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Mind the Gap: Olfactory Trace Conditioning in Honeybees
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AnaF. Silbering, and C. Giovanni Galizia
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Trace conditioning is a form of classical conditioning, where a neutral stimulus (conditioned stimulus, CS) is associated with a following
appetitive or aversive stimulus (unconditioned stimulus, US). Unlike classical delay conditioning, in trace conditioning there is a
stimulus-free gap between CS and US, and thus a poststimulus neural representation (trace) of the CS is required to bridge the gap until
its association with the US. The properties of such stimulus traces are not well understood, nor are their underlying physiological
mechanisms. Using behavioral and physiological approaches, we studied appetitive olfactory trace conditioning in honeybees. We found
that single-odor presentation created a trace containing information about odor identity. This trace conveyed odor information about the
initial stimulus and was robust against interference by other odors. Memory acquisition decreased with increasing CS-US gap length. The
maximum learnable CS-US gap length could be extended by previous trace-conditioning experience. Furthermore, acquisition improved
when an additional odor was presented during the CS-US gap. Using calcium imaging, we tested whether projection neurons in the
primary olfactory brain area, the antennal lobe, contain a CS trace. We found odor-specific persistent responses after stimulus offset.
These post-odor responses, however, did not encode the CS trace, and perceived odor quality could be predicted by the initial but not by
the post-odor response. Our data suggest that olfactory trace conditioning is a less reflexive form of learning than classical delay

conditioning, indicating that odor traces might involve higher-level cognitive processes.

Introduction

Animals can react to sensory stimuli either instantaneously or
with a certain delay. Thus, sensory systems must keep a neural
representation of a stimulus after its termination (i.e., a stimulus
trace). Such stimulus traces can be revealed behaviorally by trace
conditioning (Pavlov, 1927). In trace conditioning, a neutral
conditioned stimulus (CS) is associated with a following mean-
ingful, unconditioned stimulus (US). Unlike standard Pavlovian
conditioning in which CS and US overlap, in trace conditioning
the US occurs during a stimulus-free gap after the CS has termi-
nated. This slight difference in temporal CS-US relation is
thought to make trace and delay conditioning two fundamentally
different phenomena. They differ with regard to the involved
brain areas, as trace, but not delay, conditioning depends on the
hippocampus (Solomon et al., 1986; Cheng et al., 2008). More-
over, trace, but not delay, conditioning is thought to represent
higher-level cognitive processes, as it induces a form of declara-
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tive memory (Clark and Squire, 1998; Lovibond and Shanks,
2002). However, a mechanistic understanding of trace condition-
ing is still lacking (Christian and Thompson, 2003; Woodruff-
Pak and Disterhoft, 2008). We therefore aimed to investigate the
properties of stimulus traces and trace memory acquisition by
studying appetitive olfactory trace conditioning in honeybees.
Insects are important model organisms for studying the neural
basis of learning and memory (Menzel, 2001; Giurfa, 2007; Ger-
ber et al., 2009). Honeybees rapidly learn to associate the scent of
flowers with food, and bees’ odor—reward learning can easily be
accessed by classical delay and trace conditioning of the appeti-
tive proboscis extension reflex (Kuwabara, 1957; Bitterman et al.,
1983). Physiological measurements of brain activity allow us to
relate behavior to brain activity (Guerrieri et al., 2005). In the
insect brain, the primary olfactory areas are the antennal lobes,
which are structurally and functionally similar to the mammalian
olfactory bulbs (Hildebrand and Shepherd, 1997); both are made
up of glomeruli (Mori et al., 1999). The output neurons of the
antennal lobe are projection neurons (PN; analogous to the ver-
tebrate mitral/tufted cells), which send axons to higher brain
areas such as the mushroom bodies (Menzel et al., 2005). Odor
responses have been precisely characterized in insects (Galizia
and Szyszka, 2008), but post-odor responses—a putative neural
substrate for odor traces—are less well understood. We con-
ducted a comprehensive analysis of trace conditioning in honey-
bees and searched for a neural substrate of odor traces within the
antennal lobe by optically imaging PNs.

Here we show that odor traces decay in time, but can be ex-
tended by experience. Furthermore, bees, unlike mammals, form
a trace after a single trace-conditioning event. Finally, we show
that calcium activity in PNs, and hence spiking activity, does not
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represent the trace substrate. Rather, the
trace must be searched for in other second
messengers or in other brain areas, such as
the mushroom bodies. These results open
a fascinating new window into the diver-
sity of memory processes in one of the
most intelligent mini-brains, that of the
honeybee.

Materials and Methods

Animals. Experiments were performed with
honeybee foragers (Apis mellifera). In winter,
bees were taken from hives kept indoors with
controlled temperature (16°C at night and
25°C during the day), light/dark cycle (12/12
h), and humidity (~75%). In summer they
were taken from outside hives.

Odor stimulation. We used 1-nonanol, 1-
octanol, 1-hexanol, 1-nonanone, 2-heptanone, oc-
tanal, and citral for odor stimulation (all from
Sigm-Aldrich). The pure odorants were di-
luted to 10 ~* in mineral oil (Sigma-Aldrich).
Odorant dilutions were prepared freshly every
4 weeks. One or two hundred microliters of
each odor were loaded onto a cellulose strip
(Sugi, REF 31003; Kettenbach) located in a 3
ml syringe (Norm-Ject; Henke-Sass, Wolf),
adjusted to 2.5 ml. Syringes were prepared ev-
ery day. Odor stimuli were delivered as 0.5 or
6 s pulses with a custom-built computer-
controlled olfactometer (Fig. 1A). The olfac-
tometer was constructed to produce odor
stimuli with highly controlled and reproduc-
ible dynamics. The olfactometer produced
nearly rectangular odor pulses with steep
odor onsets and offsets, as measured using a
photoionization detector (Model 200a; Aurora
Scientific) (Vetter et al., 2006) (Fig. 1 B). Con-
tinuous air suction behind the bee cleared re-
sidual odor. Calcium responses in PNs
confirmed the absence of contamination, as
the initial responses to a 0.5-s-long odor pulse
terminated within 0.7 = 0.15 s after stimulus
offset (mean = SEM).

Conditioning. The day before conditioning,
bees were caught, chilled on ice until they were
immobilized, fixed in plastic tubes, and fed un-
til satiation. They were kept in a moist box
overnight. The next day, bees were tested for
proboscis extension reflex (PER) by touching
the antenna with a metal preparation needle
soaked with sucrose solution (1 M in water).
Only bees showing the PER were used for con-
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Figure 1. An olfactometer for highly controlled stimulus dynamics. A, Schematic of the olfactometer. Olfactometers were

equipped with either three or six odor channels. Each odor channel consisted of two 3 ml syringes, one empty for equalizing air flow
and one containing the odorant. One hundred or two hundred microliters of each odor were loaded onto a cellulose strip. Syringes
were air supplied via a manifold that was designed to reduce cross-contamination to a minimum. The manifold (a) was a Teflon-
septum equipped glass vial (20 ml headspace vial; Schmidlin Labor and Service), which was connected via injection needles (b;
1.20 XX 40 mm, Sterican; Braun). The needles served as non-return valves. The volume of the glass vial reduced the flow speed and
thus reduced the vacuum, which would suck back odor-loaded air from the syringe. The air stream through each channel was 150
(experiments in Fig. 34—() or 300 mI/min (all other experiments), each controlled by a flowmeter (Analyt-MTC). In each channel,
a magnetic three-way solenoid valve (LFAA1200118H; Lee) controlled the odor pulses by diverting air from the empty syringe to
the odorant syringe. The valves were switched with a spike-and-hold driver circuit to minimize opening time. Odors were injected
into a continuous carrier air stream in a glass tube (k; 0.7 cm in diameter). A Teflon ring (1) inside the glass tube ensured complete
mixing of the odor with the carrier air. The carrier air stream was adjusted to a total air stream of 3000 ml/min (1.3 m/s) and
directed at the bee positioned ~2 cm in front of the glass tube. B, The olfactometer was adjusted to produce odor pulses as
rectangular as possible with steep odor onsets and offsets. The dynamic of the odor stimulus was measured with a photoionization
detector. The detector was placed 20 mm in front of the olfactometer within the behavioral setup. One hundred microliters of
2-heptanone were used as tracer substance. The analog photoionization detector signal (0 —10 V) was digitized at a sampling rate
of 1kHz. Traces represent mean == SD of six (0.5 s stimulus) and 12 (6 s stimulus) measurements. Measurements were repeated
every 205. ID, Inner diameter; PID, photoionization detector.

ditioning 10 min later. Bees received one or six training trials with the
conditioned odor (CS). The intertrial interval was 10 min. Bees were
moved in front of the olfactometer 15 or 20 s before odor stimulation to
habituate them to the airflow. The CS was paired with sucrose stimula-
tion (US) to the antenna and proboscis lasting for 3 s. In delay condition-
ing, CS and US overlapped, whereas in trace conditioning CS and US
were separated by a stimulus-free gap (Fig. 2A7). Apart from the experi-
ments shown in Figure 3, Aii and Cii, the CS duration was equal during
training and test. A proboscis extension reflex was counted as a condi-
tioned response when the proboscis was extended horizontally in re-
sponse to the odor stimulus. Memory retrieval was tested 15 min, 30 min,
or 24 h after the last training trial. The intertrial interval was again 10 min
and the sequence of CS and control odor stimulation was pseudoran-
domized. Whenever the response to CS and a new odor were compared
(Figs. 3A—C, 4), hexanol and nonanol were equally often used as CS and

new odor, and the sequence of CS and new odor stimulation was bal-
anced. Whenever the effect of different experimental conditions was
compared, the corresponding experiments were conducted in parallel.
Staining and preparation. Each imaging experiment took 2 d. On the first
day, bees were harnessed in Plexiglas stages by gluing their eyes to the stage
with hard wax (Deiberit 502; Dr. Bshme und Schops Dental). The mandibles
were pushed open to each side and fixed to the stages. The antennae were
fixed temporarily with n-eicosan (Sigma-Aldrich Chemie) to avoid touch-
ing them during the preparation. A window was cut into the head capsule
and glands and tracheae were carefully removed. When necessary, a drop
of Ringer’s solution (in mm: 130 NaCl, 7 CaCl,, 6 KCl, 2 MgCl,, 160
saccharose, 25 glucose, 10 HEPES, pH 6.7, 500 mOsmol) was added to
prevent the brain from drying. The PNs were stained with the calcium-
sensitive dye Fura-2 dextran (Invitrogen) by inserting two dye-coated
glass needles between the calyces of the mushroom bodies in each brain
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Figure2.  Odor-trace memory formation. 4i, Experimental protocol used to compare mem-

ory acquisition between delay and trace conditioning. In delay conditioning, there s a temporal
overlap between the (S and US. In trace conditioning, there is a stimulus-free gap between the
(S and US. The onset between the CS and the US (CS—-US interval) was always 5 s. Each bee
received six training trials. Aii, Two groups of bees were trained with delay and trace condition-
ing (CS was nonanol). Percentage of bees showing the (S-evoked proboscis extension reflex
within 5 s after odor onset during training and in a memory retrieval test 30 min after the last
training trial. Proboscis extension rate in delay-conditioned bees reached a plateau at ~72%
after the third trial (one-way repeated-measurement ANOVA; . i.is, 460) = 27.6,p < 0.001;
Holm-Sidak post hoc tests; N = 93). Proboscis extension rate in trace-conditioned bees reached
aplateau at ~33% after the first trial (one-way repeated-measurement ANOVA; Fy .15 sa5) =
5.4, p < 0.001; Holm-Sidak post hoc tests; N = 110). Different letters indicate significant
differences. During the memory-retrieval test, the proboscis extension rate was higher in the
delay-conditioning group than in the trace-conditioning group (t test, p << 0.001). Bi, Eight
groups were conditioned in parallel with different intervals between the onset of the CS (octa-
nol or heptanone) and the US stimulus. CS and US were presented either simultaneously (0),
with a (S-US interval of 1,2, 3, 6, 10, or 15 s (trace conditioning), or the (S was presented 6
after the US (backward conditioning, — 6 s). Bii, Memory retrieval was tested 15 min after the
last training trial. Asterisks indicate a significant increase in proboscis extension rate compared
with the spontaneous proboscis extension rate during odor presentation n the first training trial
before sucrose stimulation (paired ¢ tests, p << 0.05). At (S-US intervals of —6 and 0, the
spontaneous proboscis extension rate could not be determined because the sucrose was pre-
sented before or together with the odor. Memory performance decayed with increasing (S—US
intervals. The longest (S—US interval that produced memory was 6 s. Biii, Memory was tested
in the same bees after 15 min (short-term memory) and again after 24 h (mid-term memory).
These bees are a subset of the bees in Bii. In both memory tests, the longest effective (S-US
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hemisphere (Fig. 5A). The head capsule was closed, the antennae were
freed, and bees were fed with a 1 M sucrose solution until satiation and
kept in a moist box until the next day (1416 h). Then, the antennae were
fixed pointing frontwards. The tracheae above the antennal lobes were
removed carefully. To reduce movements, the esophagus and the sur-
rounding muscles were lifted through a small opening in the clypeus and
fixed with two-component silicon (Kwik-Sil; World Precision Instru-
ments), and thorax and abdomen were gently pushed against the stage
with a piece of foam (1 X 1 X 3 cm). The brain was covered with a thin
layer of transparent Kwik-Sil. Within 10-30 min after the preparation,
bees were put under the microscope and heated to ~28°C with an infra-
red lamp. The antennal lobe that showed better staining and the stronger
spontaneous activity was chosen for measuring.

Imaging. PNs in the antennal lobe were imaged through a water-
immersion objective (20X, numerical aperture 0.95; Olympus). The im-
aging system consisted of a fluorescence microscope (BX-50WI;
Olympus), a light source (Polychrome IV; Till Photonics), and a CCD
camera (Imago QE; Till Photonics). Images were binned on-chip, result-
ing in a resolution of 172 X 130 pixels (441 X 333 wm). Each recording
lasted 29 s and consisted of 232 double frames recorded with 340 and 380
nm excitation light at a rate of 8 Hz. Excitation and emission light were
separated with a 420 nm dichroic mirror and a 490-530 nm emission
filter. Bees were stimulated with 1-nonanol, 1-octanol, 1-hexanol,
1-nonanone, 2-heptanone, octanal, and by touching the proboscis with a
solution of 1 M sucrose. Odors were presented in a pseudorandomized
order with an intertrial interval of 3 min. Odor stimulation was con-
trolled by the acquisition software (Till Vision; Till Photonics).

Data analysis. Imaging data were analyzed using custom-written pro-
grams in IDL (RSI). First, measurements were movement-corrected by
aligning frames within and between measurements. Then, glomeruli
were segmented with the help of an unsharp masked image of the raw
fluorescence and a correlation image where the correlation of the signal
traces between neighboring pixels was calculated (Fig. 5B). Glomeruli
were identified by comparing glomerulus position and size with the mor-
phological atlas of the honeybee (Galizia et al., 1999a) and the odor
responses with the physiological atlas (Galizia et al., 1999b; Sachse et al.,
1999). Signals were calculated as Fy,(/F54,. The baseline was shifted to 0
by subtracting the average signal before stimulation (frame 4, 69 for odor
stimulation and 109 for sucrose stimulation). Activity patterns are shown
as color-coded images of single measurements, which were filtered with a
spatial low-pass filter of 5 X 5 pixels for better visualization (Fig. 5B). No
filtering was used for quantitative analysis. Glomerulus responses were
calculated from a 5 X 5 pixels square in the glomerulus center. Similarity
between two odor responses was quantified by calculating Pearson’s cor-
relation between the two glomerular odor—response vectors (Figs. 5, 6),
which can range from —1 (anticorrelated) to 1 (perfectly correlated).

Behavioral data were analyzed with an ANOVA. Although parametric
ANOVA test is usually not allowed for dichotomous data, an empirical
study has shown that ANOVA is appropriate under our conditions (Lun-
ney, 1970). Statistical tests were performed with R (www.r-project.org),
and Sigma Stat (SPSS).

Results
We performed trace-conditioning experiments in honeybees
with odor as CS and sucrose reward as US to characterize two

<«

interval was again 6 s. The (S—US interval functions did not differ for the 15 min and 24 h memory
test (two-way repeated-measurement ANOVA with (S-US interval and test time as factors;
Fes usintervas,275) = 99,0 < 0.007; Fie imeqr, 275) = 0350 = 0.6; Fcs s interval ¢ testtimets, 275) =
1.5,p = 0.14). C, The perceived quality of an odor was compared between delay and trace condition-
ing (both groups were conditioned in parallel). Odor quality was measured by means of a general-
ization test. Each bee received six training trials with nonanol as CS. Left, Training protocols.
Right, Memory test 15 min after training. Only bees that responded to the CS in the
memory test were analyzed. Generalization differed between odors, but there was no
difference between the generalization profiles after delay and trace conditioning (two-way
ANOVA with odor and trace vs delay as factors; Figo4 s30) = 318, P << 0.00%; Fiyce s geytr, 530 =
2.9,p = 0.09, Fodor  trace vs delay(s, 530) = 0-8, p = 0.53). Different letters mark significant
differences between odors. n.s., Not significant.
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Figure3. The initial part of an odor stimulus induces an odor trace. Ai, Two possible mech-

anisms for establishing the overlap between the neural CS and US representation necessary for
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conceptually distinct aspects of trace conditioning: the properties
of acquisition and retrieval of associative CS-US memories (trace
memory), and the properties of the nonassociative CS memories
themselves (trace). Learning and memory were assessed by con-
ditioning the appetitive proboscis extension reflex. Moreover, we
asked whether persistent odor responses in PNs, measured as
calcium responses, may underlay odor traces.

Trace-memory acquisition decreases with increasing

CS-US intervals

We first compared memory formation between trace and delay
conditioning. We used a 3-s-long US either preceded by a 6-s-
long CS (delay conditioning, CS and US overlap) or a 0.5-s-long
CS (trace conditioning, CS and US separated by a gap) (Fig. 2 Ai).
In both groups, the CS—US interval, defined as the time between
the CS onset and US onset, was 5 s (Fig. 2 Aii). For trace condi-
tioning, the proboscis extension rate increased from the first to
the second training trial and then stagnated on a plateau at
~33%. For delay conditioning, the proboscis extension rate in-
creased from the first to the fourth training trial and reached
an asymptotic level of ~72%. Thirty minutes later, delay-
conditioned bees showed the conditioned response nearly twice
as often as trace-conditioned bees (70% vs 39%). Thus, trace
conditioning is less efficient than delay conditioning.

We next determined the dependency of associative learning
on the CS-US interval. During training, a 0.5-s-long CS was pre-
sented either simultaneously with the US (0 s CS-US interval),
with a CS-USinterval of 1, 2, 3, 6, 10, or 15 s (trace conditioning),
or 6 s after the US (backward conditioning, —6 s) (Fig. 2Bi).
Memory retrieval was tested 15 min after the sixth training trial
(Fig. 2 Bii). Simultaneous conditioning was most effective, with a
69% proboscis-extension rate. Memory decreased with increas-
ing CS-US intervals (1-15 s) and was significant for all intervals
up to 6 s. No bee responded to the CS in the backward-
conditioning group (—6 s), indicating inhibitory learning.

Trace and delay conditioning share basic properties

The difference in memory acquisition between trace and delay
conditioning may implicate different neural substrates of mem-
ory formation. In honeybees, the neural substrates for short-term

<«

associative (S—US learning: Top, The (S leaves a sensory trace that overlaps with the US (CS trace).
Bottom, In the course of repeated (S—US pairings, the neural US representation shifts backward in
time (US anticipation). Aif, One-trial trace conditioning. Memory retrieval was tested 30 min after
training by presenting a 6-s-long CS and new odor sequentially to the same bees. Trace conditioning
worked after a single (S—US pairing with a 0.5-s-long (S and a 4.5-s-long gap between (S offset
and US onset (one-way repeated-measurement ANOVA, F 4,51, 102 = 19.3,p << 0.001). Thus,
odor traces were present during the first CS presentation and US anticipation is not necessary for
trace conditioning. B, Trace conditioning did not work with a 6-s-long (S and the same 4.5 s gap
(one-way repeated-measurement ANOVA, 4,50, 100 = 2.2, = 0.11). Thus, the late phase
of a continuing odor stimulus does not induce an odor trace. This experiment was performed in
parallel with the one in 4ii. , Identical procedure as in Aii and B, but tests used 0.5 s stimuli
instead of 6 s stimuli to ensure that test-stimulus length did not influence the result. The
conclusion was identical: trace conditioning did not occur for long odor stimuli if the gap be-
tween odor onset and US onset became too long. Ci, Trace conditioning worked after a single
(S-US pairing with a 0.5-s-long CS and a 4.5-s-long gap between CS offset and US onset
(one-way repeated-measurement ANOVA, F4.,06, 102 = 18.8, p << 0.001). i, Trace condi-
tioning did not work with a 6-s-long (S and the same 4.5 s gap (one-way repeated-
measurement ANOVA, F 006, 102) = 2.4, p = 0.09). D, The conditioned response occurred
later after trace conditioning than after simultaneous conditioning, but earlier than the pre-
dicted reward. Each bee received six training trials with nonanol as CS. Left, Training protocols.
Right, Memory test 15 min after training (simultaneous conditioning, 1.3 = 0.1s; trace condi-
tioning, 2 == 0.1s, mean = SEM; t test, p << 0.001).
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Figure 4.  Plasticity of trace memory acquisition. A, Two groups of bees were trained in
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either 55 (CSg) or 10's (CS, ), and with respect to the odor that was used (hexanol or nonanol,
both were used equally often as (Sg and CS, ). The sequence of (S¢ and €S, stimulation in the
memory test was balanced. Ai, Bees were first conditioned with the 5 s and then with the 105
(S-US interval. These bees acquired both a S;- and a (S, -trace memory (one-way repeated-
measurement ANOVA; F 4o, 140) = 4.9, p = 0.003, N = 49). Aii, Bees were first conditioned
with the 10 s and then with the 5 s (S-US interval. These bees acquired a (S,- but not a
(5, y-trace memory (one-way repeated-measurement ANOVA, F 4,3 153 = 5.6, p << 0.001,
N = 52). Different letters indicate significant differences. B, Experiments were performed as in
A, however, unlike in Aii, bees in Bii were first conditioned with overlapping CS and US (simul-
taneous conditioning, CS,) and then with a 10 s trace conditioning. Bi, Bees that were first
conditioned with the 5 s (S-US interval were able to acquire both a CS;- and a CS,-trace
memory (one-way repeated-measurement ANOVA, Fiy,.5 24g) = 17.1,p < 0.001, N = 63).
Bii, Bees that were first trained in a simultaneous conditioning trial acquired a CS;- but not a
(S, -trace memory (one-way repeated-measurement ANOVA, F 4, 177 = 48.8,p < 0.001,
N = 52). During training, the CS,-evoked proboscis extension could not be recorded because
bees extended their proboscis in response to the simultaneous sucrose (US) presentation. Dif-
ferent lettersindicate significant differences. €, The effect of an additional 0.5-s-long odor pulse
during the stimulus-free gap between the CS and US was tested by comparing memory acqui-
sition between 5 s trace conditioning with (€i) and without (Cii) an additional odor pulse (CS,)
2shefore the US. Both groups were conditioned in parallel. i, Bees acquired a CS,-speific trace
memory after trace conditioning with an additional CS, stimulus (one-way repeated-measurement
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and long-term memory formation differ (Miiller, 2002). Thus, if
the neural substrates for memory formation differ between trace
and delay conditioning, then trace and delay conditioning may
also differ with respect to short-term and long-term memory
formation. We therefore compared memory after 15 min (short-
term memory) and after 24 h (early long-term memory) (Fig.
2 Biii). We found no differences between the CS-US interval
functions in the 15 min and 24 h memory retrieval tests, and even
the weak trace memory acquired at a 6 s CS-US interval was
transformed into a long-term trace memory.

After olfactory conditioning, animals do not respond to the
CS only, but they generalize to novel (odor) stimuli (Linster and
Hasselmo, 1999; Guerrieri et al., 2005). Typically, generalization
increases with perceived similarity. Thus, generalization can be
used as a tool to measure the perceived quality of a CS in relation
to other test odors. If trace and delay conditioning engage differ-
ent brain areas, as is the case in mammals (Woodruff-Pak and
Disterhoft, 2008), one would expect differences in the per-
ceived odor quality between trace and delay conditioning, be-
cause neural odor representations change over time (Galan et
al., 2004) and along different processing levels of the olfactory
pathway (Linster et al., 2005; Szyszka et al., 2005). We there-
fore asked whether the perceived odor quality differs between
trace memory and delay conditioning (Fig. 2C). We found no
differences in the generalization profiles after trace and delay condi-
tioning, indicating that an odor trace memory contains the same
molecular identity information as the odor memory formed during
delay conditioning.

A single CS-US pairing is sufficient for trace conditioning
Even though CS and US occurrence are non-overlapping, form-
ing an association in the brain needs a temporal coincidence of
CS and US representation in the neural network. This coinci-
dence could be established in the brain by two nonexclusive
mechanisms (Fig. 3Ai): by maintaining an odor representation
(CS trace) or by shifting the US representation in time (US antic-
ipation). In the latter case, bees should not learn after a single
CS-US pairing, because US anticipation requires previous expe-
rience that a CS is followed by an US (Schultz et al., 1997). We
therefore performed one-trial trace conditioning with a CS-US
interval of 5 s (Fig. 3Aii). During the memory test, 30 min after
training, the CS and a new odor were presented sequentially to
the same bees. We used hexanol and nonanol equally often as CS
and as new odor. The new odor served as a control for nonasso-
ciative effects of the training procedure. We found that a single
CS-US trace conditioning event was sufficient to form an asso-
ciative memory, showing that US anticipation is not necessary for
trace conditioning and odor traces exist already after a first CS
presentation.

Does an odor trace bridge the stimulus-free time gap between
CS offset and US onset or does it bridge the interval between CS
onset and US onset (CS-US interval)? We compared memory
acquisition in bees that were trace conditioned with a 0.5-s-long

<«

ANOVA, Fogor(s, 264) = 9-4 p << 0.001). Ciii, Memory performance after 5 s trace conditioning
without additional odor presentation (one-way repeated measurement ANOVA, F ., 255) =
5.2,p < 0.01). Bees in Gi and Gii were conditioned in parallel to allow comparison (the exper-
imental procedure in Cii was the same as in Fig. 3Ci. The weaker memory performance in Cii,
compared with Fig. 3, reflects seasonal variability). Giii, Comparison of the CS,-specific asso-
ciativememory retrieval between the (S5 and CS, group and the CS; group. Associative memory
retrieval was higher in the (Sg and CS, group than in the (S group (¢ test, p << 0.05). Thus, the
stimulation with an additional odor (CS,) improved CS,-specific trace memory acquisition.
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Figure5. Tracememoryrelates toinitial odor responses and not to post-odor responsesin the antennal lobe. PNs were selectively stained with the calcium indicator Fura-2 dextran and their odor
responses were recorded in the antennal lobe. 4, Frontal view of the honeybee central olfactory system (left hemisphere). Olfactory receptor neurons terminate in the glomeruli (identity marked)
of the antennal lobe (AL, red). Uniglomerular PNs transmit odor information from the antennal lobe to the mushroom body (MB, blue). PN axons project to the lateral and medial calyces where they
form synapses with Kenyon cells (KC). PNs were stained by injecting Fura-2 between the calyces (yellow arrowhead). The square indicates the imaged area. Scale bar, 200 wm. r, Rostral; ¢, caudal;
m, medial; |, lateral. B, Calcium responses of PNs in the antennal lobes of two bees. Left, Correlation (corr.) images used for glomerulus segmentation. Numbers indicate glomeruli that were
unambiguously identified. Color-coded images show the signal changes (averaged over 0.5 s windows) before, during, and after stimulation with nonanol or heptanone. Scale bar, 200 wm. ¢, PN
responses to nonanol (black) and heptanone (red) in identified glomeruli (median of responses from 4 —18 bees; shading indicates the 25 and 75% quartiles). Odor stimuli (Figure legend continues.)
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CS and a 5 s CS-US interval (Fig. 3Aii) with bees that were con-
ditioned with a 6-s-long CS and a 10.5 s CS-US interval (Fig. 3B).
The stimulus-free gap was 4.5 s in both groups. Bees of the 5 s
CS-US interval group acquired a trace memory, whereas bees of
the 10.5 s CS-US interval group did not. Odor stimulus length
during testing did not influence this result (Fig. 3C). Thus, the
initial part of an odor stimulus induces an odor trace, whereas the
late phase of a continuing odor stimulus does not.

In classical conditioning, animals often not only learn what to
respond to, but also when to respond (Gormezano and Moore,
1969). Accordingly, the peak amplitude of a conditioned re-
sponse often occurs at the expected US onset time (Pavlov,
1927; Ebel and Prokasy, 1963). We asked whether honeybees
also learn when to extend their proboscis, i.e., whether their
response delay corresponds to the timing of the CS-US inter-
val in trace conditioning (Fig. 3D). Bees exhibited conditioned
responses later after trace conditioning than after simultane-
ous conditioning, but earlier than the predicted reward. Thus,
the odor trace memory either did not contain information
about the CS-US timing or timing information was not be-
haviorally relevant.

The CS-US interval can be extended by experience

It is known from trace autoshaping experiments in pigeons (Lu-
cas etal., 1981), visual trace conditioning in honeybees (R. Men-
zel, personal communication), and olfactory trace conditioning

<«

(Figure legend continued.)  induced a fast signal (initial odor response) followed by a slower
positive or negative signal that lasted for several seconds (post-odor response). Both, initial
odor and post-odor response patterns, were odor specific. D, Left, Similarity matrix shows the
time-resolved similarity within (quadrants | and Ill) and between (quadrants Il and IV) odor-
response patterns. The similarity between activity patterns (vectors with signal values of all 602
glomeruli recorded in 22 bees) was quantified for each time point of the measurement by the
Pearson correlation. Correlation values were color coded. Each pixel represents the similarity
between two response patterns. The line of pixels at the time of nonanol presentation (g,
arrowhead) represents the similarity between the initial nonanol response pattern and the
response patternsatall time points within the same nonanol measurement (quadrant|) and the
heptanone measurement (quadrant II). The diagonal (quadrant | and Ill) represents the auto-
correlation at the respective time point. Right, Letters indicate areas showing the similarity
within measurements before (a), during (b), and after () odor stimulation, between odor and
post-odor response (d), across measurements between odor responses (e), and post-odor re-
sponses (f). E, Time-resolved similarity between repeated stimulation with same odors (six
odors, first vs second stimulation, light traces) or with different odors (15 odor pairs, dark traces;
median, 25% and 75% quartiles) for initial odor responses (0—0.5 s; Ei) and for post-odor
responses (5-5.5 s; Eif). Asterisks represent significant differences between pattern similarity
forsame and different odors, averaged over the time indicated by the bars. ***p << 0.001, *p <
0.05 (t test). F, Time-resolved similarity between the initial odor response pattern (0—0.5 s
after stimulus onset, magenta) and the entire measurement, and between the post-odor re-
sponse pattern (5-5.5 safter stimulus onset, green) and the entire measurement (median, 25%
and 75% quartiles for six odors; nonanol, heptanone: 602 glomeruli in 22 bees; hexanol, octa-
nol, octanal, and nonanone: 87 glomeruli in 8 bees). g, Initial odor response pattern; h, post-
odor response pattern. Gi, Comparison of the generalization profile after 5 s trace conditioning
with nonanol as CS (black), and the similarity profiles for the physiological PN response pat-
terns. Magenta, Similarity between the initial nonanol and test odor responses (first second
after odor onset); green, similarity between the post-nonanol response (fifth second after odor
onset) and the initial test odor responses. The similarity profile for the initial nonanol response
correlated with the generalization profile (r = 0.9, p = 0.03), whereas that of the post-nonanol
response did not (r = 0.6, p = 0.3). We therefore conclude that the post-odor response does
not convey odor information in trace conditioning. Gii, Correlations between the generalization
profile and pattern similarity profiles between initial test-odor responses (first second after odor
onset) and post-nonanol responses for different time points after odor onset. Magenta and
green bars represent the correlation between the generalization and pattern similarity profiles
shown in Gi. The asterisk marks the only significant correlation ( p = 0.03). The p values of the
remaining correlations ranged between 0.12 (10s) and 0.74 (14s).
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in Drosophila (Galili et al., 2011) that the maximum learnable
CS-US interval is not fixed, but can be extended by experience.
We therefore asked whether the maximum learnable CS-US in-
terval of trace conditioning is experience-dependent too. We
measured 10 s trace (CS,,) memory in bees that were trained with
a 5 s trace conditioning (CS5) 10 min before (Fig. 4 Ai) and com-
pared this to bees that experienced the reversed order (Fig. 4 Aii).
Hexanol and nonanol were equally often used as CS5 and CS,,
during the test, and each bee received a different odor for CS; and
CS;- We found that bees with previous CS; experience learned
the CS,,-trace task (Fig. 4Ai). In contrast, bees that received the
10 s trace conditioning before the 5 s trace conditioning did not
learn the CS, , task (Fig. 4 Aii). Thus, experience of a single trace-
conditioning trial extended the learnable CS-US interval in sub-
sequent trace conditioning, meaning that the maximum
learnable CS-US interval is not fixed but is experience-
dependent. A simultaneous conditioning (CS,) was not sufficient
to extend the permissive gap (Fig. 4 B). Thus, it is specifically the
experience of a trace-conditioning event that extends the effective
CS-US interval.

In mammals, trace conditioning becomes more effective
when an additional stimulus is placed within the CS-US gap
(Kamin, 1965; Kaplan, 1984). We tested whether this is the case in
bees as well by performing a 5 s trace conditioning (CS;) and
presenting a pulse of citral (CS,) 2 s before US onset (Fig. 4Ci).
We compared the memory retrieval of this group with the mem-
ory retrieval of bees conditioned without the additional citral
pulse (Fig. 4Cii). In both groups, bees acquired a CS;-specific
trace memory, but this memory was higher in the group with the
additional CS, presentation (Fig. 4Ci). This cannot be attributed
to an unspecific effect such as sensitization or generalization,
because the effect was specific to the response to the CS5 and not
to the new odor (Fig. 4Ciii). Thus, an additional odor stimulus
during the stimulus-free gap strengthens the CS-US association.

PN activity during the gap does not represent the odor
information in trace conditioning

Where in the brain is the physiological correlate of the odor trace?
One possibility would be that olfactory PN in the antennal lobe
encode the trace in the form of persistent neural activity. Previous
studies have found persistent PN responses after odor offset
(Sachse and Galizia, 2002; Galan et al., 2004); however, these
post-odor responses have not yet been precisely characterized.
Three conditions should be fulfilled for PNs to encode the odor
trace: (1) post-odor response patterns should persist as long as
the effective gap between CS and US (at least 6 s after odor onset),
(2) properties of post-odor response patterns should include
odor specificity and reliability, and (3) physiological and per-
ceived similarity profiles should correspond to each other. To test
these three criteria, we recorded odor responses in uniglomerular
PNs by means of calcium imaging (Fig. 5).

Post-odor response patterns

Each odor induced an odor-specific initial pattern of activated
and inhibited glomeruli (Fig. 5B,C) that corresponded to the
previously described glomerular response patterns (Galizia et al.,
1999b; Sachse and Galizia, 2003). After odor offset, activity
changed into a prolonged pattern of activated and inhibited
glomeruli (post-odor response) that was different from the initial
odor response. Post-odor responses of individual glomeruli were
not predictable from their odor response. For example, glomer-
ulus 33 showed a positive initial response to nonanol and hep-



7236 - J. Neurosci., May 18,2011 - 31(20):7229-7239

Szyszka et al.  Trace Conditioning in Honeybees

IAFsm/Faso 5%
) L - nonan_ol nonan.ol __sucrose
17 Ao - == =13 36 H WA S tme ()0 5 10 15 20 0 5 10 15 20
©
C
(]
_C
28 MN:ﬁ 38 Ui A =11 2
++
(2]
2
é N=7 42WMN=6
S 2
o g
N=13 52 Jodt N=8 E
1
[0}
[72]
o
35 e\ A =2 SOMM 5
1 [ —1 | | f—1 C:/;
time(s)0 5 10 15 20 time(s)0 5 10 15 20
nonanol 14 bees pattern similarity
nonanol + sucrose
C AF,, /F ... 5% D
| /P 0 1% sucrose 2" sucrose
17 bR \ _ 1 36 vprivgatmp e A |\ T0 15 20 0 5 10 15 20

08 Wil s S oA |\ = 13

29 WMHWMM N=7

glomerulus #

33 Ay \ 13

35 oAb A -

[—1 f—1

3G WA AANANASSAA =11
42 whwphhossadibobndant |
52 mmm N=8

GOWWMW N=3

time(s)0 5

*' sucrose

kS

2" sucrose

time (s)0 5 10 15 20 time (5)0 5

1% sucrose
2" sucrose

10 15 20

214 glomeruli EUCEENERT N

14 bees pattern similarity

Figure 6.  Odor—reward pairing in trace conditioning has minor effects on PN’s post-odor responses. A, PN responses to nonanol alone (black) and to the pairing of nonanol and a sucrose
stimulation of the proboscis (red) in identified glomeruli (median, 25% and 75% quartiles of responses from 3—13 bees). The sucrose stimulus 5 s after odor onset did not induce visible signals. B,
Time-resolved similarity within and between response patterns. Both nonanol and nonanol plus sucrose stimulation induced initial odor and post-odor responses. These were reproducible, as seen
by the high correlation in quadrants Il and IV. Sucrose stimulation had a minor effect on the pattern similarity and did not increase the similarity between the initial response and the post-odor
response pattern. €, PN activity during sucrose-only stimulation (black, first stimulation; red, second stimulation). The sucrose stimulus did not induce consistent responses in identified glomeruli.
D, Time-resolved similarity within and between PN activity patterns revealed sucrose-induced response patterns, which were reproducible (see quadrants Il and IV).

tanone, but it showed a prolonged negative post-odor response
for nonanol only (>20 s) (Fig. 5C).

Properties of post-odor response patterns

We next analyzed the dynamics and odor specificity of odor re-
sponse and the post-odor response patterns by measuring the
activity pattern similarity within and between measurements
(Fig. 5D). Similarity between activity patterns was measured as
frame-by-frame correlation (r) between glomerular response
vectors. This analysis yielded a similarity matrix in which each
pixel depicts the correlation between the patterns at one versus
another time point. Time goes from left to right and from top to
bottom, and the diagonal is always 1 (self-similarity). Before odor
onset (Fig. 5D, a), the correlation fluctuated ~0 (—0.01 * 0.13,
mean * SD), indicating that background activity was random.
Odor stimulation (0.5 s) gave rise to an initial response that was
characterized by an increased similarity for ~2 s (nonanol, r =
0.86 = 0.08; heptanone, r = 0.62 = 0.27) (Fig. 5D, b). Post-odor

response is visible in a homogeneous increase in similarity (non-
anol and heptanone, r = 0.4 = 0.14) (Fig. 5D, ¢) with no similar-
ity to the initial odor response (Fig. 5D, d) (nonanol, r = 0.03 =
0.18; heptanone, r = 0.01 * 0.15). Nonanol and heptanone
evoked different patterns from each other, both for the initial
odor responses (r = 0.03 = 0.09) (Fig. 5D, e) and for the post-
odor responses (r = 0.14 = 0.08) (Fig. 5D, f). Initial odor and
post-odor response patterns were reproducible (Fig. 5E), indicat-
ing that both the initial odor and post-odor responses were odor-
specific. The transition from the odor response to the post-odor
response pattern did not occur exactly at odor offset, but rather
between 0.5 and 1.4 s after odor onset (0.7 = 0.15 s, mean *
SEM) (Fig. 5F).

Physiological and perceived similarity profiles

Even though initial odor and post-odor responses differ, the
post-odor response could still serve as a substrate of the odor
trace. A previous study has shown that the perceived odor simi-
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larity correlates well with the physiological similarity between
odor-evoked glomerular activity patterns in the honeybee (Guer-
rieri et al., 2005). We argue that, if the neural substrate of an odor
trace would be in the post-odor PN activity, then the perceived
odor similarity should also match post-odor physiological simi-
larity. We quantified perceived nonanol similarity as the general-
ization profile after a 5 s trace conditioning. Post-odor
physiological similarity (Fig. 5Gi) was calculated between post-
nonanol responses (5-6 s after odor onset) and the initial test
odor responses (0—1 s after odor onset). We chose the initial test
odor response patterns, because in the test situation bees typically
responded within 1.5 s after odor presentation (Fig. 3D). The
similarity profile of the post-nonanol response did not correlate
significantly with the perceived similarity profile (r = 0.6, p =
0.3). In contrast, the similarity profile of the initial nonanol re-
sponse correlated significantly with the generalization profile
(r=10.9, p = 0.03). Figure 5Gii shows the correlation between the
generalization profile and the similarity profile of the nonanol-
evoked activity patterns at different times after stimulus onset.
Again, the only significant correlation between the generalization
profile and the physiological similarity profile was for the initial
nonanol response. Thus, the initial odor response of PNs, rather
than the post-odor response, represents perception-like odor in-
formation in trace conditioning.

A previous imaging study in honeybees suggested that odor
stimulation results in a Hebbian-like strengthening between co-
activated glomeruli, creating a transient network attractor (Galdn
et al., 2006). This attractor could mediate an odor trace by be-
coming active during US presentation only. In insects, the US
(sucrose reward) is encoded by the octopaminergic VUMmx1
neuron, which projects to the antennal lobe (Hammer, 1993).
Octopamine has excitatory effects on neural activity (Flecke and
Stengl, 2009). Thus, octopamine release during US presentation
may reactivate the odor trace, and thus allow for coincident ac-
tivity necessary for associations. To test this idea, we compared
PN responses to nonanol alone and to nonanol with subsequent
sucrose stimulation of the proboscis (Fig. 6A). The odor—sucrose
pairing was done as in trace conditioning with a 5 s CS-US inter-
val. However, different from the behavioral experiments, sucrose
was applied to the proboscis only and not to the antenna, because
sucrose-stimulation of the antenna induces its own activity pat-
tern that might override trace-related activity (Peele et al., 2006;
Szyszka et al., 2008). Sucrose stimulation of the proboscis, how-
ever, had no visible effect on PN activity patterns across identified
glomeruli. To test for more subtle across-glomeruli reward ef-
fects, we calculated changes in the similarity of the entire across-
glomerular response pattern (Fig. 6B). Again, there was no
consistent effect of sucrose on the odor-induced glomerular ac-
tivity patterns; in particular, the post-odor response pattern did
not become more similar to the initial odor response. This was
not because the sucrose reward to the proboscis failed to induce
activity in the antennal lobe; even though no clear sucrose re-
sponses were visible in the averaged PN responses (Fig. 6C), su-
crose stimulation evoked weak but reproducible response
patterns across PNs (Fig. 6 D). We thus reject the hypothesis that
an odor trace becomes activated in the presence of the reward and
we conclude that the odor trace is not encoded in PN calcium or
spiking activity within the antennal lobe.

Discussion
Taking advantage of the honeybee’s exceptional learning capabil-
ities, we conducted the first comprehensive characterization of
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olfactory trace conditioning, in which an odor (CS) was paired
with a temporally separated sucrose reward (US).

Features of trace-memory acquisition

Olfactory trace conditioning differed from delay conditioning as
its learning rate and asymptotic level were lower and memory
acquisition decreased with increasing CS-US intervals (Fig.
2A,B). This finding is in accordance with a previous study in
honeybees (Menzel and Bitterman, 1983) and with trace condi-
tioning in mammals (Weisz and Walts, 1990); however, it differs
from the moth, in which trace conditioning is more effective than
delay conditioning (Ito et al., 2008).

The differences between trace and delay memory acquisition
may indicate that their neural mechanisms for memory forma-
tion differ. Indeed, depending on the number and spacing of
trials, associative conditioning induces multiple memory phases,
which correspond to different molecular mechanisms (Menzel,
2001; Miiller, 2002). We therefore wondered whether memory
consolidation differs for conditioning with different CS-US in-
tervals. However, the lack of a difference between short-term and
early long-term memory for varying CS-US intervals (Fig. 2 Biii)
indicates that trace and delay memories use the same molecular
mechanisms.

Why then, is memory acquisition weaker in trace than in delay
conditioning? In classical conditioning, memory acquisition de-
creases with decreasing associative strength, which is a function
of CS and US salience (Rescorla and Wagner, 1972). Thus, in-
creasing the CS—US gap might decrease the salience of the CS, the
US, or both. The CS salience may decrease with increasing CS-US
intervals, just as decreasing odor concentration reduces its sa-
liency and reduces learning (Pelz et al., 1997). Alternatively, or
additionally, CS onset may influence the salience of a following
US, and this effect may decrease with increasing CS—US intervals.
In Drosophila, the habituated response to a US (electroshock) can
be dishabituated by odor stimulation, showing that odors can
indeed increase US salience (Acevedo et al., 2007). Such a CS-
mediated increase in the US salience would also explain the im-
proved memory acquisition that we found when a second odor
stimulus was placed into the CS-US gap (Fig. 4C).

Single-trial acquisition reveals a sensory odor trace

Olfactory trace conditioning in honeybees shares features with
trace eyeblink conditioning in mammals, where the CS is a tone
and the US an aversive air puff to the eye. Perhaps the most
striking difference to mammalian trace conditioning is that hon-
eybees acquire odor trace memories during a single learning trial
(Fig. 3Aii), whereas trace eyeblink conditioning requires several
hundred training trials (Woodruff-Pak and Disterhoft, 2008).
Honeybees’ ability to acquire a trace memory after only a single
trial requires the existence of a US-independent CS trace. In
mammals, in contrast, it is not clear whether the CS leaves a
sensory trace containing the stimulus-specific information that is
then associated with the US, or whether the neural US represen-
tation shifts backward in time until it overlaps with the CS (US
anticipation) (Fig. 3A1). The latter view is supported by the find-
ing that US-encoding dopaminergic neurons in primates change
their response onset from just after the US to the CS onset after
multiple appetitive conditioning trials (Schultz et al., 1997). Ac-
cordingly, in trace eyeblink conditioning, US-induced activity in
hippocampal neurons shifts backward in time and finally coin-
cides with the CS onset (McEchron and Disterhoft, 1997). It is
possible, however, that training induces a US shift in addition to
an existing CS trace in honeybees.
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The olfactory system maintains a trace of the odor onset
Honeybees’ odor traces were odor-specific and the perceived
odor similarity profiles did not differ between trace and delay
conditioning (Fig. 2C). These results were similar to findings in
Drosophila (Galili et al., 2011) and may indicate that the neural
substrate of odor memories is the same for trace and delay con-
ditioning. Odor information from the initial part of an odor
stimulus was transformed into the odor trace, whereas the late
phase of a continuing odor stimulus did not influence the odor
trace (Fig. 3). This resembles the situation in mammals, where the
CS onset contributes mostly to the trace memory (Kehoe et al.,
2009). Parallel to response strength, the response latency is a
measure of associative strength, as it decreases with acquisition
(Rehder, 1987). The latency is also a function of task difficulty
(Wright et al., 2009). Since in trace conditioning, the acquisition
rates were lower than in delay conditioning, the longer latency
likely reflects a weaker associative strength and more difficult
task, rather than acquired knowledge about the CS-US timing. In
our experiments, bees showed the conditioned response later af-
ter trace conditioning, but earlier than the predicted reward (Fig.
3D). We thus conclude that US-timing information is either not
learned or not behaviorally relevant.

Neural substrate of the odor trace: a place for Kenyon cells?
We have shown that odor traces are not stored in PN calcium
activity (Fig. 5G). This is surprising, given that Galan et al. (2006)
found a sensory odor memory in the form of increased stochastic
coupling between coactivated glomeruli. It thus remains to be
shown whether the odor-specific post-odor response patterns
that we found have a functional relevance or whether they are a
mere byproduct of odor processing in the antennal lobe. The
absence of odor-trace-related calcium activity in PNs, however,
does not exclude the possibility that PNs encode the trace in form
of biochemical changes. For example, the initial odor response
may elevate PNs’ cAMP level, a mechanisms that has been dis-
cussed to underlay odor traces in Drosophila mushroom body
neurons (Tomchik and Davis, 2009).

The mushroom body, in fact, is a plausible candidate for en-
coding the odor trace. This higher brain area is involved in learn-
ing and memory (Menzel, 2001; Heisenberg, 2003) and the
mushroom body intrinsic Kenyon cells feature some properties
that make them well suited for encoding odor traces. For exam-
ple, they convey information about the initial PN response only
(Szyszka et al., 2005), just as an odor trace does. Normally, Ke-
nyon cells’ odor responses are short and go back to baseline
within a few seconds, even in the presence of an odor (Perez-
Orive et al., 2002; Szyszka et al., 2005; Ito et al., 2008; Turner et al.,
2008). However, during the pairing of an odor with a US (su-
crose), odor-activated Kenyon cells become reactivated (Szyszka
et al., 2008). In Szyszka et al. (2008), CS and US overlapped; it
remains to be shown whether odor-responsive Kenyon cells can
also be reactivated by the US after CS offset. Moreover, odors
activate primarily non-overlapping Kenyon cell ensembles. This
would allow parallel representation of multiple odor traces
(Heisenberg, 2003, Szyszka et al., 2005) and would explain the
robustness of odor traces against the interference by other odors
(Fig. 4C).

Furthermore, there is evidence that the mushroom body is
particularly involved in solving ambiguous learning tasks, as it is
required for reversal learning (Devaud et al., 2007). Trace condi-
tioning represents an ambiguous task: animals must distinguish
between the CS-US and the US—CS association, since the stimuli
do not co-occur (Beylin et al., 2001). Thus, the mushroom body
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might equally be involved in resolving the ambiguous CS-US
relationship in trace conditioning. Interestingly, the mammalian
hippocampus is specifically needed for reversal learning (Berger
and Orr, 1983), and it is thought to resolve the temporally am-
biguous stimulus relationship in trace conditioning (Beylin et al.,
2001; Bangasser et al., 2006).

Relevance of olfactory traces

In which situations could animals use odor traces? Odor traces
might be involved in higher-level cognitive processes, as has been
implicated for trace conditioning in mammals, which is thought
to induce a basal form of declarative memory (Clark, 2011). Odor
traces could, for example, serve as short-term olfactory storage
for working memory (Baddeley, 1992). In honeybees, olfactory
and visual working memory have been approached experimen-
tally in the delayed matching-to-sample paradigm, in which an-
imalslearn to respond to a matching stimulus (Giurfa et al., 2001;
Menzel, 2009). In this paradigm, a bee has to keep a transient
nonassociative memory of the sample stimulus and then apply a
learned rule to choose the right stimulus. The largest effective
time interval between the sample was ~5 s (Zhang et al., 2005), a
value close to the 6 s odor trace found here (Fig. 2 B). Our present
results cannot directly identify whether olfactory trace memories
in honeybees have features of working memories. However, our
finding that bees can extend their trace time span by experience
(Fig. 4) is reminiscent of attention-like processes, and might im-
plicate higher-level cognitive processes in honeybee trace condi-
tioning that may not be necessary for delay conditioning.

References

Acevedo SF, Froudarakis EI, Kanellopoulos A, Skoulakis EM (2007) Protec-
tion from premature habituation requires functional mushroom bodies
in Drosophila. Learn Mem 14:376-384.

Baddeley A (1992) Working memory. Science 255:556—559.

Bangasser DA, Waxler DE, Santollo J, Shors TJ (2006) Trace conditioning
and the hippocampus: the importance of contiguity. J Neurosci
26:8702—-8706.

Berger TW, Orr WB (1983) Hippocampectomy selectively disrupts discrim-
ination reversal conditioning of the rabbit nictitating membrane re-
sponse. Behav Brain Res 8:49-68.

Beylin AV, Gandhi CC, Wood GE, Talk AC, Matzel LD, Shors T] (2001) The
role of the hippocampus in trace conditioning: temporal discontinuity or
task difficulty? Neurobiol Learn Mem 76:447-461.

Bitterman ME, Menzel R, Fietz A, Schifer S (1983) Classical conditioning of
proboscis extension in honeybees (Apis mellifera). ] Comp Psychol
97:107-119.

Cheng DT, Disterhoft JF, Power JM, Ellis DA, Desmond JE (2008) Neural
substrates underlying human delay and trace eyeblink conditioning. Proc
Natl Acad Sci U S A 105:8108—-8113.

Christian KM, Thompson RF (2003) Neural substrates of eyeblink condi-
tioning: acquisition and retention. Learn Mem 10:427—455.

Clark RE (2011) Eyeblink Conditioning and systems consolidation: an
ironic yet powerful pairing. Neurobiol Learn Mem 95:118—124.

Clark RE, Squire LR (1998) Classical conditioning and brain systems: the
role of awareness. Science 280:77—81.

Devaud J, Blunk A, Podufall J, Giurfa M, Griinewald B (2007) Using local
anaesthetics to block neuronal activity and map specific learning tasks to
the mushroom bodies of an insect brain. Eur ] Neurosci 26:3193-3206.

Ebel HC, Prokasy WF (1963) Classical eyelid conditioning as a function of
sustained and shifted interstimulus intervals. ] Exp Psychol 65:52-58.

Flecke C, Stengl M (2009) Octopamine and tyramine modulate pheromone-
sensitive olfactory sensilla of the hawkmoth Manduca sexta in a time-
dependent manner. ] Comp Physiol A Neuroethol Sens Neural Behav Physiol
195:529-545.

Galan RF, Sachse S, Galizia CG, Herz AV (2004) Odor-driven attractor dy-
namics in the antennal lobe allow for simple and rapid olfactory pattern
classification. Neural Comput 16:999-1012.

Galén RF, Weidert M, Menzel R, Herz AV, Galizia CG (2006) Sensory mem-



Szyszka et al. @ Trace Conditioning in Honeybees

ory for odors is encoded in spontaneous correlated activity between ol-
factory glomeruli. Neural Comput 18:10-25.

Galili DS, Liidke A, Galizia CG, Szyszka P, Tanimoto H (2011) Olfactory trace
conditioning in Drosophila. ] Neurosci 31:7240-7248.

Galizia CG, SzyszkaP (2008) Olfactory coding in the insect brain: molecular
receptive ranges, spatial and temporal coding. Entomol Exp Appl
128:81-92.

Galizia CG, Mcllwrath SL, Menzel R (1999a) A digital three-dimensional
atlas of the honeybee antennal lobe based on optical sections acquired by
confocal microscopy. Cell Tissue Res 295:383—-394.

Galizia CG, Sachse S, Rappert A, Menzel R (1999b) The glomerular code for
odor representation is species specific in the honeybee Apis mellifera. Nat
Neurosci 2:473—478.

Gerber B, Stocker RF, Tanimura T, Thum AS (2009) Smelling, tasting,
learning: Drosophila as a study case. Results Probl Cell Differ 47:139-185.

GiurfaM (2007) Behavioral and neural analysis of associative learning in the
honeybee: a taste from the magic well. ] Comp Physiol A Neuroethol Sens
Neural Behav Physiol 193:801—-824.

Giurfa M, Zhang S, Jenett A, Menzel R, Srinivasan MV (2001) The concepts
of ‘sameness’ and ‘difference’ in an insect. Nature 410:930-933.

Gormezano I, Moore JW (1969) Classical conditioning: empirical relation-
ships. In: Learning: processes (Marx MH, ed), pp 133-168. London:
Macmillan.

Guerrieri F, Schubert M, Sandoz JC, GiurfaM (2005) Perceptual and neural
olfactory similarity in honeybees. PLoS Biol 3:¢60.

Hammer M (1993) An identified neuron mediates the unconditioned stim-
ulus in associative olfactory learning in honeybees. Nature 366:59—63.

Heisenberg M (2003) Mushroom body memoir: from maps to models. Nat
Rev Neurosci 4:266-275.

Hildebrand JG, Shepherd GM (1997) Mechanisms of olfactory discrimina-
tion: converging evidence for common principles across phyla. Annu Rev
Neurosci 20:595-631.

Ito I, Ong RC, Raman B, Stopfer M (2008) Sparse odor representation and
olfactory learning. Nat Neurosci 11:1177-1184.

Kamin LJ (1965) Temporal and intensity characteristics of the conditioned
stimulus. In: Classical conditioning: a symposium (Prokasy WF, ed), pp
118-147. New York: Appleton-Century-Crofts.

Kaplan PS (1984) Bridging temporal gaps between CS and US in autoshap-
ing: a test of a local context hypothesis. Anim Learn Behav 12:142-148.

Kehoe EJ, Ludvig EA, Sutton RS (2009) Magnitude and timing of condi-
tioned responses in delay and trace classical conditioning of the nictitat-
ing membrane response of the rabbit (Oryctolagus cuniculus). Behav
Neurosci 123:1095-1101.

Kuwabara M (1957) Bildung eines bedingten Reflexes von Pavlovs Typus
bei der Honigbiene, Apis mellifica. ] Fac Sci Hokkaido Univ Ser VI Zool
13:458-464.

Linster C, Hasselmo ME (1999) Behavioral responses to aliphatic aldehydes
can be predicted from known electrophysiological responses of mitral
cells in the olfactory bulb. Physiol Behav 66:497-502.

Linster C, Sachse S, Galizia CG (2005) Computational modeling suggests
that response properties rather than spatial position determine connec-
tivity between olfactory glomeruli. ] Neurophysiol 93:3410-3417.

Lovibond PF, Shanks DR (2002) The role of awareness in Pavlovian condi-
tioning: empirical evidence and theoretical implications. ] Exp Psychol
Anim Behav Process 28:3-26.

Lucas GA, Deich JD, Wasserman EA (1981) Trace autoshaping: acquisition,
maintenance, and path dependence at long trace intervals. ] Exp Anal
Behav 36:61-74.

Lunney GH (1970) Using analysis of variance with a dichotomous depen-
dent variable: an empirical study. ] Educ Meas 7:263-269.

McEchron MD, Disterhoft JE (1997) Sequence of single neuron changes in
CA1 hippocampus of rabbits during acquisition of trace eyeblink condi-
tioned responses. ] Neurophysiol 78:1030—1044.

Menzel R (2001) Searching for the memory trace in a mini-brain, the hon-
eybee. Learn Mem 8:53—62.

Menzel R (2009) Working memory in bees: also in flies? ] Neurogenet
23:92-99.

J. Neurosci., May 18,2011 - 31(20):7229-7239 « 7239

Menzel R, Bitterman ME (1983) Learning by honeybees in an unnatural
situation. In: Neuroethology and behavioral physiology (Huber F, Markl
H, eds), pp 206-215. New York: Springer.

Menzel R, Galizia G, Miiller D, Szyszka P (2005) Odor coding in projection
neurons of the honeybee brain. Chem Senses 30 [Suppl 1]:1301-i302.
Mori K, Nagao H, Yoshihara Y (1999) The olfactory bulb: coding and pro-

cessing of odor molecule information. Science 286:711-715.

Miiller U (2002) Learning in honeybees: from molecules to behaviour. Zo-
ology 105:313-320.

PavlovIP (1927) Conditioned reflexes: an investigation of the physiological
activity of the cereb cortex (Anrep GV, ed). London: Oxford UP.

Peele P, Ditzen M, Menzel R, Galizia CG (2006) Appetitive odor learning
does not change olfactory coding in a subpopulation of honeybee anten-
nal lobe neurons. ] Comp Physiol A Neuroethol Sens Neural Behav
Physiol 192:1083-1103.

Pelz C, Gerber B, Menzel R (1997) Odorant intensity as a determinant for
olfactory conditioning in honeybees: roles in discrimination, overshad-
owing and memory consolidation. ] Exp Biol 200:837—847.

Perez-Orive J, Mazor O, Turner GC, Cassenaer S, Wilson RI, Laurent G
(2002) Oscillations and sparsening of odor representations in the mush-
room body. Science 297:359 -365.

Rehder V' (1987) Quantification of the honey bee’s proboscis extension re-
flex by electromyographic recordings. J Insect Physiol 33:501-507.

Rescorla RA, Wagner AR (1972) A theory of Pavlovian conditioning: varia-
tions in the effectiveness of reinforcement and nonreinforcement. In:
Classical conditioning II: current research and theory (Black AH, Prokasy
WE, eds), pp 64—99. New York: Appelton-Century-Crofts.

Sachse S, Galizia CG (2002) Role of inhibition for temporal and spatial rep-
resentation in olfactory output neurons: a calcium imaging study. ] Neu-
rophysiol 87:1106-1117.

Sachse S, Galizia CG (2003) The coding of odour-intensity in the honeybee
antennal lobe: local computation optimizes odour representation. Eur
J Neurosci 18:2119-2132.

Sachse S, Rappert A, Galizia CG (1999) The spatial representation of chem-
ical structures in the antennal lobe of honeybees: steps towards the olfac-
tory code. Eur J Neurosci 11:3970-3982.

Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction
and reward. Science 275:1593-1599.

Solomon PR, Vander Schaaf ER, Thompson RF, Weisz DJ (1986) Hip-
pocampus and trace conditioning of the rabbit’s classically conditioned
nictitating membrane response. Behav Neurosci 100:729-744.

Szyszka P, Ditzen M, Galkin A, Galizia CG, Menzel R (2005) Sparsening and
temporal sharpening of olfactory representations in the honeybee mush-
room bodies. ] Neurophysiol 94:3303-3313.

Szyszka P, Galkin A, Menzel R (2008) Associative and non-associative plas-
ticity in Kenyon cells of the honeybee mushroom body. Front Syst Neu-
rosci 2:3.

Tomchik SM, Davis RL (2009) Dynamics of learning-related cAMP signal-
ing and stimulus integration in the Drosophila olfactory pathway. Neuron
64:510-521.

Turner GC, Bazhenov M, Laurent G (2008) Olfactory representations by
Drosophila mushroom body neurons. ] Neurophysiol 99:734—746.

Vetter RS, Sage AE, Justus KA, Cardé RT, Galizia CG (2006) Temporal in-
tegrity of an airborne odor stimulus is greatly affected by physical aspects
of the odor delivery system. Chem Senses 31:359-369.

Weisz DJ, Walts C (1990) Reflex facilitation of the rabbit nictitating mem-
brane response by an auditory stimulus as a function of interstimulus
interval. Behav Neurosci 104:11-20.

Woodruff-Pak DS, Disterhoft JE (2008) Where is the trace in trace condi-
tioning? Trends Neurosci 31:105-112.

Wright GA, Carlton M, Smith BH (2009) A honeybee’s ability to learn, rec-
ognize, and discriminate odors depends upon odor sampling time and
concentration. Behav Neurosci 123:36—43.

Zhang S, Bock F, Si A, Tautz J, Srinivasan MV (2005) Visual working mem-
ory in decision making by honey bees. Proc Natl Acad Sci U S A 102:
5250-5255.



	Text1: First publ. in: The Journal of Neuroscience ; 31 (2011), 20. - pp. 7229-7239
DOI: 10.1523/​JNEUROSCI.6668-10.2011
	Text2: Konstanzer Online-Publikations-System (KOPS)
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-173144


