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The defence of a society often requires that some specialized members coor-
dinate to repel a threat at personal risk. This is especially true for honey bee
guards, which defend the hive and may sacrifice their lives upon stinging.
Central to this cooperative defensive response is the sting alarm pheromone,
which has isoamyl acetate (IAA) as its main component. Although this
defensive behaviour has been well described, the neural mechanisms trig-
gered by IAA to coordinate stinging have long remained unknown. Here
we show that IJAA upregulates brain levels of serotonin and dopamine,
thereby increasing the likelihood of an individual bee to attack and sting.
Pharmacological enhancement of the levels of both amines induces higher
defensive responsiveness, while decreasing them via antagonists decreases
stinging. Our results thus uncover the neural mechanism by which an alarm
pheromone recruits individuals to attack and repel a threat, and suggest that
the alarm pheromone of honey bees acts on their response threshold rather
than as a direct trigger.

1. Introduction

The evolutionary transition to social life is associated with significant benefits,
such as increased resources thanks to division of labour and effective coopera-
tive defence [1]. However, greater resources and grouping of individuals
typically attract more predators and parasites [2]. At the extreme end of the
sociality spectrum, eusocial insects evolved specialized defenders as an efficient
way to cope with this dilemma, including soldier castes which protect the
colony at personal risk [3,4]. Honey bees, one of the most remarkable cases
of animal social evolution, are a perfect example of this situation. A specific
caste, the guards, alerts and defends the colony by attacking any potential
threat [5]. Defence may cost the bee its own life as death follows stinging
when the sting tears loose from the abdomen [3]. To prevent unnecessary losses,
defensive responses are under the control of an alarm pheromone released by
alerted guards, which triggers coordinated attacks and stinging [6] only
when potential threats become compelling [7].

The alarm pheromone of honey bees is chemically well characterized and
includes isoamyl acetate (IAA) as a major component, which is sufficient to
elicit most of the bees’ defensive response [8-10]. However, the proximate
causes underlying this remarkable altruistic behaviour remained relatively
unexplored [5]. The lack of controlled protocols to elicit honey bee aggression
in the laboratory has precluded advances in characterizing the neural
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mechanisms triggered by this alarm signal, but this deficit has
been recently overcome thanks to the development of an
arena-based assay that reliably elicits stinging responses in
individual honey bees [11]. We took advantage of this method-
ology to examine the interplay between alarm pheromone,
brain neurochemistry and the initiation of threat-response
behaviour in bees. We focused on biogenic amines, which
are small, ubiquitous molecules synthetized by the nervous
system. Among the most important biogenic amines found
in invertebrate brains are octopamine (OA), dopamine (DA)
and serotonin (5HT). Their functions are extremely diverse,
ranging from classical neurotransmitters to neuromodulators
and neurohormones circulating both at the periphery and at
the central level [12]. These molecules have a highly conserved
function across animal phyla as regulators of aggressive
behaviour [13-21] and are thus good candidates for modulat-
ing defensive responses in honey bees. We tested this
hypothesis and report here that the main component of the
alarm pheromone of the honey bee modifies the levels of
5HT and DA in the bee brain and increases, thereby, respon-
siveness to threat. We thus present the first mechanistic
account of honey bee social defence.

2. Material and methods

(a) Honey bees

Four hives housing unrelated Italian honey bee colonies (Apis
mellifera ligustica) were used in the experiments investigating
brain biogenic amine levels. These colonies were located at the
Queensland Brain Institute, Brisbane, Australia. Honey bees
involved in colony defence were selectively collected using a
black feather waived at the hive entrance. All bees were collected
and handled (chilling anaesthesia followed by at least 15 min
recovery with sugar, see [11]) in exactly the same way before
being either sacrificed without testing or tested in the
behavioural assay as described below.

Pharmacological experiments were performed at the University
Paul Sabatier, Toulouse, France. The honey bees were collected at
the hive entrance with a black feather as before. To ensure that
our observations were not specific to a single genotype, two to
three unrelated colonies participated equally in each experiment,
with a total of five colonies used. The colonies participating in the
antagonistic treatments were chosen for being quite reactive to
potential threats while those participating in the agonistic treat-
ments were known to be gentler. This was done to increase our
chances of measuring the expected effect of the amines and their
antagonists, and explains why the sting responsiveness of control
groups differ between some of the experiments.

(b) Sting-responsiveness assay

The behavioural assay for testing sting responsiveness in honey
bees has been described in detail previously [11]. In this assay,
pairs of honey bees are confronted with a rotating dummy in a
cylindrical arena, which they can choose to sting or not. The fre-
quency at which at least one of the bees stung the dummy and
the latency to sting (i.e. the time between the introduction of
the bees in the arena and the occurrence of the first stinging
response, if it happened) were recorded. Each pair of bees was
exposed to either triethyl citrate (TEC, solvent, Sigma-Aldrich)
or IAA (10% vol/vol, main active compound of the honey bee
alarm pheromone, Sigma-Aldrich), carried through an airflow,
during the whole length of the trial (3 min). Importantly, if a
bee exhibited locomotor defects (clumsy walk or inability to
hold upside down), the whole pair was excluded from further

analysis. The pharmacological treatments did not affect the n

number of bees being excluded (x*, p=0.787). The sample
sizes are 26 pairs of bees per group in experiments assaying
colony defensiveness, and 32 pairs of bees per group in all
pharmacological experiments.

For HPLC (high performance liquid chromatography)
measurements, honey bees were classified into two groups
according to their behaviour: ‘responsive’ bees that stung the
dummy, and ‘non-responsive’ bees that did not. If both bees in
the assay chamber displayed stinging behaviour, only the first
responding bee was used for further analysis, because the
second bee might have been responding to additional cues and
signals from the first responder.

(c) Brain collection and dissection

Honey bees from all four colonies participated in the HPLC exper-
iments. They were snap-frozen in liquid nitrogen either just before
the start of the behavioural test (but after handling and recovery)
for the bees allocated to the colony assessment, or quickly re-
caught in a 50 ml Falcon tube after the behavioural test for the
other bees. The Falcon tube was drilled with four holes (3—
4 mm) at its base and two holes (1-2 mm) on its lid to ensure
the quick flow of liquid nitrogen inside. The honey bees were
then put on dry ice until the end of this day’s trials and then
stored at —80°C. The delay between the end of the trial and the
bees being put on dry ice was 54.3 s on average thus ensuring
only minimal changes in biogenic amine levels could occur after
the end of the behavioural trial. Brains were then partially
freeze-dried (55 min, 600 mTorr, —40°C) and dissected on dry
ice. Intact brains were separated into three regions: the optic
lobes, the sub-oesophageal zone and the remaining central
brain, which contained all the structures involved in olfactory pro-
cessing such as the antennal lobes, mushroom bodies and lateral
horns. Incomplete or thawed brains were discarded. The final
sample size was 27 bees per group in all HPLC experiments.

(d) Biogenic amine quantification

Biogenic amine levels were measured using HPLC at Macquarie
University, Sydney, Australia. The HPLC system was an Agilent
1200 series (Agilent Technologies, Santa Clare, CA, USA)
coupled to an electrochemical detector (ESA coulechem III) con-
nected to a dual electrode analytical cell (ESA, Chelmsford, MA,
USA). Just before analysis, samples were taken out of the —80°C
freezer, slowly thawed on ice and sonicated in a solution of
0.2mol 1! perchloric acid and 10 pg wl~! DHBA (internal stan-
dard). All brain regions were analysed individually. Central
brains and optic lobes were extracted in 40 pl of this solution,
while sub-oesophageal zones were extracted in 20 pl. After soni-
cation, the samples were incubated for 20 min on ice in the dark,
then centrifuged (14 min, 132 r.p.m., 0°C), and 18 ul of the
supernatant of all samples were loaded in the autosampler,
which then injected 10 pl. Seven-point standard curves of the
external standards of OA, DA, tyramine and 5HT and the
internal standard DHBA (all from Sigma-Aldrich) were included
before and after each run. Each run consisted of 24 samples,
representing all three brains regions from an individual in each
group (four colonies and four individual-test groups). Biogenic
amine amounts in each sample were calculated from the peak
area for each biogenic amine normalized to the size of the
DHBA peak within each sample, and quantified relative to the
average of the two standard curves bracketing each run.
Although a standard for tyramine was included, tyramine
levels very seldom reached the detection threshold in our
samples. Hence, the data for this amine could not be analysed.
As honey bees vary very little in size and a previous study
found no effects of age, source colony or task allocation on
brain protein amounts, the data were not normalized [22].
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(e) Pharmacological manipulations

Pharmacological treatments consisted of topical applications
of 1 pl of solution on the thorax of the bees, 15—-50 min before
the aggression assay. Topical application on the thorax was
chosen for being non-invasive and for yielding, nevertheless, a
significant effect in terms of drug penetration [23]. Four sets of
experiments were performed during which the bees were treated
with 5HT hydrochloride, DA hydrochloride, cyproheptadine
hydrochloride sesquihydrate (CYP, 5HT antagonist) or cis-(Z)-
flupentixol dihydrochloride (FLU, DA antagonist) dissolved in
dimethylformamide (dMF). Both antagonists have repeatedly
proved to inhibit their respective aminergic signalling system
in honey bees [24-26]. All chemicals were obtained from
Sigma-Aldrich. Control bees received pure dMF, while treated
bees received 0.2mgml !, 2mgml ! or 20mgml ' of the
active compounds. The highest concentration corresponds to
113 mM of 5HT, 130 mM of DA, 62 mM of CYP and 39 mM of
FLU. Drug concentrations were chosen based on previous
work on the modulation of aversive responsiveness in honey
bees [25]. Both bees in a test pair received the same treatment.

(f) Statistical analysis

Behavioural results were analysed using a generalized linear
model (GLM) set-up with a logit function appropriate for binomial
data. The main effects were then computed using an ANOVA with
a Xz-test. No interaction could be detected between the presence/
absence of alarm pheromone and the pharmacological treatment in
any of the four datasets collected after pharmacological manipula-
tions (GLM, all p > 0.2), so we used an additive model for further
pairwise testing. The HPLC data were first checked for the pres-
ence of outliers using the method described in Hoaglin &
Iglewicz [27]. Among 1941 data points (from 215 bees), 17 outliers
were removed, with a maximum of two in the same test group. To
study the effect of the colony of origin, the results were analysed
with Kruskal-Wallis tests. For the study at the individual level,
the results were analysed with a two-way ANOVA taking as fac-
tors odour and behaviour. For displaying the overall effect of
pharmacological treatments, the data were normalized with
respect to the dMF-TEC control groups, and the two dMF-IAA
groups averaged after normalization.

3. Results

(a) Biogenic amines in colony defensiveness
We first studied the relationship between the defensive
response of a colony and biogenic amine levels in the
brain of its workers (figure 1a). Colony defensiveness was
assessed by measuring the frequency at which pairs of
defensive bees, enclosed in a circular arena, stung a rotating
dummy (n = 26 pairs of bees/group). This revealed signifi-
cant differences in the stinging behaviour of workers from
the four different source colonies (figure 1b, GLM,
LRT(3) = 32.379, p < 0.001). Post hoc pairwise comparisons
showed that bees from colonies 3 and 4 stung the dummy
more often than bees from colonies 1 and 2 (t tests, all cor-
rected p values < 0.01). Thus, colonies 3 and 4 can be
described as highly defensive while colonies 1 and 2 were
comparatively gentle. These results reflect accurately the
obvious differences in general defensiveness of these colo-
nies observed when collecting the bees or during routine
beekeeping inspections.

We then examined the biogenic amine levels in the brains
of workers from these colonies. Defensive bees were again
collected, and their brains were dissected into three regions
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Figure 1. Correlation between colony-level behaviour and biogenic amine levels.
(a) Experimental design: (1) colony-level threat responsiveness was assessed by
testing bees in the arena assay. (2) Brains were collected from naive (untested)
bees from these colonies and biogenic amine levels measured. (b) Percentage of
trials in which bees stung, depending on the odour present (TEC, solvent; IAA,
alarm pheromone) and the source colony, n = 26 pairs of bees/group. The
difference between gentle and defensive colonies is significant (GLM + post
hoc pairwise comparisons). (c) Mean + s.e.m amount of 5HT measured in
the central brain of bees from defensive (‘def, (3 and C4) versus gentle
(‘gen’, (1 and (2) colonies. Kruskal —Wallis, **p << 0.01, n = 54 bees/colony
type. (Online version in colour.)

for HPLC (figure 1a, n = 25-27 bees per colony after removal
of outliers). OA and DA levels did not vary significantly
between colonies in any of the brain regions (Kruskal-Wallis,
p>0.05 in all cases). However, differences in 5HT levels
between source colonies were detected in the central brains
and optic lobes of these bees (Kruskal-Wallis, central brain:
H(3) = 15.218, p = 0.002, optic lobes: H(3) = 8.968, p = 0.035).
When the data were analysed according to the classification
established previously (defensive versus gentle colonies),
no differences were detected in the optic lobes. However,
5HT levels in the central brain were significantly higher in
bees from the defensive colonies (figure 1c; Kruskal-Wallis,
H(1) =9.251, p=10.002). Although analyses on a higher
number of colonies should confirm these results, this is the
first hint that 5SHT may play a role in the regulation of the
defensive behaviour of honey bees.

(b) Biogenic amines in individual threat responses
To verify the existence of a link between 5HT and threat
responsiveness at the individual level, we tested bees in the
arena, classified them according to their behaviour (respon-
sive/stinging bees and non-responsive bees, which did not
sting) and analysed the biogenic amine contents of their
brains using HPLC. This was done within each of the two
odour groups (bees exposed to TEC or to IAA), thus resulting
in four groups in total for each of the brain structures con-
sidered (n = 25-27 bees per group after removal of outliers;
figure 2a). Statistical results are summarized in table 1.

In the central brain (figure 2b, upper row), OA levels did
not vary significantly between the groups tested. However,
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Figure 2. Correlation between individual behaviour and biogenic amine levels. (a) Experimental design: (1) individual sting response was assessed by testing bees in
the arena assay. (2) The brains of these bees were then collected and biogenic amine levels measured. (b) OA, DA and 5HT titres (mean =+ s.e.m.) in different brain
regions of bees as a function of their behaviour (sting+ or —) and the odour they were exposed to during the arena assay (IAA4 or —). GLM, *p << 0.05, **p < 0.01
and ***p << 0.001, the colour of the stars indicates the main effect represented—black: odour, red: behaviour, both: interaction, n = 25-27 samples/group.

(Online version in colour.)

there was a significant increase in the levels of DA and 5HT
(p <0.001 in both cases) following exposure to IAA, thus
revealing for the first time that the major component of the
alarm pheromone acts on neuromodulators in the bee brain.
In the optic lobes (figure 2b, middle row), again OA levels
did not show any significant variation between the groups
tested. In this region, 5HT levels clearly reflected the likeli-
hood that the bee would sting, as they were higher in
responsive bees irrespective of the odour to which they

were exposed (p < 0.05). DA levels were below the detection
threshold of the HPLC and could not be analysed. Finally, in
the sub-oesophageal zone (figure 2b, lower row), neither OA
nor DA levels varied significantly according to any of the fac-
tors tested (table 1). Analysis of the 5SHT dataset revealed a
significant interaction between odour and behaviour (p <
0.01). This effect was driven by an increase in 5HT levels in
the sub-oesophageal zone of bees that were exposed
to IJAA and stung. This result shows the robustness of the
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Table 1. Summary of ANOVA analysis of the brain biogenic amines content of individually tested bees. *p << 0.05, **p << 0.01 and ***p < 0.001.

region amine factor

central brain 0A odour
behaviour
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» DA . odour
behaviour

od x beh

SHT odour -
behaviour
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‘op‘ticllbbe»s - OA odour
behqviour

‘od X beh

5HT odour
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08 beh

‘sub—o‘ebso‘pbhageél one  OA odour
behaviour
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DA odour -
behaviour
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SHT o odohr

beh‘avi‘obur
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relationship between alarm pheromone exposure, elevated
brain 5HT levels and increased sting response.

() High 5HT levels shorten the latency to sting

The stinging response defined in our bioassays is an all-or-
none measure, which can be transformed into a more
continuous variable for bees that stung by measuring the
stinging latency. This variable, which has often been used
in studies of honey bee-defensive behaviour [28,29], revealed
that bees exposed to IAA stung much faster than control bees
(figure 3a, Mann—Whitney, W(1) =569.5, p <0.001, n =27
bees per condition). Plotting the 5HT content of the brain
regions of each aggressive bee against its latency to sting
revealed a striking pattern: within a certain range of SHT
amounts (figure 3b,c: up to 2000 pg in the central brain,
and up to around 300 pg in the sub-oesophageal zone),
there was no correlation between both variables (Spearman,
central brain: p= —0.074, p = 0.595; sub-oesophageal zone:
p= —0.070, p=0.662). Above these thresholds, however,
all bees reacted extremely quickly to the dummy, stinging it
within the first 10s. A similar although less obvious trend
was found for 5HT in the optic lobes, but not for any other
amine/brain region combinations (electronic supplementary
material, figure S1). These results suggest again that high
5HT levels, such as those observed in the brain following
exposure to IAA, are sufficient to induce elevated threat
responsiveness in honey bees.

df. F p-value
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1 e
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1 155 0216

1 w6 0302
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1 S s
1 6.931 0.010%

1 10616 o 0.002%

(d) Causal link between 5HT/DA levels in the bee brain
and threat response

To demonstrate a causal link between sting responsiveness
and 5HT and DA levels in the bee brain, we treated bees
with a topical thoracic application of a solution containing
one of four molecules at a range of concentrations:
5HT, CYP (5HT antagonist), DA or FLU (DA antagonist).
These drugs were selected in order to downregulate
(FLU, CYP) or upregulate (DA, 5HT) the levels of DA
and 5HT present in the bee brain. After this treatment,
bees were again tested in the arena assay, either in the pres-
ence of IAA or of the solvent TEC (n = 32 pairs of bees in
all test groups).

The presence of IAA always induced higher stinging
levels, except in the DA dataset where it was non-significant
(figure 4; GLM, odour, 5HT: LRT(1) = 6.119, p = 0.013, DA:
LRT(1) = 2.825, p=0.093, CYP: LRT(1) = 8.066, p = 0.004,
FLU: LRT(1) = 24.374, p < 0.001). The pharmacological treat-
ment was also a significant factor influencing the bees’
behaviour in all experiments except in the case of 5SHT treat-
ments (figure 4, GLM, treatment, 5HT: LRT(3) = 5.962, p =
0.113, DA: LRT(3) = 8.721, p = 0.033, CYP: LRT(3) = 41.799,
p <0.001, FLU: LRT(3) = 66.174, p < 0.001). Pairwise com-
parisons revealed, however, that bees treated with the
highest concentration of 5HT stung more than the controls
(figure 4a; GLM, 0 versus 20 mg ml™!, z=2313, p=0.021).
Similar results were obtained for the group of bees treated
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Figure 3. Correlation between 5HT levels and latency to sting. (a) Latency to sting of IAA- or TEC-exposed threat-responsive bees. ***: Mann—Whitney, p << 0.001.
(b) Latency to sting of each bee plotted against the amount of 5HT measured in its central brain. All bees with over approximately 2000 pg (dotted line) of 5HT
reacted extremely quickly. (c) Latency to sting of each bee plotted against the amount of 5HT measured in its sub-oesophageal zone. All bees with over approximately
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Figure 4. Pharmacological manipulations of 5HT and DA brain levels. Overall, IAA induced significantly more bees to sting, and there was no interaction between
odour and pharmacological treatment (GLM). (a) Honey bee stinging likelihood after SHT treatments. (b) Honey bee stinging likelihood after 5HT blockade through
CYP treatments. (c) Overall effect of manipulating 5HT levels. (d) Honey bee stinging likelihood after DA treatments. (e) Honey bee stinging likelihood after DA
blockade through FLU treatments. (f) Overall effect of manipulating DA levels. (a,b,d,e) GLM, *: treatment significant at threshold 0.05; ***: treatment significant at
threshold 0.001. (f) Spearman p, *p << 0.05, p = 0.066. n = 32 pairs of bees in all test groups.

with the highest concentration of DA (figure 4d; GLM,
0 versus 20 mg ml~ ', z = 2.12, p = 0.034).

By contrast, the two highest concentrations of both antag-
onists, CYP and FLU, significantly decreased honey bee
stinging (figure 4b,e; GLM, z < —3, p <0.001 for all four
comparisons). Normalizing the controls and ordering the
bee groups from the lowest to the highest expected brain
level of 5HT (figure 4c) or DA (figure 4f) highlights the
monotonic relationship between biogenic amine levels and
sting reactivity (Spearman, 5HT: p = 0.86, p = 0.024 for bees
exposed to TEC and p=0.88, p=0.015 for bees exposed
to TAA, DA: p=10.84, p=0.024 for TEC-exposed groups
and p=0.75, p=0.066 for IAA-exposed groups). Thus,
manipulating the brain contents of 5HT or DA directly affects

the stinging behaviour of honey bees: elevating them pro-
duces high sting responsiveness, while decreasing them
reduces sting responsiveness.

4. Discussion

Our results provide the first neural account of social defence
of a honey bee colony. IAA, the main component of the alarm
pheromone, increases the likelihood of a stinging attack via
an increase of 5HT, and to a lesser extent of DA, in the bee
brain. Topical application of these amines confirmed that
this increase enhances the stinging responsiveness of the
bees. By contrast, antagonists of 5HT and DA receptors
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Figure 5. Refined model for the decision-making process underlying honey bee aggression. Adapted from Nouvian et al. [11]. This model postulates that the honey
bee brain computes a defensive score from stimuli integration, which is compared to an individual threshold in order to determine the behavioural outcome. In
agreement with our new results, this threshold may be represented by the levels of 5HT and DA in the bee brain. Furthermore, we suggest that the alarm pheromone
is not integrated as a stimulus, but rather modifies this individual threshold by increasing the levels of these biogenic amines. (Online version in colour.)

decrease stinging responses. Previous studies investigated the
effect of IAA exposure on electric-shock responsiveness [30]
and appetitive learning [31] while other studies looked at
the effect of DA /5HT brain injections on the same behaviours
[25,32]. Integrating these results into the framework of our
findings reveals a consistent scenario: exposure to IAA mod-
ifies the bees” behaviour in exactly the same way as DA and
5HT injections do, thus confirming the interactions between
alarm pheromone, biogenic amines and behaviour found in
our work.

Our data underline the importance of 5HT for the social
regulation of colony defence in bees. This biogenic amine is
known to play a central role in regulating aggression levels
in many species of both mammals [18,21,33] and arthropods
[15,17,19,34,35]. We show that in bees, IAA increases brain
levels of 5HT to the point where workers are very likely to
attack and sting. We hypothesize, therefore, that in the evol-
ution of colony defence, SHT systems regulating individual
aggression have become activated by a social signal, the
sting alarm pheromone. The result of this process is both a
social coordination of the defence response, and a strong
motivation of some individuals to attack a threat to the
colony despite the risk to their own life.

We also found that DA levels in the central brain were
increased after exposure to the alarm pheromone. Populations
of dopaminergic neurons have been postulated as a gain con-
trol system, generally suppressing responsiveness to a large
variety of stimuli [25]. In doing so, such a network could
allow selective attention processes to take place [36], focusing
the attack on the noxious target. Furthermore, in fruit flies
single dopaminergic neurons modulating aggression have
been identified, with putative pre-synaptic targets in the cen-
tral complex [14]. This structure, which was included in our
broad ‘central brain” region, is also strongly innervated by
dopaminergic fibres in honey bees [37], hence it would be a
good candidate for further studies of the neural substrates
underlying honey bee aggression.

OA was not involved in aggression in our study. This
observation is surprising given that OA plays a crucial role
during fighting in male fruit flies [14,38] and termites [39].
Yet, it is consistent with results obtained in ants where it
does not account for aggressive behaviour [40,41]. Thus,

this likely reflects differences between these species in terms
of OA involvement in aggressive interactions. Indeed, in
honey bees, OA has been repeatedly shown to signal appeti-
tive experiences with no relation to aversive or aggressive
contexts [42,43].

While our work did not identify the exact cells or net-
works implicated in the regulation of aggressive responses,
our HPLC results do allow for some spatial dissection of
the underlying circuitry. In the optic lobes, 5HT levels were
higher in all stinging bees and, as could be expected, the
odour context had no influence. Injections of 5HT in the
optic lobes reduce spontaneous neural activity and the speci-
ficity of motion-sensitive neurons [44], suggesting a possible
function of this amine in the detection of moving targets.
IAA increased DA and 5HT levels in the central brain,
which is consistent with the fact that this region contained
all the structures involved in olfactory processing (antennal
lobes, lateral horns and mushroom bodies). Finally, 5HT
levels in the sub-oesophageal zone were specifically higher
in threat-responsive bees triggered by IAA. It is interesting
to note that the primary olfactory centres, the antennal
lobes, are innervated by a single serotoninergic interneuron,
the deutocerebral giant cell [45]. This neuron connects the
antennal lobes, the lateral protocerebrum (which is believed
to play an important role in linking odorants to their intrinsic
biological values [46,47]) and the sub-oesophageal zone
before descending along the nerve cord, possibly towards
motor centres. Future studies could focus on the role of this
neuron in honey bee threat responses and stinging attacks.
Furthermore, it would be interesting to study the link
between biogenic amines and other aggression-regulating
mechanisms triggered by the alarm pheromone, such as
altered gene expression [48] and metabolism [49] in the brain.

We, recently, proposed a new model for the decision-
making process underlying the honey bee-defensive response,
in which a defensive score resulting from the integration of the
surrounding stimuli is weighted against an internal threshold
to determine if the bee engages in colony defence [11]. The
present study improves this model by indicating that 5HT
and DA levels may set this threshold for responsiveness in
honey bees (figure 5). Furthermore, because exposure to
TAA also increases the amount of 5HT and DA in the central
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brain (figure 2b), we propose that the alarm pheromone may
not operate as a stimulus itself, but rather changes the likeli-
hood that a bee initiates a stinging attack. Reinterpreting the
action of the alarm pheromone from a signal of danger to a
fine regulator of honey bee threat responsiveness is an impor-
tant conceptual change, and may account for the variability in
responsiveness to JAA observed across time, nest-mates and
colonies [5]. This view sheds new light on previous studies
of honey bee aggression and is fundamental for future
attempts at understanding and managing this conspicuous
behaviour.
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