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In classical conditioning, the temporal sequence of stimulus presentations is critical for the association between the condi-

tioned stimulus (CS) and the unconditioned stimulus (US). In forward conditioning, the CS precedes the US and is learned as

a predictor for the US. Thus it acquires properties to elicit a behavioral response, defined as excitatory properties. In back-

ward conditioning, the US precedes the CS. The CS might be learned as a predictor for the cessation of the US acquiring

inhibitory properties that inhibit a behavioral response. Interestingly, behavior after backward conditioning is controlled

by both excitatory and inhibitory properties of the CS, but the underlying mechanisms determining which of these oppos-

ing properties control behavior upon retrieval is poorly understood. We performed conditioning experiments in the hon-

eybee (Apis mellifera) to investigate the CS properties that control behavior at different time points after backward

conditioning. The CS properties, as characterized by the retardation or enhancement of subsequent acquisition, were ex-

amined 30 min and 24 h after backward conditioning. We found that 30 min after backward conditioning, the CS acquired

an inhibitory property during backward conditioning depending on the intertrial interval, the number of trials, and the

odor used as the CS. One day after backward conditioning, we observed significant retardation of acquisition. In addition,

we demonstrated an enhanced, generalized odor response in the backward conditioned group compared to untreated

animals. These results indicate that two long-lasting opposing memories have been formed in parallel: one about the excit-

atory properties of the CS and one about the inhibitory properties of the CS.

Learning about the predictive relationship between a neutral
stimulus and a meaningful stimulus like food or the presence of
a predator is essential for an animal to adjust its behavior to an
ever-changing environment. During classical conditioning, ani-
mals learn the relationship between two stimuli, namely the asso-
ciation between an initially neutral stimulus, the conditioned
stimulus (CS), and a meaningful stimulus, the unconditioned
stimulus (US). When the CS precedes the US, i.e., during forward
conditioning, animals learn that the initially neutral CS predicts
the occurrence of the US. Accordingly, the CS elicits a conditioned
response (CR) that is rather similar to the unconditioned response
to the US. Based on his observation that the CS elicits the CR,
Pavlov (1927) suggested that the CS gains excitatory properties
during classical conditioning, and that it is these properties that
evoke the CR.

It is less clear what properties the CS acquires during back-
ward conditioning when the sequence of stimulus presentations
is reversed, i.e., when the onset of the US precedes the onset of
the CS. If the US and the CS are still overlapping, as in forward
conditioning, the CS might be associated with the occurrence of
the US. Accordingly, the CS might acquire excitatory properties.
However, because the CS onset precedes the US offset and the
CS presentation is followed by a phase without US presentation,
the CS might also be learned as a predictor for the cessation or ab-
sence of the US. Thus, the CS might also gain inhibitory properties
during backward conditioning. Indeed, in several studies it has
been demonstrated that the CS acquires either inhibitory proper-
ties or excitatory properties or both (Keith-Lucas and Guttman
1975; Heth 1976; Ayres et al. 1987; Williams et al. 1992; Cole

and Miller 1999; Urushihara 2004). But the reason for these incon-
sistent findings is still poorly understood. One possible explana-
tion is the time point at which the CS properties are tested after
backward conditioning. After forward conditioning, several mem-
ories are formed that differ in their stability (McGaugh 2000;
Davis 2011; Menzel 2012). Most likely, memories of differing
stability are also formed after backward conditioning. If the CS
gains inhibitory and excitatory properties at the same time during
backward conditioning, opposing memories might be formed. If
these opposing memories differ in their stability, they might con-
trol retention at different time points after backward condition-
ing. This control of behavior by opposing memories at different
time points after backward conditioning might explain the incon-
sistent findings on the CS properties acquired during backward
conditioning.

Accordingly, the time span between backward conditioning
and retention testing might be crucial for understanding the
properties of the CS acquired during backward conditioning.

Here we test this hypothesis in harnessed honeybees (Apis
mellifera). The honeybee is a well-known invertebrate model or-
ganism for learning and memory research (Menzel et al. 2006;
Giurfa and Sandoz 2012; Matsumoto et al. 2012; Menzel 2012).
Memory formation has been thoroughly characterized using an
appetitive classical conditioning paradigm, the olfactory condi-
tioning of the proboscis extension response (PER) (Bitterman
et al. 1983). In honeybees, the stability of an appetitive olfactory
memory formed after forward conditioning depends on the
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number of trials: Stable long-term memories are formed after for-
ward conditioning with three or more conditioning trials, where-
as transient short-term memories are formed after only one
conditioning trial (Wüstenberg et al. 1998; Friedrich et al. 2004).

Here we apply a retardation-of-acquisition assay in order to
examine the inhibitory and excitatory properties of the CS after
backward conditioning (Hammond 1968; Rescorla 1969; Papini
and Bitterman 1993). This assay is based on the assumption that
inhibitory and excitatory properties of a CS add up to acquisition
and retention scores. Accordingly, forward conditioning with
a CS that has previously acquired inhibitory properties results
in retarded acquisition, whereas forward conditioning with a
CS that has acquired excitatory properties results in enhanced
acquisition.

Results

The CS gains inhibitory properties during one-trial

backward conditioning depending on the interstimulus

interval
We first asked about the properties of the CS that can already be
observed after one backward conditioning trial. Hellstern et al.
(1998) demonstrated that the CS acquires inhibitory properties af-
ter one backward conditioning trial with an interval between the
onset of the US and the onset of the CS, i.e., an interstimulus in-
terval (ISI) of 15 sec. In this situation, the US and CS presentations
are not overlapping.

To test the validity of the retardation-of-acquisition assay we
first examined the CS inhibitory properties after backward condi-
tioning with an ISI of 15 sec as already described by Hellstern et al.
(1998). We examined two groups: The first group received one
backward conditioning trial with an ISI of 15 sec (BWISI15) using
clove oil as CS and the second group remained untreated and
was kept in its storage box while the BWISI15 group underwent
backward conditioning (Naive). Thirty minutes after condition-
ing both groups underwent two CS–US pairings, i.e., forward con-
ditioning (Fig. 1A).

In the BWISI15 group, a significantly lower percentage of
animals showed a response to the odor during forward condition-
ing compared to the Naive group (first forward trial: BWISI15,
3%, Naive, 9%; second forward trial: BWISI15, 38%, Naive, 58%; re-
peated measurement analysis of variances (rmANOVA): Group,
F(1,131) ¼ 6.42, P , 0.05; Group × Time, F(1,325)¼ 2.88, P ¼ 0.09)
(Fig. 1B). Thus, we demonstrate retardation of acquisition by a sin-
gle backward conditioning trial with an ISI of 15 sec. We conclude
that the CS acquired inhibitory properties during backward condi-
tioning when the US and CS presentations were not overlapping.

We next asked whether the CS also acquires inhibitory prop-
erties during backward conditioning with one trial with an ISI of
2 sec, i.e., when the US and CS presentations are overlapping.

We examined two groups of animals: The first group received
one backward trial with an ISI of 2 sec (BWISI2) again using clove
oil as CS, and the second group was untreated (Naive) and re-
mained in its storage box while the BWISI2 group underwent back-
ward conditioning. Thirty minutes after conditioning both
groups underwent forward conditioning with two trials (Fig. 1C).

During forward conditioning, animals of the BWISI2 group
did not respond significantly differently compared to the Naive
group (first forward trial: BWISI2, 17%, Naive, 5%; second forward
trial: BWISI2, 74%, Naive, 65%; rmANOVA: Group, F(1,325) ¼ 1.8,
P . 0.05; Group × Time, F(1,325) ¼ 0.92, P . 0.05) (Fig. 1D).

From this result we conclude that during backward condi-
tioning with a single backward conditioning trial and an ISI of 2
sec, the CS gains neither inhibitory properties nor excitatory prop-
erties strong enough to control behavior.

Retardation of acquisition upon backward conditioning

with three US–CS trials
Next we investigated whether the number of trials compensates
for the effect of the ISI on the acquisition of inhibitory properties.
We examined three groups: The first group (BWISI2) received back-
ward conditioning with three trials and an ITI of 2 sec using clove
oil as CS; the second group (Naive) was left untreated and re-
mained in its storage box; and the third group (CSonly) received
three CS trials without a US application to control for latent inhi-
bition, i.e., an inhibitory effect of a repeated CS presentation
(Lubow and Moore 1959). All groups received two forward condi-
tioning trials 30 min after the treatment (Fig. 2A). A significantly
lower percentage of animals responded to the odor in the BWISI2

group compared to the Naive group and the CSonly group (Fig.
2B). The CSonly group did not perform significantly differently
from the Naive group. The PER performances during the first for-
ward conditioning trial were not different between the three
groups. However, in the second trial a significantly lower percent-
age of animals of the BWISI2 group showed an odor response com-
pared to the CSonly and the Naive group (first forward trial: BWISI2,
8%, Naive, 4% CSonly, 0%; second forward trial: BWISI2, 22%,
Naive, 79%, CSonly, 67%; rmANOVA: Group, F(2,141) ¼ 13.4, P ,

0.05; post hoc, PBW vs. Naive , 0.05, PBW vs. CSonly , 0.05, PNaive vs.

CSonly . 0.05; Group × Time, F(2,141) ¼ 30.6, P , 0.05; post hoc,
PA2 BW vs. A2 Naive , 0.05, PA2 BW vs. A2 CS only , 0.05, PA2 CS only vs.

A2 Naive . 0.05) (Fig. 2).

Figure 1. The CS gains inhibitory properties during one-trial backward
conditioning depending on the interstimulus interval (ISI). (A) Schematic
overview of the experiment using backward conditioning with an ISI of 15
sec. Honeybees were treated with one backward conditioning trial with an
ISI of 15 sec (BWISI15) or were kept untreated (Naive). (B) Thirty minutes
later the BWISI15 group (gray) and the Naive group (white) were condi-
tioned with two forward conditioning trials (first acquisition trial a1 and
second acquisition trial a2) using the same CS (clove oil) as in preceding
backward conditioning. (C) Schematic overview of the experiment using
backward conditioning with an ISI of 2 sec. Honeybees were treated with
one backward trial with an ISI of 2 sec (BWISI2) or in parallel kept untreated
(Naive). (D) Thirty minutes later the BWISI2 group (black) and the Naive
group (white) were conditioned with two forward trials (a1 and a2)
using the same CS (clove oil) as in preceding backward conditioning.
(∗) P , 0.05.
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These results showed that backward conditioning with three
US–CS trials retards acquisition. We excluded the possibility that
the CS alone accounts for this effect.

However, it has been described previously that repeated pre-
exposure to the US can retard subsequent acquisition (Siegel and
Domjan 1971). Thus, in a second experiment we tested whether
the US alone accounts for the retardation of acquisition observed
after backward conditioning. We examined three groups: The first
group (BWISI2) received backward conditioning with three trials
and an ITI of 2 sec with clove oil as CS, the second group received
three US trials (US), and the third group was left untreated (Naive)
and remained in its storage box. The three groups were subjected
to two forward conditioning trials 30 min later to test for retarda-
tion of acquisition due to the US presentation alone (Fig. 2C). At
the first acquisition trial the percentage of animals in the US group
showing a PER during odor presentation was significantly higher
than in the Naive group and in the BWISI2 group. At the second ac-
quisition trial the percentage of animals showing a PER was simi-
lar in the US group and the Naive group, but both groups were
significantly different from the percentage of PER in the BWISI2

group (first forward trial: US, 26%, Naive, 5%, BWISI2, 10%; second
forward trial: US, 45%, Naive, 40%, BWISI2, 27%; rmANOVA:
Group, F(2,373)¼ 9.5, P , 0.05; post hoc, PUS vs. BW, 0.05, PUS vs.

Naive , 0.05, PBW vs. Naive . 0.05, Group × Time, F(2,373) ¼ 8.3,
P , 0.05; post hoc, PA1 US vs. A1 Naive , 0.05, PA1 US vs. A1 BW ,

0.05, PA1 BW vs. A1 Naive . 0.05, PA2 US vs. A2 Naive . 0.05, PA2 US vs.

A2 BW , 0.05, PA2 BW vs. A2 Naive , 0.05) (Fig. 2D).
Taken together, three US trials do not decrease the PER

throughout subsequent forward conditioning compared to the

untreated group. Instead we find that the US increases the PER
at the first forward trial compared to the untreated control, but
not at the second trial. In addition, we again demonstrate that
the BWISI2 group shows a retardation of acquisition. This suggests
that the US presentation alone does not result in a retardation of
acquisition. However, this finding must be interpreted with cau-
tion because the difference between the US group and the Naive
group that we demonstrated in the first conditioning trial is not
visible at the second trial. This lack of difference between the US
group and the untreated group could be interpreted as retardation
of acquisition in the US group.

The CS gains inhibitory properties during backward

conditioning with three US–CS trials depending

on the odor used as CS
From the previous experiment, we could not entirely exclude that
repeated US presentations might retard subsequent forward acqui-
sition. If the repeated US presentation during backward condi-
tioning accounted for a retardation of acquisition rather than
the inhibitory properties of the CS, the retardation of acquisition
should not be odor specific. To test this hypothesis we investigat-
ed whether the retardation of acquisition observed after backward
conditioning with three US–CS trials is specific to the CS, in our
case odor specific. We first tested whether bees are able to discrim-
inate between the two odors that we used in subsequent experi-
ments: clove oil and 1-hexanol. We trained bees with two
forward conditioning trials using either clove oil or 1-hexanol
odor as the CS. The bees were divided into two groups 30 min lat-
er. One group was tested with the conditioned odor (Same) and
the other with the second, different odor (Different) (Fig. 3A–
D). Significantly fewer animals responded to the different odor
compared to the previously trained odor. This result holds true re-
gardless of whether clove oil (Same, 88%, Different, 66%; G test:
G ¼ 5.46, P , 0.05) (Fig. 3A,B) or 1-hexanol (Same, 95%,
Different, 41%; G test: G ¼ 28.60, P , 0.05) was used as trained
odor (Fig. 3C,D). This result demonstrates that bees distinguish
between the two odors and form an odor-specific memory.

Next, we investigated whether retardation of acquisition af-
ter backward conditioning is odor specific. We examined three
groups of bees: Two groups were conditioned with three backward
trials using either clove oil (C) or 1-hexanol (H) and a third group
was left untreated. Each of these three groups was divided into two
groups 30 min after backward conditioning. To test for retardation
of acquisition, all groups were trained with two forward condi-
tioning trials using either the same odor as in the preceding back-
ward conditioning or a different odor. The untreated group was
always tested with a novel odor. This resulted in the following
combinations of backward and forward conditioning: C–C and
H–H (Same), C–H and H–C (Different), and in case of the untreat-
ed groups H or C (Naive). When clove oil was used during back-
ward conditioning and in the untreated group (C–C, C–H, C)
no difference between the Same, Different, and Naive group was
observed in the first forward trial (first forward trial: Same, 9%,
Different, 19%, Naive, 4%; rmANOVA: Group, F(2,245) ¼ 8.3, P ,

0.05; post hoc, PSame vs. Different , 0.05, PSame vs. Naive , 0.05,
PNaive vs. Different . 0.05; Group × Time, F(2,245) ¼ 11.8, P , 0.05;
post hoc, PA1 Same vs. Naive . 0.05, PA1 Naive vs. Different . 0.05, PA1

Same vs. Different . 0.05) (Fig. 3E,F). At the second forward trial ani-
mals from the Different group responded on a similar level as the
Naive group. However, at the second trial both groups responded
significantly more than animals trained with the same odor (sec-
ond forward trial: Same, 26%, Different, 54%, Naive, 58%;
rmANOVA: Group × Time, F(2,245) ¼ 11.8, P , 0.05; post hoc,
PA2 Same vs. Naive , 0.05, PA2 Naive vs. Different . 0.05, PA2 Same vs.

Different , 0.05) (Fig. 3E,F).

Figure 2. Retardation of acquisition upon backward conditioning. (A)
Schematic overview of the experiment using three backward trials with
an ISI of 2 sec or three CS only trials. Honeybees were treated with
three backward trials (BWISI2) or three CS trials alone (CSonly), or were un-
treated (Naive). (B) Thirty minutes later the BWISI2 group (black), the
CSonly group (gray), and the Naive group (white) were conditioned
with two forward trials (first acquisition trial a1 and second acquisition
trial a2) using the same CS (clove oil) as in backward conditioning. (C)
Schematic overview of the experiment using three-trial US pre-exposure
or three backward trials with an ISI of 2 sec. Honeybees were treated
with three US trials (US), with three backward trials (BWISI2), or were left
untreated (Naive). (D) Thirty minutes later the US group (gray), the
BWISI2 group (black), and the Naive group (white) were conditioned
with two forward trials (a1 and a2) using the same CS (clove oil) as in
backward conditioning. (∗) P , 0.05.
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When 1-hexanol was used in backward conditioning and in
the untreated group (H–H, H–C, H) a significant difference be-
tween the Same group and the Naive group was observed in the
first acquisition trial. The Different group was not significantly
different from either group (first forward trial: Same, 28%,
Different, 11%, Naive 5%; rmANOVA: Group, F(2,247) ¼ 0.5, P .

0.05, Group × Time, F(2,247) ¼ 11.4, P , 0.05; post hoc, PA1 Same

vs. Naive , 0.05, PA1 Naive vs. Different . 0.05, PA1 Same vs. Different .

0.05) (Fig. 3G,H). In the second acquisition trial odor responses
were similar in all three groups (second forward trial: Same,
46%, Different, 54%, Naive, 60%; Group × Time, F(2,247) ¼ 11.4,
P , 0.05; post hoc, PA2 Same vs. Naive . 0.05, PA2 Naive vs. Different .

0.05, PA2 Same vs. Different . 0.05).
Taken together, these results demonstrate that odors differ

in their capability to acquire inhibitory properties during back-
ward conditioning. Clove oil acquires specific inhibitory prop-
erties during backward conditioning, whereas hexanol does not.
In contrast, backward conditioning with 1-hexanol increased
the response to 1-hexanol (H–H) compared to the Naive group
(H). Thus, we show that retardation of acquisition is odor spe-
cific when clove oil is used as CS. This finding indicates that CS
properties acquired during three-trial backward conditioning
depend on the stimulus that is used as a CS during backward
conditioning.

The inhibitory properties of the CS are long-lasting
To test whether the inhibitory properties of the CS are long-lasting
we trained one group with three backward conditioning trials on
the first day (BWISI2) using again clove oil as the CS and kept a sec-
ond, untreated (Naive) group in their storage box. On the follow-
ing day, both groups underwent forward conditioning with two
trials (Fig. 4A).

At the first acquisition trial the percentage of animals from
the BWISI2 group that responded to the CS was significantly higher
compared to the Naive group. At the second acquisition trial the
percentage of animals of the BWISI2 group that responded to the
CS was significantly lower compared to the Naive group (first for-
ward conditioning trial: BW, 24%, Naive 9%; second forward con-
ditioning trial: BW, 56%, Naive, 67%; rmANOVA: Group × Time,
F(1,375) ¼ 23.7, P , 0.05; post hoc, PA1 BW vs. Naive , 0.05, PA2 BW vs.

Naive , 0.05) (Fig. 4B).
Taken together, these results demonstrate that the inhibitory

properties of the CS are long-lasting. In addition, we observed an
increased response at the first acquisition trial. Thus, we hypoth-
esize that the CS gained long-lasting excitatory properties in addi-
tion to the inhibitory properties already observed.

Figure 3. The retardation of acquisition is odor-specific. (A–D) Schematic overview and the results of the experiments investigating odor specificity of
memory retention after forward conditioning with clove oil (A,B) or 1-hexanol (C,D). (B,D) Honeybees were conditioned with two forward conditioning
trials (circles, first acquisition trial a1 and second acquisition trial a2). Thirty minutes later bees where tested (bars) either with the trained odor (black) or
with a different odor (white). (∗) P , 0.05. (E–G) Schematic overview and results of the experiments investigating odor specificity of memory retention
after backward conditioning with clove oil (E,F) or 1-hexanol (G,H). (F,H) Bees were treated with three backward conditioning trials or were kept untreat-
ed. Thirty minutes later the backward trained group was subdivided into two subgroups: One was forward trained with the same odor as in the backward
conditioning (Same, black), one group was forward trained with a different odor as in the backward conditioning (Different, gray). The untreated animals
were also conditioned with two forward trials (Naive, white). (∗) P , 0.05.

Figure 4. Inhibitory properties of the CS are long-lasting. (A) Schematic
overview of the experiment. Bees were treated with three backward trials
(BWISI2) or were kept untreated (Naive). (B) Twenty-four hours later, bees
from the BWISI2 group (black) and from the Naive group (white) were con-
ditioned with two forward trials (first acquisition trial a1 and second acqui-
sition trial a2) using the same CS (clove oil) as in backward conditioning.
(∗) P , 0.05.
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The enhanced odor response 24 h after backward

conditioning does not result from the US

presentation alone
Next we asked whether the enhanced response to clove oil ob-
served 24 h after backward conditioning is solely due to the
presentation of the US alone, i.e., to a sensitization or the associ-
ation of the context with the US. We tested whether three trials of
US presentations result in a response rate comparable to that ob-
served after backward conditioning.

We performed an experiment with three groups: One group
received three US presentations alone (US), a second group was
conditioned with three backward trials (BWISI2) again using clove
oil as CS, and a third group remained untreated (Naive). Twenty-
four hours later, the animals’ response to the odor that had been
used as the CS in the backward group was tested (Fig. 5A). The per-
centage of responding animals from the US group was signifi-
cantly higher compared to the Naive group (Fig. 5B) (US ¼ 38%,
Naive ¼ 8%, BWISI2 ¼ 19%; G test: GUS vs. Naive ¼ 39.39, P ,

0.01). The percentage of animals from the BW group responding
to the CS was significantly higher than that of the Naive group
but significantly lower than that of the US group (G test: GNaive

vs. BW ¼ 8.30, P , 0.01; GUS vs. BW¼ 11.06, P , 0.01) (Fig. 5).
Taken together, we demonstrate that three trials of US pre-

sentations lead to a higher response to clove oil than three back-
ward trials. We conclude that the response to clove oil after
backward conditioning is not due to the US presentation alone.
Rather, this enhanced response to clove oil observed 24 h after
backward conditioning is due to the presentation of both stimuli,
i.e., the US and the CS.

A generalized odor response 24 h after backward

conditioning
Next we asked whether the enhanced response to the CS 24 h after
backward conditioning is odor specific. We conditioned two
groups of animals with three backward trials with an ISI of 2 sec
(BWISI2) using either clove oil (C) or 1-hexanol (H) as CS. A third
group remained untreated (Naive). Twenty-four hours later we di-
vided each group into two groups which were tested for memory
retention with either the same odor or the different odor or, in
case of the Naive group, a novel odor. This resulted in the follow-
ing combinations of backward conditioning and memory reten-
tion test: C–C and H–H (Same), C–H and H–C (Different), and
in case of the Naive group in testing animals with clove oil or
1-hexanol. The percentage of backward conditioned bees re-
sponding to the same and the different odor in the test was not
significantly different (clove oil: Same, 39%, Different, 39%;
G Test: G ¼ 0.01, P . 0.05 [Fig. 6A,B]; 1-hexanol: Same, 47%,

Different, 53%; G Test: G ¼ 0.80, P . 0.05 [Fig. 6C,D]). But the dif-
ference of both groups of backward conditioned animals and
the Naive group was significant disregarding which odor was
used (G Test: clove oil, Gbackward Same vs. Naive ¼ 11.21, P , 0.001,
Gbackward Different vs. Naive ¼ 12.27, P , 0.001; hexanol, Gbackward

Same vs. NaiveT ¼ 37.67, P , 0.001, Gbackward Different vs. Naive ¼

48.89, P , 0.001).
Taken together, these results showed for clove oil and 1-hex-

anol an increased odor response 24 h upon backward condition-
ing. This increased odor response might result from a weak CS–
US association. However, animals respond to the backward condi-
tioned odor and a novel odor to the same extent suggesting that
24 h upon backward conditioning the odor response is general-
ized. Upon generalization animals respond to a novel stimulus
in the same way as to a previously learned, perceptually distinct
stimulus (Shepard 1987; Ghirlanda and Enquist 2003).

Next we ask whether the similar odor response to the back-
ward conditioned odor and a different odor is due to generali-
zation or results from a general failure of the animals to
differentiate the conditioned odor from the different odor 24 h
upon forward conditioning.

We conditioned animals with three forward trials (FW) with
an ITI of 10 min using either clove oil (C) or 1-hexanol (H) as CS.
Twenty-four hours later we divided each group into two groups
that were tested with clove oil or with 1-hexanol.

The percentage of forward conditioned animals responding
to the same odor (C–C, H–H) was significantly higher compared
to animals responding to the different odor (C–H, H–C) (clove
oil: Same, 94%, Different, 39%; G Test: G ¼ 63.01, P , 0.05 [Fig.
6E,F]; hexanol: Same, 84%, Different, 56%; G Test: G ¼ 17.14,
P , 0.05 [Fig. 6G,H]). These results demonstrate that forward
training results in odor specific memories 24 h upon condition-
ing. Thus, 24 h after forward conditioning the animals are
still able to differentiate between the conditioned (same) and a
different odor. We conclude that the similar responses to the con-
ditioned odor and a different odor 24 h after backward condition-
ing are not due to the inability of the animals to differentiate
between both odors. Instead, animals generalize the different
odor to the backward conditioned odor as a consequence of back-
ward conditioning.

Discussion

Short-lasting inhibitory properties of the CS depend

on the number of trials during backward conditioning

and the odor used as CS
We here investigated the CS properties that control behavior at
different time points after backward conditioning. First, we dem-
onstrated that the formation of a short-term memory about the
inhibitory properties of the CS depends on the ISI, the number
of backward conditioning trials, and the odor used as CS.

We observed a retardation of acquisition when we presented
one backward trial with an ISI of 15 sec. A similar result was report-
ed by Hellstern et al. (1998) using clove oil as CS. They demon-
strated in honeybees that the ISI of US and CS is critical for the
establishment of short-lasting inhibitory properties of the CS after
one backward conditioning trial. In their study, an ISI of 15 sec
was optimal for the CS to acquire inhibitory properties already
during one backward conditioning trial, whereas shorter ISI
(6 sec) or longer ISI (300 sec) were not sufficient for the CS to
acquire inhibitory properties during one trial (Hellstern et al.
1998). In contrast, here we demonstrate that the CS acquires in-
hibitory properties during backward conditioning with an ISI of
2 sec, but only when three backward trials were presented. A stim-
ulus presentation with an ISI of 2 sec means that the US and CS

Figure 5. A US presentation alone does not account for the enhanced
odor response 24 h after backward conditioning. (A) Schematic overview
of the experiment. Honeybees were either treated with three backward
conditioning trials (BW), exposed to three US trials (US), or were left un-
treated (Naive). (B) Twenty-four hours later the PER was tested with a CS
(clove oil) presentation in all groups (BW, black; US, gray; Naive, white).
Bars with unequal letters (a–c) differ significantly (P , 0.01).
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presentations overlap by 2 sec. During backward conditioning
with overlapping stimuli, the temporal contiguity of the two stim-
uli might result in an ambiguous meaning of the CS: first, the CS
appears simultaneously with the US and therefore might be asso-
ciated with the presence of the reward leading to excitatory prop-
erties for the CS and, second, the CS might be learned as a
predictor for the cessation of the US leading to inhibitory proper-
ties for the CS. Thus, when the US and the CS presentations are
overlapping animals might learn the precise temporal relation
of US and CS only after several backward conditioning trials.

Interestingly, in dogs overlapping backward conditioning
of an electric shock with a CS results in a weak inhibitory effect
on a shock avoidance behavior compared to backward condition-
ing without any overlap of the US and the CS (Moscovitch and
LoLordo 1968). Thus, the inhibitory properties of a CS acquired
during overlapping backward conditioning (also termed cessation
conditioning) are weaker than the inhibitory properties of a CS
that has been backward conditioned without an overlapping
US–CS presentation. Differences in the strength of the inhibitory
properties acquired during overlapping vs. nonoverlapping back-
ward conditioning might also be a reason for the necessity to re-
peat overlapping backward conditioning in honeybees in order
to observe the inhibitory properties in behavior.

We demonstrated that besides the ISI and the number of tri-
als, also the odor used as CS was critical for the inhibitory proper-
ties of the CS observed after 30 min. Rescorla and Wagner (1972)
proposed that a CS is characterized by a feature termed “salience”
which determines the extent to which the CS is associated with
a US. In honeybees it was demonstrated that the chemical struc-
ture (functional groups and carbon-chain length) is one feature
that determines the salience of an olfactory stimulus (Guerrieri
et al. 2005). The two olfactory stimuli used in this study differ

in their chemical structure since 1-hexanol is a pure odorant
whereas clove oil is an odor mixture. Up-to-date 1-hexanol has
not been shown to be an ingredient of clove oil (Bhuiyan 2012;
Hossain et al. 2012). Therefore, it seems likely that 1-hexanol
and clove oil differ in their salience and that this difference is
the reason for the different properties acquired during backward
conditioning. Taken together we hypothesize that the salience
of the CS is an important factor strengthening either the inhibito-
ry or the excitatory association between CS and US during back-
ward conditioning.

Three-trial backward conditioning induces long-lasting

inhibitory properties of the CS
One day after backward conditioning, we observed significant re-
tardation of acquisition again using clove oil as CS. In addition,
we demonstrated an enhanced odor response in the backward
conditioned group compared to untreated animals. This might in-
dicate that two long-lasting opposing memories have been
formed in parallel: one about the excitatory properties of the CS
and one about the inhibitory properties of the CS.

This seems to be likely, because several authors have shown
that the CS acquires excitatory and inhibitory properties at the
same time (Tait and Saladin 1986; Williams et al. 1992; Droungas
and LoLordo 1994; Barnet and Miller 1996). Barnet and Miller
(1996), for example, demonstrated that a CS that acquired inhib-
itory properties during backward conditioning acts as a reinforc-
ing stimulus during second-order conditioning. Thus, during
the paired presentation of the previously backward-conditioned
stimulus (CS1) and the second conditioned stimulus (CS2) the
CS2 acquires excitatory properties. Barnet and Miller (1996) con-
cluded that the CS1 is capable of activating a representation of the

Figure 6. Enhanced, but generalized odor response 24 h after backward conditioning. (A–D) Schematic overview and results of the experiments in-
vestigating odor specificity of memory retention 24 h after backward conditioning with clove oil (C) or 1-hexanol (H). (B,D) Honeybees were either back-
ward conditioned (BWISI2) or were left untreated (Naive). Twenty-four hours later the backward trained group was subdivided into two subgroups: One
was tested with the same odor as in the backward conditioning (Same, black), one group was tested with a different odor as in the backward conditioning
(Different, gray). In parallel, the odor responses of untreated animals were tested (Naive, white). (∗) P , 0.001. (E,H) Schematic overview and results of the
experiments investigating odor specificity of memory retention after backward conditioning clove oil (E,F) or 1-hexanol (G,H). (F,H) Honeybees were con-
ditioned with three forward conditioning trials (circles). Twenty-four hours later bees where tested (bars) either with the trained odor (black) or with a
different odor (white). (∗) P , 0.05.
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US, despite its previously acquired inhibitory properties. Thus, it
also acquired excitatory properties during backward condition-
ing. In addition, Williams and Overmier (1988) demonstrated
that the extinction of a backward trained CS results in a decrease
of its excitatory properties thereby unmasking its inhibitory prop-
erties. Therefore, the authors assumed that a CS might have
acquired excitatory properties and inhibitory properties at the
same time.

Here we show that the enhanced response to the odor 24 h
after backward conditioning is not restricted to the backward con-
ditioned CS. Rather, it is also visible when a novel odor is present-
ed. Therefore it is not entirely clear whether the CS acquired
excitatory properties during backward conditioning. However,
we excluded that the similar odor responses to the conditioned
odor and the novel odor resemble a spontaneous reaction to
odor presentation. In addition, we demonstrated that the odor re-
sponse 24 h after backward conditioning is significantly lower
than the odor response after presentation of the US alone. Thus,
we conclude that backward conditioning does not solely reflect
a memory formed about the US presentation alone, i.e., long-term
sensitization or a context–US association. Nevertheless, we can-
not exclude that the enhancement of response to an odor is
caused by a US-dependent enhancement of response that adds
up with the inhibitory properties of the CS during memory reten-
tion. However, we think that this scenario is rather unlikely
because the responses to the CS and to a novel odor are the
same 24 h after backward conditioning. If a US-dependent en-
hancement of the odor response adds up with the inhibitory prop-
erties of the CS we would expect a reduction of the odor response
only when the CS is presented but not when a novel odor is
applied.

Furthermore, we showed that the similar odor responses are
not due to an inability of animals to distinguish the two odors
24 h upon forward conditioning but that animals generalize the
different odor to the backward conditioned odor. Interestingly,
experiments with pigeons demonstrated that the degree of gen-
eralization depends on the strength of the retrieved memory:
More generalization can be observed when a weak associative
memory is retrieved in comparison to a strong associative memo-
ry (Rescorla 2006). Therefore, it might well be that the generalized
odor response we observe 24 h after backward conditioning is due
to a rather weak association between the CS–US formed during
backward conditioning. Thus, a weak excitatory association be-
tween the CS and the US could have been formed throughout
backward conditioning.

‘Punishment learning’ during backward conditioning

with a rewarding US?
Here we demonstrated that a CS acquires inhibitory properties
during backward conditioning. Interestingly, in the fruit fly as
well as in vertebrates, it has been suggested that backward condi-
tioning of an aversive US results in a positive response toward the
backward conditioned odor (Tanimoto et al. 2004; Yarali et al.
2008; Andreatta et al. 2010, 2012). This response was termed
“relief-learning” (Tanimoto et al. 2004). Thus, backward condi-
tioning with an aversive US results in a “reward-like behavioral ef-
fect” (Andreatta et al. 2010) that is elicited by the CS. Accordingly,
by backward conditioning with an aversive US the CS apparently
becomes a predictor for the cessation of the aversive US, and this
cessation of the punishment is interpreted as being rewarding.
The association of a CS with the cessation of the US might not
only result in inhibitory properties of the CS but might reverse
the value of the predicted situation: The failure of an aversive
US is rewarding, thus the backward conditioned CS may predict
a reward. The failure of a rewarding US may become aversive, in

other words, a backward conditioned CS in an appetitive US situa-
tion may predict punishment. Do our results support this hypoth-
esis? If the CS turns into a predictor for punishment, i.e., an
aversive situation, we would expect withholding of the response
when the CS is presented (Smith et al. 1991; Diegelmann et al.
2013). We observed withholding of the odor response 30 min after
backward conditioning. Thus, it might well be that the CS is a pre-
dictor of an aversive situation.

However, in our experiments, depending on the olfactory
stimulus, also an enhanced odor response was observed 30 min af-
ter backward conditioning. Moreover, 24 h after backward condi-
tioning independently of the olfactory stimulus an enhanced
generalized odor response was demonstrated. This might indicate
that the CS predicts an aversive situation 30 min after backward
conditioning with a rewarding US depending on the salience
of the CS, but that this prediction of an aversive situation is not
stable and can therefore no longer be observed 24 h after backward
conditioning. Indeed, only short- and middle-term but not long-
term memories 24 h after backward conditioning have been
demonstrated upon relief-learning (Diegelmann et al. 2013).
Accordingly, it might well be that during backward conditioning
with a rewarding US “punishment learning” takes place de-
pending on the salience of the CS (see above). This results in with-
holding of the response after backward conditioning. However,
because we observe an enhanced odor response 24 h later, that
is independent of the olfactory stimulus, this effect might not
be long lasting.

Taken together, we demonstrate that during backward condi-
tioning with overlapping US–CS presentations the CS acquires in-
hibitory properties that last for at least 24 h after conditioning. In
addition, backward conditioning leads to enhanced generalized
odor response 24 h but not 30 min after backward conditioning.
We hypothesize that this effect is due to a weak CS–US associa-
tion. However, if this holds true it remains to be clarified why
this weak CS–US association is not visible shortly after backward
conditioning. One explanation would be that the inhibitory prop-
erties of the CS are stronger 30 min after backward conditioning
than 24 h after backward conditioning thereby masking the CS ex-
citatory properties shortly after backward conditioning. Interest-
ingly, our results indicate that the inhibitory properties of the
CS depend on the CS salience. Therefore we assume that opposing
memories of differing stability are formed upon backward condi-
tioning that control behavior depending on the time point of re-
trieval and the salience of the CS.

Materials and Methods

General procedures
Honeybee hives were located at the Freie Universität Berlin.
Forager bees were caught at the hive entrance when flying out.
Catching, fixing, and feeding was done as described previously
(Felsenberg et al. 2011). Experiments were carried out from
March 2009 to October 2013.

Behavioral procedures
All experiments were performed in front of the inlet of an exhaust
fan. At least 30 min before training, animals were moved out of
the storage box and placed next to this experimental setup to
acclimatize.

During conditioning or stimulus presentations consisting of
more than one trial, an intertrial interval (ITI) of 2 min was used.
The US consisted of a 1.25 M sucrose solution. Syringes for odor
application were loaded daily with 4 mL clove oil from Eugenia car-
yophyllata (PZN 06860287, Bombastus-Werke AG) or 4 mL 1-hexa-
nol (Merck) pipetted on a round filter paper of 1 cm in diameter
(MACHERY-NAGEL GmbH & Co.).
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Forward conditioning (FW)

In one forward conditioning trial animals were put into the ex-
perimental setup and remained there for 10 sec before the CS
was presented for 5 sec. Three seconds after odor onset the presen-
tation of the US started and lasted 4 sec. After the US offset the an-
imals remained in the experimental setup for another 11 sec. A
bee scored positive when its proboscis crossed a virtual line be-
tween the open mandible tips during the first 3 sec of the CS
presentation.

Backward conditioning with an ISI of 2 sec (BWISI2)

One backward conditioning trial consisted of 10 sec placed in
the experimental setup followed by 4-sec US presentation. Two
seconds after the US onset, the presentation of the CS started
and lasted for 5 sec. Accordingly, the time interval between
the US onset and the CS onset (¼ interstimulus interval [ISI])
was 2 sec. After the CS offset the animal remained in the experi-
mental setup for 11 sec before being removed to the resting
position.

Backward conditioning with an ISI of 15 sec (BWISI15)

One backward conditioning trial consisted of 10 sec placed in the
experimental setup followed by a 4-sec US presentation. Fifteen
seconds after the US onset, the presentation of the CS started
and lasted for 5 sec. Accordingly, the time between the US onset
and the CS onset (ISI) was 15 sec. After the CS offset the animal re-
mained in the experimental setup for 11 sec before being removed
to the resting position.

US presentation

A US trial consisted of 10 sec placed in the experimental setup fol-
lowed by a 4-sec US presentation. Bees remained in the experi-
mental position for another 14 sec.

CS-only presentation

A CS trial consisted of 10 sec placed in the experimental setup fol-
lowed by a 5-sec CS presentation. The animals remained in the ex-
perimental position for another 13 sec.

Untreated animals

Untreated animals (Naive) remained in the storage box during the
entire conditioning procedure, but were otherwise handled in the
same way as the groups described above.

Data analysis and statistics
Only data from animals which survived the entire experiment,
responded to all US stimulations during the experiment, and
to a final US presentation were analyzed. The G Test for contingen-
cy tables (log likelihood ratio for contingency tables [Zar 1984])
was used to test for significant differences between the percentages
of CR of the different groups in a single test. Significance levels
were Bonferonni-corrected when groups were tested more than
once. A repeated measurement analysis of variances (rmANOVA)
was used to analyze effects over multiple trials. Fisher’s LSD test
was used as a post hoc test when two groups were compared. If
multiple groups were tested, Tukey’s HSD test was used.
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