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Involvement of phosphorylated Apis mellifera
CREB in gating a honeybee’s behavioral response
to an external stimulus
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Lea Ehrhardt, Johannes Kihnemund, Anja Bergmann, Josefine Gobel,
Marlene Isecke, and Dorothea Eisenhardt

Freie Universitdt Berlin, Institut fiir Biologie - Neurobiologie, D-14195 Berlin, Germany

The transcription factor cAMP-response element-binding protein (CREB) is involved in neuronal plasticity. Phosphory-
lation activates CREB and an increased level of phosphorylated CREB is regarded as an indicator of CREB-dependent
transcriptional activation. In honeybees (Apis mellifera) we recently demonstrated a particular high abundance of the
phosphorylated honeybee CREB homolog (pAmCREB) in the central brain and in a subpopulation of mushroom body
neurons. We hypothesize that these high pAmCREB levels are related to learning and memory formation. Here, we
tested this hypothesis by analyzing brain pAmCREB levels in classically conditioned bees and bees experiencing unpaired
presentations of conditioned stimulus (CS) and unconditioned stimulus (US). We demonstrate that both behavioral proto-
cols display differences in memory formation but do not alter the level of pAMCREB in bee brains directly after training.
Nevertheless, we report that bees responding to the CS during unpaired stimulus presentations exhibit higher levels of
pAmCREB than nonresponding bees. In addition, Trichostatin A, a histone deacetylase inhibitor that is thought to
enhance histone acetylation by CREB-binding protein, increases the bees’ CS responsiveness. We conclude that

PAMCREB is involved in gating a bee’s behavioral response driven by an external stimulus.

The transcription factor cAMP-response element-binding protein
(CREB) is widespread in the animal kingdom. It was cloned in var-
ious vertebrate and invertebrate animals, including honeybees
(Apis mellifera), where it is termed Apis mellifera CREB (AmCREB)
(Gonzalez et al. 1989; Eisenhardt et al. 2003, 2006; Sadamoto
et al. 2004; Song et al. 2009; van den Berg et al. 2010). CREB is ac-
tivated following post-translational modifications such as phos-
phorylation by protein kinase A (PKA). This enables the binding
of co-factors such as the CREB-binding protein (CBP) thereby in-
ducing CREB-mediated transcription (Yamamoto et al. 1990;
Chrivia et al. 1993). CREB is involved in different processes of
the nervous system. It is activated following learning thereby in-
ducing transcription underlying long-term memory (LTM) forma-
tion (Alberini 2009). Furthermore, CREB is regulating the basic
intrinsic excitability of neurons, a mechanism that might be im-
portant for the allocation of the memory trace (Benito and
Barco 2010; Barco and Marie 2011; Yiu et al. 2014). Honeybee
workers display a division of labor, which is age-dependent
(Beshers and Fewell 2001; Zayed and Robinson 2012). They per-
form in-hive duties such as brood care and food processing for
the first 2-3 wk after hatching and start to forage for nectar and
pollen outside the hive thereafter (Seeley 1982). Interestingly,
AmCREB was identified as a potential regulator of age-dependent
behavior in honeybees (Chandrasekaran et al. 2011; Ament et al.
2012; Khamis et al. 2015). In line, we recently demonstrated an
age-dependent increase in the abundance of phosphorylated
AmCREB (pAmCREB) in the central bee brain and a subpopula-
tion of the mushroom body neurons, the inner compact cells
(IC) (Gehring et al. 2016). This increase parallels the worker
bees’ switch from working solely inside the hive to flying out of
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the hive for orientation flights and foraging (Seeley 1982;
Capaldi et al. 2000; Degen et al. 2015) suggesting an involvement
of AmCREB-dependent processes in these behaviors. Given that
the ability to learn and to form memories is a precondition for suc-
cessful explorative behavior and foraging, we hypothesize that
pPAmMCREB in the central brain is linked to learning and memory
formation.

We tested this hypothesis in individual bees trained in an ap-
petitive Pavlovian conditioning paradigm that is based on olfacto-
ry conditioning of the proboscis extension response (PER) (Takeda
1961; Bitterman et al. 1983; Giurfa and Sandoz 2012; Matsumoto
etal. 2012). In this paradigm, honeybees learn the association be-
tween an initially neutral olfactory stimulus, the conditioned
stimulus (CS), and a sucrose stimulus, the unconditioned stimulus
(US). Once the association between the olfactory CS and the re-
warding US has been learned, the CS alone elicits the PER, resem-
bling the conditioned response.

Following conditioning, memories of different stability are
formed, defined by the time point of their retrieval and their
underlying molecular mechanisms. Four different memories are
distinguished: short-term memory (STM), mid-term memory
(MTM), early long-term memory (eLTM), and late long-term
memory (ILTM) (Miiller 2013; Eisenhardt 2014). Their formation
depends on the number of conditioning trials and the intertrial
interval (Menzel 1990; Gerber et al. 1998; Menzel et al. 2001;
Friedrich et al. 2004; Felsenberg et al. 2012). Moreover, the
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Phosphorylated AmCREB and the bee’s behavioral response

sequence of stimulus presentations and the temporal relationship
between CS and US are critical for memory stability and the un-
derlying molecular mechanisms (Felsenberg et al. 2015).

In this study, we characterize differences in memory stability
and sensitivity to a transcriptional inhibitor between classically
conditioned bees and bees that experienced the unpaired presen-
tation of CS and US. We exploit the differences we found in mem-
ory formation between those two protocols in order to compare
the level of bee brain pAmCREB following paired and unpaired
presentations of CS and US. Our experiments did not reveal a
learning-dependent alteration of pAmCREB. Nevertheless, we re-
port that bees responding to the CS during unpaired CS-US pre-
sentation exhibit higher levels of pAmCREB than bees that do
not respond. Furthermore, we demonstrate that the histone
deacetylase (HDAC) inhibitor Trichostatin A (TSA) enhances the
bees’ odor responsiveness before and during unpaired training.
Since CBP binds to phosphorylated CREB and acts as histone ace-
tyltransferase (HAT), we conclude that pAmCREB is involved in
regulating the threshold for a behavioral response driven by an ex-
ternal stimulus in honeybees.

Results

Transcription-dependent memory formation following
paired training

In the present study, we explored the role of the high abundance
of pAmCREB in the mushroom bodies of the honeybee
brain. Previous studies in vertebrates demonstrated an involve-
ment of phosphorylated CREB in the formation of transcription-
dependent LTMs (for review, see Alberini et al. 2009). Therefore,
we hypothesized that pAmCREB is involved in the formation of
a transcription-dependent LTM in honeybees and proposed that
an altered pAmCREB level would be observed after training that
leads to a transcription-dependent LTM but not after training
that does not. In order to test this hypothesis, we had to identify
two training protocols in the beginning of our study: One that
leads to a transcription-dependent LTM and one that does not re-
sult in a transcription-dependent LTM.

In honeybees transcription-dependent late LTM (ILTM) can
be retrieved three and four days after classical conditioning in
an appetitive olfactory conditioning paradigm (Wiistenberg
et al. 1998; Menzel et al. 2001; Friedrich et al. 2004; Lefer et al.
2012). Here we used a classical conditioning protocol with three
CS-US stimulations presented with an intertrial interval of 10
min (Fig. 1A). From here on we term this protocol paired training
protocol. When we started our study it remained unknown
whether this protocol leads to a transcription-dependent 1LTM.
Therefore, we first had to examine the transcription-dependence
of 24 and 72 h memories following training with this protocol.

Bees received a systemic injection of the transcriptional in-
hibitor actinomycin D (Act D, 1.5 mM) or the solvent phosphate
buffered saline (PBS) 90 min before paired training and were tested
with the CS and a novel odor 24 or 72 h later (Fig. 1A).

During paired training, the CS response levels of the Act
D-injected group and the PBS-injected group increased from the
first to the third trial and did not differ between the two groups
(rmANOVA factor trial 4 n: F2,245) = 287.56 and factor trialy, p:
Fo 08 =235.15, for both P <0.001; factor injectionzs p:
F(1,124) =0.90 and factor trial x in]ection24 h- F(2’248) = 095, for
both P> 0.05; factor injection;; n: F1,104) = 0.10 and factor
trial x injection;zn: F2 208y = 0.70, for both P > 0.05) (Fig. 1B,C).
Memory retrieval 24 h later revealed a significantly higher res-
ponsiveness to the CS compared with the novel odor indicat-
ing odor-specific memory formation (McNemar tests with
Bonferroni adjustment, P < 0.0125). No effect of the Act D- and
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Figure 1. Transcription-dependent late long-term memory formation
following paired training. (A) Schematic representation of the behavioral
experiment. Bees were injected with actinomycin D (Act D) or phosphate
buffered saline (PBS) 90 min prior to a paired training and memory reten-
tion was tested 24 h and 72 h after the training with the conditioned stim-
ulus (CS) and a novel odor (N). (B,C) Percentage of bees responding to
the presented odor during paired training and memory retention test
24 h (B) and 72 h (C) after training. During the memory retention test,
half of the bees of each group received the CS first and 10 min later the
novel odor. For the other half of the bees, the sequence was reversed.
Because the subgroups did not significantly differ in their CS responses
during training or memory retrieval, their results were pooled (training:
rmANOVA factor odoract p 24 h: Fa,s9) = 0.23; factor odorpgs 24 n:
Fa,63)=0.15, factor odoract p 72 n: Fa,52)=0.002, for all P> 0.05;
PBS-injected bees of the 72 h group could not be tested with
rmANOVA due to exact equal means in the subgroups, retention test:
Fisher’s exact tests between the subgroups “first odor CS” and “first
odor novel,” all P>0.05). (*) Significant differences: P < 0.0125
(Bonferroni-adjusted) detected with Fisher’s exact and McNemar tests.
(US) unconditioned stimulus, (PER) proboscis extension response.

PBS-treatment was observed (Fisher’s exact tests with Bonferroni
adjustment, P > 0.0125 for CS and novel odor) (Fig. 1B). After
72 h, both groups showed a significantly higher responsiveness
to the CS compared with the novel odor (McNemar tests with
Bonferroni adjustment, P < 0.0125) (Fig. 1C). A significant dif-
ference in responsiveness to the CS, but not to the novel odor,
was observed between the Act D-treated group and the PBS-treated
group (Fisher’s exact test with Bonferroni adjustment, P < 0.0125
for clove, P> 0.0125 for 1-hexanol) (Fig 1C). Accordingly, we
demonstrated that the paired protocol leads to an odor-specific,
transcription-dependent 1ILTM.

During unpaired training sensitization takes place

As second training protocol we wanted to use one that does not
lead to transcription-dependent ILTM although the same number
of CS-US trials is presented as in the paired protocol. We chose an
unpaired training protocol during which the bees received alter-
nating CS- and US-presentations with an inter-stimulus interval
of 5 min. First, we examined learning and memory formation in
bees trained with the unpaired protocol as it was unclear what is
learned during unpaired training and whether unpaired training
leads to memory formation in honeybees.

In a first experiment, we analyzed two groups that had either
been exposed to one unpaired CS- and US-presentation with an
intertrial interval of 5 min or to one CS-only trial. After stimulus
exposure, both groups were subdivided into two groups each.
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One group was tested first with the CS and 7 min later with the
novel odor or vice versa (Fig. 2A). In the group that received one
unpaired training trial, significantly more bees responded to the
CS and to the novel odor than in the group that received the
CS-only presentation (Fisher’s exact tests with Bonferroni adjust-
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ment, P <0.0125 for CS ynpairea Versus CS cs.only and Nuppaired
versus Nes.onty) (Fig. 2B). Both groups, the unpaired group and
the CS-only group, did not significantly differ in their response
levels to the CS and to the novel odor (McNemar tests with
Bonferroni adjustment, P > 0.0125 for CSynpairea Versus Nunpaired
and CScs.only versus Nes.oniy) (Fig. 2B). These results demonstrate
that the odor responsiveness is enhanced in bees that received un-
paired training compared with bees that receive a CS-only presen-
tation. Because the unpaired group did not differ in their
responses to the CS and the novel odor, we conclude that the en-
hancement of odor responses during unpaired training are
US-dependent and therefore are based on sensitization.

In the second experiment, we asked about memory forma-
tion following unpaired training this time with three CS- and
US-presentations. We compared acquisition and 1 h memory re-
tention of the unpaired group, the paired group, and a naive
group. All three groups were tested with the CS and a novel
odor (Fig. 2C).

During the training phase, the CS responses of the unpaired
group differed significantly from the paired group at the second
and third trial (rmANOVA: factor trial: F(y¢74) = 142.00, P <
0.001; factor training: F(; 337y = 190.25, P < 0.001; trial x train-
ing: F2,674) = 97.00, P < 0.001, post hoc Tukey HSD test paired
versus unpaired: trial 1, P=0.99; trial 2, P=0.00; trial 3, P =
0.00; paired: trial 1 versus trail 2, P=0.01, trial 1 versus trial 3,
P =0.93; paired: trial 1 versus trial 2, P = 0.00, trial 1 versus trial
3, P=0.00) (Fig. 2D). During the retention test, significantly
more animals of the unpaired group responded to the novel
odor than to the CS, whereas significantly more animals in the
paired group responded to the CS than to the novel odor
(McNemar test with Bonferroni adjustment, P < 0.0056 for both
tests) (Fig. 2D). In addition, the responses of the unpaired group
to both odors were comparable to the responses of the naive group
(Fisher’s exact test with Bonferroni adjustment, P > 0.0056 for CS
and novel odor). Responses of the paired group to both the CS and
the novel odor differed significantly from the responses of the na-
ive group (Fisher’s exact test with Bonferroni adjustment, P <
0.0056 for CS and novel odor).

These results demonstrate that an odor-specific 1 h memory
was not formed in the unpaired group. The probability of a CS re-
sponse in the unpaired group was similar to that in the naive
group, indicating that bees from the unpaired group were not sen-
sitized by the unpaired training 55 min later.

Formation of a memory for the inhibitory properties
of the CS

In the previous experiment, the unpaired group responded less to
the CS than to the novel odor, suggesting that the CS might have
acquired inhibitory properties during the unpaired CS—US presen-
tations. This was the case in studies where honeybees received re-
peated unreinforced CS presentations or multiple unpaired CS
and US presentations (Bitterman et al. 1983; Chandra et al.
2010). Therefore, in the next experiment, we asked whether un-
paired trained bees form a memory about inhibitory properties
of the CS, which can be demonstrated by using a retardation of ac-
quisition assay. Because it is known that mere exposure to the CS
without reinforcement retards subsequent acquisition in honey-
bees (latent inhibition, Chandra et al. 2010), we used a group of
bees that had been exposed only to the CS (CS-only group) as a
control group.

We analyzed three groups of bees. In the first training phase
(Training I), one group received unpaired training as indicated
above (unpaired group), the second group received only CS pre-
sentations (CS-only group), and the third group remained naive
(naive group). Subsequently, all groups received additional paired
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training (Training II) to analyze whether the unpaired group and
the CS-only group shows a retardation of acquisition compared to
the naive group (Fig. 2E). During the first training phase, the re-
sponse level of the unpaired group differed significantly from
that of the CS-only group (rmANOVA: factor trial: F; 636 = 0.75,
P > 0.05; factor training: F(; 315y = 29.37, P < 0.001; factor trial x
training: F; ¢36) = 3.82, P < 0.05, post hoc Tukey HSD test un-
paired versus CS-only: trial 1, P = 0.26; trial 2, P = 0.00; trial 3,
P=0.00) (Fig. 2F), indicating again that unpaired CS- and
US-presentations result in an enhanced responsiveness to the CS
compared with presentation of the CS alone.

During the second training phase, all groups showed an in-
crease in CS responsiveness from the first to the third training tri-
al, thus indicating learning (rmANOVA factor trial: F(3968) =
294.84, P < 0.001). The unpaired and the CS-only group differed
in their CS responsiveness from the naive group (rmANOVA factor
training: F; 484) = 8.25, P < 0.001). The CS-only group differed in
their CS response from the naive group at the second trial, the un-
paired group and the naive group differed at the second and third
trial (rmANOVA factor trial x training: F(4 965) = 5.15, P < 0.001,
post hoc Tukey HSD test unpaired versus naive: trial 1, P = 0.99;
trial 2, P=0.00; trial 3, P=0.01; CS-only versus naive: trial 1,
P =0.97; trial 2, P = 0.01; trial 3, P = 0.48) (Fig. 2F).

Taken together, the unpaired training and the CS-only pre-
sentation retard the acquisition during a subsequent paired train-
ing phase to a similar extent, indicating that bees of the unpaired
group and the CS-only group formed a memory about inhibitory
properties of the CS.

No transcription-dependent memory about inhibitory
properties of the CS following unpaired training
Next, we examined the formation of transcription-dependent
memories about the inhibitory effect of the CS acquired during
unpaired training.

We analyzed two groups, the naive group and the unpaired
group, and injected the transcriptional inhibitor Act D or the sol-

Figure 2. Learning and memory formation during unpaired CS- and
US-presentation. (A) Schematic representation of the behavioral experi-
ment. Bees were trained with one unpaired presentation of CS and US
or were exposed to the CS alone (CS-only). After stimulus exposure,
both groups were subdivided into two groups each. One group was
tested first with the CS and then with the novel odor (N) or vice versa.
(B) Percentage of bees responding to the presented odor (CS or novel
odor) during the memory retention test after the presentation of the
US. The sequence of odor presentation did not significantly alter the
bees’ responsiveness to the odors and therefore the results were pooled.
(Fisher’s exact tests of CS responses and novel odor responses between
the subgroups “first odor CS” and “first odor novel,” all P> 0.05). (C)
Schematic representation of the behavioral experiment. Naive, paired,
or unpaired trained bees were tested 55 min after training with the
odor used during the training phase (CS) and a novel odor (N). (D)
Percentage of bees responding to the presented odor during training
and memory retention tests 55 min after training. During memory reten-
tion the sequence of the tested odors did not significantly alter the bees’
odor responsiveness for each odor (Training: rmANOVA factor odorpajred:
Fa,148) = 0.01, factor odorynpaired F(1,187) = 2.08, P > 0.05, Retention test:
Fisher’s exact tests between the subgroups “first odor CS” and “first odor
novel,” all P> 0.05). Thus we pooled the results of each odor. (E)
Schematic representation of the retardation of acquisition assay.
Unpaired trained bees, bees exposed to CS-only trials and naive bees
(Training 1) underwent paired training 55 min later (Training II). (F)
Percentage of bees responding to the presented odor during Training |
and Training Il of the retardation of acquisition assay. (*) Significant differ-
ences: P < 0.0056 (Bonferroni-adjusted) detected with Fisher’s exact and
McNemar tests (B), P < 0.05 detected with Tukey HSD post hoc tests after
rmANOVA (D), P< 0.016 (Bonferroni-adjusted) detected with Fisher’s
exact and McNemar tests (F)
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vent PBS 90 min before the unpaired training (Training I) started.
All four groups received paired training (Training II) 3, 24, or 72 h
after unpaired training (Training I) (Fig. 3A).

In two of the three experiments, the Act D-injected bees did
not differ from the PBS-injected bees in their responsiveness to-
ward the CS during the unpaired CS-US presentations (Training I)
(rmANOVA factor injections n: Fq,112) = 0.36, factor injectiony,
Fa,174=0.27, for both P> 0.05, but see factor injectionasp:
F,148)= 6.15 P < 0.05) (Fig. 3B-D). In one of the three experi-
ments, the unpaired trained bees showed a decrease in CS respon-
siveness from the first to the third trial (rmANOVA factor trials p:
F,004)=7.55, P < 0.001, but see factor trialy4 n: F(2,206) = 2.7 and
factor tria172 he F(2'348) = 185, for both P > 005) (Flg 3B—D)

During paired training 3 h later (Training II) (Fig. 3B), the un-
paired and the naive group showed an increase in CS responsive-
ness from the first to the third trial (rmANOVA factor trial:
F3,456)=179.4, P < 0.001), indicating successful learning. A dif-
ference in responsiveness to the CS was observed between the un-
paired and the naive group (rmANOVA factor training: F(j 228) =
32.45, P < 0.001). The unpaired trained bees showed a lower CS
response at the second and third training trial than the naive
bees and, accordingly, a retardation of acquisition (rmANOVA
factor trial x training: F; 456 = 12.86, P <0.001, post hoc
Tukey HSD test unpaired versus naive: trial 1, P = 0.99; trial 2,
P =0.00; trial 3, P=0.00). No effect of Act D was observed
(rmANOVA factor injection: F 558y = 0.16, P> 0.05) (Fig. 3B).
We conclude that 3 h after unpaired training a memory has
been formed for the inhibitory properties of the CS. This memory
is not transcription-dependent.

During paired training 24 h later (Training II) (Fig. 3C), the
unpaired and the naive group showed an increase in CS respon-
siveness from the first to the third trial (rmANOVA factor trial:
F,550) = 292.69, P < 0.001), indicating successful learning. A dif-
ference in responses to the CS was observed between the unpaired
and the naive group (rmANOVA factor training: F 75y = 5.38,
P < 0.05). The unpaired trained bees showed a lower CS response
than the naive bees at the second training trial and thus a retarda-
tion of acquisition (rmANOVA factor trial x training: Fz sso) =
9.78, P < 0.001, post hoc Tukey HSD test unpaired versus naive:
trial 1, P=0.927; trial 2, P = 0.000; trial 3, P = 0.381) (Fig. 3C).
An effect of Act D on the bees’ CS responses was observed
(rmANOVA factor injection: F( 575y =25.11, P<0.001). Act
D-injected bees showed a significantly lower CS responsiveness
than PBS-injected bees at the second and third training trial, dem-
onstrating an effect of Act D on learning during paired training
(Training II) (rmANOVA factor trial x injection: F(z ss0) = 8.75,
P <0.001, post hoc Tukey HSD test PBS-injected versus Act
D-injected animals: trial 1, P = 0.90; trial 2, P = 0.00; trial 3, P =
0.00) (Fig. 3C). However, Act D did not impair the CS responsive-
ness of a particular group, i.e., unpaired or naive bees, during
paired training (Training II) (rmANOVA factor training x injec-
tion: Fq 275 = 0.54, P > 0.05), indicating that, independently of
each other, both factors influence the CS responsiveness of the dif-
ferent groups. Thus, 24 h after unpaired training, bees formed a
memory about the inhibitory properties of the CS, but this mem-
ory is not transcription-dependent. However, inhibition of tran-
scription 24 h before the retardation of acquisition assay
inhibits acquisition per se.

During paired training 72 h later (Training II) (Fig. 3D), the
unpaired and the naive group showed an increase in CS respon-
siveness from the first to the third trial (rmANOVA factor trial:
F,606)=215.66, P < 0.001). No difference in responsiveness to
the CS was observed between the unpaired and the naive group
(rmANOVA factor training: Fq 348, = 1.77, P > 0.05; factor trial x
training: F(z 96y = 0.31, P > 0.05) (Fig. 3D). Significantly fewer
bees of the Act D-injected group showed a response compared to
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Figure 3. Unpaired training leads to the formation of a 3 and a 24 h, but
not a 72 h memory about inhibitory properties of the CS. (A) Schematic
representation of the retardation of acquisition assay. Bees were injected
with Act D or PBS 90 min prior to unpaired training (Training I) and re-
ceived paired training (Training Il) 3, 24, and 72 h following unpaired
training. (B-D) Percentage of bees responding to the CS during
Training | and Training Il after 3 h (B), 24 h (C), and 72 h (D). (*)
Significant differences: P < 0.05 detected with Tukey HSD post-hoc
tests after rmANOVA.

the PBS-injected group (rmANOVA factor injection: F(j 34s) =
61.52, P < 0.001). Act D-injected bees of the unpaired and the na-
ive group also showed a significantly lower response than the
PBS-injected bees at the second and third trial, demonstrating
an effect of Act D on learning during paired training (Training
IT) (rmANOVA factor trial x injection: F 696) = 15.77, P < 0.001,
post hoc Tukey HSD test PBS-injected versus Act D-injected ani-
mals: trial 1, P=0.29; trial 2, P=0.00; trial 3, P=0.00) (Fig.
3D). These results demonstrate that no 72 h memory about the
CS’ inhibitory properties has been formed. However, inhibition
of transcription 72 h before the retardation of acquisition inhibits
the bees’ CS response during paired training.
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Taken together, our findings demonstrate that bees form a
3 hmemory (MTM) and a 24 h memory (eLTM) but no 72 h mem-
ory (ILTM) about the CS’ inhibitory properties after unpaired
training. The MTM and the eLTM are not susceptible to the tran-
scriptional inhibitor Act D, indicating that memory formation
does not depend on transcription. Accordingly, we do not expect
an involvement of transcription factors in memory formation
following unpaired training. Therefore, the unpaired group is an
appropriate control group for subsequent experiments examining
pPAmMCREB following paired training.

The level of pAmMCREB in the central brain is not altered
immediately after olfactory classical conditioning

Next, we compared the pAmCREB level of bees that were subject-
ed to the paired training protocol (paired group), the unpaired
training protocol (unpaired group) and a naive group, which
was left untrained, in Western blot analysis and immunohistolog-
ical experiments (Fig. 4A). To exclude age-dependent variation in
the level of pAmCREB (Gehring et al. 2016), age-matched bees
were used.

During training, the paired group differed from the unpaired
group in its responsiveness toward the CS at the second and third
trial, and a significant increase in the responses to the CS from the
first to the second trial was observed in the paired group but not in
the unpaired group (rmANOVA factor trial: F(3 709y = 29.51, P <
0.001; factor training: F(; 35, = 8.47, P < 0.01; factor trial x train-
ing: F» 70) = 16.85, P < 0.001, post hoc Tukey HSD test paired trial
1 versus unpaired trial 1, P = 0.60; paired trial 2 versus unpaired
trial 2, P = 0.02; paired trial 3 versus unpaired trial 3, P = 0.00;
paired trial 1 versus paired trial 2, P = 0.00; unpaired trial 1 versus
unpaired trial 2, P= 0.66) (Fig. 4B). Immediately after the last
US presentation, bees of the paired and unpaired group and, at
similar time points, naive bees were sacrificed and central bee
brains were dissected. Western blot analyses were performed to
quantify the relative level of pAmCREB. The analysis revealed
no significant difference in pAmCREB levels between bees that
received paired training, unpaired training and naive animals
(Kruskal-Wallis ANOVA over all groups: Hz x — 55y =0.40, P>
0.05) (Fig. 4C). Thus, neither the paired training shown to induce
ILTM (see above) nor the unpaired training altered the level of
pAmMCREB in the central bee brain immediately following
training.

The level of pAmCREB in IC is not altered immediately
after olfactory classical conditioning

Next, we measured pAmCREB levels in subpopulations of mush-
room body neurons: in the inner compact cells (IC) that display
a high abundance of pAmCREB, and in the noncompact cells
(NC), where the level of pAmMCREB is rather low (Gehring et al.
2016). The same experiment as described above was performed,
but instead of processing the bee brains for Western blotting,
the brains were fixed and pAmCREB was immunolabeled. The
PCREB antibody signal in defined brain regions of bees experienc-
ing paired training, unpaired training and of naive bees was mea-
sured (Fig. 4D). Similar to the results of the Western blot analysis
(Fig. 4B), the paired group differed from the unpaired group in its
responsiveness toward the CS at the second and third trial during
training, and a significant increase in the responses to the CS from
the first to the second trial was observed in the paired group but
not in the unpaired group (rmANOVA factor trial: F 66 =
41.91, P < 0.001; factor training: F(; 33y = 72.67, P < 0.001; factor
trial x training: F ) = 25.27, P < 0.001, post-hoc Tukey HSD
test paired trial 1 versus unpaired trial 1, P = 0.99; paired trial 2
versus unpaired trial 2, P = 0.00; paired trial 3 versus unpaired trial
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Figure 4. The level of pAMCREB does not differ between paired, unpaired trained and naive bees. (A) Schematic representation of the behavioral ex-
periments that preceded the quantification of pAMCREB levels using Western blot analysis (B,C) or immunohistochemistry (D-/). Brains of naive, paired,
or unpaired trained bees were analyzed. (B) Behavior of bees subsequently undergoing Western blot analysis. Shown are the percentages of bees respond-
ing to the CS during training. (C) Relative levels of pAMCREB in the central brain detected on Western blots. Naive (n), paired (p), and unpaired (up)
trained groups did not differ in the level of pAMCREB in the central brain directly after the last US presentation. (D) Learning-dependent changes in
the intensity of fluorescence-labeled pAMCREB in subpopulations of mushroom body neurons. (Left) Overview of the central honeybee brain stained
with the pCREB antibody (green) and a DNA stain (magenta). The medial calyces were measured. (Center, right) Magnification of medial calyces
showing the regions of interest (ROIs) measured during pCREB antibody signal intensity quantification. (Center) ROIs were placed in lip (magenta
line), collar (white line), and basal ring (yellow line). (Right) ROIs comprised the inner compact cells (magenta line), and the noncompact cells (blue
line) somata regions. (E) Behavior of bees subsequently undergoing immunohistochemistry. Shown are the percentages of bees responding to the CS
during training. (F-1) Relative pCREB antibody signal intensities measured in different regions of the mushroom bodies of naive (n), paired (p), or un-
paired (up) trained bees: inner compact cell somata (F), noncompact cell somata (G), basal ring (H), and lip (/). Naive (n), paired (p), and unpaired
(up) trained groups did not differ in signal intensities directly after training. Box blots show median, 25% and 75% quartiles and value range (min—
max). (*) Significant differences: P < 0.05 detected with Tukey HSD post hoc tests after rmANOVA. (IC) inner compact cell somata, (NC) noncompact
cell somata.

3, P=0.00; paired trial 1 versus paired trial 2, P = 0.00; unpaired
trial 1 versus unpaired trial 2, P = 0.19) (Fig. 4E). Immediately af-
ter the last US presentation, brains from the paired and unpaired
group and, at similar time points, from naive bees were fixed and
immunostainings were performed. The pCREB antibody signal in-
tensity was measured in regions of interest (ROIs) in the IC, the
NC, and their dendritic input regions, the basal ring and the lip
region (Fig. 4D). Consistent with the observed results of the
Western blot analysis of central bee brains (Fig. 4C), no significant
differences in relative pAmMCREB levels were found in the region
of IC somata, NC somata, lip, basal ring, and basal ring subregions
between paired trained, unpaired trained, and naive bees
(Kruskal-Wallis ANOVA over all groups, IC: Hp n = s0) = 4.05,
NC: H(Z,N =50) = 057, basal ring: H(Z,N =50) = 437, llp H(Z,N:S()) =
1.23, P > 0.0S for all tests) (Fig. 4F-I). In summary, these results
demonstrate that neither paired training, i.e., olfactory classical
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conditioning, nor unpaired training, i.e., unpaired presentations
of the CS and the US, altered the pAmCREB levels in the central
brain or in the investigated regions of the mushroom bodies im-
mediately following training.

The level of pAmCREB correlates with the CS
responsiveness of a bee during unpaired

CS and US presentations

Above, we demonstrated that the CS responsiveness is reduced
during paired training when bees are injected with a transcription
inhibitor 24 h beforehand (Fig. 3C,D). Accordingly, we hypothe-
size that the bee’s responsiveness to the CS is depending on tran-
scription taking place before acquisition and therefore related to
the abundance of activated transcription factors. Thus, we next
examined whether the level of pAmCREB might be correlated
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with a bee’s responsiveness to the CS. We tested this hypothesis by
analyzing bees of the previous experiment according to their re-
sponse to the CS. In contrast to the paired group, the unpaired
group consisted of bees that never responded to the CS (nonre-
sponder bees) and bees that did respond to the CS at any of
the CS presentations during unpaired training (responder bees)
(Fig. 5A). Therefore, we compared the pAmCREB levels in nonre-
sponder and responder bees of the unpaired group. The level of
PAMCREB detected in the central brains of responder bees was
significantly higher than that found in the central brains of non-
responder bees (Mann-Whitney U-test, P < 0.05) (Fig. 5B). The
same correlation was observed in the IC somata (Mann-
Whitney U-test, P < 0.05) (Fig. 5C). However, the NC somata,
the basal ring and the lip did not differ in the intensity of the
PCREB antibody signal between responder and nonresponder
bees (Mann-Whitney U-test, P > 0.05 for all tests) (Fig. SD-F).
Thus, in the unpaired group, the behavioral response of individu-
al bees toward the CS correlated with the level of pAmCREB in the
central bee brain or, more specifically, in the IC. These results sug-
gest that the bees’ CS responsiveness during unpaired training is
linked to the altered level of pAMCREB observed in IC somata.

The CS responsiveness of a bee during unpaired CS and US
presentations depends on protein acetylation

In the last experiment, we examined whether interference with
the consequences of CREB phosphorylation alters the honeybees
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Figure 5. The level of pAMCREB correlates with a bee’s CS responsive-
ness during unpaired training. (A) Schematic representation of the behav-
ioral criterion used to identify responder and nonresponder bees from the
unpaired trained group shown in Figure 4. (B) Relative levels of pAMCREB
in the central brain of responder and nonresponder bees detected on
Western blots. Bees that responded to at least one CS presentation
during the unpaired training (responders) differed in the level of
pAMCREB compared with bees that did not respond to the CS (nonre-
sponders). (C—F) Relative pCREB antibody signal intensities measured
using immunohistochemistry in different mushroom body regions of re-
sponder and nonresponder bees of the unpaired group: inner compact
cell somata (C), noncompact cell somata (D), basal ring (E), and lip (F).
Different pCREB antibody signal intensities detected between responders
and nonresponders in the inner compact cell somata but not in the non-
compact cell somata, basal ring, or lip. Box blots show median, 25% and
75% quartiles and value range (min—max). (*) Significant differences: P <
0.05 detected with Mann-Whitney U-tests. (IC) inner compact cell
somata, (NC) noncompact cell somata, (BR) basal ring, (LI) lip, (CO)
collar.
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responsiveness during unpaired training. In vertebrate animals,
CREB phosphorylation at S133 promotes recruitment of the
co-activator protein CBP and its paralog p300 thereby leading to
CREB-dependent transcription (Yamamoto et al. 1990; Chrivia
et al. 1993; Montminy 1997; Du et al. 2000). CBP has a histone
acetyltransferase activity (HAT) and acetylates histones and other
nuclear proteins including CREB itself (Bannister and Kouzarides
1996; Parker et al. 1996; Lu et al. 2003; Valor et al. 2013).
Especially histone H3K18 is acetylated with high specificity by
CBP and acetylated H3K18 is associated with transcriptional acti-
vation (Wang et al. 2008; Barber et al. 2012; Henry et al. 2013;
Valor et al. 2013). In the honeybee genome, a histone acetyltrans-
ferase p300-like protein is encoded (NCBI reference sequence:
XP_006568897), that is homolog to Mus musculus CBP (NCBI ref-
erence sequences: NP_001020603.1) and p300 (NCBI reference se-
quences: NP_808489.4) indicating that CBP/p300 can be found in
honeybees. Based on these homologies, we propose that, in the
honeybee, pAmCREB recruits CBP/p300, which then acetylates
H3K18. We concluded from our results above that a high level
of pAmCREB is linked to an enhanced odor responsiveness of
honeybees during unpaired training. If this conclusion holds
true, an enhancement of histone acetylation at H3K18 should
enhance the odor responsiveness as well. In order to test this hy-
pothesis, we interfered with acetylation of H3K18 before unpaired
training. In honeybee brains, acetylation of H3K18 is enhanced
2 h after systemic injection of TSA, a histone deacetylase
(HDAC) inhibitor, and reduced after injection of Garcinol, a
HAT inhibitor (Merschbaecher et al. 2012). Therefore, we utilized
both inhibitors to test our hypothesis.

We carried out two experiments where we injected half of the
bees with either TSA or Garcinol and the other half with the cor-
responding vehicles. The injected bees were then further divided
into groups receiving unpaired training 2, 5, or 24 h after injection
(Fig. 6A).

Significantly more bees injected with the HDAC inhibitor
TSA (1.65 mM) responded to the CS during unpaired training
2, 5, and 24 h after injection than bees from the control group
(rmANOVA factor injection, : F(1,03) = 19.44, P < 0.001, factor
injections n: F(1,87) = 6.95, P < 0.01, factor injectiony4 n: F1,88) =
5.57, p<0.05) (Fig. 6B). The injection of Garcinol (6 mM) did
not significantly affect the bees’ CS responses (rmANOVA factor
injectiongarcinol 2 n: Fa,183 =2.19, P> 0.05, rmANOVA factor
injectiOnGa[dnol 5 h- F(1,160) = 0.67, P> OOS, rmANOVA factor
injeCtionGammol 24 h- F(l,128) = 0.08, P> 0.05) (Flg. 6C).

Taken together, these results demonstrate that an inhibition
of HDAC:s, that has been shown to result in an enhanced histone
acetylation, leads to an enhanced CS responsiveness in honey-
bees, whereas an inhibition of HATs in general does not affect
the bees’ response to the CS during unpaired training. We con-
clude from these findings that an increasing level of protein acet-
ylation enhances the CS responsiveness. This finding is in line
with our conclusion of an involvement of AmCREB-dependent
processes in regulating the bee’s odor response during unpaired
training

Discussion

Here, we shed light on the role of pAmMCREB in the central brain of
honeybees. We investigated whether changes in the abundance of
PAMCREB might be related to learning and memory formation.
We did not observe an altered pAmCREB level directly after learn-
ing. In contrast, our results indicate individual differences of
PAMCREB before learning and suggest a role for pAmCREB in
the central brain of honeybees in gating the responsiveness to ex-
ternal stimuli.
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Figure 6.

Inhibition of histone deacetylases enhances CS responsiveness. (A) Schematic representation of the behavioral experiments. Bees were inject-

ed with the histone deacetylase inhibitor Trichostatin A (TSA), the histone acetyl transferase inhibitor, Garcinol or the respective vehicles 2, 5, or 24 h prior
to unpaired training (B) Percentage of bees responding to the CS during unpaired training after injection of Trichostatin A (B) or Garcinol (C). (*)
Significant differences: P < 0.05 detected with Tukey HSD post hoc tests after rmANOVA.

The CS acquires mixed properties during unpaired training
We examined differences in learning and memory formation fol-
lowing the learning protocols used for the experimental (paired
group) and the control group (unpaired group). We demonstrate
that unpaired training gives rise to two learning processes, sensi-
tization and the acquisition of CS inhibitory properties. Similar re-
sults were obtained in rats, where the CS acquires excitatory and
inhibitory properties during unpaired training (Droungas and
LoLordo 1994). A CS with “mixed” properties has also been re-
ported during backward conditioning in honeybee and verte-
brates (Williams and Overmier 1988; Felsenberg et al. 2013)
indicating that two opposing properties of a CS are learned when-
ever the CS’ meaning is ambiguous during training.

Early actinomycin D application inhibits acquisition

In line with several other studies in bees, we report the formation
of an ILTM about excitatory properties of the CS after paired train-
ing, which is sensitive to the transcription inhibitor Act D
(Wiistenberg et al. 1998; Menzel et al. 2001; Friedrich et al.
2004; Lefer et al. 2012). We were not able to retrieve ILTM after un-
paired training. Thus, memories about the inhibitory properties
formed after unpaired training are less stable than memories
formed after forward conditioning with the same trial number.
This result resembles findings from backward conditioning in
honeybees (Felsenberg et al. 2015) and fruit flies Drosophila mela-
nogaster (Diegelmann et al. 2013) where memories about the in-
hibitory properties of the CS are less stable than memories
about the excitatory properties of the same CS formed after paired
training.

Unexpectedly, our experiments revealed the inhibition of
the acquisition if Act D was applied one day and three days before
paired training. Act D treatment of honeybees reduces transcrip-
tion by 60%-65% between 40 min and up to 2-2.5 h after system-
ic injection (Wiistenberg et al. 1998; Menzel et al. 2001). Act D
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intercalates in the DNA, preferentially blocking transcription in
transcription bubbles that have already been unwound by DNA
helicases (Sobell 1985; Paramanathan et al. 2012). Thus, Act D
transiently blocks ongoing gene transcription in naive bees. We
exclude a role for these genes in sucrose perception because all an-
alyzed bees responded to the US during each US presentation. An
effect on odor perception one day after Act D treatment seems un-
likely as well because Act D did not inhibit the CS response during
memory retention 24 h after paired training (see Fig. 1). Thus, Act
D might down-regulate constitutively expressed proteins impor-
tant for the bees’ ability to learn.

The level of pAMCREB is not altered directly after
classical conditioning
We did not detect any change in the pAmCREB level in the central
honeybee brain or in the somata of intrinsic mushroom body neu-
rons (IC or NC) directly after paired training compared with un-
paired trained or naive bees. This is surprising because CREB
plays an important role during LTM formation in various species
and LTM-inducing training protocols give rise to an increase of
neuronal pCREB levels in certain brain areas (Stanciu et al. 2001;
Mizuno et al. 2002; Ribeiro et al. 2003; Trifilieff et al., 2006; Liu
et al. 2008; Porte et al. 2008). Furthermore, ILTM formation in
honeybees results in transcription-dependent structural changes
in the lip of the mushroom body calyx (Hourcade et al. 2010), sug-
gesting a learning-specific activation of transcription factors in
this neuropil.

Several explanations for our finding can be envisaged: First,
in mice, a biphasic pCREB peak can be observed 15 min and 8 h
following water maze learning in the CA1 region of the hippocam-
pus (Trifilieff et al.,, 2006) and a particular high pCREB level
was reported 3-6 h after context-dependent fear conditioning
in hippocampus, parietal cortex and amygdaloid nuclei (Stanciu
et al. 2001). Thus, it might well be that in our experiment the
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PAmMCREB level is enhanced in the central brain of the paired
group compared with the unpaired and the naive group but at a
later time point rather than immediately after training.

Second, in the fruit fly D. melanogaster, the formation of a
hunger-dependent appetitive LTM depends on the interaction
of CREB with the cAMP-regulated transcriptional coactivator
(CRTC), but not on the cofactor CBP (Hirano et al. 2013). CRTC
binds to CREB at the C-terminal basic leucine zipper domain
and not the phosphorylated kinase-inducible domain (Luo et al.
2012). Thus, the formation of a hunger-dependent appetitive
LTM might be independent of CREB phosphorylation at the
PKA consensus site. This might also apply to honeybee ILTM for-
mation, which depends on the bees’ feeding state (Friedrich et al.
2004). Third, research in the fruit fly suggests that the rate limiting
step for the D. melanogaster dCREB2 activity is not the phosphor-
ylation of the S133 homologous serine residue but the nuclear
entry and DNA binding of dCREB2, which is regulated by phos-
phorylation of residues other than the S133 homologous one
(Horiuchi et al. 2004). Moreover, the nuclear entry rate of
pCREB2 correlates with memory formation (Fropf et al. 2013).
Thus, it might well be that learning-dependent activation of
AmCREB is correlated with other mechanisms such as the nuclear
entry and DNA binding instead of phosphorylation at the S133
homologous serine residue.

The level of pAmCREB correlates with a bee’s
responsiveness toward the CS

We report that, immediately after training, bees responding to the
CS during unpaired training showed an increased level of
PAMCREB compared with bees that did not respond at all, sug-
gesting a correlation between the amount of pAmCREB and the
bees’ CS responsiveness. There are two possible explanations for
this finding: First, some bees might have higher pAmMCREB levels
per se, causing the difference in behavior toward the CS. Second,
the level of pAMCREB was changed due to learning during the un-
paired training, resulting in the formation of a transcription-
dependent ILTM.

The latter seems very unlikely because no difference in the
level of pAMCREB was observed between bees experiencing un-
paired training and naive bees. Furthermore, the formation of a
LTM about the CS excitatory properties was not observed al-
though the US enhanced the response to the CS during unpaired
training. In addition, we demonstrate that the LTM about the CS
inhibitory properties is not transcription-dependent. Therefore,
we propose that individual bees differ in the basal pAmCREB level
in the central brain and that these differences play a role in setting
a threshold for the CS responsiveness: a low level of pAmCREB is
linked to a low CS responsiveness of bees, whereas a high level of
PAmMCRESB is linked to a high CS responsiveness.

We found that TSA, which enhances histone acetylation in
honeybees (Merschbaecher et al. 2012), enhances the bees’ CS re-
sponsiveness before and during unpaired training. Because an
enhanced phosphorylation of CREB at S133 results in an en-
hanced binding of CBP (Du et al. 2000) and CBP is a transcription-
al coactivator with acetyltransferase activity (for review, see Valor
et al. 2013), these results are in line with the notion of a causal
relationship between CREB phosphorylation and the bee’s stimu-
lus responsiveness. Further support for the idea that the level of
phosphorylated CREB is important for gating the response to
an external stimulus comes from studies in vertebrates where
CREB, CBP and histone acetylation play a role in behavioral sensi-
tization (Kumar et al. 2005; Levine et al. 2005; Renthal et al. 2007;
Fasano et al. 2009; Sanchis-Segura et al. 2009a,b; Malvaez et al.
2011; Bilbao et al. 2014). Behavioral sensitization is a process
in which repeated exposure to addictive drugs leads to a long-
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lasting enhancement of drug-induced behavior (Robinson and
Berridge 1993; Stewart et al. 1993; Vanderschuren et al. 2001).
Interestingly, the extent of behavioral responses following behav-
ioral sensitization is correlated with the level of pCREB in certain
brain areas (Nona et al. 2013).

Phosphorylated AmMCREB and nonassociative learning

In our experiments with honeybees, it remains unclear whether
the pAmCREB level in the IC or the central bee brain is linked
to the bees’ ability to respond to an external stimulus per se or
whether it is related to sensitization observed during unpaired
training, and thus to the ability to learn nonassociatively. To
our knowledge, a link between the level of basal pCREB and the
ability to learn nonassociatively has not yet been demonstrated
and learning and STM formation is thought to be independent
of new gene expression and CREB activity. Nevertheless, Gruart
et al. (2012) demonstrated that an up-regulation of CREB activity
in the mouse hippocampus enhances acquisition in an associative
learning paradigm. The authors discussed this finding to be a re-
sult of the enhanced expression of CREB target genes. In line,
Suzuki et al. (2011) reported that the up-regulation of CREB activ-
ity before learning results in an enhanced CS responsiveness dur-
ing STM retention as well as in the expression of the brain-derived
neurotropic factor (BDNF) and demonstrate that BDNF improves
STM retention.

Taken together, these findings suggest that up-regulation of
CREB activity leads to an altered CREB-dependent gene expres-
sion contributing to an altered acquisition and STM retention.
In the broader sense, this notion is supported by our finding
that the inhibition of transcription with Act D hours before asso-
ciative learning leads to an inhibition of the CS responsiveness
during acquisition (see above). In sum, it seems to be quite clear
that the level of activated CREB before learning affects the CS re-
sponsiveness during learning and memory retention, but it re-
mains unclear whether it is attributed to an enhanced ability to
learn or to enhanced stimulus responsiveness per se.

A role of pAmCREB-associated stimulus

responsiveness in foraging?

Previously, we demonstrated a high abundance of pAmCREB in
the IC of the honeybee mushroom bodies (Gehring et al. 2016)
and, in this study, found a correlation between the level of
pPAmMCREB in these neurons and the bees’ CS responsiveness.
Little is known about the function of the IC, but they have been
hypothesized to be involved in foraging behavior (Kiya et al.
2007). Interestingly, studies in ants suggest that individuals dif-
fering in their response thresholds enable a colony to respond
flexibly to varying intrinsic and extrinsic demands (Robinson
et al. 2009, 2012). Therefore, one might speculate that
AmCREB-dependent processes in the IC linked to the CS respon-
siveness influence the foraging decision of individual honeybees.
Support for a role of CREB in regulating behavior of social insects
comes from bioinformatics analyses of genomic and transcrip-
tomic data (Simola et al. 2013a,b). The honeybee and several so-
cial ant species can be discriminated from solitary species based
on the abundance of CREB-binding sites (Simola et al. 2013a).
In addition, in the ant Camponotus floridanus, a differential re-
cruitment of CBP to enhancer sequences in different castes (fe-
male minors, female majors, and males) has been reported
(Simola et al. 2013b). Furthermore, histone acetylation has been
shown to be involved in regulating task-specific behavior in these
ants (Simola et al. 2016). These results suggest a prominent role for
CBP- and, accordingly, CREB-dependent gene activation in pro-
cesses related to task-specific behavior of these castes. Based on
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our findings we therefore hypothesize that CREB-dependent pro-
cesses might be important to regulate task-specific behavior of so-
cial insects in general and that the IC could be a subpopulation of
mushroom body neurons that underlies the regulation of this
behavior in honeybees.

Material and Methods

Animals and cohort experiments

Honeybees (Apis mellifera) leaving their hives located at the Freie
Universitdt Berlin were caught, harnessed, and fed in the evening
as described in Felsenberg et al. (2011).

For experiments exploring the learning-dependency of
PAmMCREB levels in the honeybee brain, we utilized age-matched
cohorts that were prepared as described in Gehring et al. (2016).
The bees were collected at the age of 19 or 20 d from inside the
hive between 10 a.m. and 2 p.m. and were kept in a cage inside
an incubator for 48 h (34°C, >75% humidity, water and 0.88 M
sucrose solution, i.e., white refined household sugar dissolved in
tap water, ad libitum). Next, they were restrained in plastic tubes
and treated similarly as the other bees for behavioral experiments.

Training with different behavioral protocols started the fol-
lowing morning. Before training, the bees were allowed to adapt
to their surroundings near the conditioning place for >30 min.
Bees that were tested for memory retention and retardation of ac-
quisition 24 or 72 h after training were fed on subsequent eve-
nings after the training phase with no more than 16 pL (4 times
4 pL) sucrose solution (0.88 M) and were kept in a dark, humid
box at room temperature.

From January to March 2012 and 2013, behavioral experi-
ments were performed with bees collected from a caged colony
in a glasshouse in order to examine the 1 h memory about the ex-
citatory and inhibitory properties of the odor following paired
and unpaired training (Fig. 2). Experiments examining the
transcription-dependency of memory formation after paired
and unpaired training (Figs. 1, 3) were conducted from July to
October 2014 with bees caught from a hive in the garden.
Experiments analyzing the role of protein acetylation were con-
ducted from June to September 2015 (Fig. 6). Cohort experiments
examining the effect of learning on the pAmCREB level in honey-
bee brains were conducted from July to September 2011 and from
May to September 2012 (Figs. 4-6).

Behavioral experiments

Injection protocol

To explore the effect of transcription-, HAT-, and HDAC-inhibi-
tors on the behavior of bees during and after training, drugs or
their solvents were systemically injection into the flight muscle
(Felsenberg et al. 2011). For the investigation of the transcription-
al dependence of memories, bees were injected 90 min prior to the
paired or unpaired training with 1.5 mM actinomycin D (Act D,
Sigma-Aldrich) or the solvent PBS (137 mM NacCl; 2,7 mM KCI;
10,1 mM; Na,HPOy; 1,8 mM KH,PO,4, pH 7.2). To examine the
role of histone acetylation, bees were injected 2, 5, or 24 h prior
to the unpaired training with 6 mM Garcinol (Abcam; dissolved
in 100% DMSO), 1.65 mM Trichostatin A (TSA, Abcam; dissolved
in 20% DMSO in PBS) or the appropriate solvent as control.

Behavioral protocols

Bees received paired presentations of conditioned stimulus (CS)
and unconditioned stimulus (US) (paired training), unpaired
presentations of CS and US (unpaired training), three CS presenta-
tions (CS-only training) or no stimulus presentation at all (naive).
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For simplicity, the abbreviations CS and US were used as equiva-
lent to the odor clove oil (Bombastus-Werke) and the sucrose sol-
ution (1.25 M, sucrose dissolved in tap water), respectively, in
every protocol.

Paired trained bees received three overlapping CS—US presen-
tations (training trials) with an intertrial interval of 10 min. One
trial consisted of placing the bee for 10 sec without any stimulus
presentation in front of an exhaust (placing) followed by the pre-
sentation of the CS for 5 sec and the US for 4 sec, with an inter-
stimulus interval of 3 sec (2 sec overlap). After an additional
10 sec of placing, bees were put back into the rack (Felsenberg
et al. 2011). In experiments examining the 1 h memory about
the excitatory properties of the CS, 5 min after each training trial,
bees were placed in the training context without stimulation for
30 sec (the duration of a paired training trial) to balance the time
spent in front of the exhaust (blank trial). During the training
phase, a control group (naive) receiving no stimulation was placed
near the conditioning place (together with the other bees). In the
unpaired group, the bees received unpaired presentations of the CS
and the US in alternating sequence with an interval of 5 min be-
tween the onset of each stimulus. The CS was presented as the first
stimulus. One CS presentation consisted of 10 sec placing, 5 sec
presentation of the CS, and 10 sec placing. One US presentation
consisted of 10 sec placing, 4 sec presentation of the US, and
10 sec placing. After each stimulus presentation, the bees were
put back into the rack. The CS-only group was treated like the un-
paired group but with a blank trial instead of the US presentation.

Bees that did not respond to any of the US presentations
during training and to the US presented after the last retention
test (see below) were excluded from the analysis. The occurrence
of a proboscis extension response (PER) during each odor presen-
tation was recorded and the percentage of responses (% PER) was
calculated.

Memory retention

Bees underwent memory retention tests ~5 min (Fig. 2F), 1 h
(55 min) (Fig. 2B), 24 h (Fig. 1B), or 72 h (Fig. 1C) after training on-
set. The different training groups (paired, unpaired, and naive)
were divided into subgroups that were either exposed to the CS
or to the novel odor 1-hexanol. Ten minutes later, animals that
previously experienced the CS were exposed to 1-hexanol or vice
versa. After the retention tests, the bees’ ability to extend their pro-
boscis was tested by eliciting the PER with the US (sugar water test).

Retardation of acquisition assay

Memory retention for the inhibitory properties of the CS was test-
ed in aretardation of acquisition assay (Figs. 2D, 3A-D). This assay
is based on the assumption that inhibitory and excitatory proper-
ties of a CS add up during acquisition (Hammond 1968; Rescorla
1969; Papini and Bitterman 1993). Accordingly, classical condi-
tioning with a CS that has previously acquired inhibitory pro-
perties results in a retarded acquisition. In the retardation of
acquisition assay, after the initial training (Training I, training
protocols see above), all groups received paired training with three
paired CS-US trials with an intertrial interval of 5 min (Training
II). One trial of the paired training consisted of 10 sec placing
in front of an exhaust followed by presentation of the CS for
5 sec and the US for 4 sec, with an inter-stimulus interval of
3 sec (2 sec overlap). After an additional 10 sec of placing, bees
were put back into the rack.

Treatment of bees for pAmCREB quantification

For the pAmCREB quantification experiments, bees were anesthe-
tized directly after the last US presentation (in the paired and the
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unpaired group), their head capsule was opened and brains were
further processed for Western blotting or immunohistochemistry.

Western blotting

Directly after the last stimulation during training, bees were anes-
thetized on ice, a window was cut into the head capsule, and tra-
chea and glands were removed. Dissected and homogenized
central bee brains were subjected to sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) as described in
Gehring et al. (2016).

As primary antibodies, we used a monoclonal rabbit pCREB
antibody directed against a synthetic phosphopeptide corre-
sponding to residues surrounding S133 of human CREB (#9198,
Cell Signaling Technology 1:1500) (see also Gehring et al. 2016)
and, as standard, a monoclonal mouse a-tubulin antibody
(#CP06, Calbiochem, Sandhausen, Germany, 1:3000). The prima-
ry antibodies were detected by secondary antibodies coupled to
horseradish peroxidase directed against mouse IgG (for tubulin)
or rabbit IgG (for pCREB detection) (1:10,000 for anti-mouse
IgG and 1:5000 for anti-rabbit IgG, Sigma-Aldrich). Chamilumi-
nescence signals were captured with a LAS1000 camera and the
software Image Reader LAS-1000 2.60 (Fujifilm Corporation).
Signal intensities were quantified with the program MultiGauge
version 3.0 (Fujifilm). The acquired value of each 35-kDa band
detected with the pCREB antibody was normalized to the mean
value of all 35-kDa bands on the same blot. The value of each
band detected with the a-tubulin antibody was normalized to
the mean value of all a-tubulin bands. Finally, the ratio between
the normalized pCREB and a-tubulin values was calculated for
each sample. One sample represented one bee brain.

Immunohistochemistry

Immunohistochemistry was done as described in Gehring et al.
(2016).

Brain slices were incubated with the pCREB antibody (1:75,
see above) to label pAmCREB. To reliably identify the locali-
zation of lip, collar, basal ring, IC, and NC in the bee brain,
slices were counterstained with Alexa Fluor 546 Phalloidin
(0.3 units; Invitrogen) to label neuronal f-actin (Frambach et al.
2004; Groh et al. 2004) and SytoxGreen (1:2000, Invitrogen) to la-
bel cell nuclei. As secondary antibody we used a CyS-conjugated
goat anti-rabbit antibody (1:200, Jackson ImmunoResearch
Laboratories).

Microscopy, image processing, and data acquisition

Labeled brain slices were scanned with a confocal laser-scanning
microscope (TCS SP2, Leica Microsystems) equipped with an ar-
gon laser (488 nm), a helium-neon laser (633 nm), and a green
helium-neon laser (543 nm). Optical sections were taken at a res-
olution of 1024 x 1024 pixels using a 40 x or a 63 x oil-immersion
objective (HCX PL APO, Leica Microsystems). The channels of
the triple-labeled preparations were pseudocolored and merged
using the Zeiss LSM Image Browser (Version 3.2.0.115, Carl Zeiss
Microscopy GmbH).To measure the intensity of pCREB antibody
signals, one slice per bee was chosen at a depth of ~250 wm where
central complex and medial lobes of the mushroom bodies were
present ensuring scanning of similar regions in each bee brain.
Optical sections were taken in one optical plane from both medial
mushroom body calyces with the 40 x objective, and microscope
settings were kept identical for comparable slices of other bees.
Digital images were further processed and pCREB antibody signal
intensities were measured as described in Gehring et al. (2016).
Briefly, we measured the mean gray value of several regions of in-
terest (ROIs) in the scanned images. ROIs of variable pixel sizes
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contained the entire area either of the IC or of the NC somata,
and ROIs with a fixed size (radius of 50 pixels) were placed in
the basal ring, the region containing IC dendrites, and the lip
(see Fig. 4D; Gehring et al. 2016). ROIs with a radius of 100 pixels
located in the dense region of the collar, a region displaying
only background staining, served as control for all measurements.
The synaptic regions were identified by f-actin counterstaining,
whereas the DNA counterstaining helped to distinguish between
IC and NC somata. The measured mean gray value of each ROI
was normalized to the averaged gray values of the control regions
in the collar. To obtain one single value per region and per bee, the
mean of the normalized data of each region was calculated.

Statistical analysis

The values from quantitative Western blot analyses and from the
quantification of pCREB antibody signal intensities were in most
cases nonnormally distributed. Therefore groups were tested with
the Kruskal-Wallis test and the two-tailed Mann-Whitney U-test.
The alevel was set at 0.05.

In behavioral experiments, differences in CS responsiveness
during training between groups were tested using repeated
measures analysis of variance (rmANOVA). The Tukey HSD test
was used as post hoc test. To reveal within-group and between-
group effects during retention tests with the CS and the novel
odor, either Fisher’s exact test (between-group comparisons)
or McNemar y? test (within-group comparisons) was used. a-levels
were Bonferroni adjusted. All statistical analyses were performed
with Statistica 12 (StatSoft).
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