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Inhibition of different histone acetyltransferases
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and -independent acetylation-mediated mechanisms
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Acetylation of histones changes the efficiency of the transcription processes and thus contributes to the formation of long-

term memory (LTM). In our comparative study, we used two inhibitors to characterize the contribution of different histone

acetyl transferases (HATs) to appetitive associative learning in the honeybee. For one we applied garcinol, an inhibitor of

the HATs of the p300 (EP300 binding protein)/CBP (CREB-binding protein) family, and the HATs of the PCAF (p300/
CBP-associated factor) family. As comparative agent we applied C646, a specific inhibitor that selectively blocks HATS of

the p300/CBP family. Immunochemical analysis reveals differences in histone H3 acetylation in the honeybee brain, in re-

sponse to the injection of either C646 or garcinol. Behavioral assessment reveals that the two drugs cause memory impair-

ment of different nature when injected after associative conditioning: processes disturbed by garcinol are annihilated by the

established transcription blocker actinomycin D and thus seem to require transcription processes. Actions of C646 are un-

altered by actinomycin D, and thus seem to be independent of transcription. The outcome of our different approaches as

summarized suggests that distinct HATs contribute to different acetylation-mediated processes in memory formation. We

further deduce that the acetylation-mediated processes in memory formation comprise transcription-dependent and tran-

scription-independent mechanisms.

Short-term memory relies on post-translational protein modifica-
tions. The formation of long-term memory (LTM) requires gene
expression, in addition. LTM and underlying gene expression
are regulated by transcription factors, the recruitment of tran-
scriptional coactivators, and by the chromatin structure itself.
Remodeling of chromatin is mediated by DNA methylation and
post-translational modifications of histones. In particular, the re-
versible and dynamic acetylation on the amino-terminal tails of
histones has been identified as critical regulator of transcriptional
processes in neuronal plasticity and memory formation (Sharma
2010; Lubin et al. 2011; Zovkic et al. 2013). Acetylation is mediat-
ed by histone acetyltransferases (HATs), and is reversed by histone
deacetylases (HDACs) (Selvi et al. 2010; Haggarty and Tsai 2011).
Knockout of transcriptional coactivators with intrinsic HAT activ-
ity, such as CBP (CREB-binding protein), p300 (EP300-binding
protein), PCAF (p300/CBP-associated factor) leads to an impair-
ment of LTM in aversive and appetitive learning (Oliveira et al.
2007, 2011; Barrett et al. 2011). Accordingly, the knockout of
HDACs results in an enhanced LTM (Guan et al. 2009;
McQuown and Wood 2011). This picture is supported by studies
using pharmacological tools to target different HATs and
HDACs (Dekker and Haisma 2009; Bowers et al. 2010; Selvi et al.
2010). Focusing here on the HATs, which have been tested in dif-
ferent invertebrate and mammalian learning paradigms (Marek
et al. 2011; Merschbaecher et al. 2012; Zhao et al. 2012; Maddox
et al. 2013a,b), it has not been addressed how the different HATs
(CBP, p300, PCAF, etc.) contribute to particular mechanisms in
memory formation.

The vast majority of work deals with acetylation in LTM
processes (Sharma 2010; Lubin et al. 2011; Zovkic et al. 2013).
Interestingly, manipulation of acetylation-dependent processes
by the HAT inhibitor garcinol also affects transient memory in
honeybees (Merschbaecher et al. 2012). This transient memory
has been shown to be insensitive to the transcription blocker
actinomycin D (Grünbaum and Müller 1998; Wüstenberg et al.
1998). Considering this, we assume that acetylation-dependent
processes can be found in transcription-dependent as well as in
transcription-independent mechanisms.

Employing the two HAT inhibitors, garcinol and C646, we
analyzed the role of different HATs in the formation of appetitive
olfactory memory in honeybees. Garcinol is a naturally occurring
product extracted from the plant Garcinia indica. It inhibits
PCAF (IC50 ≈ 5 mM) representatives of the GNAT (Gcn5-related
N-acetyltransferase) family and HATS of the p300/CBP family
(IC50 ≈ 7 mM) (Balasubramanyam et al. 2004). The second inhib-
itor, C646, exclusively inhibits HATs of the p300/CBP family
(IC50 , 1 mM) (Bowers et al. 2010). To identify transcription-
dependent processes we applied the two inhibitors also in combi-
nation with the transcription blocker actinomycin D. Actino-
mycin D intercalates into DNA and thus impairs transcription
(Sobell 1985). Our comparative approach demonstrates that these
two HAT inhibitors differ in their effects on histone acetylation
and their impact on memory formation. Moreover, coapplication
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of a general inhibitor of transcription, actinomycin D, uncovers
processes mediated by the distinct HATs that differ in their sensi-
tivity to this inhibitor.

Results

Garcinol and C646 differ in their effects on histone

acetylation in the honeybee brain
HATs are highly conserved between species and the domains es-
sential for inhibitor interaction exist in mammals and inverte-
brates. This is also true for the amino acids indispensible for the
specific interaction between C646 and HATs of the p300/CBP
family (Bowers et al. 2010), which are conserved between honey-
bee and mammals (Fig. 1). Different studies show that p300 and
CBP preferentially acetylates lysine 18 of histone H3 (H3K18),
while HATS of the PCAF family favor acetylation of H3K9
(Schiltz et al. 1999; Horwitz et al. 2008; Jin et al. 2011). To confirm
the different actions of the used HAT inhibitors in honeybees, we
measured the levels of H3K9ac and H3K18ac after injection of gar-
cinol or C646. We applied C646 (10 mM) and garcinol (60 mM) at
concentrations and time points that have been used previously
(Bowers et al. 2010; Federman et al. 2012; Merschbaecher et al.
2012). Two hours after injection we quantified the relative
amount of H3, H3K9ac, and H3K18ac in each of the brains by us-
ing the ELISA technique (Fig. 2). The H3 signals did not differ
between the groups (Student’s t-test, garcinol/vehicle: t ¼ 0.25,
df ¼ 18, P ¼ 0.81; C646/vehicle: t ¼ 0.61, df ¼ 22, P ¼ 0.55) and
thus are used to normalize the H3K9ac and H3K18ac signals in
each of the samples. Garcinol causes a significant decrease in
the relative acetylation levels of H3K9 (Student’s t-test, H3K9ac/
H3: t ¼ 2.48, df ¼ 18, P ¼ 0.022) and H3K18 (Student’s t-test,
H3K18ac/H3: t ¼ 2.55, df ¼ 18, P ¼ 0.02). Injection of the p300/
CBP-specific inhibitor C646 only decreases the level of H3K18ac
(Student’s t-test, H3K18ac/H3: t ¼ 2.8, df ¼ 22, P ¼ 0.04) but not
that of H3K9ac/H3: t ¼ 0.25, df ¼ 22, P ¼ 0.8). This is in agree-
ment with the observations from mammalian systems and dem-
onstrates the distinct action of garcinol and C646 on HATs and
thus acetylation processes in the honeybee brain.

Garcinol and C646 do not affect HDAC activity

in the honeybee brain
HATs and HDACs closely interact with each other and regulate
their activities by auto-acetylation, acetylation and deacetylation
(Selvi et al. 2010; Valor et al. 2013; Eom et al. 2014). The used HAT
inhibitors may thus affect HDAC activity. Since this aspect has not

been addressed in insects we tested for potential effects of garcinol
and C646 on HDAC activity in the honeybee brain. The inhibitors
were either injected into animals followed by fast brain dissection
or added to brain homogenates. The HDAC activities were mea-
sured immediately (Table 1). To verify the sensitivity of the used
HDAC assay we included the HDAC inhibitor TSA (Trichostatin
A) as positive control in each of the experiments. As expected,
TSA reduces HDAC activity significantly in all setups. This test
result legitimates the employed HDAC assay. The HAT inhibitors
garcinol and C646 do not affect HDAC activity in the honeybee
brain (Table 1). This excludes the possibility that the changes in
histone acetylation (Fig. 2) are due to indirect effects of garcinol
and C646 on HDAC activities.

HAT inhibitors garcinol and C646 impair different

memory phases
Before analyzing the impact of the HAT inhibitors on appetitive
olfactory learning we ensured that C646 and garcinol had no ef-
fect on the processing of the sensory stimuli used for associative
conditioning (odor and sucrose solution). As test we employed
the responsiveness to gustatory stimuli (0–1 M sucrose solution)
applied to the antennae and in sensitization and habituation
tests. As shown in Table 2 neither of the tests showed an effect
of injected garcinol or C646, thus excluding an interference of
garcinol or C646 with sensory processing or nonassociative learn-
ing such as habituation or sensitization. Having found no

Figure 1. Alignment of C646 binding site of human p300 and honey-
bee homologue. Multiple sequence alignment of the acetyl transferase
domain of human p300 (3BIY|A) (H. sapiens) and honeybee homologue
(XP_006568897.1) (A. mellifera) was performed by ClustalO (http
://www.ebi.ac.uk/Tools/msa/clustalo/). The domain of interaction in-
cluding the amino acids (bold) essential for the specific C646 interaction
with p300 is shown.

Figure 2. Systemic application of HAT inhibitor C646 or garcinol causes
different changes in acetylation at position H3K9 and H3K18 in honeybee
brain. Garcinol (A) or C646 (B) and the vehicle (DMSO) were injected into
the hemolymph of honeybees. The central brains without optical lobes
were dissected 2 h after injection and the levels of H3K18ac and
H3K9ac were quantified and related to the levels of H3 in each of the
samples. After normalization to the corresponding control ratio of a
given experiment, the data were pooled and the relative mean+SD
was calculated. The numbers of animals tested are shown in brackets.
Asterisks indicate significant differences (Student’s t-test (two-tailed); (∗)
P , 0.05) (details in Results).
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unwanted side effects of garcinol or C646 injection, we tested the
contribution of garcinol and C646 on associative memory forma-
tion. In accordance with all previous studies that addressed the
role on memory formation we injected the HAT inhibitors
30 min after associative conditioning. First we tested the effects
of the HAT inhibitors on memory formation after strong associat-
ive training (three-trial conditioning). Three-trial conditioning
induces a stable LTM (Grünbaum and Müller 1998; Wüstenberg
et al. 1998). Garcinol (60 mM final concentration in the bee) in-
jected 30 min after conditioning does not affect memory tested
at 2 h, but drastically reduces memory tested at 1 and 2 d
(x2 test, 1 d: c2 ¼ 12.9, P ¼ 0.0002; 2 d: c2 ¼ 10.56, P ¼ 0.0007)
(Fig. 3A). Likewise injected C646 (10 mM final concentration in
the bee) significantly suppresses memory at all measured time
points after strong conditioning (x2 test, 2 h: c2 ¼ 5.24, P ¼ 0.02;
1 d: c2 ¼ 10.5, P ¼ 0.0008; 2 d: c2 ¼ 12.84, P ¼ 0.0002) (Fig. 3B).

Testing the effects of the HAT inhibitors on memory induced
by weak training (single-trial conditioning) reveals further differ-
ences between garcinol and C646. Garcinol-injected 30 min after
single-trial conditioning only impairs memory tested at 1 d
(x2 test, c2 ¼ 7.32; P ¼ 0.006), but has no effect on memory tested
2 h (x2 test, c2 ¼ 0.01, P ¼ 1) and 2 d after conditioning (x2 test,
c2 ¼ 0.1, P ¼ 0.7) (Fig. 4A). C646 injected after single-trial condi-
tioning reduces memory at all times tested (x2 test, 2 h: c2 ¼ 4.85,
P ¼ 0.02; 1 d: c2 ¼ 4.07, P ¼ 0.03; 2 d: c2 ¼ 6.31, P ¼ 0.008) (Fig.
4B) just like it does after three conditioning trials.

Blocking transcription has different effects on memory

impairment by garcinol and C646
Although different, the memory phases affected by the two HAT
inhibitors have one feature in common, they are all insensitive
to treatment with the transcription blocker actinomycin D
(Grünbaum and Müller 1998; Wüsten-
berg et al. 1998). HATs can also acetylate
proteins that are not implicated in tran-
scriptional regulation (Friedmann and
Marmorstein 2013). Memory impair-
ments caused by HAT inhibitors could
therefore be differently susceptible to ac-
tinomycin D treatment. In our respective
experiments, we reconfirmed that injec-
tion of actinomycin D 30 min after three-
trial conditioning does not affect memo-
ry tested up to 2 d (Fig. 5A) (x2 test, 2 h:
c2 ¼ 0.04, P ¼ 0.84; 1 d: c2 ¼ 0.03, P ¼
0.86; 2 d: c2 ¼ 0, P ¼ 1). Bees injected
with actinomycin D in a mixture with

garcinol show no memory impair-
ment (Fig. 5B) (x2 test, vehicle versus
garcinol + Act D; 1 d: c2 ¼ 0.4, P ¼ 0.53;
2 d: c2 ¼ 0, P ¼ 1. Vehicle versus garci-
nol; 1 d: c2 ¼ 10.3, P ¼ 0.001; 2 d: c2 ¼
5.2, P ¼ 0.017). Bees injected with C646
in a mixture with actinomycin D show
a similar low performance as bees inject-
ed with C646 alone (Fig. 5C) (x2 test, ve-
hicle versus C646; 2 h: c2 ¼ 9.6, P ¼
0.001; 1 d: c2 ¼ 10.7, P ¼ 0.001; 2 d:
c2 ¼ 10.9, P ¼ 0.001. Vehicle versus
C646 + Act D; 2 h: c2 ¼ 10.9, P ¼ 0.001;
1 d: c2 ¼ 16.3, P ¼ 0.0001; 2d: c2 ¼
10.9, P ¼ 0.001).

Single-trial conditioning again re-
sults in a memory different to that caused
by three-trial conditioning. In accor-

dance with the aforementioned studies, actinomycin D injection
after single-trial conditioning does not affect the memory in-
duced (Fig. 6A) (x2 test, 2 h: c2 ¼ 0.04, P ¼ 0.85; 1 d: c2 ¼ 0.03,
P ¼ 0.86; 2 d: c2 ¼ 0, P ¼ 1). Nonetheless, injection of actinomy-
cin D and garcinol in a mixture leaves memory at 1 d after single-
trial conditioning intact, quite in contrast to garcinol alone
(x2 test, 1 d: vehicle versus garcinol, c2 ¼ 20.5, P ¼ 0.001.
Vehicle versus garcinol + Act D, c2 ¼ 0.45, P ¼ 0.5) (Fig. 6B).

C646 injected in a mixture with actinomycin D leaves bees as
memory-impaired (x2 test, 2 h: c2 ¼ 4.4, P ¼ 0.02; 1 d: c2 ¼ 5.9,
P ¼ 0.013; 2 d: c2 ¼ 6.6, P ¼ 0.007) as if C646 was injected alone
(x2 test, 2 h: c2 ¼ 4.6, P ¼ 0.023; 1 d: c2 ¼ 5.2, P ¼ 0.014; 2 d:
c2 ¼ 5.9, P ¼ 0.01) (Fig. 6C). Thus, actinomycin D interferes
with the memory impairment caused by garcinol, while the im-
pairing action of C646 is not affected by actinomycin D in both,
single- and three-trial conditioning.

Discussion

By comparing the effects of two different HAT inhibitors on mem-
ory formation we demonstrated that: (i) garcinol and C646 affect
different memory phases and (ii) when injected in a mixture with
actinomycin D, garcinol does not affect memory formation. This
does not count for C646. Both findings are new facets of our un-
derstanding of memory formation. Previous studies addressed
the function of either garcinol or C646 in memory formation
(Marek et al. 2011; Merschbaecher et al. 2012; Zhao et al. 2012;
Maddox et al. 2013a,b). In mice, injection of garcinol (Maddox
et al. 2013a) or C646 (Maddox et al. 2013b) into the amygdala im-
pairs newly acquired as well as reactivated fear memories. Both in-
hibitors show the same effect in independent studies. They impair
memory at 24 h (LTM) but not at 3 h (STM), no matter whether

Table 1. HDAC activity in honeybee brain is not affected by HAT inhibitors garcinol or C646

Application

Relative HDAC activity

Vehicle
Garcinol (60

mM) C646 (10 mM) TSA (10 mM)

To brain homogenate 1.00+0.24 (9) 0.93+0.17 (9)
P ¼ 0.65

0.97+0.21 (9)
P ¼ 0.68

0.08+0.05 (9)
P , 0.001

Injection into
hemolymph

1.00+0.14 (10) 0.97+0.22 (12)
P ¼ 0.78

0.89+0.19 (12)
P ¼ 0.16

0.05+0.01 (12)
P , 0.01

HDAC activity was determined after adding the indicated drugs to brain homogenate or immediately after

brain dissection if honeybees had received hemolymph injection. Final concentration in the homogenate or

in the bee (as estimated by body weight) is indicated in brackets. In each of the experiments, the data were

normalized with respect to the vehicle (DMSO) control group. The number of tested homogenate samples

or injected bees is indicated in brackets. One-way ANOVA: df ¼ 3, F ¼ 60 P , 0.001; Tukey HSD test:

TSA-treated group versus each of the other groups (P , 0.01). Groups treated with vehicle, garcinol, or

C646 do not differ from each other.

Table 2. HAT inhibitors C646 and garcinol do not affect gustatory responsiveness or
nonassociative learning

Behavioral test Vehicle C646 Garcinol

Gustatory response score 2.9 (35) 2.6 (35) 2.6 (30) P . 0.4
Sensitization (PER) 10% (40) 13% (40) 8% (30) P . 0.9
Habituation criterion 24+12 (50) 26+15 (50) 24+8 (30) P . 0.8

Gustatory responsiveness, sensitization, and habituation were tested 2 h after injection of garcinol, C646, or

vehicle (DMSO). The number of bees tested in the different groups is indicated in brackets. The means of

the gustatory response scores do not differ between the groups (Mann–Whitney test). Sensitization is pre-

sented as the percentage of animals that elicited the proboscis (PER) to an odor stimulus 15 sec after a sensi-

tizing stimulus (1 M sucrose) to the antennae. Fisher exact test (2 × 3) shows no difference. The mean+SD

of the habituation criterion does not differ between the different groups (Student’s t-test).

Acetylation-dependent mechanisms in memory formation

www.learnmem.org 85 Learning & Memory



tested following conditioning or following memory reactivation.
Since both inhibitors act on p300 and CBP the authors propose a
requirement of both in amygdala-dependent fear conditioning.

In our comparative approach we now show that the p300/

CBP inhibitors C646 and garcinol (garcinol also inhibits HATs of
the PCAF family) differ in their effects on appetitive associative
memory in honeybees, suggesting different functional pathways.
Unlike garcinol, C646 causes a memory impairment starting 2 h
after conditioning. The transcription blocker actinomycin D
cannot alter this effect, which suggests an implication of cellular
processes mediated via acetylation of nonhistone proteins by
C646-sensitive p300/CBP.

Studies in different species reveal convincing evidence for a
fundamental role of post-translational protein acetylation in basic
cellular processes by regulating stability, localization, interaction,
and activity of proteins (Choudhary et al. 2009; Spange et al. 2009;
Yuan and Marmorstein 2013). Members of the HAT family p300/

CBP sensitive to C646 are known for their role in transcriptional
regulation and histone modification. They also acetylate nonhis-
tone substrates (Sadoul et al. 2007; Friedmann and Marmorstein
2013; Valor et al. 2013). However, investigations on the role of
protein acetylation, especially on nonhistone targets, are at an
early stage. Although not derived from investigations on neuronal
plasticity, the list of nonhistone proteins targeted by HATs from
the p300/CBP and MYST families (named for the founding mem-
bers in yeast: MOZ, YBF2, SAS2 and TIP60) contains candidates
such as STAT, NF-kB, steroid receptors, importin-a. They all con-

tribute to processes underlying neuronal plasticity and learning
(Nicolas et al. 2013; Srivastava et al. 2013; Snow et al. 2014;
Panayotis et al. 2015) and therefore qualify as downstream targets
of C646.

Comparatively dealing with garcinol we could contradict
the well-documented notion that garcinol-sensitive memory
is transcription independent (Grünbaum and Müller 1998;
Wüstenberg et al. 1998). Garcinol injected in a mixture with the
transcription blocker actinomycin D should, under the known as-
sumption, be impaired as when given pure garcinol. In contrast,
we show that when injected with the mixture, bees’ learning is en-
hanced or rescued, independent of single- or three-trial condi-
tioning (Figs. 5, 6). This raises questions regarding the actions of
actinomycin D and garcinol on transcription processes that con-
tribute to memory formation.

Memory formation requires a balanced expression of genes
that promote or inhibit synaptic plasticity (Abel et al. 1998;
Walkinshaw et al. 2015). Changing the balance toward either pro-
moting or inhibiting genes results in an improved or an impaired
memory, respectively. Actinomycin D intercalates into DNA
(Sobell 1985), prevents active transcription processes in general,
and thus equalizes the imbalance.

In contrast to actinomycin D, the effect of garcinol and other
HAT inhibitors on gene expression is more complex. Results de-
rived from cell lines show that, although the majority of dif-
ferentially expressed genes is downregulated, other genes are
upregulated (Balasubramanyam et al. 2004; Gaddis et al. 2015).

Figure 3. HAT inhibitors garcinol and C646 differently affect memory
phases induced by strong associative training. Thirty minutes after
strong associative olfactory training (three-trial conditioning) honeybees
are injected with garcinol (A), C646 (B), or vehicle (DMSO). The
columns represent the percentage of animals that elicit the proboscis
(PER, proboscis extension response) during acquisition and retrieval
tests at 2 h, 1 and 2 d. The numbers of animals tested in each of the
groups is shown in brackets. Asterisks indicate significant differences
between treatments as tested for each time point separately (details in
Results). Chi-square/Fisher exact test (two-tailed); (∗) P , 0.05.

Figure 4. HAT inhibitors garcinol and C646 affect different memory
phases after weak training. Honeybees were injected with garcinol (A),
C646 (B), or the vehicle (DMSO) 30 min after weak associative training
(single-trial conditioning). The columns show the percentage of animals
that elicit the proboscis (PER) in the retrieval test at 2 h, 1 and 2 d after
conditioning. The numbers of animals tested in each of the groups is
shown in brackets. Asterisks indicate significant differences between treat-
ments as tested for each time point separately (details in Results).
Chi-square/Fisher exact test (two-tailed); (∗) P , 0.05.
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Thus it is feasible that memory impairment caused by garcinol re-
sults from an imbalance of genes with promoting and inhibiting
functions in memory formation. The imbalance favors expression
of inhibitory genes and thus leads to a reduced memory. In this
scenario, coapplication of actinomycin D would especially block
inhibitory genes, restore the balance, and thus improve memory
again.

In summary, the results support the emerging idea that
acetylation-mediated mechanisms contribute to processes of
memory formation at various levels of regulation. Building a thor-
ough understanding of the acetylation-mediated processes will re-

quire more sophisticated tools to characterize the role of the
different HATs, HDACs, and their substrates. Techniques that al-
low one to discriminate the contribution of processes at the tran-
scriptional level in the nucleus from processes in the cytosol,
dendrites, and synapses will have to be developed.

Materials and Methods

Animals
The experiments were performed in the years 2012 (April–
October) and 2013 (February–September) in Saarbrücken,
Germany. Bees (Apis mellifera) were collected from at least three
different hives of the university apiary to avoid hive-dependent

Figure 5. Actinomycin D abolishes the effect of garcinol but not that of
C646 on memory induced by three-trial conditioning. (A) Injection of ac-
tinomycin D (Act D) alone 30 min after three-trial conditioning does not
affect memory tested up to 2 d. (B) Injection of actinomycin D together
with garcinol abolishes the effects of garcinol on memory at 1 and
2 d. (C) Co-injection of actinomycin D and C646 does not affect C646
induced effects on memory. The columns show the percentage of
animals that elicited the proboscis (PER) during acquisition and retrieval
tests at the indicated time points. The number of bees tested is shown
in brackets. Asterisks indicate significant differences between the groups
(details in Results). Chi-square/Fisher exact test (two-tailed); (∗) P ,

0.025.

Figure 6. Actinomycin D abolishes the effect of garcinol but not that of
C646 on single-trial induced memory. (A) Injection of actinomycin D (Act
D) 30 min after single-trial conditioning does not affect memory tested up
to 2 d. (B) Injection of actinomycin D together with garcinol abolishes the
effect on memory at 1 d induced by garcinol alone. (C) Combined injec-
tion of actinomycin D and C646 shows the same effect on memory as
C646 alone. The columns show the percentage of animals that elicited
the proboscis (PER) in retrieval tests at the indicated time points. The
number of bees tested is shown in brackets. Asterisks indicate significant
differences between the groups (details in Results). Chi-square/Fisher
exact test (two-tailed); (∗) P , 0.025.
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effects. Foragers were sampled at leaving the hive. After immobi-
lization on ice, the bees were mounted in plastic tubes that allow
free movement of the antennae and mouthparts (Grünbaum and
Müller 1998; Merschbaecher et al. 2012). Mounted bees were col-
lectively kept in a dark humidity chamber at a relative humidity of
70% at 20˚C–25˚C.

Behavioral analysis
All behavioral tests were performed according to Merschbaecher
et al. (2012). For the gustatory responsiveness test, honeybee for-
agers were caught on the day of the experiment. They were
mounted as described above and fed 2–3 drops of 1 M sucrose sol-
ution to just about sustain them until performance. The respon-
siveness to appetitive stimuli was measured by monitoring the
PER after stimulating the antennae with increased sucrose con-
centrations (0, 30, 100, 300 mM and 1 M) with an interstimulus
interval of 2 min. For each bee, the sum of the PER elicited by
the five gustatory stimuli represents the gustatory response score
(0–5).

For tests involving nonassociative learning (sensitization,
habituation) bees were caught and mounted as described above.
Sensitization was tested by measuring the PER to an odor stimulus
(clove oil) that was applied 15 sec after an acute appetitive stimu-
lus (1 M sucrose) to the antennae of hungry bees. Animals show-
ing no PER to the sensitizing sucrose stimulus were excluded from
the experiment (,5%). For habituation, animals were repeatedly
stimulated (1 sec inter-stimulus interval) with 1 M sucrose solu-
tion at one antenna only. The number of elicited PER until five
consecutive PER failures is defined as habituation criterion.
Animals that were not habituated after 50 stimuli were excluded
from the analysis (,5%). Dishabituation was performed with a
sucrose stimulus (1 M) to the contra-lateral antenna following
the five consecutive failures. Animals not responding to the disha-
bituating stimulus were excluded from the analysis (,5%).

For associative olfactory conditioning, bees were caught the
day before the experiment, mounted, and fed 2–3 drops of 1 M
sucrose solution. They were then starved over night for at least
16 h in a dark humidity chamber at 70% humidity and 20˚C–
25˚C. An associative olfactory-conditioning trial consisted of
pairing an odor stimulus (conditioned stimulus, CS; clove oil for
5 sec) with an appetitive reward stimulus (unconditioned stimu-
lus, US; 1 M sucrose for 5 sec). Animals received either one or three
successive conditioning trials with an inter-trial interval of 2 min.
Memory was tested 2 h, 1 and 2 d after training. Animals not re-
sponding to the US during conditioning were excluded from the
experiment (,2%). Two hours after each memory test, the ani-
mals were fed 3–4 drops of 1 M sucrose solution.

Drug application
One microliter of either of the following solutions was injected
with a calibrated glass capillary into the hemolymph of the tho-
rax: C646 (cat#SML0002, Sigma-Aldrich), 1 mM in DMSO; gar-
cinol (cat#10566, Biomol), 6 mM in DMSO; actinomycin D
(cat#A1410, Sigma Aldrich), 1.8 mM in DMSO, mixture C646/ac-
tinomycin D (1 mM/1.8 mM) in DMSO, mixture garcinol/actino-
mycin D (6 mM/1.8 mM) in DMSO. The corresponding control
groups were injected with 1 mL DMSO only. For the administered
in vivo concentration, we assumed a mean bodyweight of 100
mg/bee.

Quantification of protein acetylation
To quantify H3K18ac, H3K9ac, and H3 in each of the brain sam-
ples we used the enzyme-linked immunosorbent assay (ELISA)
(Merschbaecher et al. 2012). Following the described trial sec-
tions, honeybees were chilled on ice, the heads were cut off and
mounted on wax. The cuticle was opened, the central brain
with the mushroom bodies dissected and homogenized in 250
mL homogenization buffer (PBS (137 mM NaCl; 2.7 mM KCl;
10.1 mM Na2HPO4; 1.8 mM KH2PO4) containing 1 mM EDTA
and 5 mM sodium butyrate) within 30 sec. Each sample was divid-

ed onto three separate micro titer plates (F96 Maxisorp, NUNC-
IMMUNO, Langenselbold, Germany), 50 mL aliquot per plate/
antigen. The samples of the different groups within one experi-
ment were placed on the same ELISA plates (separate copy plates
for each antibody).

The samples were then diluted in five consecutive steps (1:2)
with homogenization buffer. After 1 h coating, the wells were
blocked for 1 h with blocking buffer (PBS containing 0.5% BSA)
and then incubated for 1 h at room temperature with the dif-
ferent primary antibodies [anti-acetyl histone H3 (K18) (1:1000)
(cat#SAB4500349, Sigma Aldrich), anti-acetyl histone H3 (K9)
(1:1000) (cat#SAB4500347, Sigma Aldrich), anti-histone H3
(1:5000) (cat#4499P, Cell signaling), all diluted in PBS containing
0.5% BSA]. Washing was followed by an incubation with anti-
rabbit IgG alkaline phosphatase conjugated antibody (1:4000 in
PBS containing 0.5% BSA) (cat#A3687, Sigma Aldrich) for 1 h at
room temperature. For the color reaction phosphatase substrate
solution (1 mM 4-nitrophenylphosphate disodium salt (p-NPP)
in 0.1 M Tris/HCl pH 8.7; 1 mM MgCl2) was added and the
conversion of the substrate was quantified with a plate reader
(safire2, Tecan, Crailsheim, Germany) at 405 nm using 600 nm
as background.

The ELISA data were evaluated as described previously
(Merschbaecher et al. 2012). The slope calculated from the optical
density values of the dilution steps represents the relative amount
of antigen in a given sample. The means of the relative amounts of
H3 did not differ between the groups (Tables 1, 2). In each sample,
the normalized H3, H3K18ac, and H3K9ac values were used to cal-
culate the H3K18ac/H3 or H3K9ac/H3. After normalization to the
corresponding control ratio of a given experiment, the mean+ SD
was calculated. The two-tailed Student’s t-test was used to com-
pare the data.

HDAC assay
The HDAC activity in the honeybee brain was determined using
the HDAC Fluorimetric Assay (BML-AK500) (Enzo Life Sciences,
Lörrach, Germany) and the AmpliteTM Fluorimetric HDAC
Activity Assay Kit, Green Fluorescence (AAT Bioquest, Sunnyvale
US). Garcinol, C646, TSA, or DMSO were either added to fresh
brain homogenates or injected into the hemolymph 30 min prior
to brain dissection. To quantify the effects of the inhibitors in the
homogenates, brains were dissected and homogenized in the buff-
er provided with the HDAC assays. After splitting each homoge-
nate into four fractions and adding garcinol, C646, TSA, and
DMSO, respectively, HDAC assays were performed as described
by the suppliers. To analyze the action of the inhibitors in the
brain, the HDAC activity was determined after injection of the
drugs into the hemolymph. Thirty minutes after systemic injec-
tion brains of individual bees are dissected (,30 sec) and subject-
ed to the HDAC assays. The measurements were performed
according to the suppliers’ instructions. Assay conditions were op-
timized in pretests and revealed that one-tenth of a honeybee
brain in a single measurement is best to determine HDAC activity
in the linear range.

Statistical analysis
SYSTAT10 was used for the statistical analysis. The statistical tests
used and the parameters are indicated in in the section results
or in the figure legends. P , 0.05 is considered as significant for
the comparison of two groups. If groups are compared twice,
the Bonferroni correction was applied and P , 0.025 is considered
as significant.
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