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Pharmacologic inhibition of phospholipase C in the brain attenuates
early memory formation in the honeybee (Apis mellifera L.)

Shota Suenami’*, Shiori lino? and Takeo Kubo?

ABSTRACT

Although the molecular mechanisms involved in learning and
memory in insects have been studied intensively, the intracellular
signaling mechanisms involved in early memory formation are not
fully understood. We previously demonstrated that phospholipase C
epsilon (PLCe), whose product is involved in calcium signaling, is
almost selectively expressed in the mushroom bodies, a brain
structure important for learning and memory in the honeybee. Here,
we pharmacologically examined the role of phospholipase C (PLC) in
learning and memory in the honeybee. First, we identified four genes
for PLC subtypes in the honeybee genome database. Quantitative
reverse transcription-polymerase chain reaction revealed that,
among these four genes, three, including PLCe, were expressed
higher in the brain than in sensory organs in worker honeybees,
suggesting their main roles in the brain. Edelfosine and neomycin,
pan-PLC inhibitors, significantly decreased PLC activities in
homogenates of the brain tissues. These drugs injected into the
head of foragers significantly attenuated memory acquisition in
comparison with the control groups, whereas memory retention was
not affected. These findings suggest that PLC in the brain is involved
in early memory formation in the honeybee. To our knowledge, this is
the first report of a role for PLC in learning and memory in an insect.

KEY WORDS: Honeybee, Learning and memory, Phospholipase C,
Behavioral pharmacology, Brain

INTRODUCTION
An animal’s ability to learn and memorize information through
experience facilitates its behavioral adaptation under changing
circumstances. Although the molecular mechanisms underlying
learning and memory have been intensively studied using various
animals (Elgersma et al., 2004; Davis, 2011; Menzel, 2012), the
depth of understanding of these mechanisms differs depending on
the animal species. Thus, the similarities and differences of the
molecular mechanisms involved in learning and memory among
animal species are not fully understood.

The honeybee (4Apis mellifera L.) is a social insect, and females
differentiate into a reproductive caste (‘queen’) or sterile caste
(‘worker’). Workers show age-polyethism, and young workers feed
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their broods while older ones forage outside the hives. Foragers
learn and memorize the location of their nest and food sources, and
repeatedly visit the same food source (Chittka et al., 1999). If a
forager succeeds in finding a good food source, the bee
communicates the location and quality of the source to its
nestmates using dance (Winston, 1986). Thus, learning and
memory abilities are important in the honeybee.

Although extensive studies of the molecular mechanisms underlying
honeybee learning and memory have been performed, the molecules
contributing to the intracellular signaling involved in early memory
formation in the honeybee remain unknown, and may differ from those
in other animals and insects. For example, pharmacologic inhibition of
adenylate cyclase, whose subtype is important in learning and memory
in the fruit fly Drosophila melanogaster (McGuire et al., 2005,
Trannoy et al., 2011), does not influence short-term memory in the
honeybee (Matsumoto et al., 2014).

We previously demonstrated that the expression of some genes
involved in calcium signaling, such as inositol 1, 4, 5-trisphosphate
receptor (IP3R), calcium/calmodulin-dependent protein kinase Il
(CaMKII), protein kinase C (PKC), type I-IP; 5-phosphatase,
ryanodine receptor, reticulocalbin, and phospholipase C epsilon
(PLCe), are enriched in the honeybee mushroom bodies (MBs),
which is a higher brain center in insects (Kamikouchi et al., 1998,
2000; Takeuchi et al., 2002; Uno et al., 2013; Suenami et al., 2016).
Although there are several phospholipase C (PLC) subtypes that are
stimulated by different mechanisms, all PLC subtypes trigger
calcium signaling by degrading phosphatidylinositol into IP; and
diacylglycerol (Smrcka et al., 2012). IP3 binds and opens IP;R,
which releases calcium ions from intracellular calcium stores.
Calcium activates CaMKII and PKC in combination with
calmodulin and diacylglycerol, respectively (Ghosh and
Greenberg, 1995; Smrcka et al.,, 2012; Dusaban and Brown,
2015). Considering that mammals utilize calcium signaling in
learning and memory (Elgersma et al., 2004; Giese and Mizuno,
2013) and that the MBs are known to be involved in honeybee
learning and memory (Lozano et al., 2001; Miiig et al., 2010), the
enriched expression of genes involved in calcium signaling in the
honeybee MBs suggests that this type of signaling is important in
learning and memory in the honeybee.

In the present study, we focused on PLC, a highly important
enzyme in calcium signaling. Evaluation of the role of PLC in
learning and memory in the honeybee using pharmacologic inhibitors
revealed that PLC inhibition attenuates memory acquisition. This is
the first study, to our knowledge, to identify an intracellular signaling
molecule involved in early memory formation in the honeybee.

RESULTS

Identification of PLC subtypes encoded in the honeybee
genome

Previous studies of gene expression profiles in the honeybee brain
identified several PLC subtypes (Sen Sarma et al., 2009; Suenami
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et al., 2016), although the complete list of PLC subtypes was not
examined in these studies. As the first step in the present study, we
searched for genes encoding PLC subtypes other than PLCe in the
honeybee genome to gain insight into signaling involving PLC
subtypes in the honeybee.

A blastp search for PLC subtypes using the following queries in
D. melanogaster: phospholipase C at 21C (PIc21C), no receptor
potential A (norpA), and small wing (sl), identified A. mellifera
phospholipase C (AmPIc), no receptor potential A2 (AmnorpA2),
and small wing (Amsl) as the most highly related proteins,
respectively, in the NCBI honeybee genome database. We then
aligned AmPlc, AmnorpA2, Amsl, and PLCe with PLC subtypes in
the fruit fly, mouse (Mus musculus), human (Homo sapiens), and
yeast (Saccharomyces cerevisiae), and constructed a phylogenetic
tree (Fig. 1). AmPIlc, AmnorpA2, and Amsl were placed in the same
clade as Plc21C, norpA, and sl, respectively, consistent with the
blastp search. While the amino acid identity between AmPlc and
Plc21C was high (58.6% of all amino acids, Table 1A), mammalian
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PLCPB1-3 was not very similar to AmPlc, although they were placed
in the same clade (37.5% of all residues, at most). AmnorpA2 had
high identity to norpA, human and mouse PLCB4 (63.1%, 52.5%,
and 53.2% of total amino acids, respectively; Table 1B). Amsl
showed moderate identity to sl and mammalian PLCy (39.1% to
49.9% of amino acids; Table 1C) compared with those of AmPlIc
and AmnorpA2.

PLC subtypes in D. melanogaster are functionally classified
based on some conserved domains in the NCBI. For example,
Plc21C and norpA were classified as ‘PH_PLC_beta and PI-
PLCc_beta domain-containing proteins’, because these proteins had
PH_PLC_beta, EF-hand_like, PI-PLCc_beta, and C2_PLC_like
domains, while sl was classified as a ‘PH_PLC_gamma and
PI-PLCc_gamma  domain-containing protein’ based on
PH_PLC_gamma, PI-PLCc_gamma, SH2_N-SH2_PLC_gamma,
and PLCYc domains. As conserved domains suggest important
function, we next examined whether the honeybee PLC subtypes
have similar functions as their homologues in D. melanogaster

Fig. 1. Phylogenetic analysis of AmPlIc,
AmnorpA2, and Amsl. PLC proteins from the
honeybee, fruit fly, mouse, human, and yeast were
analyzed. AmPIc, AmnorpA2, and Amsl are
underlined. Yeast PLC1 was included as an
outgroup. Numbers at branches represent
bootstrap values in 1000 trials. Scale bar is shown
at the bottom left (0.1 amino acid substitutions per
site). Abbreviations of species are shown before
identities of PLC subtypes, as follows: Am, Apis
mellifera; Dm, Drosophila melanogaster, Mm, Mus
musculus; Hs, Homo sapiens; Sc,
Saccharomyces cerevisiae. PLCB, PLCy, PLCS,
PLCe, PLCn, and PLC{ are represented as PLCB,
PLCG, PLCD, PLCE, PLCH, and PLCZ,
respectively. Plc, phospholipase C; Plc21C,
phospholipase C at 21C; norpA, no receptor
potential A; norpA2, no receptor potential A2; sl,
small wing.
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Table 1. Identity of AmPIc, AmnorpA2, and Amsl with their homologues

(A) AmPlc
DmPIc21C HsPLCB1 HsPLCB2 HsPLCB3 MmPLCB1 MmPLCB2 MmPLCB3
Honeybee (%) 58.6 37.3 33.8 37.2 37.5 33 37.2
(B) AmnorpA2
DmnorpA HsPLCB4 MmPLCB4
Honeybee (%) 63.1 52.5 53.2
(C) Amsl
Dmsl HsPLCG1 HsPLCG2 MmPLCG1 MmPLCG2
Honeybee (%) 49.9 44.8 39.1 44.6 394
(D) Domains of AmnorpA2
DmnorpA (%)
PH_PLC_beta 62.4
ef-hand_like 68.4
PI-PLCc_beta 70.2
C2_PLC_like 82.3
(E) Domains of Amsl
Dmsl (%)
PH_PLC_gamma 49.2
PI-PLC_gamma 73.6
SH2_N-SH2_PLC_gamma_like 65.6
PLCYc 65.5

(A-C) Identity of AmPlIc (A), AmnorpA2 (B), and Amsl (C) with proteins placed in the same clades in the phylogenetic tree (Fig. 1) is shown. The numbers in the
bottom column represent the percentage of the identity. (D,E) Calculated identity of regions in AmnorpA2 and Amsl with corresponding functional domains in D.
melanogaster homologues. Examined domains are shown in the left columns. Right columns show the percentage of the identity. AmPlc, Apis mellifera
phospholipase C; AmnorpA2, Apis mellifera no receptor potential A2; Amsl, Apis mellifera small wing; Dm, Drosophila melanogaster; Hs, Homo sapiens; Mm,
Mus musculus; Plc21C, phospholipase C at 21C; norpA, no receptor potential A; sl, small wing. PLCB and PLCG represents PLCP and PLCy, respectively.

based on conservation of these domains. Domains of AmPlc were
already annotated and this protein was classified as a
‘PH_PLC_beta and PI-PLCc_beta domain-containing protein’
based on the domains in the NCBI shown in Fig. 2. Thus, we did
not analyze this protein. To identify the similarity of domains
between AmnorpA2 and norpA, AmnorpA2 was aligned with
homologues in the fruit fly, mouse, and human, and the regions in
AmnorpA?2 that corresponded to conserved domains in norpA were
determined (Fig. 2). The identity of these regions was high between
the honeybee and fruit fly (62.4% to 82.3% of amino acid residues;
Table 1D), suggesting that these functional domains are conserved
in AmnorpA2. When regions in Amsl corresponding to conserved
domains in the fruit fly homologue were determined (Fig. 2), these
regions exhibited overall high identity to sl (49.2% to 73.6% of
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residues; Table 1E) and were considered to be conserved between
Amsl and sl.

A blastp search using mouse PLCS, PLCn, and PLCC as queries
identified AmnorpA2 or Amsl as the most similar proteins,
suggesting that the honeybee does not have PLCS, PLCn, or
PLCC. These results suggest that the honeybee shares PLC subtypes
with the fruit fly, except for PLCe.

Analysis of expression of PLC subtype genes in honeybee
tissues involved in associative learning

To identify the candidate PLC subtypes involved in honeybee
learning and memory, we analyzed the expression levels of four
PLC subtype genes in the brain and sensory organs of the honeybee
using quantitative reverse-transcription polymerase chain reaction

Fig. 2. Schematic illustration of
protein structures of AmPlIc,
AmnorpA2, and Amsl. The numbers
and color boxes represent positions of
amino acids and conserved domains,
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(qRT-PCR). Insect brains have some characteristic structures in
addition to the MBs, such as the antennal lobe (AL), optic lobe
(OL), and suboesophageal ganglion (SOG), which are the primary
sensory centers of olfaction, vision, and gustation, respectively.
Here, we separately analyzed the MBs and other brain regions
including AL, OL, and SOG. Some sensory organs (retinae,
proboscises, and antennae) were also used because they receive
visual (retinae), gustatory (proboscises), and olfactory (antennae)
stimuli, which are involved in learning and memory.

First, we analyzed Ribosomal protein L32 (RpL32), elongation
factor 1 alpha-F2 (EFla-F?2), and actin related protein 1 (Arpl) to
determine the optimal reference gene. Because we analyzed PLCe
and the other PLC genes in different sets of RNA samples,
quantification of RpL32, EFla-F2, and Arpl was performed for
each sample set. Expression levels for all genes differed significantly
among tissues (Fig. S1). While EFla-F2 and Arpl were scarcely or
not detected in some retina samples, RpL32 was detected in all tissues
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(Fig. S1A,C and E). In addition, RpL32 exhibited the smallest change
in expression among tissues other than the retinae: RpL32 expression
changed approximately 2.6-fold at most, while EFla-F2 and Arpl
expression changed approximately 3.1-fold and 2.9-fold at most,
respectively (Fig. S1B,D and F). Therefore, we used RpL32 as a
reference gene for our qRT-PCR experiments.

The relative expression of PLCe, AmPlc, and AmnorpA2, which
was normalized to that of RpL32, was higher in the MBs than in the
other brain regions by approximately 19-, 1.7-, and 1.9-fold,
respectively (Fig. 3). Sensory organs had lower expression levels
than brain tissues (Fig. 3). To be sure, we also analyzed the relative
expression of PLCe and other PLCs in tissues other than the retinae
normalized with the expression of EFla-F2 and Arp1, respectively
(Fig. S2). As expected, essentially the same results were obtained
when we used EF/o-F2 and Arpl as reference genes instead of
RpL32: expression of PLCe was almost specific to MBs among the
tissues, and expression of AmPlc and AmnorpA2 was also higher in
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Fig. 3. qRT-PCR analysis of PLCe, AmPIc, AmnorpA2, and Amsl in tissues involved in learning and memory in the honeybee. Expression levels of
PLCe (A), AmPIc (B), AmnorpA2 (C) in the MBs, other brain regions, retinae (for only PLCe), proboscises, and antennae were normalized by that of RpL32.
Relative expression in the antennae is shown as one. Bars and lines indicate mean of expression levels and s.d. of five lots, respectively. Each lot contained two
workers. The experiments shown here were performed once. A significant difference among tissues was detected in the analysis of each gene shown
(P<0.000 5 for PLCe and P<0.005 for AmPIc and AmnorpA2, Kruskal-Wallis test). Different letters on the bars represent a significant difference (P<0.05, Steel-
Dwass test). Amounts of PLCe in four retinae and one antennae, and AmPIc in three proboscises and two antennae were below the detection limit and analyzed
as zero. Manipulation of these samples was not considered problematic because RpL32 was detected in all tissues. Ams/ was not detected in any tissues
analyzed (not shown). n.d., not detected. AmPIc, Apis mellifera phospholipase C; AmnorpA2, Apis mellifera no receptor potential A2; Amsl, Apis mellifera small

wing; RpL32, Ribosomal protein L32.
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the MBs than in the other tissues. No significant expression of Ams/
was detected in any tissues (not shown).

These findings suggest that PLC signaling is enhanced in the
honeybee MBs, and raise the possibility that three PLC subtypes are
involved in learning and memory in the honeybee brain. The higher
expression of PLCe in the MBs than in the other brain regions in the
present study is consistent with our previous report (Suenami et al.,
2016), although the difference was not significant in the present
study, possibly due to the small sample numbers relative to the
number of tissues analyzed.

Inhibitory effects of edelfosine and neomycin on PLC activity
in honeybee brain homogenates

Edelfosine and neomycin are widely used to inhibit PLC in mammals
and insects (Lipsky and Lietman, 1982; Walz et al., 2000;
Koganezawa and Shimada, 2002; Wenzel et al., 2002; Aravamudan
and Broadie, 2003; Wong et al., 2007), and we planned to use these
drugs to examine PLC involvement in honeybee learning and
memory. The effects of these drugs on PLC activity in honeybee
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brain tissues, however, has not yet been biochemically investigated.
Thus, we first tested whether edelfosine and neomycin inhibit
honeybee PLC activity using homogenates of the honeybee MBs and
other brain regions before performing the behavioral experiments.

We examined whether PLC activity in each homogenate could be
detected using PLCglow, a fluorogenic substrate (Huang et al.,
2011). Fluorescence was more than 4.2-fold higher in reaction
mixes containing both homogenate and substrate than in control
mixes that contained either homogenate or substrate (data not
shown), suggesting that the increased fluorescence detected in the
reaction mixes reflected PLC enzymatic activity. When an increase
in the fluorescence was calculated between the reaction mix and
control mixes, the MB homogenate showed less of an increase in the
fluorescence than the other brain regions (Fig. 4A). This was
unexpected, considering the expression patterns of PLC subtype
genes in these tissues. Based on this result, we determined reaction
conditions in which fluorescence increased with the reaction time
and concentration of the proteins using the homogenate from the
other brain regions.
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Fig. 4. Inhibitory effects of edelfosine and neomycin on PLC activity in honeybee brain homogenates. Fluorescence detected in reaction mixtures
containing substrate and homogenates constructed from the MBs and other brain regions (A), reaction mixture additionally containing edelfosine (B) or
neomycin (C) are shown. In A, homogenates contained the same amounts of proteins, and fluorescence was normalized with that in the MBs. *P<0.005
(Mann-Whitney’s U test). In B and C, fluorescence in mixture without drugs is shown as one for each tissue. *P<0.05 (Wilcoxon signed-ranks test). Mean and s.d.
of six lots are shown. Each lot contained two workers. Detection of fluorescence was performed with technical triplicates (i.e. three times with the same set of six
lots of samples), and the statistical mean value for each fluorescence was determined and analyzed. s.d., standard deviation.
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Addition of 1.0 mmol/l edelfosine or 0.55 mmol/l neomycin into
the same homogenates significantly altered the fluorescence in both
tissue homogenates. Edelfosine decreased fluorescence to
approximately 6.0% (MBs) and 5.4% (other brain regions) of the
fluorescence detected in mixes without edelfosine (Fig. 4B).
Neomycin also reduced fluorescence in the reaction mixes to
approximately 44% (MBs) and 20% (other brain regions) of the
fluorescence in samples without the drug (Fig. 4C). As these drugs
share only PLC as a common target (according to online catalogues
for Santa Cruz Biotechnology, Inc.), a decrease in fluorescence was
considered to reflect a decrease in the PLC activity. Thus, these
results suggested that both edelfosine and neomycin inhibit PLC
activity in honeybee brain tissues, at least in vitro.

Analysis of the effects of PLC inhibitors on olfactory
associative learning and memory in the honeybee
Based on our findings in the biochemical assay, we used edelfosine
and neomycin to examine the effect of PLC inhibition in the
olfactory-proboscis extension reflex (PER) associative learning and
memory task in the honeybee. We injected edelfosine or neomycin
into the head of forager honeybees and trained the animals to learn an
association between odor stimulation and a sucrose reward. We
presented linalool (46.8% in mineral oil; Szyszka et al., 2008) as the
odor by administering it as an air puff from a 50 ml plastic syringe.
Three training trials were administered with 10-min inter-trial
intervals, and the proportion of responding bees was compared
between the drug-treated groups and control groups, which were
treated with the injection buffer. Next, we analyzed memory retention
at 1 h or 24 h after conditioning using the same experimental groups.
Because the odor was presented as an air puff from a plastic syringe in
the training, we considered that the bees might have learned an
association between sucrose and the air puff, but not the odor.
Therefore, we tested memory twice with a 10-min interval, and in
each trial bees were presented with the odor or an air puff only, which
was used as a control stimulation. We used the experimental setup
illustrated in Fig. 5A to present and remove the odor stimulation.

All groups exhibited an increased response to odor stimulation
with progression of conditioning (P<0.0005 for each group,
Cochran’s Q test): in the examination of edelfosine, approximately
70% and 56% of control and drug-treated honeybees responded to
odor at the last conditioning trial, respectively (Fig. 5B left). When
neomycin was investigated, approximately 58% and 34% of control
and drug-treated bees exhibited the conditioned response at the third
conditioning trial, respectively (Fig. 5C left). These findings
suggested that bees in all experimental groups learned the
association between the odor and sucrose. When the conditioned
response in each trial was compared between treatment groups,
however, the drug-treated groups displayed a decreased response to
odor stimulation compared with the control groups: edelfosine
treatment decreased the conditioned response by approximately 50%
and 21% compared with the control group at the second and third
sessions, respectively (Fig. 5B left). Neomycin treatment also
decreased the number of bees exhibiting a PER to the odor to
approximately 54% and 60% compared with control group at the
second and third sessions, respectively (Fig. 5C left). Responses of
drug-treated groups were significantly different from their controls at
the second trial (P=0.000879 and 0.0481 for investigation of
edelfosine and neomycin, respectively, Fisher’s exact probability
test). These findings suggested that edelfosine and neomycin
treatment disrupted acquisition of the odor-sucrose association.

In the memory test, all groups exhibited a higher response to odor
than the control stimulation (P<0.005 for each group, McNemar’s

chi-square test): when edelfosine was investigated, approximately
71% and 67% of control and drug-treated bees displayed odor-
specific memory at 1 h, while approximately 57% and 54% of the
control and drug-treated bees, respectively, exhibited odor-specific
memory at 24 h (Fig. 5B right). In the neomycin experiment,
approximately 70% and 48% of the control and drug-treated bees,
respectively, displayed odor-specific memory (Fig. 5C right). When
the ratio of bees responding to odor and air was compared between
treatment groups, no significant difference was detected in any
experiment (Fig. 5B and C right). Thus, these findings suggest that
drug treatment before training did not affect odor sensing during
conditioning and memory retention up to 24 h (edelfosine) or 1 h
(neomycin).

We also analyzed the effect of edelfosine and neomycin on
mortality and sucrose perception in the honeybee. When mortality
was calculated at the end of the training and memory test, no
significant difference in mortality between treatment groups was
detected in any experiment (Table 2). The proportion of bees
without a response to sucrose also did not differ between treatment
groups in any experiment, (P>0.05, Fisher’s exact probability test;
Table 3), suggesting that the pharmacologic agents had no
detrimental effects on survival or sucrose perception.

DISCUSSION

Overall conservation of PLC subtypes in the honeybee and
fruit fly

In mammals, PLC subtypes have different activation mechanisms
(Smrcka et al., 2012; Dusaban and Brown, 2015). For example,
PLCB is activated by heterotrimeric G protein downstream of G
protein-coupled receptor (GPCR) while PLCy is activated by small
molecule G protein downstream of the receptor coupled with
tyrosine kinase (Smrcka et al., 2012). PLCe is unique in that it
interacts with both heterotrimeric and small G protein (Smrcka et al.,
2012). Therefore, different PLC subtypes are involved in distinct
signaling pathways.

Previous studies of gene expression profiles in the honeybee brain
identified some PLC subtypes. For example, our previous study
demonstrated preferential expression of PLCe in the MBs (Suenami
etal., 2016). A transcriptomic study also identified the expression of
another PLC subtype in the honeybee brain (Sen Sarma et al., 2009).
D. melanogaster has three PLC subtypes, but not PLCe (Greenberg
et al., 2012; Balakrishnan et al., 2015). These findings suggest that
the profiles of PLC subtypes differ among insect species.

Here, using a blastp search, we identified AmPlc, AmnorpA2,
and Amsl as homologues to the fruit fly Plc21C, norpA, and sl,
respectively. They showed generally high identity, suggesting
functional conservation of these proteins between the honeybee and
D. melanogaster. Because blastp searches using other PLC
subtypes as queries in mouse did not detect additional PLC in the
honeybee, the profile of PLC subtypes in the honeybee is nearly the
same as that in the fruit fly, except for PLCe. This suggests that
molecular signaling involving PLCe is unique to the honeybee,
while the three other PLC subtypes contribute to signaling shared
between honeybee and the fruit fly.

MB-selective expression of PLC genes in the honeybee

Our findings demonstrated that PLCe, AmPlc, and AmnorpA2 are
more strongly expressed in the MBs than in the other tissues
analyzed. The preferential expression of PLCe in the MBs
compared with the other brain regions (approximately 19-fold
higher, when RpL32 was used for normalization) was consistent
with our previous analysis (Suenami et al., 2016). On the other
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Fig. 5. Effects of edelfosine and neomycin on olfactory associative learning and memory in the honeybee. (A) lllustration of the experimental setup we
used for the behavioral assay. Pink arrows with numbers represent odor stream. The bee received odor stimulation in front of chamber (A) (1). The odor was
removed from chamber (A) to chamber (B) and outside by a fan (2) and hose (3). (B,C) Responses of the bees treated with edelfosine (B) or neomycin (C) during
learning and memory are shown. Honeybees injected with buffer were used as controls. Left columns represent the bees’ responses to odor stimulation in each
conditioning trial. All experimental groups exhibited an increased PER with trials (B: control, P<1.00x10~'3; edelfosine, P<5.00x10~'°; C: control, P<5.0x10~8,
neomycin, P<0.000 5, Cochran’s Q test). Drug-treated groups had a significantly lower response than their controls at the second trial (**P<0.001, *P<0.05,
Fisher’s exact probability test). Right columns indicate the response of the same bees in the left columns to odor or air stimulation at the 1 h or 24 h memory test.
An air puff was used as control stimulation. Response to the odor was significantly higher than that to the air puffin all groups (in B, 1 h: P<0.0005 for both groups;
24 h: P<0.005 for both groups; in C, control, P<5.00%x107%; neomycin, P<0.005, McNemar's chi-square test). Distribution of the bees responding to odor and air
did not differ between treatments in each experiment (P>0.05, Mann—-Whitney’s U test). The numbers of the bees analyzed are represented in parentheses in the
right columns. The experiments shown here were performed once. PER, proboscis extension reflex; n.s., not significant.

hand, the relative expression of AmPIc and AmnorpA2, which was  respectively. Thus, even though the three PLC genes are expressed
normalized by that of RpL32, in the MBs was higher than that in  in the MBs more strongly than the other brain regions, preferential
the other brain regions by only approximately 1.7- and 1.9-fold, expression in the MBs is unique to PLCe, suggesting that PLCe is
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Table 2. Mortality of the injected bees

Total After injection to
number of  the third trial of After conditioning to
injected conditioning (% of the memory test (%
Treatment bees total number) of total number)
Buffer (1 h test) 33 6 (19.4) 1(3.23)
Edelfosine (1 htest) 26 0 (0.00) 1(4.00)
Buffer (24 h test) 49 3(6.38) 21 (44.7)
Edelfosine (24 h test) 44 3(6.82) 13 (29.5)
Buffer 38 4 (10.5) 0 (0.00)
Neomycin 42 5(11.9) 4(9.52)

Number of bees injected with drugs or injection buffer, and number of bees that
died after injection to the end of conditioning or after conditioning to the
memory test are shown. The percentages in parentheses correspond to the
proportions of dead bees relative to the number of injected bees. The total
numbers of injected workers were as follows: 33 (buffer) and 26 (edelfosine) in
1 h memory test; 49 (buffer) and 44 (edelfosine) in 24 h memory test; 38
(buffer) and 42 (neomycin) in examination of the effect of neomycin. No
significant difference in mortality was detected between treatments in each
experiment (P>0.05, Mann—-Whitney’s U test).

involved in unique function in the MBs compared with the other
PLC subtypes.

We also detected the expression of PLC genes in the retinae,
proboscises, and antennae. Previously, norpA was reported to be
expressed in the fruit fly antennae and labellum (Koganezawa and
Shimada, 2002), and a genetic study using RNA interference
identified the involvement of Plc21C in the gustatory response in
the fruit fly (Kain et al., 2010). Electrophysiology in labellum taste
receptor cells of the fleshfly detected a response to taste stimulation
through PLC (Koganezawa and Shimada, 2002). Furthermore, a
homologue of Plc21C is expressed in olfactory hairs in the moth
antenna (Chouquet et al., 2010). Considering our finding and these
reports, expression of PLCPB genes in olfactory and gustatory
sensory organs and the function of PLCB in olfactory and gustatory
perception is common among insects.

Downregulation of PLC activity in brain tissues by edelfosine
and neomycin

We found that PLC activity in the MB homogenate was lower than
that in the other brain regions. This was unexpected based on the
results of the qRT-PCR experiment. The relative expression of PLC
genes was always higher in the MBs than in the other brain regions
although we used RpL32, EFla-F2, and Arpl as reference genes
(Fig. 3; Fig. S2), indicating that comparison of relative expression
levels between brain regions in qRT-PCR was not problematic.
Rather, we speculate that the translation rate differed between brain

Table 3. Sucrose unresponsiveness of the injected bees

Treatment Number of bees (% of injected bees)
Buffer (1 h test) 2 (6.45)
Edelfosine (1 h test) 1 (4.00)
Buffer (24 h test) 2 (4.26)
Edelfosine (24 h test) 0 (0.00)
Buffer 1(2.63)
Neomycin 3(7.14)

Number of bees that did not respond to sucrose 15 min before conditioning is
shown. We analyzed only bees surviving at the end of the memory test. The
total number of injected workers were: 33 (buffer) and 26 (edelfosine) in 1 h
memory test; 49 (buffer) and 44 (edelfosine) in 24 h test; 38 (buffer) and 42
(neomycin) in examination of the effect of neomycin (also shown in Table 2).
No significant difference in sucrose unresponsiveness was detected between
treatments in each experiment (P>0.05, Fisher’s exact probability test).

regions, leading to a difference in the amount of PLC proteins.
Moreover, because mammalian PLCP and PLCe are located at the
plasma membrane (Lopez et al., 2001) and we did not separate
membrane and cytoplasmic fractions in the brain homogenates, it is
also possible that a proportion of the membrane fraction was higher
in the homogenate from the MBs than the other brain regions, and
thus the concentration of free PLC was lower in the MBs. These
possibilities should be examined by quantification and comparison
of total or membrane-bound PLC proteins between these brain
regions.

We used edelfosine and neomycin as potential PLC inhibitors
and detected a decrease in PLC activity in the reaction mixtures
containing these inhibitors. Although it is not known how these
drugs inhibit PLC, edelfosine, which is derived from ether, is
thought to be integrated into the plasma membrane where it affects
PLC activity (Powis et al., 1992). Neomycin is an aminoglycoside
and thought to competitively inhibit PLC based on the study of
another aminoglycoside (Lipsky and Lietman, 1982). Neomycin is
also considered to bind PLC substrates and affect PLC activity
(Lipsky and Lietman, 1982). Thus, these drugs are thought to inhibit
PLC through different mechanisms. Because edelfosine and
neomycin share only PLC as target, and both drugs decreased
PLC activity, we concluded that they can be used as PLC inhibitors
in the honeybee brain. We did not discriminate the activity of
distinct PLC subtypes in the present study, as the specificity of
PLCglow and the PLC inhibitors for each PLC subtype is unknown.

Involvement of PLC in acquisition but not in memory
retention for up to 24 h

Here, we identified the involvement of PLC in learning and memory
in an insect for the first time. Both edelfosine and neomycin
decreased PER to odor stimulation in the conditioning trials, while
no detrimental effect on survival or sucrose perception was
detected. Because these drugs are suggested to inhibit PLC
through different mechanisms and share only PLC as a common
target (see above), our results strongly suggest that the attenuated
learning in bees treated with these inhibitors was due to the decrease
in PLC activity and that PLC enhances task acquisition in the
honeybee. In contrast to the attenuated task acquisition by drug
injection, no difference in memory retention was detected between
treatments at 1 h and 24 h after conditioning. This finding suggested
that PLC activity in conditioning is not related to memory retention
for up to 24 h.

The animal’s response during task acquisition comprises
detection of the association between the odor and reward,
consolidation, retention, and recall of memory (Abel and Lattal,
2001). As we did not discriminate these processes in the present
study, the process in task acquisition that involves PLC in the
honeybee remains unclear. Moreover, the contribution of PLC to
memory formation after task acquisition was not examined as we
injected PLC inhibitors only before, and not after, training. To
investigate these points, it will be useful to examine the involvement
of PLC in consolidation, retention and recall by injecting PLC
inhibitors immediately after conditioning (for consolidation and
retention) and immediately before memory test (for recall).

Possible intracellular signaling through which PLC regulates
honeybee olfactory appetitive learning

In the present study, PLC inhibitors did not completely block task
acquisition. Because we did not inject PLC inhibitors into a specific
brain region, the inhibition of PLC was insufficient in the brain
structure that is required for learning in the honeybee. Multiple
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molecular pathways and/or neural mechanisms are involved in
learning. For example, both the ALs and MBs are involved in
learning (Hammer and Menzel, 1998; Lozano et al., 2001).
Furthermore, the MBs also utilize a molecular pathway without
PLC in learning. When NRI, which encodes a subunit of the N-
methyl-D-aspartate receptor, is knocked down in honeybee MBs,
learning is impaired (MiiBig et al., 2010). These pathways may have
prevented the complete loss of task acquisition in the present study.

Then, what are the proteins functioning upstream and
downstream of PLC in learning in the honeybee? A GPCR is
likely to activate PLC in honeybee learning. This is because GPCR
activates PLCP and PLCe in mammals and we identified PLCe,
AmPIc, and AmnorpA2, which are honeybee homologues of PLC
or PLCe, as candidates involved in task acquisition in this study.
Previous studies using pharmacology or RNA inhibition identified
two GPCRs involved in learning in the honeybee: the octopamine
receptor and muscarinic acetylcholine receptor (mAChR) (Farooqui
etal., 2003; Lozano etal., 2001). The octopamine receptor increases
intracellular calcium when heterologously expressed in a HEK 293
cell line (Grohmann et al., 2003; Beggs et al., 2011), and thus PLCJ
was suggested to be activated by octopamine receptor activity
(Beggs et al., 2011). Our finding that PLC is involved in learning in
which octopamine receptors are also involved, is consistent with
this suggestion. mAChR is involved in recall of olfactory appetitive
memory (Lozano et al., 2001). Although the relation between PLC
and mAChHR in the honeybee has not been revealed, PLC is activated
downstream of mAChR in the grasshopper brain (Wenzel et al.,
2002). Thus, this receptor might activate PLC in learning in the
honeybee if PLC is involved in memory recall. Although receptor
tyrosine kinases, which can activate mammalian PLCe (Smrcka
et al., 2012; Dusaban and Brown, 2015), are other candidate
molecules for activating PLCe in honeybee learning, there are no
studies examining the involvement of this type of receptor in
learning in the honeybee.

Based on current knowledge of calcium signaling, PLC opens
IP;Rs by generating IP3, leading to an increase in the intracellular
calcium concentration and activation of PKC and CaMKII (Smrcka
et al., 2012; Dusaban and Brown, 2015). This implicates these
factors as possible targets of PLC in appetitive learning and memory
in the honeybee. In fact, long-term memory formation is attenuated
when an intracellular calcium increase is blocked by a chelator
(Perisse et al, 2009) and CaMKII is inhibited either
pharmacologically or by small interfering RNA during training
(Matsumoto et al., 2014; Scholl et al., 2015). Thus, sufficient
activation of PLC in conditioning might trigger long-term memory
formation through an increase in intracellular calcium and CaMKII
activation. On the other hand, given that inhibiting an increase in the
calcium concentration or CaMKII during conditioning does not
affect learning (Perisse et al., 2009; Matsumoto et al., 2014; Scholl
etal., 2015), calcium signaling might not be related to learning. We
speculate that small G proteins might be involved downstream of
PLC in learning, because small G proteins interact with PLCe in
mammalian cell lines (Smrcka et al., 2012; Dusaban and Brown,
2015) and are suggested to be involved in olfactory learning and
memory in D. melanogaster (Moressis et al., 2009), though
involvement of small G proteins in honeybee appetitive learning
has not been tested.

PLC is involved in learning and memory in mammals. For
example, knockout of PLCf4 in the mouse impairs associative eye-
blink learning (Miyata et al., 2001). A mutation in PLCe that
eliminates the ability to generate IP3 improves learning (Quan et al.,
2012). Injecting the PLC inhibitor U73122 into the mouse premotor

cortex impairs motor skill acquisition (Rioult-Pedotti et al., 2015).
Generally, disruption of PLC in these studies commonly changed
learning in the mouse. These and our studies are similar in that PLC
inhibition affected acquisition. More studies are required to examine
whether mammals and honeybees share similar molecular
mechanisms in learning through PLC.

In contrast to studies using mammals, there are few studies on the
function of PLC in learning and memory in insects. A study
comprehensively searching for genes involved in olfactory aversive
learning and memory in D. melanogaster detected Plc21C and
norpA (Walkinshaw et al., 2015). The detected changes in the fruit
flies in which these genes were knocked down, however, might not
be due to impaired learning and memory ability, because these
animals also exhibited other physical or behavioral abnormalities
(Walkinshaw et al., 2015). The contribution of PLC to learning and
memory in insects therefore was unknown before the present study.
Is the involvement of PLC in appetitive learning prevalent among
insects? Some research suggests species-specific differences in
molecular mechanisms underlying insect learning and memory
(Mizunami et al., 2015). For example, although a mutation in
rutabaga-adenylate cyclase attenuates learning in D. melanogaster
(McGuire et al.,, 2005; Trannoy et al., 2011), pharmacologic
inhibition of adenylate cyclase does not affect learning in cricket or
honeybee (Matsumoto et al., 2006; Matsumoto et al., 2014). PLC
might also contribute to differences between honeybee and D.
melanogaster if PLCe is involved in acquisition in honeybee. We
did not discriminate the contribution of each PLC subtype to task
acquisition in the present study, however, as we used a
pharmacologic approach. To clarify this point, application of the
previously reported genome editing method in the honeybee
(Kohno et al., 2016) will be useful.

Concluding remarks

In the present study, we showed that PLCe and two genes encoding
PLCB are expressed more strongly in the MBs than in the other brain
regions or peripheral sensory organs in the honeybee. We also
demonstrated for the first time that pharmacologic PLC inhibition
attenuated task acquisition, but not memory retention up to 24 h,
suggesting that PLC is involved in olfactory appetitive learning in
the honeybee. The results presented here enhance our understanding
of species-specific molecular mechanisms of learning and memory
in insects.

MATERIALS AND METHODS

Animal

The colony of European honeybees (4. mellifera L.) was purchased from
local distributors and maintained at the University of Tokyo. Foragers
(female bees) with pollen bags on their hind legs, whose ages were
unknown, were caught at the hive entrance and used in all analyses except
for the identification of PLC subtypes using bioinformatics.

Identification of PLC subtypes coded in the honeybee genome

A blastp search was performed of the NCBI database using amino acid
sequences of PLC subtypes (Plc21C, norpA, and sl) from the fruit fly
(D. melanogaster) as queries. We also performed a blastp search using
PLC3, PLCn, and PLCC in the mouse (M. musculus) as queries.

Phylogenetic tree construction

Amino acid sequence data of PLC subtypes in the honeybee, fruit fly, mouse,
human (H. sapiens), and yeast (S. cerevisiae) was obtained from the NCBI
database. After ClustalW alignment using these sequences, a phylogenetic
tree was constructed by the neighbor-joining method. The following PLC
subtypes were used (accession numbers are given in parentheses): honeybee
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AmPlc, AmnorpA2, Amsl, and PLCe (XP_003250991.1, XP_016769634.1,
XP_016771738.1, and XP_016767302.1); D. melanogaster Plc21C, norpA,
and sl (NP_995605.1, NP_001162661.1, and NP_476726.2); mouse
PLCBI, PLCB2, PLCB3, PLCp4, PLCyl, PLCy2, PLCS81, PLC&4,
PLCel, PLCC1, PLCnl, and PLCn2 (NP_001139302.1, NP_001277719.1,
NP_001277278.1, NP_038857.1, NP_067255.2, NP_758489.1, NP_
001280577.1, NP_683739.2, NP_062534.2, NP_473407.2, NP_899014.2,
and NP_001106831.1); human PLCB1, PLCB2, PLCB3, PLCB4, PLCyl,
PLCy2, PLC31, PLC83, PLC84, PLCel, PLCCl, PLCnl, and PLCn2
(NP_056007.1, NP_004564.2, NP_000923.1, NP_001166117.1, NP_
002651.2, NP_002652.2, NP_001124436.1, NP_588614.1, NP_116115.1,
NP_057425.3, NP_149114.2, NP_001124432.1, and NP_055453.2); and
yeast PLC1 (NP_015055.1). If a gene had variants, amino acid sequence of
the longest isoform was used.

ClustalX2 (Larkin et al., 2007; www.clustal.org/clustal2/), treeview
(Page, 1996; http:/taxonomy.zoology.gla.ac.uk/rod/treeview.html), and
BioEdit (www.mbio.ncsu.edu/bioedit/bioedit.html) software were used in
the alignment, phylogenetic tree construction, and calculation of identity,
respectively.

qRT-PCR
The MBs, other brain regions, retinae, proboscises, and antennae were dissected
from forager bees under a binocular microscope and quickly frozen with dry ice
or liquid nitrogen. Dissection of the MBs and other brain regions were
performed as previously described (Suenami et al., 2016). Proboscises and
antennaec were cut into pieces with scalpels and tweezers for easy
homogenization. We used two bees as a lot, and a total of five lots was analyzed.
Tissues were homogenized in TRIzol LS reagent (Ambion) and total RNA
was extracted. Two sets of RNA samples were prepared for analysis of PLCe
and the other PLC genes. RNA (100 ng for analyzing PLCe or 200 ng for
analyzing AmPlc, AmnorpA2, and Amsl) was reverse-transcribed with a
PrimeScript RT Reagent Kit with gDNA eraser (Perfect Real-Time; TaKaRa,
Shiga, Japan). qRT-PCR was performed using SYBR Premix ExTaq II (Tli
RNase H Plus; TaKaRa) and LightCycler (Roche). Reverse transcription
and qRT-PCR were performed according to manufacturer’s instructions.
The following gene-specific primers were used in qRT-PCR: PLCe
(XM_392335.4), 5'-GTTTCGCCAATCGAAAAACG-3’ and 5'-CGAAT-
ACCAGCTGTTCTACC-3"; AmPlc (XM_006567226.2), 5'-TGCAATCC-
AAGACAGCAAGC-3" and 5-TCAAGAGGAGCATCCAGCAA-3';
AmnorpA2 (XM_016914145.1), 5'-AATTCTGGGCGATCTGCTTC-3’ and
5'-TTCCAACTCGTGCTTCTCCA-3’"; Amsl (XM_016916249.1), 5'-AAT-
GGCCAGAAGATGCAAAA-3' and 5-TGAACCAAGCGACGTAATCC-
3’; RpL32 (XM_006564315.1), 5'-AAAGAGAAACTGGCGTAAACC-3’
and 5'-CTCGTCATATGTTGCCAACTG-3'; EF1a-F2 (XM_006569890.1),
5'-TTGGTTTAAGGGATGGACGG-3’ and 5'- TGTGTTGAAACCAGGT-
ATGG-3'; Arpl (NM_001185146.1), 5'-TCCCCGAATCCCGAAAG-3’
and 5'-CGGAGGAACCAAAGGACAA-3'. Expression of PLC genes was
normalized by RpL32. Statistical analysis was performed using EZR software
(Kanda, 2013). Kruskal-Wallis test was performed to detect difference of
expression levels among all tissues. When significant difference was detected
in this test, Steel-Dwass test was also performed to compare expression levels
between tissues.

PLC activity assay

After the foragers were anesthetized on ice for more than 30 min as
described previously (Kamikouchi et al., 2000), the MBs and other brain
regions were dissected under a binocular microscope as described above and
quickly frozen with liquid nitrogen. We used two bees as a lot, and six lots
were prepared.

Tissues were homogenized in 50 mmol/l HEPES-KOH (pH 7.2),
70 mmol/l KCl, and 1.0 mmol/l CaCl,. These tissues were centrifuged for
10 min at 4000 rpm (approximately 900 g) and 4°C, and the supernatant was
centrifuged again for 20 min at 13,000 rpm (approximately 9500 g) and 4°C
as described previously (Yoshioka et al., 1985). The supernatant was
obtained and stored at —20°C. Protein concentrations in the homogenate
were measured using Pierce BCA Protein Assay Kit (ThermoFisher
Scientific) (Zhu et al., 1993) and Pierce Bovine Serum Albumin Standard
Ampules 2 mg/ml (ThermoFisher Scientific).

To detect PLC activity, we used PLCglow (KXT Bio), a fluorogenic
substrate (Huang et al., 2011), and the reaction was performed according to the
manufacturer’s instruction. The reaction mixture contained 12.5 umol/l
PLCglow, 50 mmol/l HEPES-KOH (pH 7.2), 70 mmol/l KCl, 1.0 mmol/l
CaCl,, 2.0 mmol/l dithiothreitol, 50 mg/l bovine serum albumin, and
homogenate containing 1.3 pg protein. The final volume of reaction mixture
was 10 pl. The reaction mixture was incubated for 30 min at 25°C in a thermal
cyclerand 2 pl of 25 mmol/l ethylene glycol bis (-aminoethylether)-N, N, N’,
N'-tetraacetic acid was added to stop the reaction. The reaction mix was
centrifuged for 5 min at 2000 rpm (approximately 310 g), and 10 ul of
supernatant was applied to a black, low volume 384-well round-bottom
microplate (Corning). Fluorescence was quantified using a Gemini EM
microplate reader (Molecular Devices) at excitation and emission wavelengths
of 344 nm and 530 nm, respectively, and automix was performed for 5 s
before quantification. Quantification was performed three times as a technical
triplicate and mean fluorescence was used for the analyses. To remove the
fluorescence from the homogenate or intact substances from statistical analysis,
we also analyzed two kinds of control mixes: one containing only homogenate
and the other containing only substrate. The difference in the fluorescence
signal between the reaction mix and control mixes was statistically analyzed.

To examine the inhibitory effects of edelfosine and neomycin on PLC, these
drugs were added to the reaction mix at the following final concentration:
edelfosine, 1.0 mmol/l; neomycin, 0.55 mmol/l. Both inhibitors were
purchased from Sana Cruz Biotechnology, Inc. According to the
manufacturer’s instructions, stock solutions were made with sterilized water
at the following concentrations: edelfosine, 5.0 mmol/l; neomycin,
550 mmol/l. Stock solutions were stored at —20°C (edelfosine) or 4°C
(neomycin). Here, we constructed additional mixes to remove the
fluorescence from reactions other than interactions among the
homogenates, substrates, and drugs: one containing substrate and inhibitor,
another containing inhibitor and homogenate, and the other containing only
inhibitor. Fluorescence detected in the former two mixes was subtracted, and
that derived from the last mix was added to the fluorescence in the reaction
mix containing all of homogenates, substrates, and drugs.

EZR software (Kanda, 2013) was used for the statistical analysis.

Odor-PER associative learning and memory

The experimental system used was as described previously (Hori et al.,
2006; Felsenberg et al., 2011; Matsumoto et al., 2014; Scholl et al., 2015).
Experiments were performed from the end of May to the end of June in 2016
and from the end of March to the end of April in 2017 for edelfosine, and in
September for neomycin in 2016.

Foragers were randomly caught in the afternoon to evening and
anesthetized on ice. The bee was harnessed in a 0.5 ml plastic tube. To
expose only the bee’s head, parafilm was used. A small amount of cotton
was placed at the bottom of the tube to support the bee’s body. We placed the
tube into a 1.5 ml plastic tube on a tube rack, which allowed us to handle the
animals easily. The bee was kept at 27°C until manipulation. In the evening,
0.88 mol/l sucrose dissolved in tap water was fed to the bee until satiation [a
4 ul (0.88 mol/l sucrose) drop was repeatedly presented to the bee until the
PER stopped]. The bee was then placed back at 27°C.

Drug treatment and olfactory conditioning were performed the next day.
Drug application was started 90 min before conditioning. After the bee was
immobilized on ice for 3 min, a small hole was opened at the medial ocellus
using an insect pin. A fine injection needle was inserted into the bee’s head
through the hole. The injection needle was made of borosilicate glass
capillary (Sutter Instrument) as follows: after the capillary was pulled, the
tip was manually cut to ~20um under a binocular microscope.
Approximately 330 nl of 1.0 mmol/l edelfosine, 450 mmol/l neomycin, or
control solution was injected. Edelfosine or neomycin stock solution was
dissolved in injection buffer with following composition: 10 mmol/l
HEPES-NaOH (pH 6.7), 130 mmol/l NaCl, 6.0 mmol/l KCI, 4.0 mmol/l
MgCl,, 5.0 mmol/l CaCl,, 25 mmol/l glucose, and 0.16 mol/l sucrose (Fiala
et al., 1999). This injection buffer was also used as control solution. Bees
with hemolymph flowing out from the holes were discarded from the
analysis. The remaining bees were maintained at 27°C until conditioning.
We injected buffer and drug to nearly half of workers in each experimental
session, and the order of injection was changed among sessions. This was to
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equalize the effect of time after injection on action of the injected solutions
between treatment groups. It was also expected to equalize the effect of
experience of injection on worker’s behavioral performance between
treatment groups.

The bee was next placed beside the experimental setup (Fig. SA) and
familiarized to the setup for 30 min before conditioning. After 15 min, we
moved the bee to another room and presented it with 1.25 mol/l sucrose
solution (dissolved in tap water) to examine the normal sucrose perception of
the bee. To do this, the antennae of the bee were touched with a micropipette
containing the sucrose solution and we recorded whether the bee showed a
PER. Bees not showing a PER were discarded (Scholl et al., 2015).

The conditioning paradigm consisted of three trials. In each trial, the bee
was placed in front of the chamber (A) (Fig. SA) and familiarized with the
setup for 10 s. Linalool dissolved in mineral oil at 46.8% (Szyszka et al.,
2008) was presented as an odor stimulation for 5 s. To do this, a 4 ul droplet
of diluted linalool was placed on a filter paper, and this paper was set in a
50 ml plastic syringe. A 20 ml air puff containing the odor was presented to
the bee by manually pushing the syringe. After 3 s of odor presentation,
1.25 mol/l sucrose solution as reward was presented for 4 s. The reward was
presented by touching the antennae with a toothpick immersed in sucrose
solution. When the bee exhibited a PER after sucrose presentation, the bee
was fed the reward. The bee was allowed to rest for 13 s after the sucrose
presentation and then returned to the tube rack. An association between odor
and sucrose was expected to occur in the 2 s when the presentation of odor
and sucrose overlapped. Bees displaying a PER to odor in the second/third
trial were considered to have learned the association between odor and
sucrose. The number of bees exhibiting such responses was statistically
analyzed. The intertrial interval was 10 min. After conditioning, the bee was
allowed to rest at 27°C until the memory test. Bees whose 24 h memory was
tested were fed in the evening, as described previously.

The memory test was performed 1 h or 24 h after conditioning. The test
consisted of two trials with a 10 min interval. The bee was placed next to the
experimental setup for 30 min before the test. In each trial, after 10 s of
familiarization to the setup in front of the chamber (A) (Fig. 5A), the bee was
presented with an odor or an air puff for 5s. The air puff was used as a
control stimulation. Then, the bee was allowed to rest for 15 s and returned to
the tube rack. The order of odor and air stimulation in the first and second
trial was changed for half of the bees in each treatment group to minimize the
effect of the experience in the first trial on performance in the second trial.
Bees exhibiting a PER to the odor or air stimulation were considered to have
retained memory of the odor or air, respectively, and the number of bees was
statistically analyzed. After the memory test, the bee’s sucrose perception
was again examined as previously described and bees not exhibiting PER to
sucrose were discarded (Matsumoto et al., 2014).

Mortality after drug application and lack of response to sucrose were also
statistically analyzed. The numbers of workers used in the drug application
experiments were as follows: 33 (control) and 26 (edelfosine) in
examination of the effect of edelfosine on 1h memory formation; 49
(control) and 44 (edelfosine) in the examination of the effect of edelfosine in
24 h memory test; 38 (control) and 42 (neomycin) in the examination of the
effect of neomycin (also see Table 2). The numbers of workers discarded in
the behavioral analyses are shown in Tables 2 and 3. The numbers of
workers whose learning and memory was statistically analyzed were as
follows: 24 (control and edelfosine) in examination of 1h memory
formation; 23 (control) and 28 (edelfosine) in examination of 24 h memory
test; 33 (control) and 29 (neomycin) in examination of neomycin treatment
(also see Fig. 5).

Statistical analysis was performed using the Statcel 4 program (Yanai,
2015). We used Cochran’s Q test to detect significant increase in the
numbers of workers which learned association between odor and sucrose in
each treatment group. Fisher’s exact probability test was performed to
examine significant difference in associative learning between experimental
groups in the second and third training trial. Retention of odor memory was
examined by McNemar’s chi-square test in each experimental group. Then,
response to odor and air puff in memory test was compared between
experimental groups. Sucrose unresponsiveness was analyzed by Fisher’s
exact probability test between experimental groups. For statistical test of
mortality, see Table 2.

Acknowledgements
We thank Professor Martin Giurfa for his valuable comments. We also thank Mr Hiroki
Kohno for his gifting us standard samples and primers in quantification of EF1a-F2.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: S.S., T.K.; Formal analysis: S.S., S.I.; Investigation: S.S., S.1.;
Writing - original draft: S.S.; Writing - review & editing: S.S., T.K.; Funding
acquisition: T.K.

Funding

This work was supported by the Grand-in-Aid for Scientific Research (B) from the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan
(grant no. 26291068). The funder had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Supplementary information
Supplementary information available online at
http:/bio.biologists.org/lookup/doi/10.1242/bio.028191.supplemental

References

Abel, T. and Lattal, K. M. (2001). Molecular mechanisms of memory acquisition,
consolidation and retrieval. Curr. Opin. Neurobiol. 11, 180-187.

Aravamudan, B. and Broadie, K. (2003). Synaptic drosophila UNC-13 is regulated
by antagonistic G-protein pathways via a proteasome-dependent degradation
mechanism. J. Neurobiol. 54, 417-438.

Balakrishnan, S. S., Basu, U. and Raghu, P. (2015). Phosphoinositide signalling in
Drosophila. Biochim. Biophys. Acta. 1851, 770-784.

Beggs, K. T., Tyndall, J. D. A. and Mercer, A. R. (2011). Honey bee dopamine and
octopamine receptors linked to intracellular calcium signaling have a close
phylogenetic and pharmacological relationship. PLoS ONE 6, e26809.

Chittka, L., Thomson, J. D. and Waser, N. M. (1999). Flower constancy, insect
psychology, and plant evolution. Naturwissenschaften 86, 361-377.

Chouquet, B., Lucas, P., Bozzolan, F., Solvar, M., Maibéche-Coisné, M.,
Durand, N. and Debernard, S. (2010). Molecular characterization of a
phospholipase C B potentially involved in moth olfactory transduction. Chem.
Senses 35, 363-373.

Davis, R. L. (2011). Traces of Drosophila memory. Neuron 70, 8-19.

Dusaban, S. S. and Brown, J. H. (2015). PLCe mediated sustained signaling
pathways. Adv. Biol. Regul. 57, 17-23.

Elgersma, Y., Sweatt, J. D. and Giese, K. P. (2004). Mouse genetic approaches to
investigating calcium/calmodulin-dependent protein kinase Il function in plasticity
and cognition. J. Neurosci. 24, 8410-8415.

Farooqui, T., Robinson, K., Vaessin, H. and Smith, B. H. (2003). Modulation of
early olfactory processing by and octopaminergic reinforcement pathway in the
honeybee. J. Neurosci. 23, 5370-5380.

Felsenberg, J., Gehring, K. B., Antemann, V. and Eisenhardt, D. (2011).
Behavioural pharmacology in classical conditioning of the proboscis extension
response in honeybees (Apis mellifera). J. Vis. Exp. 47, €2282.

Fiala, A., Muller, U. and Menzel, R. (1999). Reversible downregulation of protein
kinase A during olfactory learning using antisense technique impairs long-term
memory formation in the honeybee, Apis mellifera. J. Neurosci. 19, 10125-10134.

Ghosh, A. and Greenberg, M. E. (1995). Calcium signaling in neurons: molecular
mechanisms and cellular consequences. Science 268, 239-247.

Giese, K. P. and Mizuno, K. (2013). The roles of protein kinases in learning and
memory. Learn. Mem. 20, 540-552.

Greenberg, J. K., Xia, J., Zhou, X., Thatcher, S. R., Gu, X., Ament, S. A,,
Newman, T. C., Green, P. J., Zhang, W., Robinson, G. E. et al. (2012).
Behavioral plasticity in honey bees is associated with differences in brain
microRNA transcriptome. Genes Brain Behav. 11, 660-670.

Grohmann, L., Blenau, W., Erber, J., Ebert, P. R., Striinker, T. and Baumann, A.
(2003). Molecular and functional characterization of an octopamine receptor from
honeybee (Apis mellifera) brain. J. Neurochem. 86, 725-735.

Hammer, M. and Menzel, R. (1998). Multiple sites of associative odor learning as
revealed by local brain microinjections of octopamine in honeybees. Learn. Mem.
5, 146-156.

Hori, S., Takeuchi, H., Arikawa, K., Kinoshita, M., Ichikawa, N., Sasaki, M. and
Kubo, T. (2006). Associative visual learning, color discrimination, and chromatic
adaptation in the harnessed honeybee Apis mellifera L. J. Comp. Physiol. A 192,
691-700.

Huang, W., Hicks, S. N., Sondek, J. and Zhang, Q. (2011). A fluorogenic, small
molecule reporter for mammalian phospholipase C isozymes. ACS Chem. Biol. 6,
223-228.

11

Biology Open


http://bio.biologists.org/lookup/doi/10.1242/bio028191.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio028191.supplemental
http://dx.doi.org/10.1016/S0959-4388(00)00194-X
http://dx.doi.org/10.1016/S0959-4388(00)00194-X
http://dx.doi.org/10.1002/neu.10142
http://dx.doi.org/10.1002/neu.10142
http://dx.doi.org/10.1002/neu.10142
http://dx.doi.org/10.1016/j.bbalip.2014.10.010
http://dx.doi.org/10.1016/j.bbalip.2014.10.010
http://dx.doi.org/10.1371/journal.pone.0026809
http://dx.doi.org/10.1371/journal.pone.0026809
http://dx.doi.org/10.1371/journal.pone.0026809
http://dx.doi.org/10.1007/s001140050636
http://dx.doi.org/10.1007/s001140050636
http://dx.doi.org/10.1093/chemse/bjq024
http://dx.doi.org/10.1093/chemse/bjq024
http://dx.doi.org/10.1093/chemse/bjq024
http://dx.doi.org/10.1093/chemse/bjq024
http://dx.doi.org/10.1016/j.neuron.2011.03.012
http://dx.doi.org/10.1016/j.jbior.2014.09.014
http://dx.doi.org/10.1016/j.jbior.2014.09.014
http://dx.doi.org/10.1523/JNEUROSCI.3622-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.3622-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.3622-04.2004
http://dx.doi.org/10.3791/2282
http://dx.doi.org/10.3791/2282
http://dx.doi.org/10.3791/2282
http://dx.doi.org/10.1126/science.7716515
http://dx.doi.org/10.1126/science.7716515
http://dx.doi.org/10.1101/lm.028449.112
http://dx.doi.org/10.1101/lm.028449.112
http://dx.doi.org/10.1111/j.1601-183X.2012.00782.x
http://dx.doi.org/10.1111/j.1601-183X.2012.00782.x
http://dx.doi.org/10.1111/j.1601-183X.2012.00782.x
http://dx.doi.org/10.1111/j.1601-183X.2012.00782.x
http://dx.doi.org/10.1046/j.1471-4159.2003.01876.x
http://dx.doi.org/10.1046/j.1471-4159.2003.01876.x
http://dx.doi.org/10.1046/j.1471-4159.2003.01876.x
http://dx.doi.org/10.1007/s00359-005-0091-4
http://dx.doi.org/10.1007/s00359-005-0091-4
http://dx.doi.org/10.1007/s00359-005-0091-4
http://dx.doi.org/10.1007/s00359-005-0091-4
http://dx.doi.org/10.1021/cb100308n
http://dx.doi.org/10.1021/cb100308n
http://dx.doi.org/10.1021/cb100308n

RESEARCH ARTICLE

Biology Open (2018) 7, bio028191. doi:10.1242/bio.028191

Kain, P., Badsha, F., Hussain, S. M., Nair, A., Hasan, G. and Rodrigues, V.
(2010). Mutants in phospholipid signaling attenuate the behavioral responses of
adult Drosophila to trehalose. Chem. Senses 35, 663-673.

Kamikouchi, A., Takeuchi, H., Sawata, M., Ohashi, K., Natori, S. and Kubo, T.
(1998). Preferential expression of the gene for a putative inositol 1, 4, 5-
trisphosphate receptor homologue in the mushroom bodies of the brain of the
worker honeybee Apis mellifera L. Biochem. Biophys. Res. Commun. 242,
181-186.

Kamikouchi, A., Takeuchi, H., Sawata, M., Natori, S. and Kubo, T. (2000).
Concentrated expression of Ca?*/calmodulin-dependent protein kinase Il and
protein kinase C in the mushroom bodies of the brain of the honeybee Apis
mellifera L. J. Comp. Neurol. 417, 501-510.

Kanda, Y. (2013). Investigation of the freely available easy-to-use software ‘EZR’ for
medical statistics. Bone Marrow. Transplant. 48, 452-458.

Koganezawa, M. and Shimada, I. (2002). Inositol 1, 4, 5-trisphosphate transduction
cascade in taste reception of the fleshfly, Boettcherisca peregrina. J. Neurobiol.
51, 66-83.

Kohno, H., Suenami, S., Takeuchi, H., Sasaki, T. and Kubo, T. (2016). Productin
of knockout mutants by CRISPR/Cas9 n the European honeybee, Apis mellifera
L. Zoolog. Sci. 33, 505-512.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A.,
McWilliam, H., Valentin, F., Wallace, I. M., Wilm, A., Lopez, R. et al. (2007).
Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947-2948.

Lipsky, J. J. and Lietman, P. S. (1982). Aminoglycoside inhibition of a renal
phosphatidylinositol phospholipase C. J. Pharmacol. Exp. Ther. 220, 287-292.
Lopez, |., Mak, E. C., Ding, J., Hamm, H. E. and Lomasney, J. W. (2001). A novel
bifunctional phospholipase C that is regulated by G4, and stimulates the Ras/

Mitogen-activated protein kinase pathway. J. Biol. Chem. 276, 2758-2765.

Lozano, V., Armengaud, C. and Gauthier, M. (2001). Memory impairment induced
by cholinergic antagonists injected into the mushroom bodies of the honeybee.
J. Comp. Physiol. A 187, 249-254.

Matsumoto, Y., Unoki, S., Aonuma, H. and Mizunami, M. (2006). Critical role of
nitric oxide-cGMP cascade in the formation of cAMP-dependent long-term
memory. Learn. Mem. 13, 35-44.

Matsumoto, Y., Sandoz, J.-C., Devaud, J.-M., Lormant, F., Mizunami, M. and
Giurfa, M. (2014). Cyclic nucleotide-gated channels, calmodulin, adenylyl
cyclase, and calcium/calmodulin-dependent protein kinase Il are required for
late, but not early, long-term memory formation in the honeybee. Learn. Mem. 21,
272-286.

McGuire, S. E., Deshazer, M. and Davis, R. L. (2005). Thirty years of olfactory
learning and memory research in Drosophila melanogaster. Prog. Neurobiol. 76,
328-347.

Menzel, R. (2012). The honeybee as a model for understanding the basis of
cognition. Nat. Rev. Neurosci. 13, 758-768.

Miyata, M., Kim, H.-T., Hashimoto, K., Lee, T.-K., Cho, S.-Y., Jiang, H., Wu, Y.,
Jun, K., Wu, D., Kano, M. et al. (2001). Deficient long-term synaptic depression in
the rostral cerebellum correlated with impaired motor learning in phospholipase C
B4 mutant mice. Eur. J. Neurosci. 13, 1945-1954.

Mizunami, M., Hamanaka, Y. and Nishino, H. (2015). Toward elucidating diversity
of neural mechanisms underlying insect learning. Zoological Lett. 1, 8.

Moressis, S., Friedrich, A. R., Pavlopoulos, E., Davis, R. L. and Skoulakis,
E. M. C. (2009). A dual role for the adaptor protein DRK in Drosophila olfactory
learning and memory. J. Neurosci. 29, 2611-2625.

MiiBig, L., Richlitzki, A., R6Bler, R., Eisenhardt, D., Menzel, R. and Leboulle, G.
(2010). Acute disruption of the NMDA receptor subunit NR1 in the honeybee brain
selectively impairs memory formation. J. Neurosci. 30, 7817-7825.

Page, R. D. (1996). TreeView: and application to display phylogenetic trees on
personal computers. Comput. Appl. Biosci. 12, 357-358.

Perisse, E., Raymond-Delpech, V., Néant, I, Matsumoto, Y., Leclerc, C.,
Moreau, M. and Sandoz, J.-C. (2009). Early calcium increase triggers the
formation of olfactory long-term memory in honeybees. BMC Biol. 7, 30.

Powis, G., Seewald, M. J., Gratas, C., Melder, D., Riebow, J. and Modest, E. J.
(1992). Selective inhibition of phosphatidylinositol phospholipase C by cytotoxic
ether lipid analogues. Canser Res. 52, 2835-2840.

Quan, W.-X,, Li, S.-X., Bai, Y.-F., Zhang, X.-Y., Qiao, H., Li, J. and Zhou, D.-F.
(2012). Characteristics of behaviors and prepulse inhibition in phospholipase Ce ™’
~ mice. Neurol. Psychiatry Brain Res. 18, 169-174.

Rioult-Pedotti, M.-S., Pekanovic, A., Atiemo, C. O., Marshall, J. and Luft, A. R.
(2015). Dopamine promotes motor cortex plasticity and motor skill learning via
PLC activation. PLoS ONE 10, e0124986.

Scholl, C., Kiibert, N., Muenz, T. S. and Rossler, W. (2015). CaMKII knockdown
affects both early and late phases of olfactory long-term memory in the honeybee.
J. Exp. Biol. 218, 3788-3796.

Sen Sarma, M., Rodriguez-Zas, S. L., Hong, F., Zhong, S. and Robinson, G. E.
(2009). Transcriptomic profiling of central nervous system regions in three species
of honey bee during dance communication behavior. PLoS ONE 4, e6408.

Smrcka, A. V., Brown, J. H. and Holz, G. G. (2012). Role of phospholipase Ce in
physiological phosphoinositide signaling networks. Cell. Signal. 24, 1333-1343.

Suenami, S., Paul, R. K., Takeuchi, H., Okude, G., Fujiyuki, T., Shirai, K. and
Kubo, T. (2016). Analysis of the differentiation of Kenyon cell subtypes three
mushroom body-preferential genes during metamorphosis in the honeybee (Apis
mellifera L.). PLoS ONE 11, e0157841.

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

Takeuchi, H., Fujiyuki, T., Shirai, K., Matsuo, Y., Kamikouchi, A., Fujinawa, Y.,
Kato, A., Tsujimoto, A. and Kubo, T. (2002). Identification of genes expressed
preferentially in the honeybee mushroom bodies by combination of differential
display and cDNA microarray. FEBS Lett. 513, 230-234.

Trannoy, S., Redt-Clouet, C., Dura, J.-M. and Preat, T. (2011). Parallel processing
of appetitive short- and long-term memories in Drosophila. Curr. Biol. 21,
1647-1653.

Uno, Y., Fujiyuki, T., Morioka, M. and Kubo, T. (2013). Mushroom body-
preferential expression of proteins/genes involved in endoplasmic reticulum Ca?
*-transport in the worker honeybee (Apis mellifera L.) brain. Insect Mol. Biol. 22,
52-61.

Walkinshaw, E., Gai, Y., Farkas, C., Richter, D., Nicolas, E., Keleman, K. and
Davis, R. L. (2015). Identification of genes that promote or inhibit olfactory
memory formation in Drosophila. Getetics 199, 1173-1182.

Walz, B., Ukhanov, K. and Zimmermann, B. (2000). Actions of neomycin on
electrical light responses, Ca®* release, and intracellular Ca?* changes in
photoreceptors of the honeybee drone. J. Comp. Physiol. A 186, 1019-1029.

Wengzel, B., Elsner, N. and Heinrich, R. (2002). mAChRs in the grasshopper brain
mediate excitation by activation of the AC/PKA and the PLC second-messenger
pathways. J. Neurophysiol. 87, 876-888.

Winston, M. L. (1986). The Biology of the Honeybee. Cambridge: Harvard
University Press.

Wong, R., Fabian, L., Forer, A. and Brill, J. A. (2007). Phospholipase C and
myosin light chain kinase inhibition define a common step in actin regulation
during cytokinesis. BMC Cell Biol. 8, 15.

Yanai, H. (2015). Statcel-The Useful Addin Forms on Excel, 4th edn. Saitama,
Japan: OMS publishing Inc.

Yoshioka, T., Inoue, H. and Hotta, Y. (1985). Absence of phosphatidylinositol
phosphodiesterase in the head of a Drosophila visual mutant, norpA (no receptor
potential A). J. Biochem. 97, 1251-1254.

Zhu, L., McKay, R. R. and Shortridge, R. D. (1993). Tissue-specific expression of
phospholipase C encoded by the norpA gene of Drosophila melanogaster. J. Biol.
Chem. 268, 15994-16001.

12

c
@
o

o)
>
(o)

i

§e

@



http://dx.doi.org/10.1093/chemse/bjq055
http://dx.doi.org/10.1093/chemse/bjq055
http://dx.doi.org/10.1093/chemse/bjq055
http://dx.doi.org/10.1006/bbrc.1997.7870
http://dx.doi.org/10.1006/bbrc.1997.7870
http://dx.doi.org/10.1006/bbrc.1997.7870
http://dx.doi.org/10.1006/bbrc.1997.7870
http://dx.doi.org/10.1006/bbrc.1997.7870
http://dx.doi.org/10.1002/(SICI)1096-9861(20000221)417:4%3C501::AID-CNE8%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9861(20000221)417:4%3C501::AID-CNE8%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9861(20000221)417:4%3C501::AID-CNE8%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9861(20000221)417:4%3C501::AID-CNE8%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9861(20000221)417:4%3C501::AID-CNE8%3E3.0.CO;2-4
http://dx.doi.org/10.1038/bmt.2012.244
http://dx.doi.org/10.1038/bmt.2012.244
http://dx.doi.org/10.1002/neu.10047
http://dx.doi.org/10.1002/neu.10047
http://dx.doi.org/10.1002/neu.10047
http://dx.doi.org/10.2108/zs160043
http://dx.doi.org/10.2108/zs160043
http://dx.doi.org/10.2108/zs160043
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1074/jbc.M008119200
http://dx.doi.org/10.1074/jbc.M008119200
http://dx.doi.org/10.1074/jbc.M008119200
http://dx.doi.org/10.1074/jbc.M008119200
http://dx.doi.org/10.1007/s003590100196
http://dx.doi.org/10.1007/s003590100196
http://dx.doi.org/10.1007/s003590100196
http://dx.doi.org/10.1101/lm.130506
http://dx.doi.org/10.1101/lm.130506
http://dx.doi.org/10.1101/lm.130506
http://dx.doi.org/10.1101/lm.032037.113
http://dx.doi.org/10.1101/lm.032037.113
http://dx.doi.org/10.1101/lm.032037.113
http://dx.doi.org/10.1101/lm.032037.113
http://dx.doi.org/10.1101/lm.032037.113
http://dx.doi.org/10.1016/j.pneurobio.2005.09.003
http://dx.doi.org/10.1016/j.pneurobio.2005.09.003
http://dx.doi.org/10.1016/j.pneurobio.2005.09.003
http://dx.doi.org/10.1038/nrn3357
http://dx.doi.org/10.1038/nrn3357
http://dx.doi.org/10.1046/j.0953-816x.2001.01570.x
http://dx.doi.org/10.1046/j.0953-816x.2001.01570.x
http://dx.doi.org/10.1046/j.0953-816x.2001.01570.x
http://dx.doi.org/10.1046/j.0953-816x.2001.01570.x
http://dx.doi.org/10.1186/s40851-014-0008-6
http://dx.doi.org/10.1186/s40851-014-0008-6
http://dx.doi.org/10.1523/JNEUROSCI.3670-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.3670-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.3670-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5543-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5543-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5543-09.2010
http://dx.doi.org/10.1186/1741-7007-7-30
http://dx.doi.org/10.1186/1741-7007-7-30
http://dx.doi.org/10.1186/1741-7007-7-30
http://dx.doi.org/10.1016/j.npbr.2012.04.001
http://dx.doi.org/10.1016/j.npbr.2012.04.001
http://dx.doi.org/10.1016/j.npbr.2012.04.001
http://dx.doi.org/10.1016/j.npbr.2012.04.001
http://dx.doi.org/10.1371/journal.pone.0124986
http://dx.doi.org/10.1371/journal.pone.0124986
http://dx.doi.org/10.1371/journal.pone.0124986
http://dx.doi.org/10.1242/jeb.124859
http://dx.doi.org/10.1242/jeb.124859
http://dx.doi.org/10.1242/jeb.124859
http://dx.doi.org/10.1371/journal.pone.0006408
http://dx.doi.org/10.1371/journal.pone.0006408
http://dx.doi.org/10.1371/journal.pone.0006408
http://dx.doi.org/10.1016/j.cellsig.2012.01.009
http://dx.doi.org/10.1016/j.cellsig.2012.01.009
http://dx.doi.org/10.1371/journal.pone.0157841
http://dx.doi.org/10.1371/journal.pone.0157841
http://dx.doi.org/10.1371/journal.pone.0157841
http://dx.doi.org/10.1371/journal.pone.0157841
http://dx.doi.org/10.3389/neuro.06.003.2008
http://dx.doi.org/10.3389/neuro.06.003.2008
http://dx.doi.org/10.3389/neuro.06.003.2008
http://dx.doi.org/10.1016/S0014-5793(02)02319-0
http://dx.doi.org/10.1016/S0014-5793(02)02319-0
http://dx.doi.org/10.1016/S0014-5793(02)02319-0
http://dx.doi.org/10.1016/S0014-5793(02)02319-0
http://dx.doi.org/10.1016/j.cub.2011.08.032
http://dx.doi.org/10.1016/j.cub.2011.08.032
http://dx.doi.org/10.1016/j.cub.2011.08.032
http://dx.doi.org/10.1111/imb.12002
http://dx.doi.org/10.1111/imb.12002
http://dx.doi.org/10.1111/imb.12002
http://dx.doi.org/10.1111/imb.12002
http://dx.doi.org/10.1111/imb.12002
http://dx.doi.org/10.1534/genetics.114.173575
http://dx.doi.org/10.1534/genetics.114.173575
http://dx.doi.org/10.1534/genetics.114.173575
http://dx.doi.org/10.1007/s003590000157
http://dx.doi.org/10.1007/s003590000157
http://dx.doi.org/10.1007/s003590000157
http://dx.doi.org/10.1007/s003590000157
http://dx.doi.org/10.1007/s003590000157
http://dx.doi.org/10.1152/jn.00312.2001
http://dx.doi.org/10.1152/jn.00312.2001
http://dx.doi.org/10.1152/jn.00312.2001
http://dx.doi.org/10.1186/1471-2121-8-15
http://dx.doi.org/10.1186/1471-2121-8-15
http://dx.doi.org/10.1186/1471-2121-8-15
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a135171
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a135171
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a135171

