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Honeybees are a standard model for the study of appetitive learning and memory. Yet, fewer attempts have been performed

to characterize aversive learning andmemory in this insect anduncover itsmolecular underpinnings.Here, we took advantage

of the positive phototactic behavior of bees kept away from the hive in a dark environment and established a passive-avoid-

ance task in which they had to suppress positive phototaxis. Bees placed in a two-compartment box learned to inhibit sponta-

neous attraction to a compartment illuminated with blue light by associating and entering into that chamber with shock

delivery. Inhibitory learning resulted in an avoidancememory that could be retrieved 24 h after training and that was specific

to the punishedblue light. Thememorywasmainlyoperant but involved a Pavlovian component linking the blue light and the

shock. Coupling conditioning with transcriptional analyses in key areas of the brain showed that inhibitory learning of pho-

totaxis leads to an up-regulation of the dopaminergic receptor gene Amdop1 in the calyces of the mushroom bodies, con-

sistently with the role of dopamine signaling in different forms of aversive learning in insects. Our results thus introduce new

perspectives for uncovering further cellular and molecular underpinnings of aversive learning and memory in bees. Overall,

they represent an important step toward comparative learning studies between the appetitive and the aversive frameworks.

[Supplemental material is available for this article.]

Avoidance learning is a form of operant learning that allows ani-
mals to anticipate and elude noxious events in their environment
(Krypotos 2015; LeDoux et al. 2017). Several protocols have been
conceived to study the animals’ capacity to learn that the emission
or omission of a specific behavior results in the presence or the
absence of an aversive stimulus (typically an electric shock). In
rodents, for instance, active-avoidance and passive-avoidance
learning protocols are commonly used to study avoidance learn-
ing. In active-avoidance learning, a specified response has to be
produced by the animal to avoid the negative reinforcement
(Wynne and Solomon 1955). For instance, a rat placed in a box
with an electrified floor grid may learn that a discriminative stim-
ulus (a light or a sound) anticipates shock delivery through the
grid and that pressing a lever interrupts the punishment and
the discriminative stimulus. The animal will thus exhibit shorter
latencies and a higher frequency of lever pressing upon discrimina-
tive-stimulus onset. In passive-avoidance learning, on the con-
trary, a specified response needs to be suppressed to avoid the
negative reinforcement (Venable and Kelly 1990; Kaminsky et al.
2001). For instance, rats, which spontaneously avoid bright illumi-
nated areas to seek refuge in dark compartments learn that entering
the dark compartment results in electric shock delivery. Learning
results, therefore, in longer latencies to reenter the dark compart-
ment as the animal inhibits its spontaneous response.

Despite their model status for research on invertebrate learn-
ing (Giurfa 2007; Menzel 2012), honeybees have been scarcely

studied using protocols of avoidance learning. Learning andmem-
ory in bees have beenmostly studied using appetitive-learning pro-
tocols in which the animals learn to associate different types of
sensory stimuli with sucrose reward, the equivalent of the nectar
they search in flowers (Menzel 1985; Menzel and Müller 1996;
Giurfa 2007). In a few studies, electric shock was used to establish
either Pavlovian or operant aversive-learning protocols. For in-
stance, in Pavlovian aversive learning, harnessed bees are trained
to associate either olfactory, visual, or gustatory stimuli with an
electric shock. In this case, the sting extension response is used as
readout of learning and retention (Vergoz et al. 2007; Carcaud
et al. 2009; Giurfa et al. 2009; Roussel et al. 2009, 2010, 2012;
Mota et al. 2011; Guiraud et al. 2018). In addition, two operant var-
iants of an active-avoidance learning protocol have been estab-
lished in which freely walking bees confined into a tunnel learn
to discriminate two sections displaying two different odors or col-
ored lights, one paired with shock and the other not shocked
(Agarwal et al. 2011; Kirkerud et al. 2013, 2017; Avalos et al.
2017). The bee has thus to avoid actively the color/odor paired
with shockandmove to thenonpunished stimulus. In thisdifferen-
tial conditioning task, the amount of shock received by the bee de-
pends, therefore, on the time spent in the reinforced compartment.

Passive-avoidance learning has been studied in harnessed
bees, which learned to delay or withhold their proboscis when
stimulated with an odorant paired with sucrose solution followed
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by an electric shock (Smith et al. 1991).
Yet, no protocol for the study of
passive-avoidance learning has been es-
tablished in the case of freely moving
bees set under controlled laboratory con-
ditions. Knowing that bees are positively
phototactic when they leave a dark place
and prepare to fly back to the hive
(Menzel and Greggers 1985), we aimed
at establishing a learning paradigm in
which they would learn to inhibit this
spontaneous behavior based on its pair-
ing with an electric shock. We introduce
here four main achievements: (1) the es-
tablishment of a novel passive-avoidance
task in which bees learn to inhibit attrac-
tion to a blue light based on associating
phototactic choice with electric shock;
(2) the demonstration that this learning
induces an avoidance memory that can
be retrieved 24 h after training and that
is specific to the learned light; (3) the
characterization of the associationsmedi-
ating this aversive learning; and (4) the
finding that inhibitory phototaxis learn-
ing determines an up-regulation of the
dopaminergic receptor gene Amdop1 in
the mushroom bodies, consistently with
the role of dopamine signaling in differ-
ent forms of aversive learning in insects.

Results

Honeybees learn to inhibit positive

phototaxis in a passive-avoidance

task
Bees were individually placed within the
conditioning setup termed ICARUS (Fig.
1), whichwasmade of two compartments
interconnected via a small passage (see
Fig. 1 and Materials and Methods). Both
compartments were illuminated with
red light (λ=640 nm; Fig. 1E), which rep-
resents darkness for the bee confined in
the setup (Fig. 1B). After a familiarization
period, light in one of the compartments
was switched to blue (λ=464 nm; Fig. 1E), thus triggering photo-
tactic attraction (Fig. 1A,C). Paired bees, unpaired bees, and
no-shock bees were used in this experiment (Fig. 2A, left). Paired
bees that entered the blue compartment received the electric shock
and the blue light was switched off 2 sec afterward. Unpaired bees
experienced noncontingent blue light and shock (the light was
switched off 2 sec after the bee entered the blue-lit compartment
and the shock was delivered 28 sec after shock offset, i.e., 30 sec af-
ter the bee entered the illuminated compartment). No-shock bees
received the light stimulations but no electric shock (Fig. 2A, left).

Figure 2B shows that only the paired group increased progres-
sively the latency to enter the blue-illuminated compartment dur-
ing trials while no change in latency was found both for the
unpaired and the no-shock group (ANOVA for repeated measure-
ments; Groups: F(2,46) = 24.07, P<0.001; Trials: F(3.145,144.7) =
4.619, P<0.01). Moreover, we found a significant effect for the in-
teraction of the two factors (Trials ×Groups: F(14,322) = 4.24, P<
0.001), confirming a difference in the dynamic of responses during
trials between groups. A Dunnett’s post-hoc test ratified the signifi-

cant variation of latency between trials 1 and 8 for the paired group
(mean diff =−91.77, P<0.05) and the absence of difference for the
unpaired and the no-shock groups (unpaired:meandiff =−1.273, P
=0.99; no-shock: mean diff =−4.17, P=0.07). Thus, bees of the
paired group learned to avoid the attractive blue light because
they associated the action of entering into the blue-lit compart-
ment with shock punishment (see Supplemental Fig. S1 and
Supplemental Videos S1 and S2, which show the behavior of a
paired bee towards blue light at the beginning and end of condi-
tioning, respectively). Bees for which blue illumination and shock
were not contingent (unpaired group) as well as bees that received
no-shock (no-shockgroup)didnot change their performance along
with trials.

Inhibitory learning of phototaxis induces a 24-h

specific memory
We then asked if this avoidance learning persists in time or if the
fact of keeping them in darkness during 24 h away from the hive
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Figure 1. ICARUS—a passive-avoidance setup for inhibitory conditioning of phototaxis in honeybees.
(A) The ICARUS setup under red light. Red and black cables represent the electrodes connected to upper
and lower metal grids by which the shock is delivered. (B–D) Top view images of the ICARUS setup taken
with the camera used for video recording the experiments. (B) Background stimulation with red LEDs
only. (C ) Illumination of one compartment with blue LEDs. (D) Illumination of one compartment with
green LEDs. (E) Spectral emittance (continuous lines; left ordinate) of the three types of LEDs used in
the setup (blue, green, and red) and spectral sensitivity (dashed lines; right ordinate) of the three
types of honeybee photoreceptors (S, M, and L, for short, mid, and long wavelengths, respectively)
as a function of wavelength. Spectral analysis of quantum catches—the proportion of incident
photons that are captured by the photo-pigments—showed that red LEDs induced negligible activation
of photoreceptors (QS = 0.6, QM=0.64, QL = 1.84) while green LEDs activated mainly the L photorecep-
tors (QS = 0.84,QM=3.25,QL = 44.22) and blue LEDs activated both L andM photoreceptors (QS = 0.36,
QM=21.42, QL = 23.19). Quantum-catch values depend on the spectrum of the stimulating light and
the spectral sensitivity of the photoreceptor considered; they are used to infer the signal generated at
the photoreceptor level.
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results in either memory decay or in overriding of memory by en-
hanced phototaxis. To answer this question, we confined the bees
fromall three groups (paired, unpaired, andno-shock) individually
in syringes and kept them in an incubator at 28°C, 70% humidity,
in the dark during 24 h. We then tested them in a memory reten-
tion session (Fig. 2A, right) to determine if bees kept thememory of
their prior learning. Furthermore, bees were subsequently tested
for their response to a green-illuminated compartment (λ=523

nm, Fig. 1D,E) to determine if phototactic behavior (to green light)
was kept intact. Both tests were spaced by 1 min.

Figure 2C shows that the latency to enter the blue-illuminated
compartment remained higher than the latency to enter the
green-illuminated compartment only in the paired group
(Wilcoxon signed-rank test; paired: W=147, P<0.001; unpaired:
W=−38, P=0.30; no-shock, W= 26, P=0.53), thus confirming
the presence of a 24-h memory in bees trained to suppress positive
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Figure 2. Multiple conditioning trials in a passive-avoidance task induce strong phototactic inhibitory learning and a memory retrievable 24 h after
conditioning. (A) Schematic representation of the experimental protocol. After a familiarization period of 5 min in the setup under red light, three
groups of bees (paired, unpaired, and no-chock) were subjected to three conditioning protocols in which the latency to enter a blue-lit compartment
was measured as a proxy of learning and memory. The paired group received eight conditioning trials in which the action of entering the blue-lit com-
partment was paired with a mild electric shock. The unpaired group received eight trials consisting of stimulations with attractive blue light and mild
electric shock separated by 30 sec. The no-shock group received eight trials consisting in which only the stimulation with the attractive blue light was
present. In all groups, trials were separated by an intertrial interval of 1 min. Memory retention was tested 24 h after conditioning. The test session con-
sisted of a familiarization period, and two tests separated by 1 min. In the first test, one of the compartments was illuminated with blue light; in the second
test, one compartment was illuminated with green light. No-shock was delivered during tests. (B) Learning curves represented in terms of the latency (s) to
enter the blue-lit compartment during conditioning trials for the three experimental groups. (C) Memory scores represented in terms of the latency (s) to
enter the blue-lit and green-lit compartments. They are displayed in a logarithmic scale for better visualization. Each box extends from the 25th to 75th
percentiles; the line in the middle of the box shows the median. Tukey’s method was used for plotting whiskers and outliers. (D) Mean walking speed (cm/
s) of bees of the three experimental groups during conditioning trials and intertrial intervals. Blue bars represent stimulations with blue light. #: significant
difference between paired and unpaired. *: significant difference between unpaired and no-shock. ¤: significant difference between paired and no-shock.
(E) Mean walking speed of bees (cm/sec) of each experimental group during the test session including familiarization, test trials, and intertest interval. Blue
and green bars represent stimulation with blue and green lights, respectively. Error bars correspond to SEM. ns: nonsignificant, (*) P<0.05, (**) P<0.01,
(***) P<0.001.
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phototaxis toward blue light (Fig. 2B). Additionally, for each indi-
vidual, we computed the difference between the latencies to enter
the blue-lit and the green-lit compartment (Δlatency = latencyblue−
latencygreen). The Δlatency of the paired group was significantly
higher than that of the control groups (Kruskal–Wallis test; K=
19.80, P<0.001; Dunn’s multiple comparisons; paired vs. un-
paired: mean rank diff = 21.18, P<0.001; paired vs. no-shock:
mean rank diff = 15.93, P<0.01). This result thus confirms that
bees of the paired group formed and retained a memory of their
aversive experience while bees of the two control groups, which
did not learn, had obviously no such a memory.

Video tracking of bees during conditioning allowed to com-
pare their mean walking speed during the familiarization period,
the conditioning trials and the intertrial intervals (Fig. 2D). A two-
way ANOVA for repeated measurements showed that the walking
speed varied significantly along familiarization, trials, and intertri-
al intervals, and also between groups (Trials: F(8.305,382) = 7.92, P<
0.001; Groups: F(2,46) = 6.82, P<0.01) and that the pattern of varia-
tion was different between groups (Trials ×Groups: F(32,736) = 3.32,
P<0.001). A Tukey’s post-hoc test showed that bees of the three
groups varied in walking speed at several trials and intertrial inter-
vals (see Supplemental Table S1 for statistics). In the two groups
that received a shock (paired and unpaired groups), the walking
speed increased overall from the first conditioning trial to the sec-
ond intertrial interval, and then remained constant. The no-shock
groupmaintained the samebasal speed as in the familiarization pe-
riod all along with the trials. Thus, the repeated experience of the
shock tended to increase the speed of the bees within the setup.
This was particularly visible for the unpaired group, which could
not establish predictions about the shock and exhibited the higher
speed. Finally, the paired group exhibited a decrease in walking
speed when confronted to the attractive light, which may reflect
their attempt to avoid receiving the shock. In the test session
(Fig. 2E), the walking speed varied significantly during familiariza-
tion, tests, and intertest intervals for all groups (two-way ANOVA
for repeated measurements; Groups: F(2,46) = 0.44, P= 0.65; Trials:
F(2.222,102.2) = 3.81, P<0.05; Trials ×Groups: F(6,138) = 1.96, P=
0.076). More specifically, bees increased their walking speed be-
tween the familiarization period and the test with green light,
and between the intertest interval and the test with green light
(see Supplemental Table S1 for statistics).

Overall, these results validate a novel experimental procedure
for the study of phototactic suppression using a passive-avoidance
task. They show that bees learn to inhibit their strong innate ten-
dency to go toward the light if kept in the darkness away from
the hive and that this learning induces a memory that can be re-
trieved at least 24 h after conditioning. Bees behaved differently
within the setup depending on having experienced or not an elec-
tric shock. Bees of the unpaired group, which could not predict the
shock, moved faster while bees of the paired group, which learned
the association between entering the blue-lit compartment and the
shock, moved at intermediate speed. Bees of the no-shock group
were slower.

Inhibitory learning of phototaxis is mainly operant

but involves a Pavlovian component
In our protocol, the bee must inhibit phototactic responses to
avoid receiving an electric shock. This scenario corresponds to a
case of operant conditioningwhere the action of the animal is con-
tingent to the reinforcement. Yet, learning could also rely on the
contingency established between blue light and shock, which is
of Pavlovian nature. Indeed, we previously demonstrated that
the unpaired group (typical Pavlovian control) shows no sign of
learning or memory. Yet, abolishing the temporal contingency be-
tween stimulus and reinforcement also abolishes the contingency

between the action of the animal and the reinforcement. Thus, to
determine if the inhibitory learning of phototaxis has the charac-
teristics of an operant-conditioning task, we conditioned a master
and a yoked group in parallel (Fig. 3A). The master group was iden-
tical to the paired group of the previous experiment. The yoked
group received the same amount of electric shock as the paired
group but as shock was decided by the action of the master bee,
it was not necessarily contingent with the action of entering the
lit compartment (Fig. 3A, left). If learning were purely operant,
an increase of latency should be observed in the master but not
in the yoked group. After conditioning, both the master and the
yoked groups were tested for 24-hmemory retention by presenting
sequentially the conditioned blue light and the unconditioned
green light (Fig. 3A, right).

During conditioning, a significant difference in the latency to
enter the blue-illuminated compartment was found between the
master and the yoked group (Fig. 3B; two-way ANOVA for repeated
measurements; Groups: F(1,32) = 10.14, P<0.01). Responses varied
during trials (F(4.012,128.4) = 5.48, P<0.001) and a marginally non-
significant interaction between factors was found (Trials ×
Groups: F(7,224) = 1.88, P=0.07), thus showing that latencies in-
creased mainly in the master group and that the pattern of varia-
tion tended to be similar in yoked and master bees. Indeed, both
groups showed an increase in the latency to enter the blue-
illuminated compartment during trials (latency below 10 sec
both for master and yoked bees in the first trial, and around 100
and 25 sec in the eighth trial for master and yoked bees, respective-
ly (master: mean diff =−81.91, P<0.05; yoked: mean diff =−20.14,
P<0.05).

In the memory test (Fig. 3C), the yoked group showed a ten-
dency to have a higher latency to enter the blue-lit compartment
(Wilcoxon signed-rank test, W=73, P=0.09), which may confirm
the results obtainedat theendof the conditioning.Yet, this tenden-
cy has to be considered with caution in the light of the procedure
used to quantify the latency of this group (see Materials and
Methods). Inanycase, themaster grouppresenteda latency to enter
theblue-lit compartment thatwas significantlyhigher than that for
the green-lit one (Wilcoxon signed-rank test, W=153, P<0.001),
consistently with the presence of a 24-h memory. Accordingly, a
comparison between the Δlatencies of both groups showed a signifi-
cant difference in favor of the master group (Mann–Whitney test:
U=82, P<0.05).

The walking speed of master and yoked bees varied signifi-
cantly during familiarization, trials, and intertrial intervals but
not between groups (Fig. 3D; two-way ANOVA for repeated
measurements; Trials: F(7.262,232,4) = 20.53, P<0.001; Groups:
F(1,32) = 0.99, P=0.33). Yet, the interaction between Trials and
Groups was significant (Trials ×Groups: F(16,512) = 3.29, P<0.001),
thus showing that the pattern of responses varied differently be-
tween master and yoked bees. In both groups, the walking speed
increased after the first conditioning trial and then remained cons-
tant during the rest of the conditioning (see Supplemental Table S2
for statistics). It was high during intertrial intervals and low in the
presence of blue light during trials. This similarity in performance
is consistent with the occurrence of learning in both groups. This
result confirms that bees increased their basal speed in response
to the first shock acting as an arousing stimulus and that they de-
creased their walking speedwhen confronted to the attractive light
acting as an inhibitory stimulus. Note that despite the absence of
significant difference between groups, the master group tended
to have a lower speed than that of the yoked group, in particular
during certain intertrial intervals (Fig. 3D). In the test session
(Fig. 3E), the walking speed varied significantly during familiariza-
tion, tests, and intertest interval for all groups (two-wayANOVA for
repeatedmeasurements; Trials: F(2.74,87.69) = 5.29, P<0.01). Neither
the group effect (Groups: F(1,32) = 1.22, P=0.28) nor the interaction
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(Trials ×Groups: F(3,96) = 1.8, P=0.15) was significant. Both groups
increased their walking speed after the test to the blue light (see
Supplemental Table S2 for statistics).

Taken together, these results confirm themain operant nature
of the inhibitory learning of phototaxis by honeybees and a contri-
bution of a Pavlovian association between blue light and electric
shock.

Inhibitory learning of phototaxis up-regulates Amdop1

receptor in the calyces of the mushroom bodies
In a third experiment, we aimed at determining if inhibitory learn-
ing of phototaxis induces transcriptional changes immediately

postlearning, which might participate either in memory consoli-
dation or in amplifying the representation of reinforcement and/
or the light used as discriminative stimulus. To this end, we per-
formed RT-qPCR in individual brains of animals trained as in the
previous experiments and focused on expression levels of the three
dopamine-receptor genes Amdop1, Amdop2, and Amdop3 (Beggs
et al. 2011), the main octopamine receptor gene AmoctαR1
(Farooqui et al. 2004; Sinakevitch et al. 2011) and the serotonin re-
ceptor gene Am5-ht1a (Thamm et al. 2010). These genes were se-
lected based on the involvement of their associated signaling
pathways in different forms of appetitive and aversive learning,
as well as in visually mediated responses (see Materials and
Methods).

A

B
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Figure 3. Inhibitory learning of phototaxis is mainly operant but involves a Pavlovian component. (A) Schematic representation of the experimental pro-
tocol. After a familiarization period of 5 min under red light in the setup, two groups of bees (master and yoked) were subjected to two conditioning pro-
tocols in which the latency to enter a blue-lit compartment was measured as a proxy of learning and memory. The master group received eight
conditioning trials during which the action of entering the blue-lit compartment was paired with a mild electric shock. Each bee in the yoked group re-
ceived eight trials consisting of stimulations with the attractive blue light and the mild electric shock following the exact same temporal sequence as that of
its corresponding master bee. In both groups, trials were separated by intervals of 1 min. Memory retention was tested 24 h after conditioning. The test
session consisted of a familiarization period, and two tests separated by 1 min. In the first test, one of the compartments was illuminated with blue light; in
the second test, one compartment was illuminated with green light. No-shock was delivered during tests. (B) Learning curves are represented in terms of
the latency (s) to enter the blue-lit compartment during conditioning trials for the two experimental groups. (C ) Memory scores are represented in terms of
the latency (s) to enter the blue-lit and green-lit compartments. They are displayed in a logarithmic scale for better visualization. Each box extends from the
25th to 75th percentiles; the line in themiddle of the box shows the median. Tukey’s method was used for plotting whiskers and outliers. (D) Mean walking
speed (cm/s) of bees of each experimental group along with conditioning trials and intertrial intervals. Blue bars represent stimulations with blue light. (E)
Mean walking speed of bees (cm/s) of each experimental group during the test session including familiarization, test trials, and intertest interval. Blue and
green bars represent stimulation with blue and green lights, respectively. Error bars correspond to SEM. ns: nonsignificant, (*) P<0.05, (**) P<0.01, (***) P
<0.001.
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Figure 4A shows the learning performance of bees of the
paired and the unpaired groups. Bees of both groups differed in
their latency to enter into the blue-lit compartment during
trials. Indeed, we found a significant interaction between factors
(two-way ANOVA for repeated measurements; Trials ×Groups,
F(7,196) = 6.74, P<0.001; Trials, F(5.019,140.5) = 6.212, P<0.001;
Groups, F(1,28) = 47.5, P<0.001), which shows that both groups re-
sponded differently along conditioning trials. Only the paired
group increased the latency to enter the blue-illuminated compart-
ment (from below 10 to ∼150 sec from the first to the eighth trial;
Dunnett’s multiple comparisons tests; mean diff =−161.9, P<
0.001). On the contrary, no significant increase was found for
the unpaired group (mean diff =−0.664, P=0.182).

Beeswere anesthetized on ice for 5min immediately after con-
ditioning; the head was then removed and frozen in liquid nitro-
gen to be stored at −80°C until dissection. Individual brains were
dissected and separated in sections enriched in OL, MBc, AL, and
CB (Fig. 4B). The RNA of each section was extracted, retrotran-
scripted and amplified (RT-qPCR). Levels of expression in each
brain section in each individual were relativized and normalized
to three reference genes (Rps8, Rp49, and Ef1α).

In the calyces of the mushroom bodies (Fig. 4C), we found a
significant increase in the expression of the Amdop1 receptor
gene in the paired group with respect to the unpaired group (un-
paired t-test; t=2.09, df = 27, P<0.05). No other difference was
found with respect to the other receptor genes analyzed. In the
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Figure 4. Inhibitory learning of phototaxis up-regulates Amdop1 receptor genes in the calyces of the mushroom bodies. (A) Learning curves represented
in terms of the latency (s) to enter the blue-lit compartment during conditioning trials for the two experimental groups, paired and unpaired. Error bars
correspond to SEM. (B) Schematic representation of brain dissections. Brains were separated in four sections enriched in mushroom bodies calyces (MBc,
red), optical lobes (OL, yellow), antennal lobes (AL, dark blue) and central brain (CB, light blue), respectively. (C–F ) Relative normalized expression of five
genes of interest (Amdop1, Amdop2, Amdop3, AmoctαR1, and Am5-ht1a receptors) in each of the four dissected brain regions of paired and unpaired con-
ditioned bees. The expression of each gene of interest was normalized to the expression of three genes of reference (Ef1a, Rps8, Rp49) for each bee.
Expression distribution is represented as boxplots. Each box extends from the 25th to 75th percentiles; the line in the middle of the box shows the
median. Tukey method was used for plotting whiskers and outliers. ns: nonsignificant, (*) P<0.05, (***) P<0.001.
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CB (Fig. 4D), no significant difference was found; yet a marginally
nonsignificant tendency was found (P=0.06) in the case of
the AmoctαR1 gene, which was slightly increased in paired bees.
In the cases of the OL (Fig. 4E) and the AL (Fig. 4F), no changes
in receptor gene expression were detected between paired and un-
paired bees.

Discussion

We used a novel passive-avoidance task to study the consequences
of associating phototactic attraction toward a blue light with the
negative reinforcement of an electric shock in honeybees. We
found that bees learn to suppress this attraction and form a mem-
ory of this association that could be retrieved at least 24 h after the
end of the training. Learning was mostly operant as the decision
and behavior of the trained bees controlled shock delivery but in-
cluded a nonnegligible Pavlovian component based on associating
the blue light to the shock. Video recording and analysis of the
bees’ behavior during conditioning and retention tests revealed
that the electric shock elicited higher walking speed, consistently
with an arousing effect and with an intent to flee the aversive con-
text. However, bees also reduced drastically their walking speed
when facing the blue light. This factmay reflect a conflict situation
between being attracted to the blue light-driven by phototaxis and
the negative outcome experienced upon entering the blue-lit com-
partment. Finally, using RT-qPCR, we demonstrate that inhibitory
learning of phototaxis correlates with a specific increase of the
Amdop1 receptor gene in the calyces of the mushroom bodies im-
mediately after conditioning.

Phototaxis suppressionwas still observable 24 h after training,
thus showing the strength of learning achieved in this passive-
avoidance task. Indeed, given that phototaxis represents a strong
innate behavior in bees (Menzel and Greggers 1985), which is
accentuated by keeping the bees in darkness away from the hive
during more than 24 h, one could have predicted that learning
would be either overridden or outcompeted by phototaxis 1 d after
conditioning. Yet, the fact that memory was still visible underlines
the remarkable plasticity of bee behavior in which acquired infor-
mation can overcome innate tendencies (Roussel et al. 2012).
In the Drosophila’s heat box, a fly walking freely back and forth
in a narrow alley in complete darkness is conditioned to avoid
one half of the length of the alley by being heated instantaneous-
ly upon entering it (Wustmann et al. 1996; Wustmann and
Heisenberg 1997). Conditioning is an operant process as flies learn
to avoid the punished half of the chamber and spendmore time on
the “unpunished” half. In this setup, memory retention was mea-
sured right after training and it was shown to depend on awin-stay
component (staying on the unpunished side after avoiding the last
heat encounter) rather than on associative memory (Putz and
Heisenberg 2002). This strategy is excluded in our case, as bees
were tested 24 h after training and after being kept in a different
context (an individual syringe placed in an incubator) until the
memory test. This procedure also excludes the use of scent marks
released during the shock given the time elapsed since training
and the fact that tests were always done in the absence of shock.
When a change of context was applied to flies trained in the heat
box, retention tests revealed the presence of an aversive position
memory that lasted only 2 h after the training (Putz and
Heisenberg 2002). Although positional cues and heat may be less
salient than the light and the electric shock used in our experi-
ments, the 24-hmemories present in bees underline again their re-
markable behavioral plasticity.

The study of the associations established in our protocol con-
firmed the operant nature of the inhibitory learning of phototaxis
by honeybees. Bees of the master group showed significant learn-

ing and retention performances, which were better than those of
the yoked group (Fig. 3). Yet, the yoked group showed some evi-
dence of learning, which could rely on the acquisition of a
Pavlovian association between the blue light and the shock, inde-
pendently of their motor actions. The residual learning of the
yoked group could also be due to the fact that at the beginning
of training the blue light was equally attractive to both master
and yoked bees, thus resulting in coincident punishment delivery.
This would induce learning in both groups, which would be fur-
ther accentuated by successive trials in the master group. In the
yoked group, the contingency between entering the blue-lit com-
partment and the shock would be progressively decreased.

The study of operant aversive learning has led to the establish-
ment of two similar setups in the honeybee, which rely on active-
avoidance (Kirkerud et al. 2013, 2017; Avalos et al. 2017; Dinges
et al. 2017). In both cases, bees learn that one of two odors, or
two colors, is paired with a shock so that they learn to choose
the nonpunished stimulus and avoid the punished one. The re-
sponse is expressed in terms of a preference index that takes into
account the choice of the punished (CS+) versus the nonpunished
stimuli (CS−). It is measured not only during the presentation of
the CS+ but also during delivery of the shock that is associated to
it, thus rendering response and acquisition evaluation difficult
(Kirkerud et al. 2013, 2017; Avalos et al. 2017; Dinges et al.
2017). On the contrary, our behavioral readout, the latency to en-
ter the blue-lit chamber, is an exclusive response to the blue light
and does not involve the presence of shock during its quantifica-
tion. So far, memory has not been assessed in the active-avoidance
setups in which honeybee learning has been studied. It would be
interesting to determine the memories arising in these protocols
and compare them with those emerging in our passive-avoidance
protocol.

Passive-avoidance tasks have been repeatedly used in rats to
study learning and memory (Netto and Izquierdo 1985; Gold
1986; Izquierdo et al. 2000). In a step-through task, rats, which
are innately photophobic, prefer to stay in a lit compartment
when facing a choice between staying in a well-illuminated com-
partment and entering into a dark one. This avoidance is the result
of having reinforced negatively the dark compartment with an
electrical shock (McGaugh 1966; Roozendaal and McGaugh
2011). In a step-down task, a rat placed in an elevated platform
steps down onto a metallic grid to explore it and receives thereby
an electric shock. When the animal is placed back in the platform,
it suppresses its stepping down (Jarvik and Kopp 1967; Viola et al.
2000; Tomaiuolo et al. 2015). Memories that last from 30 min to
more than 30 d can be induced in both tasks by modifying the
amount or the strength of electric shock experienced during the
training (Izquierdo et al. 2006; Moncada and Viola 2007;
Gonzalez et al. 2014; Tomaiuolo et al. 2015). Although we did
not vary punishment intensity in our protocol, the possibility of
inducing different memories through this variation is an interest-
ing question for future experiments.

As biogenic-amine receptor genesmediate either appetitive or
aversive reinforcement signaling (Giurfa 2006; Waddell 2010,
2013; Perry and Barron 2013; Das et al. 2016), we hypothesized
that learning could be associated with rapid changes in the expres-
sion of these genes. Changes in gene expression related tomemory
formation, in particular in the case of long-term memories, may
appear long after the period of 10−30 min postconditioning cho-
sen in ourwork. Yet, herewedid not put the accent onmemory for-
mation but on how learning may modify signaling pathways
processing the sensory stimuli involved in our conditioning proto-
col (i.e., shock, light). We hypothesized that conditioningmay en-
hance aminergic pathways underlying the processing of these
stimuli as a way to enhance their salience. We thus chose to per-
form the quantification of RNA expression shortly after the end
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of conditioning, in the same way as differences in immediate early
genes expression are indicative of enhanced neural activity for a
sensory stimulus. We found that inhibitory learning of phototaxis
was associated with an up-regulation of the Amdop1 receptor gene
in the calyces of the mushroom bodies. This variation is coherent
with previous findings that demonstrated the implication of
dopamine in aversive learning in bees and other insects where it
mediates the reinforcing properties of punishment-like stimuli
(Unoki et al. 2005; Vergoz et al. 2007; Claridge-Chang et al.
2009; Mizunami et al. 2009; Aso et al. 2012; Dacks et al. 2012). It
also underlines the implication of mushroom-body calyces in
learning and memory (Heisenberg 2003; Giurfa and Sandoz
2012; Menzel 2014). The dopaminergic receptor genes Amdop1,
Amdop2, and Amdop3 code for three dopamine receptors
termed AmDOP1, AmDOP2, and AmDOP3, respectively. While
AmDOP1 and AmDOP2 are considered D1-like receptors because
dopamine binding results in increased cAMP levels in cells express-
ing them, AmDOP3 is considered a D2-like receptor because dopa-
mine binding results in a reduction of cAMP levels (Beggs et al.
2011). Differences exist between the two D-1 like dopaminergic re-
ceptors because AmDOP1 requires lower concentrations of dopa-
mine for activation compared with AmDOP2 (Mustard et al.
2003). Differences are also found at the receptor-gene level. A study
on age-related changes in the expression of dopaminergic receptor
genes showed that Amdop1 does not change its expression levels
across the age groups tested. On the contrary, levels of expression
of Amdop2 were very variable, particularly during the first week
of adult life (McQuillan et al. 2012). These characteristics render
Amdop1 particularly suitable to mediate the reinforcing properties
of the electric shock in a stable, age-independent manner.
Interestingly, we found a barely nonsignificant up-regulation of
the octopaminergic receptor gene AmoctαR1 in the CB section.
Octopamine is involved in appetitive learning as it mediates
sucrose-reward signaling (Hammer and Menzel 1998); yet, its role
in vision should not be forgotten. Indeed, OA modulates motion-
sensitive neurons in the lobula, one of the visual neuropils inte-
grating the optic lobes of the bee brain (Erber and Kloppenburg
1995; Kloppenburg and Erber 1995). Moreover, high levels of OA
are found in the optic lobes of pollen foragers, which exhibit re-
duced phototaxis (Scheiner et al. 2014). A similar relationship
was not found for the mushroom bodies, and neither expression
of AmoctαR1 did vary between optic lobes and mushroom bodies
in relation to phototaxis (Scheiner et al. 2014). However, our
findings refer to an area of the brain (CB) that included neuropils
not considered in the study of phototaxis in pollen foragers
(Scheiner et al. 2014). It is thus possible that the tendency toward
an up-regulation of AmoctαR1 reflects learning-dependent photo-
taxis suppression and that it takes place in central areas of the brain
such as the central complex (Pfeiffer and Homberg 2014).

Further studies should explore this possibility as well as deter-
mine the molecular underpinnings of the memories arising from
our training. Exploration of this novel form of inhibitory learning
opens the door for new comparative studies of operant learning in
bees and flies and provides, therefore, new research avenues for the
study of insect learning and memory.

Materials and Methods

Insects
Honeybees were obtained from outdoor hives of our apiary located
in the campus of Paul Sabatier University. The bees used for the ex-
periments were foragers collected at feeders filled with 40% (w/w)
sucrose solution to which they were previously trained. Bees were
collected each day and placed in a small plastic box where a 50%
(w/w) sugar solution was made available. Each bee could obtain
an average of 5 µL of that solution. The box was placed in an incu-

bator at 28°C and 70% humidity during at least 30 min before the
experiments began. If the time before experimentswas longer, bees
were fed every 3 h with 5 µL of 50% sugar solution to ensure high
vitality.

Setup
The conditioning apparatus, termed ICARUS, consisted in a plastic
rectangular box (14 cm×7 cm×0.8 cm, on the inside) made of two
chambers connected by a small passage (1 cm width) (Fig. 1). The
floor and ceiling were two metallic grids connected to a high-
tension generator that allowed delivering an electric shock (1.3
kV, 65 µA, 200 msec) to the bee. The space between them was re-
duced so that the bee could only walk but not fly within the setup.
Each chamber was surrounded by a set of 19 RGB LEDs (λblue =
464 nm, λgreen = 523 nm, and λred = 640 nm; Fig. 1) controlled by
an Arduino Mega (Supplemental Fig. S2). In this way, both cham-
bers could be lit in the same color, or in different colors. Red color
was chosen to provide the equivalent of a dark surrounding to the
bees given the absence of chromatic sensitivity in this range of the
spectrum (Reisenman and Giurfa 2008). Experiments were record-
ed from the top by a HD video camera (Legria HF R806, Canon)
(Fig. 1). Videos obtained can be used to observe and quantify be-
haviors (Supplemental Videos S1, S2). A video tracking software de-
veloped at the CRCA and under the CECILL free license of the
CNRS allowed automated quantification of the bee position during
the time (25 fps). As the only moving object in the scene was the
bee, the software determines its position using the difference be-
tween successive images. Filters were applied to remove the noise
related to the brightness changes. Thresholding of the three RGB
channels of the image allowed detecting and identifying the chro-
matic stimuli. At the end of the analysis, postprocessing was per-
formed to calculate the latencies to cross toward the light and
the average walking speed of bees during familiarization, trials,
and intertrial intervals. Post-processing also enables for retracing
the trajectories of the bees during successive trials (Supplemental
Fig. S1).

Conditioning protocol
All the experiments were conducted under red light (see above).
The red LEDs of the setup were always on to facilitate tracking of
the bee. In all experiments, the “paired” group experienced an elec-
tric shock upon entering the compartment that was lit in blue.
Three different controls (“unpaired,” “no-shock,” and “yoked”)
were used in different experiments (see below, and Figs. 2A, 3A,
left) and run in parallel with the paired group.

Training session, paired conditioning

During a phase of familiarization, the bee was allowed to explore
freely the two chambers of the setup (under dark conditions,
red-illuminated) for 5 min before the beginning of the first condi-
tioning trial. A conditioning trial began when the compartment
opposite to the one occupied by the bee was illuminated with a
blue light. This only happened when the bee was located facing
the wall opposite to the passage connecting the two compart-
ments. This procedure allowed standardizing the position and dis-
tance to cross between bees. When the blue light was turned on,
the bee driven by its innate positive phototaxis entered into the
blue-illuminated compartment and received the electric shock dur-
ing 200 msec. Two seconds after shock offset, the light was
switched to red (only red light illumination remains). If 5min after
blue-light onset the bee did not enter the blue-illuminated cham-
ber, the light was turned off and the trial finished without electric
shock. This means that every trial had a possible maximal latency
of 5 min. From all the bees subjected to paired conditioning (Figs.
2–4), 34.69%were in this situation in at least one of the condition-
ing trials. The intertrial interval was 1 min during which only red
illuminationwas present. Overall, training consisted of familiariza-
tion and eight trials spaced by seven intertrial intervals. In all cases,
we quantified the latency to enter into the blue-lit compartment,
which is a proxy of learning and memory. Other parameters such
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as the walking speed of each trained bee could be extracted from
the videos. At the end of the training session, each bee was placed
inside a 5mL pierced plastic syringe and immediately fedwith 5 µL
of 50% (w/w) sugar solution. The solution was renewed every 3 h
until the last feeding of the day, which took place at around
6 p.m. and which consisted of 20 µL of 50% sugar solution to over-
come the night. The syringes containing the bees were placed in an
incubator at 28°C and 70% until the 24 h test session. In themorn-
ing of the test-session day, bees were fed with 10 µL of 50% sugar
solution, and if the test session occurred more than 3 h later, 5
µL of 50% sugar solution was further supplied.

Test session

Two memory-retention tests were performed 24 h after the end of
conditioning (Figs. 2A, 3A, right). The test session included a famil-
iarization period of 5 min inside the setup under red-light condi-
tions, which was followed by the first test. This test was identical
to a conditioning trial with the difference that no-shock was deliv-
ered upon entering the blue-lit compartment. Once the test 1 fin-
ished, and after an intertest interval of 1 min under red-light
conditions, the second test was performed in which green light
was used. Themain goal of the test with the green lightwas to dem-
onstrate that the innate phototactic tendency was still present and
that the potential increase in the latency to enter the blue-lit com-
partment in the first test was only due to the previous aversive ex-
perience, instead of being due to motor fatigue or loss of light
sensitivity, among others. Therefore, the test with green light
was performed always after the test with blue light.

Experimental controls

The following control groups were used in different experiments:
no-shock group: bees were trained in a way similar to the paired
group but in the absence of electric shock. This group was used
to determine if the increase in latency along trials of the paired
group was due to sensory or motor fatigue or to a progressive loss
of phototactic motivation; unpaired group: bees were trained with
noncontingent blue light and electric shock; for these bees, a trial
started when the opposite chamber was illuminated; the bee at-
tracted by the light entered the lit compartment and 2 sec after
this, the light was turned off. The electric shock was delivered 28
sec after the light was turned off, that is, under red-light conditions
and 30 sec after the bee entered the lit compartment. In this way,
we controlled for a possible Pavlovian association between light
and shock; yoked group: bees of the yoked group received the electric
shock independently of their behavior but dependently on the
behavior exhibited by bees in a master group (paired group; see
above). The yoked group is commonly used as a control in operant
protocols as it allows determining if changes in latency in themas-
ter group are due to operant learning, that is, to the association be-
tween the action of entering the blue-lit compartment and the
consequences of this action, receiving an electric shock. In shuttle
boxes, in which subjects have to commute between a punished
and a nonpunished compartment, yoked subjects should ex-
perience the blue light and the shock when themaster group expe-
rienced them, taking into account the appropriate compartment
for this experience. As for the master bees the light was switched
on in the compartment opposite to their actual location to trigger
phototaxis, a potential problem arises for yoked bees. Indeed, re-
producing a master bee’s situation may imply delivering the blue
light either in the opposite chamber to the one where the yoked
bee was located or to be forced to deliver it in the chamber where
it was located. In the latter case, no latency to go to the light can
be measured. Hence, no acquisition curve can be obtained. To
avoid this problem, yoked bees in this situation were offered the
blue light in the compartment opposite to their actual location.
The onset of the electric shock was determined by the master
bee’s behavior. If the yoked bee exhibited a higher latency than
its corresponding master bee, it received the shock without enter-
ing the lit compartment. In these cases, the latency assigned to
the yoked bee was that of its corresponding master bee. Although
this strategy may underestimate learning in the yoked group, it of-

fers a conservative way to quantify latencies in both masters and
yoked bees and overcomes the problem of yoked subjects commut-
ing between two compartments in a shuttle box.

Molecular analyses
We quantified variations in receptor-gene expression resulting
from inhibitory learning of phototaxis. We focused on biogenic-
amine receptor genes given the fundamental role of biogenic
amines for different forms of insect learning, where they mediate
either appetitive or aversive reinforcement signaling (Giurfa
2006; Waddell 2010, 2013; Perry and Barron 2013; Das et al.
2016). We focused on the three dopamine-receptor genes identi-
fied for the honeybee Amdop1, Amdop2, and Amdop3 (Beggs et al.
2011), given the essential role of dopamine for aversive reinforce-
ment signaling in this insect (Vergoz et al. 2007; Tedjakumala
and Giurfa 2013; Tedjakumala et al. 2014). We also quantified ex-
pression of the main octopamine receptor gene AmoctαR1
(Farooqui et al. 2003, 2004; Beggs et al. 2011; Sinakevitch et al.
2011) due to the inverse relationship found between octopamine
levels in the optic lobes of bee foragers and their phototactic re-
sponses (Scheiner et al. 2014). Finally, we also measured levels of
the serotonin receptor gene Am5-ht1a, which has been shown to
be highly expressed in brain regions involved in visual information
processing and which has a strong impact on phototactic behavior
(Thamm et al. 2010). As reference genes, we used the Rps8 (ribo-
somal protein S8), the Rp49 (ribosomal protein 49), and the Ef1α
(translation elongation factor 1) genes, which are suitable genes
for normalization in RT-qPCR analyses in the honeybee
(Lourenço et al. 2008).Moreover, preliminary experiments allowed
verifying that the two experimental groups did not differ with re-
spect to these genes.

Paired and unpaired bees were put on ice for 5 min immedi-
ately after conditioning. They were then decapitated and the
head was pasted to a slide with O.C.T compound (Mountingmedi-
um for cryotomy, VWR chemicals) and frozen in liquid nitrogen.
All the brains were stored at −80°C until dissection.

Dissection

The frozen bee head was dissected on dry ice under a binocular
magnifier. First, the antennae were removed and a window was
cut in the upper part of the head capsule, removing the cuticle be-
tween the compound eyes and the ocelli. Second, the glands and
tracheae around the brain were removed. Third, the retinas of
the compound eyes were also removed. Finally, the brain was cut
in four sections separating the AL, the OL, the upper part of the
mushroom bodies (the mushroom-body calyces, MBc), and the re-
maining CB, which included mainly the central body, the subeso-
phageal zone and the peduncula of themushroombodies (Fig. 4B).
Samples were stored at −80°C before RNA extraction.

RNA extraction

The RNA from the four sections mentioned above (AL, OL, MBc,
and CB) was extracted and purified using a Quick-RNA Miniprep
Kit (Zimo Research). The final RNA concentration obtained was
measured by spectrophotometry (NanoDrop, Thermo Scientific).
A volume of 10 µL containing 30 ng of the RNA obtained was
used for retro transcription following the procedure recommended
in the Maxima H Minus First Strand cDNA Synthesis kit
(Thermoscientific, 0.25 µL of random hexamer primer, 1 µL of
10 mM dNTP mix, 3.75 µL of nuclease-free H2O, 4 µL 5× RT
Buffer and 1 µLMaximaHMinus EnzymeMix). Controls were per-
formed in the absence of the retro transcriptase enzyme (RT-, re-
verse transcriptase negative control).

Quantitative polymerase chain reaction (qPCR)

All the primers used generated amplification products of ∼200-bp
(Table 1). The efficiencies of all the primers used were around
100% (Amdop1, 101.9%; Amdop2, 104%; Amdop3, 111.5%;
Amoa1, 95.7%; Am5-ht1a, 107.5%; Rps8, 111%; Rp49, 101.5%;
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Ef1α, 103.6%). Expression was quantified using a SYBR Green real-
time PCR method. Real-time PCR was carried out in Hard-Shell
96-Well PCR Plates (Bio-Rad) cover with Microseal “B” PCR plate
sealing Film (Bio-Rad). The PCR reactions were performed using
the SsAdvanced Universal SYBR Green Supermix (Bio-Rad) in a fi-
nal volume of 20 µL containing 10 µL of 2× SsAdvanced
Universal SYBR Green Supermix, 2 µL of cDNA template (1:3 dilu-
tion from the reverse transcription reaction), 2.5 µL of 10 µmol of
each primer (Table 1) and 5.5 µL of ultrapure water. The reaction
conditions were as follows: 95°C for 30 sec followed by 40 cycles
of 94°C for 5 sec, 55°C for 30 sec and plate read. and a final step
at 95°C for 10 sec followed by a melt curve from 55°C to 95°C
with 0.5°C per sec. The reaction was performed in a CFX
Connect Real-Time PCR Detection System and analyzed with the
software Bio-Rad CFX Manager.

Each sample was run in triplicates. If the triplicates showed
too much variability (SD>0.3), the furthest triplicate was discard-
ed. If the two remaining triplicates still showed too much variabil-
ity (SD>0.3) the sample was discarded.

The samples were subjected to a relative quantification and
normalization. First for each sample and for each reference
gene per brain region, the relative quantity (Qr) was computed
using the difference between the mean Ct value of each sample
and the highest mean Ct value (ΔCt), using the following formula:
Qr = (1 +E)

ΔCt (with E = efficiency of the reaction). Then a normali-
zation factor for each sample was obtained computing the geomet-
ric mean of the relative quantities obtained for the reference genes
in the corresponding samples (ΔΔCt).

Data analysis
Latencies, velocities, and crossing events of behavioral experi-
ments were extracted automatically by video analysis of the condi-
tionings and memory tests. Learning curves were analyzed by
performing two-way repeated measure analyses of variance
(ANOVA) followed when necessary by post-hoc analysis using
Dunnett’s multiple comparisons test. If the sphericity criterion
was not met for the repeated-measurement ANOVA, the Geisser–
Greenhouse’s correction was applied, thus resulting in corrected
degrees of freedom for some Fischer statistics. Memory tests were
analyzed by performing Kruskal–Wallis tests (or Mann–Whitney
tests) on the difference between the latencies to cross toward
blue and green-illuminated compartments (Δlatency = latencyblue−
latencygreen) followed when necessary by post-hoc analysis using
Dunn’s multiple comparisons test. Additionally, we assessed the
presence of memory for each group by comparing the Δlatency to
a theoretical value of zero (indicating equal latencies to cross to-
ward conditioned and unconditioned stimuli, hence the absence
ofmemory) usingWilcoxon signed-rank test. Statistical differences
between the gene expression of the paired and the unpaired groups

were assessed for a given gene and brain region using a Student
t-test after transformation of the data to improvenormality andho-
moscedasticity (or Welch t-test in case of heteroscedasticity). No
cross-comparisons between brain regions or genes were performed.
Statistical analyses were performed using GraphPad Prism 8
software.
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5′-AGGATCCTTCCATCCGAGTT (forward)

Reference genes Rps8 5′-ACGAGGTGCGAAACTGACTGA (forward) 176
5′-GCACTGTCCAGGTCTACTCGA (reverse)

Rp49 5′-AAAGAGAAACTGGCGTAAACC (forward) 126
5′-CAGTTGGCAACATATGACGAG(reverse)

Ef1a 5′-AAGAGCATCAAGAGCGGAGA (forward) 149
5′-CGTACCTTAATGACGCCCACA (reverse)

The length of the amplicons resulting from PCR is given.
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