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Review of Müßig et al.

Although glutamate is known to be critical
to vertebrate neuronal plasticity, its func-
tion in the insect brain is poorly understood
and the NMDA receptor (NMDAR) has
only recently been investigated in the hon-
eybee. NMDARs are ligand-gated, voltage-
sensitive cation channels composed of NR1
and NR2 subunits (Zannat et al. 2006). The
NR1 subunit, which is critical for func-
tional expression of NMDARs, is expressed
throughout the honeybee brain (Zannat et
al., 2006), and pharmacological blockade of
these receptors impairs memory formation
(Si et al., 2004). In a recent report by Müßig
et al. (2010) in The Journal of Neuroscience,
the effects of disrupting the NMDARs
through RNA interference (RNAi) was ex-
amined in the honeybee.

The proboscis extension response is a
common appetitive olfactory conditioning
task used in insects. Honeybees (and other
insects, including fruit flies) reflexively ex-
tend their proboscis, an insect mouthpart,
when sucrose [the unconditioned stimulus
(US)] is touched to the antenna. If regularly
paired with a specific odor [the conditioned
stimulus (CS)], a bee quickly learns the as-
sociation and extends its proboscis when
presented with the odor alone (for review,
see Fahrbach and Dobrin, 2009). This

basic paradigm is robust: a stable long-
term memory forms in as few as three
CS–US pairings, as in Müßig et al.
(2010). The antennal lobes (ALs), the
primary olfactory neuropils, and the
mushroom bodies (MBs), structures that
receive inputs from all primary sensory neu-
ropils, have been identified as sites of con-
vergence of the CS–US signals in the insect
brain.

The experiments performed by Müßig
et al. (2010) represent one of the few pub-
lished examples of successful in vivo knock
down of a gene within the honeybee brain.
Previously, investigators have used anti-
sense to knock down protein kinase A (Fiala
et al., 1999), and RNAi against a receptor for
the insect biogenic amine octopamine (Fa-
rooqui et al., 2003) to investigate the mech-
anisms of memory. In the present study,
both double-stranded RNA (dsRNA) and
small-interfering RNAs were used to knock
down the NR1 subunit in honeybee MBs.
The use of two RNAi approaches, appropri-
ate negative controls, and antibodies to two
different epitopes makes these results com-
pelling. One day following dsNR1 injection,
NR1 protein was reduced by 30% [Müßig et
al. (2010), their Fig. 2], returning to baseline
by the second day. Although a more sensi-
tive measure of the effectiveness of the NR1
knockdown might have been obtained by
directly measuring NR1 transcript abun-
dance through quantitative real-time PCR,
the present study is strong because ulti-
mately it is changes in protein expression
that directly influence behavior.

Short-term memory (STM), medium-
term memory (MTM), and long-term

memory (LTM) are regarded as tempo-
rally and mechanistically distinct phases
of memory. The molecular mechanisms
of the each memory phase are still being
investigated, but mounting evidence indi-
cates each is triggered by the same event
but processed independently (for review,
see Schwärzel and Müller, 2006; Menzel,
2009). STM, stored for seconds, was not
examined in this article. MTM forms fol-
lowing three conditioning trials and lasts
hours. It requires the calcium-dependent
protease calpain to cleave PKC, creating
the constitutively active isoform PKM.
Calpain inhibition in the AL results in a
loss of only MTM. LTM, which can be
subdivided into early (eLTM) and late
(lLTM) phases, occurs on the order of
days. eLTM (memories lasting 1–2 d) re-
quires translation of new proteins, whereas
lLTM (memories lasting multiple days to
weeks) depends on both transcription and
translation. The distinct yet related mecha-
nisms of eLTM and lLTM are better under-
stood. Both require activation of PKA by
cAMP, as blocking the activity of either in-
hibits all LTM. LTM formation also requires
nitric oxide. Nitric oxide putatively targets
cGMP, which directly prolongs the activa-
tion of PKA, a critical step in LTM forma-
tion. While PKA is involved in both LTM
phases, experimental manipulations indi-
cate distinct pathways. Bees fed before olfac-
tory conditioning have low basal PKA
activity levels and do not perform well in the
learning task. Experimentally elevating PKA
rescues lLTM but not STM, MTM, or
eLTM. Local protein translation using pre-
existing mRNA occurs during the forma-
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tion of eLTM, whereas lLTM requires
transcription and translation of new
proteins.

Because of the known role of NMDARs
in memory formation in vertebrates and the
requirement of the NR1 subunit for func-
tional NMDARs, the authors tested how
NR1 reduction affected learning using the
proboscis extension response. Bees with
dsNR1 injected directly into the brain per-
formed more poorly during the acquisition
phase of memory as well as the tests of MTM
and eLTM when compared with control
bees [Müßig et al. (2010), their Fig. 4]. One
day following injection of dsRNA, bees were
olfactory conditioned with three sucrose–
odor pairings. The odor was then presented
alone 2 h, 2 d, or 3 d after training to test
MTM, eLTM, or lLTM, respectively. The
percentage of bees that extend their probos-
cis during the odor presentation but before
the sucrose administration during training
was used as a measure of acquisition. Differ-
ences between dsNR1 and control bees were
seen by the second pairing [Müßig et al.
(2010), Fig. 4A]. This suggests that efficient
acquisition requires functional NMDARs.
During the memory retrieval tests, only
MTM and eLTM, not lLTM, were affected
by NR1 reduction [Müßig et al. (2010), their
Fig. 4A]. The effects on memory retrieval
may reflect a deficit in acquisition. To
control for this, the authors reanalyzed
the data using only those bees that re-
sponded to the odor in the third CS–US
pairing [Müßig et al. (2010), their Fig. 5].
These bees still showed a deficit in MTM.
We would appreciate a similar reanalysis
of the eLTM data as well.

To dissect the effect of NMDAR func-
tion on memory recall, the authors also
asked whether dsRNA injection after train-
ing affects olfactory learning. Bees were
trained as in the initial study, injected with
dsNR1 2 days later, and tested an additional
day later. This design tests the effects of NR1
reduction on lLTM only (testing 3 d after
training). The authors found no difference
between dsNR1 and control injected bees
[Müßig et al. (2010), their Fig. 7] as ob-
served in the previous experiments. It is pos-
sible that injecting dsNR1 immediately after
training (or with a smaller delay) would al-
low confirmation of reductions in MTM or
eLTM, both of which were affected in the
preinjection test.

The role of glutamate in forming olfac-
tory memories in the honeybee is unclear.

Photolytic uncaging of glutamate in MB im-
mediately following a single sucrose–odor
pairing resulted in improved response to the
odor alone 48 h later (eLTM) (Locatelli et
al., 2005). The finding by Müßig et al. (2010)
that disruption of NMDAR function affects
memory formation potentially offers a
more precise mechanism for the role of glu-
tamate in learning. Interestingly, when the
investigators measured NR1 protein levels
in the dorsal region of the central brain via
Western blot 2 h following training no dif-
ference was found between the RNAi and
control bees [Müßig et al. (2010), their Fig.
3B]. This suggests that conditioning in-
voked an upregulation of NMDARs. Al-
though it is possible that de novo protein
expression can be completed in that time
frame, it is most likely that synaptic mRNA,
which was not degraded from RNAi treat-
ment, was translated. This may represent a
biologically relevant increase in functional
NMDARs in the membrane, which would
influence calcium-dependent processes, or
an overwhelming of the RNAi effect, as the
authors suggest. A follow-up experiment
using calcium imaging together with phar-
macological manipulations of the brains of
bees previously conditioned would help an-
swer this question.

A recent report documented an anatom-
ical substrate of a memory trace in the hon-
eybee (Hourcade et al., 2010). A higher
density of microglomeruli (synaptic special-
izations) in the olfactory, but not visual, re-
gion of the MB was found in conditioned
bees compared with control bees. An in-
creased density of microglomeruli may re-
flect synaptogenesis. It would be interesting
to examine structural plasticity of the mi-
croglomeruli following olfactory training in
bees with NR1 reduction. We hypothesize
that the memory deficits induced by block-
ing NMDAR function would be reflected by
no change in the density of microglomeruli
in the olfactory region of the mushroom
body. This would suggest an NMDAR-
mediated mechanism for inducing struc-
tural plasticity via olfactory learning and
provide new details of molecular and cellu-
lar memory processing.

In summary, Mü�ig and colleagues
provide a clear demonstration that RNA
interference in the honeybee brain is ef-
fective and reversible in vivo, although the
treated bees are harnessed in the labora-
tory rather than free-flying in the field.
Furthermore, by inhibiting NMDAR

function the involvement of glutamate
signaling in honeybee olfactory learning
has been better understood; functional
NMDARs are necessary for the formation
of MTM and eLTM, but not lLTM. These
findings support the hypothesis that par-
allel but distinct cascades are involved in
the formation of the different memory
phases. We predict that future studies
combining injections of dsRNA with be-
havioral, electrophysiological, and neuro-
anatomical methods will yield exciting
new insights into our understanding of
the molecular mechanisms of memory.
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