli of the dorsal (magenta) and ventral (green) AL hemilobes. After preprocessing in the AL, two protocerebral
tracts (the m-APT and I-APT), connect glomeruli in the two hemilobes of the AL with the mushroom bodies (MB) and lateral horn (LH) in opposite order. Wire electrodes (each shaft comprising 3
copper wires, each 15 um in diameter; see B, inset, arrows) were used to record PNs from the m-APT and |-APT. B, Staining of electrode insertion sites (green) and anterograde staining of the I-APT
and m-APT (magenta). €, Reconstructions of electrode positions (either by fluorescent staining or identification of electrode tracks in the tissue) and APTs proved that on the m-APTsside, the electrode
was close to the m-APT, above the branching point of the mediolateral APT (mI-APT). On the I-APT side, the electrode was positioned in the lateral-caudal protocerebrum between vertical lobe and
the AL (Kirschner et al., 2006, Fig. 1, positions 3 and 4). m, medial; |, lateral; ¢, caudal; r, rostral. Scale bars: B, C, 100 pum; B, inset, 25 um.

general-odor subsystems in moths (Martin et al., 2011) or flies
(Schliefand Wilson, 2007), or in a “dual parallel” fashion (similar
input, differential feature extraction) (Galizia and Rssler, 2010).
Recent calcium-imaging studies support the idea that the two AL
subsystems receive similar sensory input (Carcaud et al., 2012;
Galizia et al., 2012). Independent (sequential) recordings in dif-
ferent individuals (electrophysiology, calcium imaging) indicate
that m-APT and 1-APT PNs may differ in physiological properties
(Abel et al., 2001; Miiller et al., 2002; Krofczik et al., 2008;
Yamagata et al., 2009). However, simultaneous PN recordings
from both tracts with high temporal precision are still lacking.

We used thin-wire multielectrodes for simultaneous double-
tract recordings to obtain response profiles from many uniglo-
merular PNs over multiple trials to floral, pheromonal, and social
odors. The results show highly overlapping odor specificity, but
distinct differences in response properties between m-APT and
I-APT PNs, which strongly supports parallel odor processing.
Consistent odor-dependent response latencies of PNs within and
across tracts support the idea of temporal coding of odor identity
via PNs of both tracts.

Materials and Methods

Experimental animals and preparation. Foragers of the European honey-
bee Apis mellifera (females) were caught in the morning from a feeder
filled with saccharose solution (Apiinvert, 50%) and anesthetized on ice.
The legs were cut above the coxae. Bees were fixed in custom-made
Plexiglas holders using dental wax (surgident periphery wax, Heraeus
Kulzer) and fed with saccharose solution ad libitum.

Antennae were gently fixed at the pedicellus with dental wax. We
dissected the brain by cutting open the head capsule between the com-
pound eyes, the ocelli, and the antennal sockets. To diminish move-
ments, mandible-muscle apodemes were severed, and the ventrodorsal
abdomen and wings were gently coated with liquid dental wax. Glands
and trachea were moved aside, and the neurolemma was removed at the
insertion site before electrode placement. Two Ag-wires (150 um diam-
eter, AGT05100, WPI) served as reference electrode and for M17 probos-

cis muscle recordings, which is involved in proboscis extension (Rehder,
1987). We inserted the M17 recording electrode between the central
ocellus and the compound eye. The reference electrode was introduced in
the ipsilateral complex eye. For the AL output tract recordings, electrodes
were inserted from anterior, dorsally to the AL, using prominent land-
marks. We placed the m-APT electrode between the AL and the medial
lobe of the MB using the vertical MB lobe, pharynx, and the AL as land-
marks (Fig. 1). We inserted the 1-APT recording electrode into the
lateral-caudal protocerebrum between the AL and LH, at the position
where the I-APT exits the AL (Fig. 1; also Kirschner et al., 2006, Fig. 1,
locations 3, 4). Following electrode placement, the brain was either cov-
ered with two-component low-viscosity silicone (Kwik-Sil, WPI) or left
untreated.

Odor stimulation. Odors were delivered by an olfactometer providing a
laminar airstream using a 1 cm outer diameter glass tube placed 1 cm in
front of the bee’s antennae. The olfactometer was supplied by two inde-
pendent analog flow controllers (2—65-B and P-067, Brooks Instru-
ments) that delivered moist air through a charcoal filter (AK 02/05,
UltraFilter; 0.5 /min air flow each). We applied a constant air stream to
adapt tactile sensillae. Odor delivery into this constant air stream was
controlled by a solenoid valve (LFAA1201618H, Lee) and bypassed
through 10 ml glass vials (CZT) that contained the test odors, dissolved
either in 100 wl of paraffin oil (Sigma-Aldrich), in pure water, or pre-
sented as solid objects.

For the first group of bees, we used 12 different odors, including five
pheromones plus control (pure solvent) (Table 1). As general odors, we
used limonene, hexanal, 1-pentanol, 1-octanol, 2-octanone, and two flo-
ral bouquets, clove oil and orange oil, as well as citral and geranylic acid
as pheromones from the Nassanoff gland (Shearer and Boch, 1966;
Pickett et al., 1980), isoamylacetat (IAA) and 1-hexanol as alarm phero-
mone components of the Koschevnikov gland (Boch et al., 1962; Collins
and Blum, 1983), and 2-heptanone as an alarm pheromone from the
mandibular glands (Shearer and Boch, 1965) (all purchased from Sigma-
Aldrich). For a recent review on pheromones, see Sandoz et al. (2007).
For the second group of bees, we used five odors from the bees’ natural
environment for stimulation: 200 mg of cleaned beeswax, 200 mg of used
and mixed beeswax from several hives, 200 mg of abandoned brood
combs, 200 mg of honey diluted in 2 ml of water, and 3 freshly killed bees.
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Table 1. Tested odors with their specifications group in respect to the tested bee groups
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Natural Chemical abstracts PubChem compound
Bee group Odor Abbreviation Concentration Floral Pheromonal mix service (CAS) number identification (CID) number
1 Control air ctr-Air 1
1 Control oil ctr-0il 1 8012-95-1
1 Citral 1:100 X X 5392-40-5 638011
1 Hexanal 1:100 X 66-25-1 6184
1 Geranylic acid ger-acid 1:100 X X 459-80-3 9989
1 Isoamylacetate IAA 1:100 X X 123-92-2 31276
1 (+) Limonene lim 1:100 X 5989-27-5 440917
1 Clove oil 1:100 X X 8000-34-8 12658395
1 Orange oil 1:100 X X 8008-57-9
1 1-Pentanol 1-pent-ol 1:100 X 71-41-0 6276
1 1-Hexanol 1-hex-ol 1:100 X 111-27-3 8103
1 1-Octanol 1-oct-ol 1:100 X 111-87-5 957
1 2-Heptanone 2-hept-ne 1:100 X 110-43-0 8051
1 2-Octanone 2-oct-ne 1:100 X 1M11-13-7 8093
2 ControlH,0 1
2 Control air ctr-Air 1
2 (lean beeswax wax clean 200 mg X 8012-89-3
2 Beeswax mix wax mix 200 mg X
2 Brood combs 200 mg X
2 Honey in water 1:100 X
2 Freshly killed bees 3 Bees X

The odor abbreviations and their assignmentinto floral, pheromonal, or naturally occurring odors are shown for two groups of bees, together with available CAS and CID numbers [bee group 1:n = 14;1-APT, 59 PNs; m-APT 63 PNs; bee group

2:n = 4 (n = 3 for freshly killed bees); I-APT, 9 (6) PNs; m-APT 9 (7) PNs].

To provide temperature conditions that match conditions in the hive, we
stimulated at 32-33°C (Seeley, 1985; Tautz et al., 2003) by placing glass
vials in a copper mesh, which we heated by a Peltier element (Conrad
Electronics). We delivered all odors at a concentration of 1:100 and for
500 ms. For the first group of bees, odors were delivered in three pulses of
500 ms each with 500 ms intervals, repeated for 20 trials with 20 s interval.
For the second group of bees, odors were delivered as a single pulse
repeated for 10 trials with 20 s interval.

Electrophysiology and recording setup

Multiunit recordings. We placed the Plexiglas holder with a mounted bee
inside a small copper cube (12 X 12 X 12 cm copper-plate cube) situated
within a custom-made Faraday cage on an air-cushioned laboratory table
(Spindler & Hoyer). Air exhaust was provided by the building’s ventila-
tion system. We adapted electrode fabrication from Okada et al. (1999,
2007) and Strube-Bloss et al. (2011). Each electrode shank consisted of
three copper wires ( polyurethane-coated copper wire with 15 um diam-
eter; Elektrisola) glued together with melted dental wax (diameter, <50
wm; Fig. 2 B, inset). For double recordings, both electrodes were con-
nected to a switchable headstage (SH16, Tucker-Davis Technologies)
and fixed on micromanipulators (Leitz). The Ag-wires (diameter, 150
um; AGT05100, WPI) were connected to the headstage and served as
reference and M17 recording electrode. The headstage output was fed
into a custom-designed connection module (INT-03M, NPI). The head-
stage input module was connected to a custom-made amplifier system
consisting of 16 custom-designed low noise differential amplifier mod-
ules (DPA-2FL, NPI). We differentially amplified 5000X and bandpass
filtered (300—8000 Hz) recordings from all channels to the reference
electrode. The recorded and amplified signals were conveyed to synchro-
nous data acquisition cards (NI 6123, NI 6143, National Instruments)
with a sampling rate of 31,250 Hz and 16-bit resolution for each channel.
We stored data via a self-written data-acquisition software (LabVIEW
v6.8, National Instruments). The software enabled monitoring of each
channel with amplification, offset settings, single-channel magnification
view, and online power-spectrum analysis. Furthermore, it allowed an
electrode-wise, user-defined online cross differentiation of each record-
ing channel. Software-based online cross differentiation enabled focal
recording of the extracellular area between the electrode tips and thus
elimination of noise and interference from muscle potentials or unre-
lated neuronal activity (comparable to the analog differentiation of the
recorded channels from Strube-Bloss et al., 2011; Fig. 1 B). Since record-

ing with two electrode shafts could produce shaft-specific bias, we re-
corded both tracts alternated with one or the other shaft, and observed no
bias of any of the electrode shafts in pretests.

Electroantennogram recordings and analyses. For electroantennogram
(EAG) measurements, we recorded the ipsilateral antenna differentially
at the tip with low-resistance (<<0.5 M()) borosilicate electrodes
(1B100F-3, WPI) pulled with a horizontal filament puller (DMZ Univer-
sal Puller) and filled with 0.5 M KCI solution. A tungsten electrode was
inserted as reference below the scapus of the ipsilateral antenna. We 10X
amplified signals using an intracellular amplifier (Model 1600, A-M Sys-
tems) and fed the signal in the amplifier setup to be further amplified
(100X) and bandpass filtered (0.1-100 Hz). EAG signals were acquired
with the same recording setup as mentioned above. As tracts were re-
corded, activity of the proboscis extension muscle M17 was monitored to
check the reliability of odor delivery and possible influences of muscle
potentials to the tract recordings (100X amplification; 1-100 Hz band-
pass filtered). Recording duration of each stimulation trial was 7 s, with
2 s prestimulus and 2 or 4.5 s poststimulus onset. Data were imported in
Spike2 software (v7.04, Cambridge Electronic Design) for offline spike
sorting and cluster cutting. We measured the onset of odor response in
the ORNs by EAG recordings in five bees, similar to a recent study
(Meyer and Galizia, 2012). EAGs were captured with the complete odor
panel (Table 1), filtered offline with the smooth algorithm in Spike2
(time constant, 32 us) and averaged over six trials. Onset of odor re-
sponse was defined as the time point of the steepest negative slope of the
potential drop.

Postrecording visualization of electrode and tract positions. For visual-
ization of electrode tracks in penetrated brain tissue, electrodes were
dipped in fluorescent dye (Alexa 568 hydrazide; A-10437, Invitrogen)
before the recordings. After successful experiments, brains were rinsed
with fresh bee Ringer’s solution (37 mm NaCl, 2.7 mm KCI, 8 mm
Na,HPO,, 1.4 mm KH,PO,, pH 7.2), glands and trachea were removed,
and crystals of MicroRuby (tetramethylrhodamin dextran, Invitrogen)
were inserted in the recorded AL to trace the m-APT and I-APT (Zube et
al., 2008; Rossler and Zube, 2011). After 30—45 min, brains were dis-
sected and immediately rinsed in 4% formaldehyde in 0.1 M PBS over-
nightat 4°C. Following two rinses in 0.1 M PBS for 10 min, the brains were
washed (3%, 20 min each step) in 0.1 M PBS with 0.2% Triton X-100
(1:250), and incubated thereafter in 0.5% Lucifer yellow in 0.1 m PBS
overnight at 4°C. After washing three times (10 min each) in 0.1 M PBS,
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Spike-sorting of extracellular multielectrode recordings. A, Three-pulse odor stimulation (illustrated as 3 squares, Stim) with honey in water (1:100) at 32—33°C elicit neuronal

responses recorded from the I-APT and m-APT with three wire electrodes in each case, two of them shown as differential (pairwise subtracted) channels as the uppermost or lowermost two traces,
respectively. Odor-elicited responses are shown for the second (left) and ninth trial (right) of a 20-trial recording as mean spike frequency for each tract (MF respectively for each tract; time constant,
301 ms). B, High magnification of spike shapes of four sorted units color coded below one of the data channels. Thresholds for template-matched spike sorting are llustrated as dotted lines: mean =
3-fold SD of recordings during spontaneous activity (template-matched spike-sorting; window width, 1-1.4 ms). C, The sorted units depicted as overlay show differing spike shapes that cluster
distinctly after principal component analysis (shown in D). D, The clustered units are surrounded by 3.5 times the Mahalanobis distance (a multidimensional version of SD) and demonstrate almost
no overlay. E, Interspike interval histogram for each sorted unit reveals different spike time regimes.

brains were dehydrated in an ascending alcohol series (30%, 50%, 70%,
90%, 95%, and 3X 100% ethanol) and finally transferred in methylsali-
cylate (Sigma-Aldrich). We viewed brains as whole-mount preparations
with a confocal laser scanning microscope (TCS SP2 AOBS, Leica). For
image acquisition, an Harmonic Compound Plan Apochromat (10 X 0.4
NA immersion) objective was used, and optical sections were taken every
2-5 pum. Finally, we 3D-reconstructed brain neuropils and electrodes
(Amira 5.2.0, Mercury Computer Systems; Fig. 1C).

Offline spike sorting. Multielectrode recordings allow simultaneous ac-
quisition of multiple neurons at high temporal resolution (Gray et al.,
1995). The method benefits from recording neuronal activity with more
than one electrode to improve spike sorting (Lewicki, 1998; Gold et al.,
2006). Spike sorting is often subject to potential misclassification (Harris
etal.,2000; Joshua et al., 2007; Quiroga, 2012). Therefore, we took special
care in this task. For spike sorting, we used a well established commercial
software (Spike 2, v7.4, Cambridge Electronic Design) that has been used
successfully in several other studies (Brierley et al., 2003; Hoare et al.,
2008; Strube-Bloss et al., 2011, 2012; Payton et al., 2012). We prepro-
cessed each channel using the implemented “smooth” algorithm, which
finite impulse response filters the input with a time constant of 80 us
(comparable to a low-pass filter of 6250 Hz) and “DC-remove” with a
time constant of 3.2 ms leading to offset adjustment (comparable to a
high-pass filter of 312.5 Hz). For spike sorting, we used either two or
three recorded channels. If neuronal signals on all three recorded chan-
nels demonstrated adequate signals with good signal-to-noise ratios
(SNRs), we copied one channel and all conjoined channels were analyzed
as a tetrode. If only two channels with good SNRs were available, we
analyzed these as stereotrodes. For semiautomated template-matched
spike sorting, we set the amplitude threshold to =3 SDs of the mean
signal amplitude of the recording over at least 1 min spontaneous neu-
ronal activity recorded previous to the test trials (Fig. 2 B). For semiau-
tomated template formation, we set the time window to —0.4 ms before
and 1 ms after either positive or negative peak amplitude. After template
formation, we clustered and sorted units by applying the Spike2 built-in
clustering dialogues. First principal component analyses with compo-

nents based on waveforms separated the units (Fig. 2C). Additional fea-
tures extracted, such as slope of spikes, amplitude, and peak area, helped
to further classify the data. After cluster analysis, we analyzed interval
histograms of each single unit and compared them (Fig. 2C,D) to prevent
hum interferences or false-positive sorting. Successful dual-tract record-
ings are characterized by good SNRs and acceptable spike sorting (Fig. 2).

We excluded units that did not respond to any of the tested odors or
that showed technically induced (e.g., influence from power supply, ar-
tifacts coming from solenoid valves) response characteristics (45 1-APT
and 29 m-APT units). In the following, we use the term PN for classified
unit activity. We are well aware that units may not necessarily equate to a
single neuron in all cases.

Data analyses. As a first quality control, we performed analyses of
single PNs with Spike2 (v7.4, Cambridge Electronic Design). We auto-
mated final analyses of the complete population in Matlab (v2009b, The
MathWorks), including different functions from the FIND toolbox Ver-
sion 1.1 (Meier et al., 2008).

Identification of odor-response profiles in PNs. Each PN was classified in
a fully automated fashion as being responsive or nonresponsive to each
test odor. Briefly, we tested over repeated odor stimulations whether the
mean firing rate was different between prestimulus and peristimulus
intervals. In a pretest, we identified responses from mean trials to a given
odor. If a response was indicated here, the procedure was repeated on
single trial level to verify the odor response. If at least half of all single
trials showed stimulus-correlated modulation, the PN was classified as
responsive to the given stimulus. Trials without any response were ex-
cluded from further analysis.

In detail, we proceeded in the following way:

1. To detect responses from mean trials, we resampled to bins of 1 ms,
averaged, and generated a representative, natural spike train of a
single PN in response to one odor.

2. To estimate the rate function of this representative trial, we convo-
luted with a symmetric smoothing filter (Savitzky and Golay, 1964,
polynomial order 0, 300 ms width).
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3. Baseline firing rate was estimated over an interval of 600 ms before
stimulus onset.

4. Responses were screened within a time window between 0 and 600
ms poststimulus onset.

Neuronal activity was defined as a response if it was different =2 SDs
from baseline over at least 50 ms duration. Positive deviations above
threshold correspond to excitations. Negative deviations correspond to
inhibitions. If a response was indicated in the averaged trial, we repeated
the same procedure, but this time on the basis of genuine single-trial
spike trains. During experiments, we experienced some PNs that re-
sponded to a single odor in some, but not all, trials. To take all response
characteristics of PNs into account, we determined a response threshold
as follows: if a response occurred in at least half of all single trials, we
accepted the odor as a potent stimulus for this PN. For all odors tested,
average responses to 14.1 = 2.5 trials of the -APT and 13.5 * 3.1 trials of
the m-APT out of 20 stimulus repetitions were beyond a 50% threshold.
All data were additionally calculated with 25 and 75% threshold criteria,
which did not qualitatively change the results regarding latency, lifetime
sparseness (LS), and recruitment rates.

Estimation of latencies and rate functions. Analyses of latencies and rates
were restricted to PNs that were excited by odor stimulation. Latency and
rate changes evoked by different stimuli may be described on different levels:

1. On the level of a single PN responding to a given stimulus (PN
latency/rate) in repeated trials

2. On the level of an odor to which a group of neurons each responds
with their individual latency (odor latency/rate)

3. On the level of each tract where different odors elicited activity in a
population of PNs (tract latency/rate)

We estimated rates and latencies throughout each level with the same
method based on the derivative of the trial-aligned firing rate (Meier et al.,
2008). This method has been repeatedly used in related studies (Krofczik et
al., 2008; Meyer and Galizia, 2012). It processes data in three successive steps:

1. Itestimates the derivative of input spike trains by convolution with
an asymmetric Savitzky—Golay filter (polynomial order 1, width
300 ms; Welch windowed).

2. Tt aligns spike trains by maximizing the average pairwise cross cor-
relation (Nawrot et al., 2003). The estimated time-shifts corre-
spond to each trial’s relative latency. Their SD o gives a measure for
the across-trial latency variability.

3. It estimates the absolute latency of the input data by merging
aligned spike trains and again convolving with the same asymmet-
ric Savitzky—Golay filter. We defined latency as that point in time
where the slope of the firing rate was steepest, which is the first
derivative’s maximum. To estimate the average rate function of the
input data, the merged spike train is normalized by the number of
contributing trials and convolved by a symmetric smoothing filter
(see Response detection).

For a simplified description of rate changes, we calculated three de-
scriptive values: baseline firing rate, maximum rate increase, and average
evoked rate, being the averaged spike rate during the stimulation period.
Baseline firing rate was defined as the mean rate within 500 ms before
stimulus onset. Maximum rate is the peak rate from which baseline is
subtracted. Finally, evoked rate was defined as the mean rate within a
response window from 0 to 600 ms poststimulus onset from which base-
line was subtracted.

We applied this method sequentially to each of the levels defined above.

On the PN level, single-trial spike trains of a given PN responding to a
single odor were aligned and merged. Based on the merged spike train, we
estimated the PN's rate function and its (absolute) latency. These mea-
sures describe a PN's response to one single type of stimulus. The SD
across time shifts as produced by the alignment procedure describes the
variation between single trials, which is the relative PN latency.

On the odor level, we aligned averaged spike trains from different PNs
assessed at the PN level analysis. By aligning and merging these average trials
from PN that responded to a given odor, we could estimate an odor-specific
rate function and absolute latency. Here, the SD across time shifts, measured
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in the alignment procedure, describes the variation between single PNs re-
sponsive to the same odor, which is relative odor latency.

On the tract level, latency and rate illustrate the representative activity
across different odors elicited in a population of PNs belonging to the
same tract. To estimate tract rate and absolute latency, we aligned and
merged the averaged odor spike trains assessed in the odor-level analysis.
Thus, time shifts derived from the alignment procedure correspond to
differences between odor stimulations within a PN population in one
tract. Their SD is a measure for the relative tract latency.

Tuning measures. Tuning measurements were performed according to
recent publications (Krofczik et al., 2008; Strube-Bloss et al., 2011;
Nawrot, 2012). For each single unit, we computed the lifetime sparseness

(LS) as follows:
S o7

where N = 12 denotes the number of tested odors and r;is the PN's
response rate to stimulus j computed as the trial-averaged mean firing
rate within the response interval (100 ms, 600 ms) after stimulus
onset, minus the trial-averaged mean baseline rate within the 500 ms
interval before stimulus onset. Sparsely responding PNs show clear
responses only for a small subset of all stimuli, while the majority of
the stimuli evoke no or only very weak responses (Vinje and Gallant,
2000; Willmore and Tolhurst, 2001). LS has been repeatedly used to
quantify the response sparseness of neurons in the insect olfactory
pathway (Perez-Orive et al., 2002; Wilson et al., 2004; Strube-Bloss et
al., 2011).

To evaluate tuning strength of single PNs according to their latency, we
computed the signal-to-noise ratio (SNR) (Mehring et al., 2003) as follows:
SNR = af,-g”,,,/afme on the level of evaluated latencies (see above). of,-g,m,
denotes the variance of the trial-averaged latency deviation, calculated across
each of the individual stimuli. 6%, denotes the variance across all single trial
latencies, after subtraction of the stimulus-specific latency and thus quanti-
fies the trial-by-trial variability of the PN's response latency. This constitutes
the noise. We then computed the SNR,,,, .., by dividing Olignat! Tgise- FOT
further details see Strube-Bloss et al. (2011).

Statistical analyses. Data underwent statistical analyses (Statistica v10,
StatSoft) first by testing for normal distribution. In case of normal dis-
tribution we used parametric t test to compare two independent groups
(I-APT and m-APT PN responses). In cases where data were not nor-
mally distributed, nonparametric tests were used (Wilcoxon rank-sum
tests). For comparison of PNs within the same tract, response changes to
different odors were again tested for normal distribution. In case of normal
distribution, single-factor ANOVA was used and nonparametric Wilcoxon
ANOVA for not normally distributed data. For comparison of binary values
across tracts, x> test was used. In cases of comparison of several independent
binary values (recruitment rates to different odors within tracts) a nonpara-
metric ANOVA based on binary data was used (Cochran’s Q test). For cor-
relations we used the Kendall rank correlation coefficient.

Results

We obtained simultaneous multiunit recordings from the m-APT
andI-APT ina total of 14 bees and acquired a large dataset of PNs (63
m-APT PNs, 59 I-APT PNs, 260 odor trials per PN) in response to
floral and pheromonal odor stimulations with 20 trials per stimulus.
Recordings from four bees (9 m-APT PNs, 9 I-APT PNs, 70 odor
trials per PN) were analyzed for their responses to social odors over
10 trials. The first group of odors and the associated responses were
selected to facilitate comparison with results from earlier intracellu-
lar recordings (Sun et al., 1993; Abel et al., 2001; Miiller et al., 2002;
Krofczik et al., 2008) and calcium-imaging studies (Joerges et al.,
1997; Sachse et al., 1999; Sandoz et al., 2003; Guerrieri et al., 2005;
Szyszka et al., 2008; Deisig et al., 2010; Galizia et al., 2012). The
second group of odors originates from the bees’ hive environment.
These biologically relevant odors were chosen to analyze whether a
wide range of odor categories are represented along both tracts or
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Odor-response profiles indicate higher odor-specificity for m-APT PNs compared with I-APT PNs. 4, Raster plots of two simultaneously recorded PNs from the I-APT and m-APT of one

bee stimulated with 12 different odors indicating higher odor-specificity in the m-APT PN compared with the I-APT PN, which responds to more odors. The first 5 of 20 trials are depicted together
with odor name and its respective odor identification (ID) number. Stimulus duration of 500 ms is indicated as gray box. B, Odor-response profiles of four representative PNs from the |-APT (green)
and m-APT (purple). The upper first row illustrates the response profiles of the I-APT and m-APT PN from the raster in A (bee #14). The second row depicts the response profile of I-APT and m-APT
PNs simultaneously recorded in another bee (#8). Normalized evoked response strength is given as normalized spike rates during stimulus duration (500 ms) above background in response to 12
different odors (filled bars) and one control (empty bar). Single PN lifetime sparseness (LS) is shown ininsets together with PN identity. Above-threshold firing-response levels are indicated by white
dots for I-APT and black dots for m-APT. Odor ID numbers are indicated and correspond to the odors shown in 4. €, LS data collected from all recorded PNs from the |-APT (green) and m-APT (purple)
illustrated as box plot (left) and histogram (right). LS data of all PNs indicate that the m-APT PNs have significantly higher odor-specificity compared with I-APT PNs (I-APT, 0.42 == 0.21; m-APT,
0.60 == 0.24; t test, p << 0.001; box plot settings: line indicates median, box indicates first and third quartiles, whisker indicates 10th and 90th quartiles).

whether APTs are odor-specific with respect to the possible value of
an odor.

Postrecording verification of electrode and tract positions

We tracked the electrode depth using the micromanipulator
positions (m-APT, 177 = 25 um; [-APT, 306 = 19 um). Re-
corded depths were in accordance with the relative location of
the APTs caudal to the AL (Brandt et al., 2005; Kirschner et al.,
2006). Additionally, we established a novel double-labeling
technique to verify the electrodes’ recording positions in rela-
tion to the m-APT and 1-APT after successful dual-tract re-
cordings (Fig. 1B). The fluorescent dye, applied to the
electrodes, penetrated the surrounding tissue, and the APTs
were anterogradely labeled with another dye after successful
recordings. Double staining was confirmed in whole-mount
preparations using confocal image stacks and 3D Amira re-
constructions (n = 9; Fig. 1C).

Odor-response profiles of individual PNs

First, we analyzed odor-response profiles (tuning curves) of individ-
ual APT PNs. Visual inspection of PNs’ activity already indicated
that within one bee, a single 1-APT PN (Fig. 3A, raster plot) is respon-

sive to a wide range of the tested odors, whereas a simultaneously
recorded single m-APT PN was activated by comparatively few
odors (Fig. 3A). We quantified PN response profiles by calculating
the odor-evoked spike rate (average PN spike rate during odor stim-
ulation above background) in response to 12 different floral and
pheromonal odors (Table 1, Fig. 3B). Four representative examples
of single PNs from each tract confirm the finding of the raster plot
that]-APT PNs respond broadly to many odors and m-APT PNs are
activated by fewer odors (Fig. 3B). We computed the LS for each single
PN based on its response profile. This measure is designed to quantify
stimulus specificity of individual neurons (Willmore and Tolhurst,
2001; see Materials and Methods) and enables comparison across dif-
ferent neuronal populations. This analysis, again, supports the idea that
m-APT PNs have a higher odor-specificity compared with I-APT PNs
(Fig. 3C) (I-APT, 0.42 = 0.21; m-APT, 0.60 * 0.24; ¢ test, p << 0.001).
Although individual m-APT PNs have comparably high odor specific-
ity, m-APT PNs on the population level cover the whole odor spectrum,
similar to the population of I-APT PNs (Fig. 3B).

Odor-specific PN recruitment
Odor-specificity of m-APT PNs was significantly higher than that of
I-APT PNs. This suggests that a given odor stimulus may activate
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Figure4.  Odor-response spectra of I-APTand m-APT populations. 4, Global firing pattern of all simultaneously recorded m-APT
and I-APT PNs from 14 bees. All PN responses recorded from the I-APT and m-APT (59 PNs in -APT; 63 PNs in m-APT), which were
stimulated with a 500 ms pulse of 1-octanol (1:100n paraffin oil; stimulus isindicated as gray box). The responses are sorted along
both tracts by the same sequence of bees (numbers on gray boxes to the left) with the first 5 of 20 tested trials illustrated as raster
plots. B, Recruitment rates (percentage of odor-activated PNs per odor) are depicted tract-wise (I-APT, green; m-APT, purple) in
response to 12 odors. Profiles correlate significantly (Kendall’s tau, 0.59; p = 0.007). Mean recruitment rates are indicated as
dashed line. C, Higher odor-specificity in the m-APT is indicated by the proportion of effective odors per APT PN (12 odors tested;
I-APT, green bars, 6.4 = 3.3 odors per PN; m-APT, purple bars, 4.1 = 2.8 odors; t test, p < 0.001).

more I-APT PNs than m-APT PNs. This expectation was confirmed
qualitatively by raster plots from all recorded APT PN of all tested
bees stimulated with one odor (Fig. 4A), which illustrates higher
numbers of activated 1-APT PNs compared with less activated
m-APT PNs. We counted all PNs excited by the tested odors and
found a significantly higher proportion of activated I-APT PNs than
m-APT PNs (I-APT, 51.0 = 7.9%; m-APT, 34.0 + 8.4%; x°, p =
0.0011) (Fig. 4 B, dashed lines). Such proportions of responsive ver-
sus nonresponsive PNs in the population of all PNs are well suited to
maximize the local computation of odors in the AL, as was discussed
previously (Nawrot, 2012). Odors that elicited responses in large
numbers of I-APT PNs also activated larger numbers of m-APT PNs
(Kendall’s tau, 0.59; p = 0.007). In both tracts, 1-octanole and
2-octanone activated the highest number of PNs followed in de-
creasing order by 1-hexanol and 1-pentanol in the I-APT and by
hexanal and 1-hexanol in the m-APT. Interestingly, within both
tracts the odor-dependent recruitment rates were significantly dif-
ferent between odors (Cochran’s Q test; I-APT, p < 0.040; m-APT,
p < 0.007). These analyses match the findings of odor-specific acti-
vation of glomerular activation patterns as observed in calcium-

01 2345678910112
number of effective odors
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imaging studies (Joerges et al., 1997; Sachse
et al, 1999; Galizia and Menzel, 2001;
Szyszka et al., 2005; Fernandez et al., 2009;
Carcaud et al., 2012). On average, a single
m-APT PN is activated by approximately
one-third of the test odors. In contrast, a
single I-APT PN on average responds to ap-
proximately half of the 12 test odors (I-APT,
6.4 £ 3.3; m-APT, 4.1 = 2.8; t test, p <
0.001; Table 2, Fig. 4C).

Comparison with previous studies

By counting the number of odors that ac-
tivate PNs, our study conclusively con-
firms findings of previous studies, namely
the higher odor-specificity of m-APT PNs
compared with the odor-generalization
properties in I-APT PNs. Previous studies
are based on low numbers of sequentially,
intracellularly recorded neurons. In the
study of Miiller et al. (2002), only 35% of
m-APT PNs responded to 5-8 different
odors used (13 of 37 m-APT PNs),
whereas approximately 73% of 1-APT PN
responded (11 of 151-APT PNs). In con-
trast, a more recent study of 23 m-APT
PNs and 7 I-APT PNs stimulated with on
average three different odors found simi-
lar activation rates in both the I-APT PNs
(56% activated) and the m-APT PNs
(65% activated; Krofczik et al., 2008).

Response latencies in individual PNs

It has been suggested recently that odors
may be encoded by response latencies (in
vertebrates: Junek etal., 2010; Smear et al.,
2011; in insects: Miiller et al., 2002;
Krofczik et al., 2008; Kuebler et al., 2011).
We address the question of whether la-
tency may indicate odor identity. Previ-
ous findings in the honeybee indicate that
single APT PNs vary in response latencies
(Miiller et al., 2002; Krofczik et al., 2008).
We measured odor-response onsets in antennal ORNs by EAG
recordings and found on average 99 ms delay between stimulus
onset in the olfactometer (valve-switching) and onset of EAG
responses. This setup-specific odor transmission delay was sub-
tracted from all latency measurements in PN recordings. To ex-
clude the possibility that vapor pressure or water solubility affects
odor-response latencies, we correlated these parameters with the
response onset of EAGs. No correlation was found for either
vapor pressure (r> = 0.095, p = 0.308) or water solubility (r* =
0.085, p = 0.358) for the odors used. Within single APT PNs, we
found different response latencies across different odor stimula-
tions. Across different APT PNs within one tract, we also found
different response latencies in response to the same odor (Fig. 5A).
To be areliable source of information, response latencies to different
odors would need to exceed intertrial latency variations to the same
odors. To quantify the reliability of a latency code, we calculated the
latency-based SNR, with the additional requirement that SNR sur-
pass unity (Fig. 5B, SNR). We found SNRs exceeding unity in
one-fourth of the I-APT PNs (12 of 48 PNs) and in approximately
one-third of all m-APT PNs (14 of 38 PNs; Fig. 5B). On average, the
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Table 2. Response latencies of single APT PNs

Brill et al. ® Parallel Olfactory Processing in Honeybees

I-APT m-APT

Bee group Odor n Latency (ms) SD (ms) n Latency (ms) SD (ms) m—|

1 Al 357 169.7 76.0 254 183.8 78.6 14.1
1 Isoamylacetate 25 157.1 59.4 17 133.2 66.8 —239
1 Citral 27 2126 1245 16 191.9 109.3 —207
1 Orange oil 28 153.0 59.6 18 1414 56.5 —11.6
1 Clove oil 30 201.2 89.5 21 194.3 75.0 —6.9
1 1-Pentanol 31 167.3 95.0 21 174.4 583 7.1
1 2-Heptanone 30 164.9 66.2 20 173.6 79.1 8.7
1 (+) Limonene 20 1929 60.4 13 205.2 107.2 123
1 Geranylicacid 26 191.7 66.7 21 2114 82.2 19.7
1 1-Hexanol 35 1522 62.5 23 183.9 78.0 317
1 Hexanal 31 163.7 39.6 26 195.5 84.7 318
1 1-Octanol 37 143.4 55.7 31 184.4 53.6 41.0
1 2-Octanone 37 160.1 70.0 27 201.5 80.9 414
2 Al 19 164.5 49.4 27 186.3 63.8 21.8
2 Bees 4 164.8 313 5 152.2 48.6 —19.1
2 Honey 5 175.6 63.0 7 188.1 533 12.5
2 Wax mix 4 162.0 49.2 6 192.0 89.3 30.0
2 Wax clean 2 149.0 420 6 189.2 56.4 40.2
2 Brood comb 4 164.5 60.0 3 210.0 7.5 455

The response latencies of APT PNs are shown partitioned into tested bee groups. Response latencies with SD are plotted odor-wise for the number of responding PNs (n) and the latency differences of m-APT versus I-APT (m — I).
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Figure5. Response latencies of single PNs differ for different odors, PNs, and tracts and support a latency code along the I-APT and m-APT. 4, Response latency of five representative APT PNs from

either the I-APT or m-APT are shown for different odors (PNs correspond to those shown in Fig. 38 plus an additional one). The first two PNs of the I-APT and m-APT pair are from the same bee (#14,
#8). Note that individual PNs did not respond to all odors. B, Distribution of the SNR indicating the variation of latencies between odors relative to the variation across trials of identical stimuli. , Box
plots and histogram of tract-wise odor-dependent latencies show that I-APT PNs respond faster compared with m-APT PNs (I-APT, 169.7 = 76.0 ms; m-APT, 183.8 == 78.6 ms; t test, **p << 0.01;

in B and C, box line, median; bo, first to third quartiles; whisker, ==1.5X box = box; outliers above whisker).

SNRs across the entire I-APT and m-APT PN populations neither
differ between tracts (Wilcoxon rank-sum test, p = 0.28) nor do they
exceed unity.

On the individual PN level, we asked whether the response
latencies are odor-specific and found 8 out of 12 tested odors
eliciting faster responses in 1-APT PNs, whereas two phero-
monal odors, TAA and 2-heptanone, and two natural odor
bouquets elicited faster responses in the m-APT than in the
1-APT (Table 2). Across all individual APT PN response laten-
cies (Fig. 5C), we found a general latency difference between
tracts: on average, I-APT PNs respond approximately 14 ms
earlier compared with m-APT PNs (I-APT, 169.7 * 76.0 ms;
m-APT, 183.8 = 78.6 ms; t test, p < 0.01; Table 2).

Population responses of I-APT and m-APT PNs
To address coding at the PN population level as has been done
in calcium-imaging studies (e.g., Sachse and Galizia, 2002), we

calculated rate functions: averaged firing rate profiles over
time. Instead of looking at individual rate functions based on
odor-evoked trial-averaged and aligned single PN responses as
shown above, we averaged and aligned all odor-evoked PN
responses and condensed them in odor-dependent rate func-
tions (Figs. 6, 7) (method after Krofczik et al., 2008; Strube-
Bloss etal., 2011; Meyer and Galizia, 2012; Nawrot, 2012). The
alignment process revealed precisely time-matched rate func-
tions, which benefits population latency measurements.

Population rate codes

For each test odor, we averaged all odor responses separately for
both tracts (Fig. 6). This analysis revealed phasic-tonic response
characteristics in both the 1-APT and m-APT PNs with mostly
strong phasic responses to the odor onset and subsequent weak
tonic firing patterns over the time of odor stimulation. Our re-
sults indicate that the I-APT tends to have slightly higher back-
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Figure 6. PN population response characteristic of the m-APT and I-APT. A, Raster plots illustrate spike patterns of I-APT and m-APT PNs stimulated with a 500 ms odor pulse (gray box;

2-octanone; 1:100). The responses are aligned to their average peak-response for latency measurements and sorted in the same sequence for the different bees (numbers on the left side). The
responses are averaged and shown tract-wise as spike-rate response profile (I-APT, green; m-APT, magenta). Response latency was adjusted to the ORN response determined by the odor onset in
EAG measurements (lowest trace; EAG with SD is shown) averaged over six trials. The population response latency is indicated by vertical lines. The respective latency deviation is shown as
light-colored boxes (I-APT, green; m-APT, magenta). Raster shows only the first 5 of 20 odor-stimulation trials. B, Population response profilesillustrated as rate functions over time calculated from
the PNs (responses to 2-octanone shown in A) in response to 11 different odorants (Table 1). The respective latency deviations are shown as light-colored boxes. In most cases, response latency
deviationsin population responses are largely overlapping, supporting potential coincidence activation of postsynaptic neurons. €, Population response profiles of all I-APT and m-APT PNs averaged
over all tested odors (Table 1), illustrated as rate functions over time. Over all tested odors, the I-APT responded faster and comparably stronger than the m-APT.

ground activity [median, first and third quartile: I-APT, 7.5 Hz
(2.8-20.4 Hz); m-APT, 6.4 Hz (1.8-16.2 Hz); Wilcoxon rank-
sum test; Fig. 4 A], which is comparable to previous intracellular
recordings of PNs (12 Hz, Sun et al., 1993; 11 Hz in m-APT and
3.5 Hz in 1-APT, Miiller et al., 2002; 7-12 Hz in both tracts,
Krofczik et al., 2008; with slightly higher rates in I-APT PNs, M.
Nawrot, personal communication). Odor-evoked peak rate
across all responsive I-APT PNs was on average 24.6 Hz, approx-
imately one-third higher compared with the responsive m-APT
PNs with 16.2 Hz [median: 1-APT, 16.4 Hz (3.5-107.9 Hz);
m-APT, 13.7 Hz (2.2-62.4 Hz); Wilcoxon rank-sum test, p <
0.001].

We plotted the rate functions of 1-APT and m-APT PN in
response to 12 different odors (Fig. 6 A, B). The rate functions in
response to different odors show surprisingly high similarities
across both tracts with some odors resulting in longer transient
from phasic to tonic than others (e.g., Fig. 6B, IAA). In some
cases, we found off responses (citral), an observation that
matches data from previous intracellular recordings remarkably
well (compare Abel et al., 2001, Fig. 3; or Miiller et al., 2002, Fig.
5). For the vast majority of odor responses, 1-APT PNs were ac-
tivated stronger compared with m-APT PNs. However, one-third
of all tested odors elicited similar action potential (AP) rates in

both tracts, indicating that the recorded differences are not due to
a generally lower responsiveness of m-APT PNs. To further ask
whether odor-evoked AP rates are different between different
odors tested, we normalized the responses. This revealed that
1-APT as well as m-APT PNs encode odors by AP rates (Kruskal—
Wallis ANOVA: I-APT, p < 0.001; m-APT, p < 0.01).

Population response latencies

Because some APT PNs showed odor-dependent differences in
response latencies (Fig. 5A, B), we analyzed response latencies at
the population level (Fig. 6). To reduce interindividual latency
variations, we used an alignment algorithm of odor response in
time (Nawrot et al., 2003) (see Materials and Methods). Compar-
ison of the population response latencies with those of individual
APT PNs (previous section) confirmed that I-APT PNs re-
sponded on average ~13 ms faster than m-APT PN, although
for each tested odor we found overlapping latency deviations
(I-APT, 164.7 = 61.9 ms; m-APT, 177.6 = 71.5 ms; ¢t test, p <
0.05). The alcohols 1-pentanol and 1-octanol elicited the fastest
population responses in the 1-APT, whereas the pheromonal
odors TAA and citral elicited the fastest population responses in
the m-APT (Fig. 6). At the level of population responses, some
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Figure7.

APT PN responses to biologically relevant odor mixtures. A, As an example, raster plots illustrate spike patterns of beyond-threshold responses in APT PNs (I-APT, upper plot; m-APT,

lower plot) from four bees (500 ms stimulus duration, gray bars; wax mix at 32—33°C; see Materials and Methods for details). Responses are aligned to the average peak-response and sorted for the
different bees (gray boxes to the left; only the first 5 of 10 trials are shown). Bottom plot, Averaged spike frequency profiles of I-APT and m-APT PNs (I-APT, green; m-APT, purple) illustrate population
response to the beeswax mixture. Population response latencies are calculated via the n-shift algorithm and indicated as latency deviation in light-colored boxes (I-APT, green; m-APT, purple). B,
Population response profiles llustrated as rate functions over time (calculated as in A) to four natural odor mixtures (clean beeswax, freshly killed bees, brood combs, honey solved in water, and two
controls: air and water) heated to 33°C to meet natural hive conditions. Strong phasic population responses in both APTs with almost similar odor onsets are visible. Notice only three bees were

recorded in response to freshly killed bees.

odors generate consistent latency differences if PNs of both tracts
are considered (ANOVA, p < 0.05).

Responses to biologically relevant odor mixtures

To explore whether one of the two tracts preferentially transfers
information about social odors, we used natural odor mixtures
with high biological relevance: a mixture of old beeswax, cleaned
beeswax, abandoned brood combs, honey solved in water, and
freshly killed bees (Table 1). The results clearly show that infor-
mation about all natural odor mixtures is transferred in parallel
along both PN tracts (Fig. 7). Population responses of I-APT and
m-APT PNs (n = 4 bees; 1-APT, 9 PNs; m-APT, 9 PNs; except for
freshly killed bees, n = 3 bees; 1-APT, 6 PNs; m-APT, 7 PNs)
reached comparable AP rates in both tracts (Fig. 7 A, B). The odor
mixtures evoked similar rate functions in PNs of both tracts (Fig.
7B). The high AP rate in response to the natural odor mixtures
probably is due to a higher vapor pressure of the tested odors
(Carcaud et al., 2012). The insignificant difference in AP rate
between tracts might be due to the small sample size (median:
1-APT, 23.8 Hz (4.8—76.2 Hz); m-APT, 24.4 Hz (13.9-42.7 Hz);
Wilcoxon rank-sum test, p = 0.86).

The highest AP rates in both tracts were elicited in response to
freshly killed bees [median: 1-APT, 22.2 Hz (7.9-65.4 Hz);
m-APT, 24.4 Hz (14.0-24.4 Hz)] suggesting a high sensitivity or
high concentration of the related odors (Seeley, 1982; Robinson
etal., 1999; Spivak et al., 2003). To compare latency differences of
single APT PN in response to hive odors, we measured 1-APT
PNs activated 21.8 ms earlier compared with m-APT PNs.
However, probably due to the low number of recordings, this

difference was not significant (Table 2, Wilcoxon rank-sum
test, p > 0.1).

Discussion

We recorded, for the first time simultaneously, odor-induced
activity from PN of two separate output pathways (1-APT and
m-APT) of the primary olfactory centers in the honeybee,
taking advantage of the distinct anatomy in the honeybee’s
olfactory pathway (Kirschner et al., 2006). The most impor-
tant findings are that information about all tested odors (in-
cluding natural mixtures) is transferred along both tracts, and
that comparison of single PN response profiles and population
responses revealed systematic differences in representations of
individual odors and odor mixtures across both tracts. We conclude
that this differential processing of same odors along two olfactory
pathways matches the criteria of parallel processing, comparable to
other sensory systems (auditory: Yu and Young, 2000; Rauschecker
and Scott, 2009; visual: Livingstone and Hubel, 1988; Strausfeld et
al., 2006; Paulk et al., 2008; Nassi and Callaway, 2009; somatosen-
sory: Ahissar et al., 2000; electrosensory: Metzner and Juranek,
1997). In the visual system, for example, the magnocellular and par-
vocellular pathways from the lateral geniculate nucleus mediate dif-
ferent elemental properties of the same visual scene, such as color
and spatiotemporal patterns (Livingstone and Hubel, 1988). In ro-
dents, parallel odor processing was recently found in mitral and
tufted cells targeting the olfactory tubercle and piriform cortex and
showing similar odor-response magnitudes and profiles but differ-
ent SNRs (Payton et al., 2012).
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Segregated versus parallel coding of olfactory information
The honeybee dual olfactory pathway is anatomically sepa-
rated in PNs that innervate the MBs and LH in reverse order
(Mobbs, 1982; Abel et al., 2001; Kirschner et al., 2006; Zube et
al., 2008; Rossler and Zube, 2011). This pattern provoked dif-
ferent hypotheses about the pathway’s functional significance:
“dual segregated” (different odors in different tracts) or “dual
parallel” (similar input, differential feature extraction)
(Galizia and Rossler, 2010). Two recent calcium-imaging
studies indicate that sensory input to 1-APT and m-APT glom-
eruli is remarkably redundant (Carcaud et al., 2012; Galizia et
al., 2012) with only slight coding preferences for chain length
and functional group or variations in response strengths be-
tween the two subsystems. Representation of colony odors in
the ant AL (Brandstaetter and Kleineidam, 2011) suggests that
the two subsystems either receive similar sensory input or that
sensory input is locally distributed across both hemilobes. Our
study strongly supports the idea that PNs of both APTs receive
largely similar input, although we cannot exclude the possibil-
ity that certain odors may be transferred only via one APT,
especially considering the large odor space bees are confronted
with (Guerrieri et al., 2005; Haddad et al., 2008, 2010; Chen et
al., 2011). Future experiments will have to expand analyses
within the behaviorally relevant odor space.

Odor specificity range

The LS, the recruitment rate of PNs per odor, and the average
number of odors activating PNs indicate higher odor-specificity
in m-APT PNs than in I-APT PNs. This large dataset resolves
differing results from previous studies (Miiller et al., 2002;
Krofczik et al., 2008) with intracellular recordings of low num-
bers of neurons and odors tested. In contrast to our finding, a
sequential imaging study of PN boutons in the MB calyx
(Yamagata et al., 2009) found higher odor-specificity in 1-APT
boutons compared with m-APT boutons. This may indicate that
calcium activity in PN boutons may be influenced by MB micro-
circuits, in particular inhibitory feedback and neuromodulation
(Griinewald, 1999a, 1999b; Ganeshina and Menzel, 2001;
Yasuyama et al., 2002; Okada et al., 2007; Rybak and Menzel,
2010; Sandoz, 2011), possibly related to learning and memory
(Stopfer et al., 1997; Heisenberg, 2003; Gerber and Stocker, 2007;
Okada et al., 2007; Haehnel and Menzel, 2010, 2012; Gauthier
and Griinewald, 2012).

Both physiological and modeling studies suggest that lateral
inhibition and gain control mechanisms in the AL are mediated
by different types of local interneurons (Martin et al., 2011;
Wilson, 2011; Assisi et al., 2012). A recent modeling study indi-
cates that this allows variable tuning of odor specificity and con-
centration dependence in honeybee PNs (Schmuker et al., 2011).
Transferred to our results, the m-APT would undergo stronger
lateral inhibition and gain control mechanisms compared with
the more broadly tuned I-APT.

Response latency differences across tracts

In rodents, latency differences exist between parallel OB output
streams [mitral (M) and tufted (T) cells] (Fukunaga et al., 2012;
Igarashi et al., 2012). Higher-order olfactory parallel processing
was also suggested to remain separated in humans (Frasnelli et
al., 2012). Anatomically, M/T cells in rodents target different
areas in the olfactory cortex, whereas both I-APT and m-APT PNs
in honeybees target the MB calyces and LH. However, innerva-
tion within the MB and LH shows segregated and overlapping
zones (Kirschner et al., 2006; Zube et al., 2008). Previous intra-

J. Neurosci., February 6, 2013 - 33(6):2443—-2456 « 2453

cellular recordings revealed latency differences between PNs of
both tracts (Miiller et al., 2002). Our dataset shows a significant
overall latency difference between both APTs. Is this latency dif-
ference relevant for odor coding? We hypothesize that the
broadly tuned I-APT delivers fast and global information
about the timing of an odor, whereas the m-APT provides
more specific information about odor identity. In analogy to
“what” channels (object vision) and “where” channels (spatial
vision) in the inferior temporal and the posterior parietal cor-
tex (Mishkin et al., 1983; Merigan and Maunsell, 1993; Milner
and Goodale, 2008), the m-APT and I-APT system may pro-
vide “what” and “when” olfactory information.

Odor-specific response latencies

Temporal coding is discussed controversially for the vertebrate
olfactory system (Bathellier et al., 2008; Junek et al., 2010; Smear
et al., 2011). Spors et al. (2006) found odor-specific response
latencies already at the level of OB input. In insects, temporal
odor representations, such as oscillations or synchrony in PN
activity, were shown in locusts and moths (Laurent, 1996; Stopfer
et al., 1997; Christensen et al., 1998; Ito et al., 2009; Kazama and
Wilson, 2009; Lei et al., 2009; Riffell et al., 2009; Raman et al.,
2010; Assisi et al., 2011). Quantitative and qualitative analysis of
single PN activity suggests that response latencies may be odor-
specific (Krofczik et al., 2008, Miiller et al., 2002; also, Perez-
Orive et al., 2002, Fig. 1; and Wilson et al., 2004, Figs. 1, 2). The
same odor stimulus can evoke neuron-specific response latencies
in a PN population, suggesting that latencies are potentially used
for coding odor identity (Wilson et al., 2004, Fig. 2; Namiki and
Kanzaki, 2008, Fig. 2). This was proposed for olfactory processing
in bees (Miiller et al., 2002; Krofczik et al., 2008) and moths
(Belmabrouketal., 2011; Kuebler etal.,2011) and is supported by
our study. It remains to be shown whether the brain actually uses
this parameter for odor recognition. In rodents, initial evidence
was found to link odor-response latency differences to behavior
(Smear et al., 2011).

Are odor-specific temporal differences in both PN streams in
the honeybee used to extract odor identity in higher centers?
Kenyon cells (KCs) require convergent and synchronous (coin-
cident) synaptic input to be excited (Perez-Orive et al., 2002,
2004; Demmer and Kloppenburg, 2009). Sparse coding was
shown in the honeybee (Szyszka et al., 2005), locust (Perez-Orive
etal., 2002; Brown et al., 2005; Broome et al., 2006; Jortner et al.,
2007), moth (Ito et al., 2008), and fruit fly (Turner et al., 2008;
Honegger et al., 2011) and was suggested to promote accurate
information storage (Olshausen and Field, 2004). Physiological
recordings and modeling studies in the locust suggest that tem-
poral divergence in PNs is mainly based on local AL processing
(Stopfer et al., 2003; Assisi et al., 2011; Assisi and Bazhenov,
2012). In the honeybee, KCs may receive input from multiple
PNs. A Golgi study (Strausfeld, 2002) shows that spiny class I KCs
and class II KCs have dendritic arbors that span across both
m-APT and I-APT PN target regions (Kirschner et al., 2006). We
found latency variances within and across tracts with sufficient
temporal overlap for coincidence (Figs. 6, 7). Consequently,
odor-specific combinations of temporal PN input patterns from
both tracts may be transferred in a coincidence pattern of KC exci-
tation. The enormous divergence from PN boutons to KCs provides
large computational capacity (Witthoft, 1967; Schiirmann, 1974;
Mobbs, 1982; Strausfeld, 2002; Groh et al., 2012).

Therole of the LH is much less understood in the honeybee. In
the locust, Gupta and Stopfer (2012) recently categorized 10
types of LH neurons. In contrast to sparse coding and learning-
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dependent plasticity in KCs (Perez-Orive et al., 2002; Cassenaer
and Laurent, 2007, 2012), most LH neurons were multimodal
with broad odor-response profiles. In honeybees, broad-
responding I-APT PNs contact the LH first, which fits into this
picture. Future analyses of PN spike synchrony within and across
tracts together with simultaneous recordings in MB and LH tar-
get neurons are needed to further understand the nature and
significance of temporal olfactory coding.

The combined anatomical and functional properties of the
honeybee dual olfactory pathway suggest that both rate and tem-
poral coding are implemented along two parallel streams. This
may represent an adaptation to serve the multitude of olfactory
demands associated with the importance of a complex olfactory
world for a social insect.
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