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Processing of olfactory information in the antennal lobes of insects and olfactory bulbs of vertebrates is modulated by centrifugal inputs
that represent reinforcing events. Octopamine release by one such pathway in the honeybee antennal lobe modulates olfactory processing
in relation to nectar (sucrose) reinforcement. To test more specifically what role octopamine plays in the antennal lobe, we used two
treatments to disrupt an octopamine receptor from Apis mellifera brain (AmOAR) function: (1) an OAR antagonist, mianserin, was used
to block receptor function, and (2) AmOAR double-stranded RNA was used to silence receptor expression. Both treatments inhibited
olfactory acquisition and recall, but they did not disrupt odor discrimination. These results suggest that octopamine mediates consoli-
dation of a component of olfactory memory at this early processing stage in the antennal lobe. Furthermore, after consolidation, octo-
pamine release becomes essential for recall, which suggests that the modulatory circuits become incorporated as essential components of
neural representations that activate odor memory.
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Introduction
Neural bases for memory are typically distributed across several
areas of the brain (Milner et al., 1998), and different areas may be
involved in acquisition, consolidation, and retrieval of memory
(Dubnau et al., 2001; McGuire et al., 2001). This typically in-
cludes areas that receive primary sensory afferents. Components
of neural plasticity toward odors occur in the antennal lobes
(ALs) of insects (Faber et al., 1999; Stopfer and Laurent, 1999)
and olfactory bulbs (OBs) of mammals (Wilson et al., 1985; Sul-
livan and Dryer, 1996; Yuan et al., 2002), which directly process
sensory information from olfactory epithelia (Hildebrand and
Shepherd, 1997). Coactivation of olfactory sensory pathways
with reinforcement pathways from other sensory modalities
changes synaptic processing to affect neural representations of
odor in the AL and OB. Experience with odors during birth and
mating as adults (Kendrick et al., 1992, 1997) and during suckling
as neonates (Wilson and Sullivan, 1994) modifies physiological
responses of mitral cells in the OB quantitatively. Experience can
also change receptive fields of mitral cells (Fletcher and Wilson,
2002). Recently, evidence has also indicated nonassociative and
associative modification of spatial (Faber et al., 1999) and tem-
poral (Stopfer and Laurent, 1999) activation patterns of cell en-
sembles in the AL.

These data suggest that neural representations of the condi-

tioned stimulus (CS; odor) and reinforcement (unconditioned
stimulus; US) converge at this early level of processing of sensory
information in the AL and OB (Wilson and Sullivan, 1994). An
important issue, therefore, is how other sensory pathways repre-
sent reinforcement in these neuropils. In mammals, a number of
pathways from more central brain regions provide centrifugal
inputs into the OB (Shipley and Ennis, 1996). One such pathway
releases norepinephrine and is necessary for the development of
learned odor preferences in sheep and rats (Pissonnier et al.,
1985; Sullivan et al., 1989; Levy et al., 1990). Norepinephrine
interacts with serotonin receptors to mediate a consolidation of a
component of olfactory memory in the OB (Yuan et al., 2003).
Biogenic amines have also been implicated in plasticity in the AL.
Release of serotonin by an interneuron that arborizes throughout
the moth AL broadens action potentials in projection neurons
(Dolzer et al., 2001). An identified ventral unpaired medial
(VUMmx1) cell in the honeybee brain mediates an interaction
between sucrose-sensitive taste receptors in the US pathway and
olfactory sensory afferents in the CS pathway of the AL (Ham-
mer, 1993). VUM releases octopamine (OA) into all or most
glomeruli of the AL, and its responsiveness to odor changes in a
way correlated with associative changes in the behavioral re-
sponse to odor in the conditioning paradigm (Hammer, 1993).

Our objective was to evaluate the role that OA release in the
AL plays in behavioral olfactory conditioning in the honeybee
(Erber et al., 1993). OA has been implicated in memory consoli-
dation in several brain regions, including the AL (Hammer and
Menzel, 1998). If OA release in the AL is an essential component
of a distributed olfactory memory in the honeybee brain, then
interference with OA receptor (OAR) function should produce a
decrement in conditioned response to odors. We therefore used
pharmacological and molecular approaches to block or disrupt
AmOAR and subsequent activation–suppression of downstream
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second messenger pathways (Hildebrandt and Müller, 1995;
Blenau and Baumann, 2001). For both approaches, we used pro-
boscis extension reflex (PER) conditioning, which has been used
widely to study behavioral and physiological mechanisms of ol-
factory learning (Bitterman et al., 1983; Menzel, 1985, 1990). We
report that impairment of AmOAR significantly reduces acquisi-
tion and conditioned responding to odor. The most surprising
finding, perhaps, is that it can impair recall independent of ac-
quisition, which suggests that the octopamine pathway repre-
sented by VUM becomes an integral part of the neural represen-
tation of odor memory.

Materials and Methods
Subjects. Honeybees (Apis mellifera) used for this study were from a
genetically closed breeding population maintained at the Rothenbuhler
Honeybee Research Laboratory at The Ohio State University.

PER conditioning. PER conditioning was used to assay responses to
odors (Menzel and Bitterman, 1983; Hosler et al., 2000). Briefly, worker
honeybees were collected from an indoor flight room maintained at 25–
30°C and on a 16/8 hr light/dark cycle. Subjects were collected individu-
ally in glass vials 3– 4 hr before surgery and briefly cooled in an ice-water
bath until they ceased moving. They were then placed into restraining
harnesses that allowed the free movement of antennas and mouthparts.
To restrict any movement of the head during surgery, each subject’s head
was immobilized by allowing molten dental wax to flow into and harden
the space between the head and the harness. A small window was cut in
the head capsule just above the antennas to expose the AL. After this
surgery, each subject was fed with 0.4 �l droplet of 1.25 M sucrose solu-
tion and was left undisturbed for at least 1 hr.

The detailed conditioning protocol has been described previously
(Smith, 1997; Stopfer et al., 1997; Hosler et al., 2000). Briefly, a subject is
individually moved to a conditioning arena through which air is contin-
uously drawn into an exhaust system. At �30 sec after placement, odor-
laden air is injected for 4 sec into the exhaust stream that is drawn over
the subject’s antennas. Three seconds after odor onset, the subject’s an-
tennas were stimulated with a 0.4 �l droplet of 1.25 M sucrose solution.
This elicited extension of the mouthparts, after which the subject was
allowed to consume the entire droplet. All subjects received six such
acquisition trials with the conditioned odor (C).

Acquisition trials were separated by a 30 sec intertrial interval to min-
imize the probability that the pretreated drug would wear off during
acquisition. Six acquisition trials lasted �3 min. Massed trials such as
these are not optimal to produce maximal rates of conditioning perfor-
mance (Menzel et al., 2001), which is reflected in the rates of condition-
ing we report below. But our CS–US pairing controls have indicated that
conditioned responding in our training protocol arises from associative
conditioning (Robinson, 1999). During each trial, a subject was scored as
having exhibited a positive response if it extended its proboscis after the
onset of odor but before presentation of the sucrose. Recall tests were
performed with odors C, molecularly similar (S), and molecularly dis-
similar (D) presented at 3 min intervals in randomized order across
subjects and without sucrose reinforcement. Test trials were performed
90 or 100 min (see Fig. 1a,b.1) or 26 hr after conditioning (see Fig. 1b.2),
depending on the experiment. All statistical analyses were based on one-
or two-way ANOVA, followed where appropriate by least significant
difference tests for differences among groups (Sokal and Rohlf, 1981).

Pharmacological analysis. Degen et al. (2000) evaluated several antag-
onists to block neuronal octopamine receptors in the honeybee and lo-
cust and showed that mianserin (MAS; Sigma, St. Louis, MO) had the
highest affinity with Ki values of 0.73 and 1.2 nM, respectively. Therefore,
we chose MAS for pharmacological analysis and applied a 4 nl droplet of
either saline (in mM: NaCl 135, KCl 5.3, CaCl2 1.36, sucrose 8.47, Trizma-
HCl 50, at a pH of 7.0) or 4 nl of saline containing MAS at either 20, 200,
or 2000 �M concentrations in each AL. Treatments were applied 10 min
before conditioning and 10 min before testing (see Fig. 1a). One-way
ANOVA was used for across-group comparison of acquisition responses.
Recall responses were analyzed by two-way ANOVA.

Isolation of AmOAR. AmOAR cDNA was isolated from a honeybee

head cDNA library (Stratagene, La Jolla, CA; Wallace and Smith, unpub-
lished) with a Drosophila melanogaster DAMB clone (kindly provided by
Ron Davis, Baylor College of Medicine, Houston, TX) using low-
stringency hybridization according to Knust et al. (1987). In this screen,
a single cDNA clone was recovered and sequenced.

A PCR-generated fragment of AmOAR cDNA (417 nucleotides) was
cloned into the dual promoter vector (pCR II) using a TA cloning kit
(Invitrogen, San Diego, CA). Transformation was done into INV�F�,
Escherichia coli one-shot competent cells, and plasmid DNA was purified
with a QIAGen purification kit (Qiagen, Valencia, CA). DNA sequencing
was performed at the DNA Sequencing Facility at The Ohio State Uni-
versity (Columbus, OH). Pairwise sequence similarity with known pro-
tein sequences was determined with the BLAST-X alignment tool com-
puted at the National Center of Biotechnology Information (NCBI)
(Altschul et al., 1997). Multiple sequence alignment of proteins was per-
formed with ClustalW (Thompson et al., 1994). Percentage identity in
residue overlap was determined by the LALNVIEW program at the Ex-
PASy molecular biology server.

Double-stranded RNA-mediated genetic interference. A PCR-template
method of Kennerdell and Carthew (1998) was used to synthesize
double-stranded RNA (dsRNA). Briefly, forward and reverse primer se-
quences that allow amplification of the region of interest for AmOAR
dsRNA were selected from the AmOAR nucleotide sequence (positions
1–252 in Fig. 4a). To facilitate the direct transcription of RNA from the
PCR product, the T7-promoter sequence (TAATACGACTCACTAT-
AGGGAGACCAC) was attached to the 5� end of each primer sequence. A
50 �l PCR was performed with 100 ng of recombinant plasmid DNA
template, 25 pmol of each T7-linked primer, 8 mM MgCl2, 0.5 mM of each
dNTP, and 2.5 U Taq DNA polymerase. The DNA was amplified by 35
cycles of 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C followed by an
additional extension for 10 min at 72°C. PCR product was loaded on
1.5% agarose gel. The DNA fragment was excised from the agarose gel
and purified by the QIAquick Gel Extraction Kit protocol (Qiagen). After
purification, the PCR product was used in an in vitro transcription reac-
tion using MAXIscript kit (Ambion, Austin, TX). The 20 �l transcription
reaction was performed with 1 �g DNA template, 0.5 mM NTPs, and 10
U T7 RNA polymerase at 37°C for 1 hr. After phenol– chloroform extrac-
tion, dsRNA was precipitated with NH4OAc–EtOH, and the pellet was
resuspended in injection buffer containing 5 mM KCl, 10 mM NaH2PO4,
at a pH of 7.8 (Spradling, 1986).

Two protocols were used to evaluate RNA-mediated interference
(RNAi) (see Fig. 1b.1,b.2). In the protocol shown in Figure 1b.1, 4 nl of
injection buffer (Spradling, 1986) or 4 nl of injection buffer containing
AmOAR dsRNA (500 pg) was injected into each AL 2 hr after surgery.
Bees were left undisturbed for 24 hr at room temperature in a humidified
box. The next day they were conditioned with odor C. Ninety minutes
later, they were tested with odors C, S, and D. In the protocol shown in
Figure 1b.2, 2 hr after surgery, honeybees were conditioned with odor C.
Two hours later, injection buffer or injection buffer containing AmOAR
dsRNA was injected into each AL. Bees were left undisturbed for 24 hr at
room temperature under humidity and then tested with odors C, S, and
D for recall response.

Western blot analysis. A 15 aa peptide, DFRFAFKSIICKCFC, selected
from the intracellular domain of AmOAR sequence was synthesized, and
anti-peptide antiserum was raised in rabbits by Alpha Diagnostic Inter-
national (San Antonio, TX). Control and 24 hr post dsRNA-injected ALs
were dissected from honeybee brains for each group and homogenized in
Laemmli buffer (Laemmli, 1970). Samples were boiled for 10 min. Ho-
mogenates were centrifuged at 4°C at 6000 � g for 15 min. Pellets were
discarded and the supernatants saved and stored at �20°C. Proteins were
separated by SDS-PAGE using a 7.5% SDS-PAGE resolving gel in a
mini-V 8 –10 vertical gel electrophoresis apparatus (Invitrogen, Grand
Island, NY). Proteins were transferred to nitrocellulose membranes (Bio-
Rad, Hercules, CA) in a mini-V 8 –10 electrophoretic blotter (Invitrogen)
using 100 –130 mA current for 2 hr. Nitrocellulose membranes were then
blocked with 5% bovine serum albumin (BSA; Sigma) in Tris-buffered
saline (TBS; 10 mM Tris, 150 mM NaCl, pH 8.0) for 2 hr at room temper-
ature. Membranes were then probed for 1 hr at room temperature with
polyclonal anti-peptide antiserum (anti-AmOAR; Alpha Diagnostic) at
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1:500 dilution in 0.2% Tween–TBS (TTBS) plus
5% BSA. Membranes were washed three times
with TTBS, followed by incubation with sec-
ondary antibody horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Amer-
sham Pharmacia Biotech, Piscataway, NJ) for 1
hr at room temperature at 1:15,000 dilution in
TTBS plus 5% BSA. Protein bands were visual-
ized by an enhanced chemiluminescence detec-
tion system (ECL; Amersham Pharmacia
Biotech).

In a parallel experiment to evaluate the spec-
ificity of the protein band for anti-AmOAR an-
tiserum, the homogenates from control ALs
were loaded on 7.5% SDS-PAGE resolving gel.
After transfer, one-half of the nitrocellulose
membrane was probed with anti-AmOAR anti-
serum at 1:500 dilution in TTBS plus 5% BSA,
and the second half was probed with anti-
AmOAR antiserum preadsorbed with the cor-
responding peptide (100 �g/ml) for 1 hr at
room temperature. Membranes were washed
with TTBS and incubated for 1 hr with HRP-
conjugated goat anti-rabbit IgG (Amersham) fol-
lowed by ECL detection system as used above. To
determine that an equal amount of protein was
loaded in each lane, membranes were stripped
and reprobed with an antibody to horserad-
ish peroxidase (Jan and Jan, 1982). Polyclonal
anti-HRP (Jackson ImmunoResearch Labora-
tories, West Grove, PA) was used at 1:3000 di-
lution in TTBS plus 5% BSA overnight at 4°C.
After excessive washing with TTBS, membranes
were incubated for 1 hr at room temperature
with HRP-conjugated goat anti-rabbit IgG
(Amersham) and developed with ECL. Relative
intensities of the protein bands were quantified
by Quantity 1 software, version 4 (Bio-Rad).

Results
MAS interferes with acquisition and
recall processes
In an initial experiment, we evaluated
three concentrations of MAS to determine
the most effective dose. We used a dual-injection protocol during
which 4 nl of saline with or without MAS was injected into each
AL 10 min before conditioning and 10 min before testing recall
(Fig. 1a). The level of acquisition differed among the four dosage
treatment groups (Fig. 2a) (F(3,187) � 17.4; p � 0.0001). The
control group and 20 �M MAS-treated group showed almost the
same rate of acquisition (�65–70% of the subjects responded by
the fourth trial), with only a slight, nonsignificant decrement
evident in the MAS group. The acquisition curves of 200 and 2000
�M MAS-treated groups were not significantly different from
each other, but both curves were significantly lower than control
( p � 0.05; least significant difference test). At least 50% of the
acquisition response was inhibited after the fourth trial with 200
and 2000 �M MAS, which suggests that MAS interferes with
acquisition.

We also investigated the effect of different concentrations of
MAS on recall (Fig. 2b). We recorded the percentage of subjects
in the control and MAS-treated groups that responded to the
conditioned odor (C; 1-octanol). We also recorded the percent-
age that generalized the conditioned response to a structurally
similar odor (S; 1-hexanol) and a structurally dissimilar odor (D;

geraniol). The response to the conditioned odor C in the control
group did not differ significantly from the 20 �M MAS-treated
group (� 2 � 0.23; p � 0.63; p � NS). But, as during acquisition,
the response to the conditioned odor in the control group was
significantly lower in the 200 �M MAS group (� 2 � 5.26; p �
0.02) and the 2000 �M MAS group (� 2 � 6.73; p � 0.009). There-
fore, MAS also interferes with recall, either through interference
with acquisition or by blocking the response (see below).

We also compared responses within treatment groups but
across the three odors C, S, and D. Subjects that received saline
treatment to both ALs responded significantly more to C than to
S and to D (� 2 � 6.08; p � 0.04), which is consistent with obser-
vations reported in our previous studies (Stopfer et al., 1997).
Two-way ANOVA revealed a significant effect of treatment (F �
5.2; p � 0.002), which reflected an overall decrease in response
across dosage. There was also a significant effect of test odor (F �
8.6; p � 0.0001), which reflected the decrease in response from C
to S and D. But the interaction of treatment and test odor was not
significant (F � 0.3; p � NS), which indicates that discriminabil-
ity of the odors was unaffected by the treatment. These data there-
fore suggest that MAS interferes with acquisition but does not

Figure 1. Summary of MAS and dsRNA injection protocols. a, MAS dual-injection protocol. Four injection combinations were
tested as indicated. One hour after surgery, saline or MAS was injected into the AL. Injection was followed 10 min later by six
acquisition trials with the conditioned odor (C), which were separated by 30 sec intertrial intervals. Ninety minutes later, subjects
were given a second application of saline or MAS. Ten minutes later, subjects were tested with C, a molecularly similar (S), and a
molecularly dissimilar (D) odor in a randomized order. C, S, and D trials were 3 min apart. b, dsRNA injection protocol. b.1, One hour
after surgery, saline or dsRNA was injected into the AL of honeybee brain. After 24 hr, bees were conditioned with odor C. Ninety
minutes later, they were tested with C, S, and D odors in randomized order. b.2, One hour after surgery, bees were preconditioned
with odor C. Two hours later, injection buffer or dsRNA was injected into the AL. Twenty-four hours later, bees were tested with C,
S, and D odors. c, Schematic diagram of the honeybee head after a small window had been cut in the head capsule. CE, Compound
eye; Oc, ocelli; An, antenna; Md, mandibles; OL, optic lobes; MB, mushroom body. d, Chemical structures of odorants used in the
present study.
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impair discrimination, because with all three doses of MAS
tested, the response was higher to C than to S or D.

MAS did not impair the unconditioned response to the sucrose
(US). Subjects treated with saline or MAS (200 �M) were fed succes-
sive 2.0 �l droplets of 1.5 M sucrose solution until they were satiated,
which was registered by a failure to extend the proboscis after appli-
cation of sucrose solution to taste receptors on the antennas. Ini-
tially, all subjects in each group responded with proboscis extension
to sucrose. Over successive feedings, subjects in the two treatment
groups consumed statistically equal amounts of sucrose solution
(t � 0.3; df � 32; p � NS). Subjects treated with saline (n � 16)
consumed an average of 29.1 �l (SEM, 7.5), and subjects treated with
MAS (n � 18) consumed 28.0 �l (SEM, 6.8).

MAS independently impairs olfactory acquisition and recall
To determine whether the effect of 200 �M MAS was on acquisi-
tion or on recall, we evaluated conditioning in groups that re-
ceived different injection combinations: saline–saline, saline–
MAS, MAS–saline, and MAS–MAS (Fig. 1a). In the control
group, in which saline was injected to the AL 10 min before
conditioning and 10 min before recall testing, 75– 80% of the
subjects responded to conditioned odor by the fifth and sixth
trials (Fig. 3a). The response of the saline–MAS treatment group,
in which the acquisition conditions were identical to that of the
control, was not significantly different from the control group
(F(1,89) � 0.04; p � NS). Response levels were significantly lower
than the control in the two groups treated with MAS during
acquisition (MAS–saline: F(1,96) � 25.06, p � 0.0001; MAS–MAS:
F(1,96) � 18.76, p � 0.0001). As in Figure 2a, these results also
suggest that MAS interferes with the learning process.

Figure 3b shows the effect of the injection combination on
recall. As in Figure 2b, we recorded the percentage of subjects in
the control and drug treatment groups that responded to odors
C, S, and D. We found that all MAS combination groups show an
�33% decrease in response to the conditioned odor (C) com-
pared with the control group (� 2 � 5.26; p � 0.02). Because this
is also true of the saline–MAS group, in which MAS was active
only during the recall tests, it suggests that MAS interferes with
recall. The comparison within the saline–saline group across the
three odors C, S, and D showed a characteristic generalization
gradient from odor C to S and D (Stopfer et al., 1997), as shown in
Figure 3b (� 2 � 6.25; p � 0.04). As in Figure 2b, a two-way
ANOVA revealed significant effects of drug treatment condition
(F � 3.3; p � 0.05) and test odor (F � 1.3; p � 0.01). But once
again, the statistical interaction of drug treatment condition and
test odor was not significant (F � 0.6; p � NS). Thus, discrimi-
nation was not affected by any treatment.

AmOAR sequence predicts an A. mellifera
octopamine receptor
To use RNA interference, we first identified a putative octopam-
ine receptor from honeybee, A. mellifera, brain tissue (AmOAR)
(Fig. 4a). To this end, an AmOAR cDNA was isolated by use of
low-stringency hybridization. We compared the sequence of the
isolated AmOAR fragment with the sequences of other insect
octopamine receptors. First, we aligned our predicted AmOAR
amino acid sequence with OAMB, an OAR from D. melanogaster
(Dm) (Han et al., 1998) and with an OAR from Bombyx mori

Figure 2. The effect of MAS dose on acquisition and/or recall testing. a, Acquisition to the
conditioned odor (C: 1-octanol). Four nanoliters of saline–MAS solution (20, 200, or 2000 �M)
was injected into each AL 10 min before conditioning. Subjects were conditioned as in Figure 1a.
b, Ninety minutes after conditioning, 4 nl of saline–MAS was injected again in each AL, and 10
min later, subjects were tested with odors 1-octanol (C), 1-hexanol (S), and geraniol (D) in a
randomized manner. Sample size: saline (n � 42), MAS 20 �M (n � 51), MAS 200 �M (n �
55), MAS 2000 �M (n � 43). Asterisks indicate significant differences of respective points from
control group (*p � 0.05; **p � 0.005; ***p � 0.0001). ns, Not significantly different from
control group.

Figure 3. The effect of injection combination on acquisition and/or recall testing. a, Acqui-
sition to conditioned odor (1-octanol). Subjects received a single application of saline or saline–
MAS. Ten minutes later, subjects were conditioned as in Figure 1a. b, Ninety minutes after
conditioning, 4 nl of saline or saline-MAS was applied again in each AL, followed by the C, S, and
D test procedure. Sample size: saline–saline (n � 42), MAS–saline (n � 55), saline–MAS (n �
48), MAS–MAS (n � 55). Asterisks indicate significant differences of respective points from
control group (*p � 0.05, ***p � 0.0001). ns, Not significantly different from control group.
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(Bm) (Von Nickisch-Rosenegk et al.,
1996). Comparison between AmOAR and
OAMB resulted in 82% identity, whereas
AmOAR and the OAR from B. mori had
only 54% identity. Among insects, the
highest sequence identity was observed be-
tween AmOAR and the fruit fly OAMB re-
ceptor (Fig. 4b). Furthermore, an amino
acid sequence comparison was also done
across several other invertebrates. We in-
cluded sequences of the Oa1, an OAR from
Lymnaea stagnalis (Ls) (Gerhardt et al.,
1997), and an OAR from Aplysia kurodai
(Ak) (Chang et al., 2000). When the
AmOAR sequence was compared with L.
stagnalis and A. kurodai sequences, align-
ment results showed 68% and 56% iden-
tity, respectively (Fig. 4b).

We also compared AmOAR with Am-
BAR1 (31 aa fragment), one of the seven
unique biogenic amine receptor clones
isolated from honeybee (Ebert et al.,
1998). The AmBAR1 sequence was fully
identical with AmOAR (data not shown),
which indicates that these two clones may
be from the same gene. Furthermore, the
AmOAR sequence was found to have only
52% identity with a dopamine D1 receptor
from A. mellifera (Blenau et al., 1998). This
level of similarity was 54 and 51%, similar
to two different D1-like dopamine recep-
tors from Drosophila (Gotzes et al., 1994;
Sugamon et al., 1995; Feng et al., 1996;
Han et al., 1996). That AmOAR is more
similar to the fruit fly OAMB than to a
honeybee dopamine receptor provides an
additional indication that the AmOAR se-
quence encodes an octopamine receptor.

AmOAR-dsRNA injection into AL
results in reduced AmOAR
protein levels
dsRNA directs RNAi by degrading
sequence-specific mRNA, which results in
specific loss of function (Kennerdell and
Carthew, 1998; Montgomery and Fire, 1998;
Montgomery et al., 1998). To investigate the
effect of dsRNA on receptor protein levels,
we injected AmOAR dsRNA into the AL of honeybee brains. Poly-
clonal antiserum raised against peptide selected from an intracellular
region of the AmOAR sequence reveals a 78 kDa band in Western
blot analysis of the control (vehicle-injected) AL homogenate (Fig.
5a). This band was not present in control AL homogenate when
probed with preimmune serum (data not shown). Furthermore,
there was a significant reduction specifically in the 78 kDa band
when immunoblotting was performed with AmOAR anti-
serum in the presence of the corresponding peptide (F(1,13) �
61.24; p � 0.0001), which provides an additional indication
that the 78 kDa band is recognized by the anti-peptide anti-
body rather than the secondary antibody (Fig. 5a). This band
was also significantly reduced in the dsRNA-injected AL homoge-
nate compared with control (F(1,13) � 33.07; p � 0.0001) (Fig. 5b).

We reprobed the same blots with antibody against an octo-
pamine receptor (OAMB) from fruit fly mushroom bodies
(OAMB) (Han et al., 1998) and found that the same band was
recognized in control AL homogenate with OAMB antiserum
(data not shown). This band was significantly reduced in the
dsRNA-injected AL homogenate compared with control homog-
enate, suggesting again that it is an OAR (Farooqui et al., unpub-
lished observations).

AmOAR-dsRNA interferes with acquisition and
recall responses
To investigate the effect of reduction of OAR expression on learn-
ing and memory, we used two protocols for injecting dsRNA into
the AL of honeybee (Fig. 1b.1,b.2). These procedures were mod-

Figure 4. Partial sequence of AmOAR and its alignment with other octopamine receptors. a, Partial nucleotide and amino acid
sequence of AmOAR (GenBank accession number AYZ63366). Transmembrane regions VI and VII are underlined. Amino acid
residues selected for peptide synthesis are indicated by the box. b, Amino acid alignment of AmOAR receptor with the D. melano-
gaster octopamine receptor (Dm-OAR; AF065443), B. mori octopamine receptor (Bm-OAR; X95607), L. stagnalis octopamine
receptor (Lm-OAR; u62771), and A. kurodai octopamine receptor (Ak-OAR; AF117654). Residues conserved among all five octo-
pamine receptors are shaded in gray. A dash is used to indicate a gap in the sequence. Amino acids conserved among Am-OAR and
Dm-OAR are boxed. c, Amino acid alignment of AmOAR receptor with A. mellifera dopamine receptor D1 (AmDOP1; CAA73841),
Drosophila dopamine D1 receptor (DAMB; AAB08000), Drosophila dopamine D1-like receptor (D1-like; AAA85716), and Drosophila
dopamine D2 receptor (DopR2; Q24563). Residues conserved among all five proteins are shaded in gray. Residues conserved
among all dopamine receptors are indicated by dashed lines. Residues conserved among AmOAR and AmDOP1 are boxed.
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ified from those used with MAS (Fig. 1a) because of the need to
allow a longer time for the dsRNA to degrade the target RNA and
to allow for receptor turnover.

According to the protocol in which dsRNA treatment oc-
curred before conditioning (Fig. 1b.1), 80% of the subjects in the
control group, in which injection buffer was injected into the AL,
responded to the conditioned odor by the third acquisition trial
(Fig. 6a). In the AmOAR dsRNA-treated group, only 15% of the
subjects responded to conditioned odor by the fifth trial. That is,
dsRNA produced �80% inhibition of the acquisition response
(F(1,69) � 67.13; p � 0.0001). Injection of AmOAR dsRNA before
acquisition also affected recall (Fig. 6b). The AmOAR dsRNA-
treated group exhibited a 50% reduction in recall compared with
the control group (F � 4.3; p � 0.05). The response levels to C, S,
and D were significantly different (F � 3.4; p � 0.05). But as with
MAS, discrimination was unaffected, which is revealed by the
lack of a significant interaction between treatment and test odor
(F � 0.6; p � NS).

We performed one replication of this experiment in which the
investigator (B.H.S.) was blind to the treatment condition until
all data were collected and analyzed. In this replicate, 50 and 58%
of control subjects (n � 27) responded to odorant by the third
and fourth acquisition trials. In contrast, only 22.2% of dsRNA-
treated subjects (n � 27) responded over trials 3 through 6 (t �
2.0; df � 52; p � 0.05). All subjects were also tested with the CS
odorant 90 min after conditioning. During this test, 53.8% of
control and 18.5% of dsRNA-treated subjects responded (� 2 �
6.6; p � 0.05).

Treatment with dsRNA also failed to impair the US in an
experiment identical to that for MAS described above. Over suc-

cessive feedings, subjects in the two treatment groups responded
equally well to sucrose application to the antennas and consumed
statistically equal amounts of sucrose solution (t � 0.2; df � 29;
p � NS). Subjects treated with injection buffer (n � 15) con-
sumed an average of 26.1 �l (SEM, 7.0), and subjects treated with
dsRNA (n � 16) consumed 27.0 �l (SEM, 7.2).

AmOAR dsRNA interferes with recall independent
of acquisition
To examine the effect of preconditioning on recall, subjects were
conditioned before treatment with AmOAR dsRNA (Fig. 1b.2).
Twenty-four hours later, subjects were tested for recall. Figure 7a
shows the acquisition curves of two groups of bees. In both
groups, �65% of the subjects responded to the conditioned odor
by trial 3. Two hours after conditioning, one group was treated
with injection buffer and the other with AmOAR dsRNA.
Twenty-four hours later, we found 50% inhibition of recall in the
AmOAR dsRNA-treated group compared with control (Fig. 7b).
The patterns of statistical significance for dsRNA versus control
(F � 7.4; p � 0.01), comparison of test odor (F � 3.0; p � 0.05),
and interaction were identical to those for the previous experi-
ment (Fig. 6).

Specificity of AmOAR dsRNA-mediated effect on acquisition
If the effects we observed from dsRNA treatment arose nonspe-
cifically from dsRNA treatment rather than from the specific deg-
radation of the AmOAR RNA, then similar behavioral effects
should occur with other types of dsRNA. To determine the spec-
ificity of the AmOAR dsRNA-mediated effect, we tested the effect
of dsRNA from fred, a developmental gene from Drosophila
(Chandra et al., 2003). Furthermore, we also tested the effect of E.
coli tRNA and yeast tRNA. We found that acquisition curves in
groups treated with fruit fly dsRNA (F(1,114) � 0.0001; p � NS),

Figure 5. AmOAR dsRNA impairs OAR protein translation in AL of honeybee. a, Western
blotting was performed on protein fractions from control AL homogenates. I, Nitrocellulose
membrane was probed with anti-AmOAR antiserum. A 78 kDa protein (arrow) was recognized
by the anti-AmOAR antiserum. II, Nitrocellulose membrane was probed with anti-AmOAR an-
tiserum preadsorbed with corresponding peptide resulted in significant decrease in intensity of
78 kDa band ( p � 0.0001). The same blots were stripped and reprobed with anti-HRP anti-
serum (for reference). b, Western blotting was performed on protein fractions from control and
24 hr-dsRNA-injected AL homogenates. Nitrocellulose membrane was probed with anti-
AmOAR antiserum. A significant reduction in 78 kDa band was observed in dsRNA injected AL
homogenate ( p � 0.0001). The blot was stripped and reprobed with anti-HRP antiserum (for
reference) to confirm that equivalent amount of protein was loaded in each lane.

Figure 6. The effect of AmOAR dsRNA on acquisition and/or recall testing. a, Acquisition to
conditioned odor (C). In this experiment, 2 hr after surgery, subjects received 4 nl of injection
buffer–AmOAR dsRNA (500 pg) in each AL. Twenty-four hours later, subjects were conditioned
with odor C. b, Ninety minutes later, subjects were tested with C, S, and D in a randomized
manner. Asterisk indicates significant difference of respective point from control group (*p �
0.01; ***p � 0.0001). Sample sizes: saline (n � 31), AmOAR dsRNA (n � 31).
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yeast tRNA (F(1,55) � 0.0001; p � NS), or E. coli tRNA (F(1,63) �
0.82; p � NS) were not significantly different from control (Fig.
8). Recall responses were also unaffected (data not shown). These
data suggest that the effect we observed on acquisition and recall
were specific to treatment with AmOAR dsRNA.

MAS or AmOAR dsRNA injection in optic lobes does not
affect acquisition or recall
As an additional control to evaluate the possibility that MAS or
AmOAR dsRNA effects may occur because of disruption of OAR
in neighboring areas of the brain, such as the mushroom bodies
(MB in Fig. 1), we treated the optic lobes (OLs) in two different
experiments. If the behavioral effects on treatment of the AL
occur because of spread into the MB, then the drug should spread
equally well into the MB from the OL, and the same behavioral
effects would be evident.

Acquisition curves of groups treated with 200 �M MAS (F(1,85) �
0.91; p � NS) or with 500 pg dsRNA (F(1,40) � 0.90; p � NS) in
each AL failed to differ from their respective controls (Fig. 9a,c).
Recall was also unaffected (Fig. 9b,d). This suggests that the effect
of MAS and dsRNA is localized to AL, at least over the time frame
during which we treated and tested our subjects.

Subjects recover from MAS but not from AmOAR dsRNA
We performed an experiment in which subjects were treated with
MAS (200 �M), dsRNA (500 pg), or the respective controls, and
they were then conditioned to an odorant CS as above but at
different time intervals after injection. Subjects conditioned 20
min after treatment with MAS responded significantly less than
equivalent control subjects (Fig. 10a) (F(1,63) � 15.82; p �
0.0002). In contrast, saline and MAS treatment groups both dis-
played equivalently high levels of acquisition performance 24 hr
after injection treatment (t � 0.14; df � 30; p � NS). Subjects
treated with AmOAR dsRNA were conditioned 24 and 48 hr after

treatment (Fig. 10b). At both time intervals, dsRNA treated sub-
jects revealed equivalent levels of acquisition performance (t �
0.6; df � 35; p � NS), and in each case it is significantly lower than
that exhibited by the appropriate control subjects (F(3,44) � 9.4;
p � 0.001).

Discussion
Our results implicate OA as an important component of the re-
ward pathway in the honeybee AL. Physiological recordings from
an octopaminergic interneuron (VUMmx1), which arborizes
broadly in several neuropils of the honeybee brain, have impli-
cated OA in the sucrose reward pathway (Hammer, 1993; Ham-
mer and Menzel, 1998). VUM normally responds to sucrose
stimulation of the mouthparts but not to odor. After pairing of
odor with sucrose, VUMmx1 responds to odor. Furthermore,
replacement of sucrose with depolarization of VUM can drive
conditioning (Hammer and Menzel, 1998). Because VUM ar-
borizes in most if not all glomeruli of the AL, it presumably is
capable of representing the presence of reinforcement at this level
of sensory processing. Furthermore, because VUM responds to
odor after conditioning but not before, odor takes on the capacity
to activate the US (VUM) pathway (Holland, 1993).

We evaluated the role of OA release in the AL in representing
conditioned odors. Previous studies attempted to augment OA
by microinjection into the AL (Hammer and Menzel, 1998), or it
was injected into the mushroom bodies in honeybees in which
biogenic amines had been depleted by reserpine treatment (Men-
zel et al., 1999). These studies showed that augmentation of OA
affected appetitive conditioning using sucrose. As in Hammer
and Menzel (1998), we evaluated the effect of OA-mediated plas-
ticity in the AL, which is the first-order olfactory neuropil that
feeds information into the mushroom bodies (Strausfeld, 1976;
Mobbs, 1982). But there are two important differences between
our study and earlier studies. First, we disrupted the receptor
component of the OA pathway. We show that acquisition and
subsequent conditioned responding to an odor is impaired,
which reveals that OA is important for processing olfactory in-
formation in the AL.

Second, insight into the precise role played by OA in the AL
network can be gained by an evaluation of the implications of the
experimental designs that we chose to use. We evaluated acquisi-

Figure 7. The effect of preconditioning on AmOAR dsRNA-mediated recall response. a, Con-
ditioning of subjects in 2 control groups. Two hours after conditioning, in one group, injection
buffer was injected into each AL. In the second group, 4 nl of AmOAR dsRNA (500 pg) was
injected into each AL. b, Twenty-four hours later, subjects were tested with C, S, and D in a
randomized manner. Asterisk indicates significant difference of respective point from control
group (*p � 0.05). Sample sizes: control (n � 36), AmOAR dsRNA (n � 35). ns, No significant
difference.

Figure 8. Other dsRNA types do not block acquisition response. On acquisition to condi-
tioned odor (C): two hours after surgery, subjects received 4 nl of either injection buffer–Dros-
ophila dsRNA (500 pg), buffer–yeast tRNA (500 pg), or buffer–E. coli tRNA (500 pg) in each AL.
Twenty-four hours later, subjects were conditioned with C. Asterisk indicates significant differ-
ence of respective response from control group (***p �0.0001). Sample size: control (n �23),
Drosophila dsRNA (n � 37), yeast tRNA (n � 26), E. coli tRNA (n � 43). ns, No significant
difference was detected among these four groups.
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tion by monitoring conditioned responses over six conditioning
trials (Menzel, 1990). Many studies have used a variety of con-
trols to reveal that this procedure produces robust and long-
lasting associative conditioning (Bitterman et al., 1983). After
conditioning, and at a time when the olfactory memory should
have consolidated into a more stable, intermediate state (Müller,
1997; Tully, 1998; Müller and Hildebrandt, 2002), we evaluated
recall toward the conditioned odorant and generalization to
other “novel” odorants. Generalization in this paradigm occurs
as a function of molecular similarity of the test odorants to the
conditioned odorant (Smith and Menzel, 1989; Stopfer et al.,
1997).

We evaluated subjects in an experimental protocol that allows
for investigation of several possible drug effects. Drug treatment
occurred before conditioning, before recall testing, or before
both phases. This protocol can determine whether the drug cre-
ates a state-dependent memory (Spear et al., 1990). In that case,
recall and generalization responses would be normal in groups in
which drug conditions at testing match those of conditioning (in
saline–saline and drug– drug groups), because the drug becomes
part of the conditioning context in such a way that it affects
perception of the stimuli. This protocol also reveals whether ac-
quisition and recall can be disrupted independently by drug treat-
ment (in drug–saline and saline– drug conditions).

We show that disruption of AmOAR in the AL impaired ac-
quisition and recall when drug treatment occurred before each of
those phases. But this impairment is not state dependent, because
disruption of AmOAR before both phases failed to reestablish
conditioned responding. Impairment of acquisition indicates
that blockade of OA neurotransmission in some way diminished
the impact of the US, which might be expected given the physio-
logical data from VUM (Hammer, 1993).

It is more surprising that disruption of the AmOAR before

recall testing but not before acquisition
also produces a response decrement. This
indicates that during acquisition, VUM
becomes an integral part of the AL net-
work that represents a conditioned odor-
ant. Therefore, VUM is not just a US path-
way that is activated by odor after
conditioning. To impair recall, VUM
would have to be essential for reactivation
of the AL network so that the olfactory
memory, part of which is consolidated
downstream in the mushroom body, can
be accessed. The precise nature of this ef-
fect is still unclear. For example, associa-
tion of odor with sucrose reinforcement
might enhance the representation of that
odor in the AL so as to make it more de-
tectable or salient. Blockade of AmOAR
might then be expected to block acquisi-
tion or recall if an intact OAR pathway is
necessary for development and expression
of this enhancement, as we have suggested.
Several other possibilities could also ac-
count for our results, such as a qualitative
change in the perceptual qualities of an
odor as a result of conditioning. Addi-
tional computational modeling (Linster
and Smith, 1997) may help to reveal new,
testable hypotheses.

This pattern of results contrasts with
results from identical experiments that blocked GABA or nitric
oxide pathways in the AL. Blockade of either pathway does not
impair and may even augment acquisition (Stopfer et al., 1997;
Hosler et al., 2000; Daly et al., unpublished observations). How-
ever, these treatments impair the accuracy of recall either by dis-
rupting the specificity of the activity pattern in the AL network
(Stopfer et al., 1997; Hosler et al., 2000) or perhaps by raising
the overall responsiveness of the AL network to stimulation
(Daly et al., unpublished observations).

Thus, several modulatory pathways appear to have different
influences on the AL circuitry. Physiological analyses and com-
putational models have begun to reveal how the AL circuitry
responds to association of odors with reinforcing events. In the
honeybee and in the moth Manduca sexta, association of an odor
with sucrose reinforcement changes the activity of the AL net-
work (Faber et al., 1999; Daly et al., unpublished observations).
We would therefore predict that blockade of OA neurotransmis-
sion in the honeybee AL or in the moth, perhaps blockade of
serotonin (Dolzer et al., 2001) would prevent these changes from
occurring. Furthermore, to be consistent with our data, this im-
pairment should occur during both acquisition and recall testing.
Linster and Smith (1997) developed a computational model of
the honeybee AL that incorporated a VUM-like neuron that has
associative properties like its natural analog (Hammer, 1993).
Although it was not explicitly tested, the model VUM grew to
participate in the network as we have proposed here. Additional
computational efforts are now needed to clarify what network
properties would give rise to the properties of OA neurotransmis-
sion that we report.

We used two different means for blockade of OA neurotrans-
mission in the AL, because each has particular advantages and
disadvantages. Combination of the two provides a stronger argu-
ment than would either one alone. We chose MAS because it has

Figure 9. MAS and AmOAR dsRNA do not block acquisition when applied to OL. a, Acquisition response to conditioned odor (C).
Two hours after surgery, subjects received 4 nl of saline–MAS solution (200 �M) in each OL. Ten minutes later, subjects were
conditioned with six acquisition trials of 30 sec intertrial interval. b, Ninety minutes after conditioning, 4 nl of saline or MAS was
applied again in each AL. Ten minutes later, subjects were tested with odors C, S, and D in a randomized manner. c, Two hours after
surgery, subjects received 4 nl of injection buffer–AmOAR dsRNA (500 pg) in each OL. Twenty-four hours later, subjects were
conditioned with odor C. d, Ninety minutes later, subjects were tested with C, S, and D in a randomized manner. Sample size:
saline–saline (n � 43), MAS–MAS (n � 43), buffer (n � 18), AmOAR dsRNA (n � 23). ns, No significant difference was detected
among control and treated group.
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a relatively high binding affinity for neuronal OAR of insects
(Degen et al., 2000). MAS produced a dose-dependent decrease
in performance. It has the advantage that the full power of a
dual-injection protocol, described above, can be used. But the
disadvantage, particularly at higher concentrations, is that the
specificity for OAR would be expected to decrease. Thus, any
effect might be a result of targeting of other biogenic amine re-
ceptors in the AL.

RNAi, conversely, would be expected to be very specific to the
targeted mRNA (Fire et al., 1998; Montgomery and Fire, 1998;
Montgomery et al., 1998; Misquitta and Paterson, 1999; Elbashir
et al., 2001). It has been used successfully in the insect CNS (Bil-
luart et al., 2001; Dzitoyeva et al., 2001), and it has been used to
disrupt neuronal nitric oxide synthase gene function in a mollusk
(Korneev et al., 2002). More recently, it was used to silence a
developmental gene in the honeybee (Amdam et al., 2003). In the
latter three examples, whole animals or embryos were treated
with dsRNA, which provides an indication that dsRNA can enter
cells in the CNS. As in our case, the mechanism of uptake into
cells is as yet unknown. That issue notwithstanding, the disad-
vantage to use of dsRNA is that, once induced, RNAi produces a
long-lasting if not indeed permanent effect, which does not easily
allow for assessment of effects on acquisition independent of
recall. If it is induced before acquisition, it can be expected that

the OAR will be depleted at the time of testing also. Spread of
dsRNA is also an issue. In our experiments, the effects of both
treatment types were limited to the AL, at least over the time
periods we used, because in neither case did treatment of nearby
neuropils produce a detectable effect in our behavioral assay.

The specificity of RNAi depends on whether the sequence we
used to generate dsRNA was from an OAR. The amino acid se-
quence of our clone was 82% identical to the putative ortholog
OAR sequence in Drosophila mushroom bodies (Han et al.,
1998). Furthermore, according to the size (78 kDa) of the band
recognized by our anti-peptide antiserum in an AL homogenate,
it is likely to be an OAR. A neuronal OAR was characterized
previously by photoaffinity labeling from nerve tissue of the
desert locust, Schistocerca gregaria (Roeder and Nathanson, 1994)
and light organs of the firefly, Photinus pyralis (Nathanson et al.,
1989). Labeling studies revealed an OAR in the range of 55–79
kDa, which is in the range of our observed value for AmOAR.

Interestingly, AmOAR dsRNA produced only a 40% reduc-
tion in OAR protein synthesis 24 hr after dsRNA treatment. This
partial reduction may reflect incomplete receptor turnover. Al-
ternatively, it could be because of the presence of alternatively
spliced variants of the OAR, which are common in G-protein-
coupled receptor genes (Blein et al., 2000; Hosie et al., 2001).
tBlastn searches of AmOAR with Anopheles gambiae and D. mela-
nogaster genome sequences show that a genomic fragment with
an open reading frame (encoding �171 aa), which includes the
sequence we used to generate the peptide antibody, was repeated
in close proximity in the respective genomes (data not shown).
Furthermore, cDNA corresponding to two spliced variants for
the D. melanogaster OAR suggests that the same gene encodes
these variants (NCBI, accession numbers AJ007618 and
AJ007617). If this is the case in the honeybee, then a 40% reduc-
tion in protein might be explained by the possibility that dsRNA
is degrading only one of the mRNA variants.

In summary, we have provided evidence that OA serves as a
link between an olfactory CS and a sucrose US in the AL of the
honeybee, in which pathways that process those two types of
stimuli converge. Therefore, the AL is a site in which part of the
olfactory memory consolidates. It remains to be determined why
a component of olfactory memory occurs at this early level of
processing. Recent studies with the moth M. sexta have estab-
lished alterations in neural activity patterns in the AL when odors
are associated with reinforcement (Daly et al., unpublished ob-
servations). The combination of pharmacological and molecular
manipulation of modulatory pathways, as we report here, with
physiological methods will be necessary to elucidate the solutions
to this problem.
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