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The honey bee mushroom bodies (MBs) are brain centers required for specific learning tasks. Here, we show that environ-

mental conditions experienced as young adults affect the maturation of MB neuropil and performance in a MB-dependent

learning task. Specifically, olfactory reversal learning was selectively impaired following early exposure to an impoverished

environment lacking some of the sensory and social interactions present in the hive. In parallel, the overall number of syn-

aptic boutons increased within the MB olfactory neuropil, whose volume remained unaffected. This suggests that experi-

ence of the rich in-hive environment promotes MB maturation and the development of MB-dependent learning capacities.

[Supplemental material is available for this article.]

Experience that individuals acquire continuously influences their
brain architecture and function, and ultimately their behavior
(Kolb and Gibb 2013). For instance, rats exposed to enriched envi-
ronments (providing rich sensorimotor and social experience) at
early stages of life exhibit changes in neural architecture and func-
tion in brain parts involved in learning and memory (Eckert and
Abraham 2013). Similar changes have been reported in other spe-
cies, including invertebrates (Withers et al. 1993; Heisenberg et al.
1995; Fahrbach et al. 1998; Dickel et al. 2000; Dobrin et al. 2011;
Simpson and Kelly 2011; Mallory et al. 2016). Surprisingly, how
early living conditions affect learning performance is poorly
known in a main insect model for the study of learning: the
honeybee (Apis mellifera). Yet, it displays remarkable behavioral
plasticity as it experiences multiple sensory and social stimuli
during its lifetime. Importantly, its brain also displays remarkable
experience-dependent plasticity (Withers et al. 1993; Fahrbach
et al. 1998;Hourcade et al. 2009, 2010). Herewe tackle the question
of whether exposure to specific environmental conditions during
early adulthood influences learning performance, and how this
might relate to brain maturation in honeybees, using the possibil-
ity to easily manipulate their naturally rich environment.

Honeybees emerge into adult life inside a colony providing
many social and sensory stimuli, particularly olfactory ones.
Based on an age-related polyethism, young workers first perform
in-hive tasks before foraging outdoors when older (Robinson
1992). Foraging requires the acquisition of different skills to enable
the efficient navigation between multiple food sources and to re-
turn back to the hive, as well as learning the variable value of
food sources over time (Giurfa 2013; Klein et al. 2017). The devel-
opment of such learning skills is likely to involve amaturation pro-
cess within the underlying brain circuits. Such maturation is
especially apparent in the mushroom bodies (MBs), multisensory

integration centers important for learning and memory (Erber
et al. 1980; Strausfeld et al. 1998; Menzel 1999; Gronenberg
2001). The volumes of both the lip and collar (different MB neuro-
pils receiving respectively olfactory and visual input) increase dur-
ing the first week of adulthood, regardless of exposure to a
normally rich environment (the hive) or to sensory and social dep-
rivation (Fahrbach et al. 1998; Muenz et al. 2015). Thus, part of the
age-related volume expansion undergone by the MBs is pro-
grammed and experience-independent (Fahrbach et al. 1998),
while experience of the hive environment drives an additional
growth (Withers et al. 1993). Surprisingly, very little is known
about the functional implications of such MB maturation, and
about the roles of these two components of MB plasticity. Is the
minimal developmental program occurring in impoverished con-
ditions sufficient to support efficient learning in young adults?
Here, we asked whether environmental conditions, at an age
when adult MB maturation occurs, influence the development of
MB-dependent learning performance.

The formation of olfactory memories in bees is accompanied
by functional and structural plasticity within the MBs (Szyszka
et al. 2008; Hourcade et al. 2010). Yet, MB function appears to be
dispensable during the initial acquisition of unambiguous odor–re-
ward associations (Malun et al. 2002; Giurfa 2003), while it is re-
quired in ambiguous tasks (Devaud et al. 2007, 2015), as shown
using the classical olfactory conditioning of the proboscis exten-
sion response (PER) (Bitterman et al. 1983; Giurfa and Sandoz
2012). The PER is evoked by presenting sucrose to the animal’s an-
tennae, and can also be triggered by an odorant previously associ-
ated with the sucrose reward. In a complex task such as reversal
learning, bees are trained first to respond to an odor A reinforced
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with sucrose and not to a non-rewarded odor B (A+ versus B−) and,
in a second phase, to do the reverse (A− versus B+). Several studies
showed that bees can solve the temporal ambiguity introduced by
changing the association contingencies between the two phases
(Komischke et al. 2002; Hadar and Menzel 2010; Mota and
Giurfa 2010). In addition, this resolution requires full function of
MB neural subcircuits (Devaud et al. 2007; Boitard et al. 2015).
We thus assessed the performance of 10-d-old bees in reversal
learning, after they had been exposed to either their natural envi-
ronment or to artificially impoverished conditions, and searched
for anatomical evidence of an influence of early experience on
MB maturation. Our results indicate that early sensory experience
is indeed involved in shaping MB maturation and MB-dependent
learning performance.

We first investigated whether early experience received in the
hive could influence learning performance in a MB-dependent
task. For this, 10-d-old bees were trained in a reversal learning
task following exposure to either normal conditions (in-hive group)
or impoverished conditions in which sensory (olfactory, visual)
stimuli as well as social interactions were reduced (impoverished
group: 15 bees in a cagemaintained in an incubator, 2 cages per in-
cubator) (Fig. 1). These different conditions had no significant im-
pact on learning during the first phase of olfactory conditioning
(RM-ANOVA: Group effect F(2,77) = 1.14, P = 0.3349). Consistently,
both groups learned to respondmore to A+ than to B− across trials
(Fig. 1A,B left) (Trial ×Odorant interaction: in-hive: F(4,39) = 17,06, P
< 0.0001; impoverished: F(1,39) = 15,46, P < 0.0001). By the end of
this first conditioning phase, bees responded significantly more
to A+ than to B− in both groups (Tukey’s HSD post hoc analysis
on the last trial; P < 0.001 in both cases). In contrast, performance
differed markedly between groups in the second (reversal) phase.
In-hive bees progressively changed their responses to the stimuli
(Trial ×Odorant interaction: F(4,39) = 21.68, P < 0.0001) and finally
responded more frequently to B than to A in the last trial (P <
0.05) (Fig. 1A, right), thus showing the ability to reverse the previ-

ously learned contingency. Although bees from the impoverished
group did change their response patterns (Trial ×Odorant interac-
tion: F(4,39) = 9.35, P < 0.0001), they responded equally frequently
to either odorant at the fifth trial (P = 1) (Fig. 1B, right).
Importantly, reversal learning differences between impoverished
and in-hive bees was not due to a putative impact of environmen-
tal conditions on sucrose responsiveness (Supplemental Fig. S1).
Thus, exposure to some aspects of the in-hive environment miss-
ing in the impoverished conditions enhances performance in the
reversal learning task at 10 d of age.

If the detrimental effect of an impoverished environment
were not a general impairment of learning, but rather an impair-
ment of complex tasks such as reversal learning, we predicted
that it should not affect performance in a simpler task. We thus
trained 10-d-old bees of both groups to perform two consecutive
differential conditioning using independent odorants (A+ versus
B−, then C+ versus D−) (Fig. 2), a control task similar to reversal
learning but whose second phase involves no ambiguity resolution
(Devaud et al. 2007). As expected, no significant difference
between the groups was observed in the first phase (F(2,80) = 0.72,
P = 0.5761), which was identical to that of reversal learning, where
no treatment effect had been found: both groups discriminated the
two stimuli (Odorant effect: in-hive: F(1,46) = 22.95, P < 0.0001; im-
poverished : F(1,35) = 5.78, P < 0.0001) and respondedmore to the re-
warded odor in the end (P < 0.001 in both cases). More important,
bees from both groups also performed equally well in the second
phase (F(2,80) = 0.68; P = 0.6030), as they responded more to C+
than to D− in the last trial (P < 0.001 in both cases) (Fig. 2A,B).
This contrasts strongly with the successful acquisition of the sec-
ond phase of reversal learning by the in-hive group only. We
thus conclude that, in our conditions, the impoverished environ-
ment specifically impacted reversal learning.

As the ability to solve reversal learning requires intact func-
tion of the MBs (Malun et al. 2002; Devaud et al. 2007), we then
asked whether the detrimental effect of impoverished conditions

on performance might be correlated
with changes in the MB maturation pro-
cess. To do so, brains of 10-d-old un-
trained bees from both conditions were
collected and immunolabeled with an
anti-synapsin antibody to visualize and
measure the volumes of the olfactory
and visual MB neuropils (resp. lip and
dense collar of the medial calyx), and to
count synapsin-positive boutons therein
(each bouton being the presynaptic site
of an individual microglomerulus, the
synaptic unit of the MB neuropile; it cor-
responds to the axon terminal of the pro-
jection neuron contacting dendrites of
MB neurons) (Fig. 3A; Supplemental
Methods). The use of this nonspecific
synaptic marker allowed us to look for ge-
neral changes in the circuit without fo-
cusing on a particular type of synapse
(e.g., excitatory or inhibitory) at this
stage. We included 1-d-old bees as
controls to verify whether, in our condi-
tions, we could observe the reported
age-related maturation (Fahrbach et al.
1998; Muenz et al. 2015). It should be
noted that all measurements revealed val-
ues similar to those published in the liter-
ature in the same areas and at similar ages
(Groh et al. 2012; Muenz et al. 2015).
Volume measurements (Fig. 3B) revealed

Figure 1. Reversal learning performances of 10-d-old bees from the in-hive [N = 40, (A)] or impover-
ished environment [N = 40, (B)]. The percentage of proboscis extension responses (PER) elicited by odor
A (solid line) and B (dashed line) is represented during the first phase (A+B−) and the second phase (A−B
+) of the learning task. The odors used as A and Bwere alternated between the bees and the role of each
odor as A or B had no effect on learning (repeated-measures ANOVA: F = 1.41; P = 0.23). (***) P < 0.001;
(*) P < 0.05.
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variations between the three groups in
both neuropils (Kruskal–Wallis H-test;
lip: P < 0.05; dense collar: P < 0.05). As ex-
pected, this difference was due to an
age-related expansion of the MBs (Fig.
3B), since overall the medial calyces of
10-d-old bees showed larger volumes
than in 1-d-old bees, though this increase
did not reach significance level in the lip
of in-hive bees (Mann–Whitney U-test:
lip, impoverished: U = 0; P < 0.001; in-hive:
U = 27, P = 0.0952; collar, impoverished: U
= 11; P < 0.05; in-hive: U = 22.5; P < 0.05).
However, volumes of the lip and dense
collar in 10-d-old bees were not impacted
by environmental conditions (lip: U = 37;
P = 0.2721; dense collar: U = 32, P =
0.6070). Yet, the lip volume seemed
more variable between individuals within
the in-hive group thanwithin the impov-
erished group. In addition, synaptic bou-
ton density, measured in defined cubic
sampling volumes (1000 µm3) within
the MB lip and dense collar, did not
vary across all groups for either region
(Kruskal–Wallis H-test; lip: P = 0.2235;
dense collar: P = 0.2673), thus revealing
no clear relationship with age or living
conditions (Fig. 3C). In a next step, fol-
lowing previous studies (Groh et al.
2012; Muenz et al. 2015), we combined
the volume of each MB subregion and
the density of synaptic boutons therein,
in order to extrapolate the overall num-
ber of synaptic boutons within each of
these regions of the MB medial calyx

(Supplemental Methods). The resulting
estimations revealed a clear effect of envi-
ronmental conditions on synaptic bou-
ton numbers within the lip subregion of
the calyx (Fig. 3D). Indeed, the extrapo-
lated total number of synaptic boutons
per lip was significantly higher in bees
from the impoverished group than from
the in-hive group (U = 52, P < 0.005).
Values for the impoverished group also
differed from that of 1-d-old bees (U = 8,
P < 0.05), unlike in-hive bees (U = 44, P =
0.4807). This markedly higher number
of boutons in the lip of impoverished
bees appears to be caused by different
intra-individual correlations between re-
gion volume and boutondensity: positive
in the impoverished group (Spearman
correlation; ρ = 0.8117, P < 0.05) and neg-
ative in the in-hive group (ρ =−0.9500, P
< 0.0005). In contrast, there was no corre-
lation in 1-d-old bees. Hence, MBmatura-
tion during early adulthood was clearly
affected by living in an impoverished en-
vironment. Since the total number of
boutons within the dense collar did not
vary between groups (Kruskal–Wallis
H-test; P = 0.6454) and showed no intra-
individual correlation, the impact of en-
vironmental conditions was specific to

Figure 2. Performances in two consecutive differential conditioning of bees from the in-hive [N = 47,
(A)] or impoverished environment [N = 36, (B)]. The percentage of PER elicited by odor A (solid line) and
B (dashed line) during the first phase (A+B−) and to odors C (solid line) and D (dashed line) during the
second phase (C+D−) is represented. The odors used as A and B (A), and C and D (B), were alternated
between the bees and the role of each odor as A or B, and C or D, had no effect on learning (A/B: F =
1.78; P = 0.14; C/D: F = 0.30; P = 0.84). (***) P < 0.001.

Figure 3. Structural analyses of the MB of 1-d-old bees [N = 11] and 10-d-old bees from the in-hive [N
= 9] or impoverished [N = 7] environment. (A) Single frontal confocal section of a central region of the
right medial calyx immunolabeled for synapsin, revealing the presynaptic terminals that are part of the
MB microglomeruli (scale bar is 100 µm). Inset: enlarged view of the lip and collar (scale bar is 20 µm).
Synaptic boutons were counted in boxes of 1000 µm3 (four boxes in the lip, three in the dense collar).
(B–D) Boxplots of the volume of the lip and dense collar of the MB right median calyx (B), the number of
synaptic boutons per 1000 µm3 (C ) and the number of synaptic boutons normalized to the volume of
each neuropil compartment (lip or dense collar) of the medial calyx (D). The sample size of each group is
displayed under the corresponding boxplot. (***) P < 0.0005; (**) P < 0.005; (*) P < 0.05.
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the olfactory neuropil, thus in keeping with the effect on
MB-dependent olfactory learning.

It has been proposed that part of the age-related MB matura-
tion process occurring during early adulthood in the hive prepares
the brain for foraging outside the hive (“experience-expectant plas-
ticity”: Fahrbach et al. 1998). Here, impoverished conditions led to
an impairment of reversal learning, an example of highly elaborate
learning skills related to foraging outside the hive (Giurfa 2013;
Klein et al. 2017). This suggests that early experience is important
for developing optimal learning performance useful for foraging.
Yet, experience of appropriate environmental conditions at later
ages might be sufficient to promote or restore such repertoire.
Future work should help to identify whether the promotion of re-
versal learning by environmental conditions depends on a critical
period

Nevertheless, a striking result of this study is the task-specific
impact of early experience: bees reared in the impoverished envi-
ronment could not achieve reversal learning but were perfectly
able to solve two consecutive differential conditionings. Thus,
our manipulation of early environment did not prevent bees
from learning new odor–food associations, but rather to update
their responses as such associations change over time, which corre-
sponds to a higher level of complexity. Reversal learning is expect-
ed to share common neural circuits with differential conditioning
(particularly the olfactory antennal lobes whose general role in
olfactory learning is well established), but it requires functional
MBs, which are dispensable for the acquisition of nonambiguous
associations during differential conditioning (Malun et al. 2002;
Giurfa 2003; Devaud et al. 2007). Thus, we considered whether
changes in the MB architecture could be part of a potential mech-
anism for the specific effect of early experience on MB-dependent
learning performance. Yet, we cannot discard the possibility that
changes affecting other brain regionsmay contribute to this effect.
Environmentalmanipulation did not seem to impact the age-relat-
ed volume expansion of neuropils, which is attributed to the pro-
gressive dendritic branching process occurring in adults (Farris et
al. 2001; Groh et al. 2012; Muenz et al. 2015). The inter-individual
variability in the lip volume was however more pronounced in
in-hive bees than in bees from the impoverished group, suggesting
that olfactory experiences were more diverse in the hive. In paral-
lel, the number of synaptic boutons in the lip was shown to
decreasewith age in undisturbed conditions, thus suggesting prun-
ing of some of those initially established (Muenz et al. 2015).
Because this decrease is not apparent before the end of the first
week, it is likely that both addition of new synapses and pruning
occur initially. Consistent with this interpretation, here the esti-
mated total number of synaptic boutons in the lip of 10-d-old
in-hive bees did not differ from that of 1-d-old bees. More impor-
tant, 10-d-old bees from the impoverished group had more bou-
tons than in-hive bees, thus suggesting that, under impoverished
conditions, the initial addition of boutons to the lip was effective,
but that the plasticity leading to pruning was impaired. This is also
supported by the finding that the lip volume and bouton density
were correlated in opposite ways in impoverished and in-hive
groups. Therefore, we conclude that the maturation of the lip
architecture combines its programmed expansion as dendrites
grow and synapses are formed initially, together with a pruning
process that presumably would enable plastic shaping of the net-
work in an activity-dependent manner. This model is consistent
with previous observations of experience-dependent pruning of
boutons in the collar following exposure to light, both in bees
and ants (Stieb et al. 2010; Scholl et al. 2014; Yilmaz et al. 2016).
More recently, an elegant study showed that leaf-cutting ants re-
stricted to collect only one plant species displayed more synaptic
boutons than controls in their lips, thus suggesting that synaptic
pruning is lower in impoverished conditions (Falibene et al. 2015).

What might be the underlying mechanism of experience-
dependent MB maturation in young adult bees? Future work is
needed to address this question, but a general feature of how en-
vironmental enrichment affects brain circuits is a shift in the ex-
citation/inhibition balance (Caroni et al. 2012; Griffen and
Maffei 2014), and the variety of synaptic profiles within the MB
microglomeruli (not revealed by our immunolabeling restricted
to synaptic sites from projection neurons) suggests functional
diversity (Ganeshina and Menzel 2001; Groh et al. 2012). At
the moment, we cannot distinguish between the contributions
of excitatory and inhibitory synapses to the changes induced
by environmental manipulation, but interestingly, achieving
olfactory reversal learning relies on a sufficient level of
GABA-mediated inhibition to the MB network in both honeybees
and fruit flies (Wu et al. 2012; Boitard et al. 2015). This may be a
more general rule, as GABA also plays an important role in visual
or spatial versions of reversal learning (Morellini et al. 2010; Ren
et al. 2012; Hausrat et al. 2015). A possibility might be that
GABAergic neurons undergo activity-dependent changes during
early adulthood to provide functional inhibition to the MBs at
10 d. In impoverished conditions, such changes in GABAergic
connections might be disturbed, due to reduced olfactory stimu-
lations, but possibly also as a consequence of stress induced by
partial social isolation, since brain deficits in GABA have been as-
sociated with stressful states in various species (Bailey and Nutt
2008; Fossat et al. 2014; Goddard 2016; Mohammad et al.
2016). Indeed, young rats reared in isolation exhibited a deficit
in GABAergic neurons associated with impaired reversal learning
(Powell et al. 2015). However, because only the maturation of the
lip is affected, a difference in the variety and/or diversity of olfac-
tory stimulations is more likely to be a cause for the poor learning
performance of the impoverished group.

Hence, we propose that one of the reasons why an impover-
ished environment impairs the capacity for reversal learning is
that it affects the maturation of the lip synaptic architecture.
Effective reversal of learning implies that a learned neural activity
pattern driving a specific behavioral response to one odorant (e.g.,
PER to A+) can be functionally replaced by a new pattern driving a
new response at the end of conditioning (i.e. no PER to A−).
Models of olfactory learning in insects propose that it depends
on plastic changes in connection weights between Kenyon cells
(KCs, the MB neurons) and input and output neurons, including
inhibitory ones (Finelli et al. 2008; Smith et al. 2008; Chen et al.
2015). These models are supported by studies showing learning-
related changes in the activity of these neuron populations
(Szyszka et al. 2008; Strube-Bloss et al. 2011; Menzel 2014; Hige
et al. 2015). Therefore we propose that the altered MB structure
and learning performances seen in bees from the impoverished en-
vironment are functionally related. Although this hypothesis is
speculative currently, it illustrates the possibility to encompass
the existing data in an integratedmodel explaining how an incom-
plete maturation of specific aspects of MB connectivity might lead
to a selective impairment of reversal learning.

As a final note, the naturally rich environment of the hive al-
lowed us to compare cognitive and brain maturation in both nor-
mal and impoverished conditions. This is in contrast with a large
part of the literature on the effects of environmental enrichment,
where animals were studied outside of their natural context, in lab-
oratory rearing conditions corresponding rather to impoverished
environments (Rosenzweig and Bennett 1996). Hence, we would
like to stress the importance of considering the impact of ecological
conditions on how the brain and behavior of animals mature, in
line with recent vertebrate studies highlighting the differences be-
tween naturalistic environments and artificially enriched environ-
ments in cognitive neuroscience (Landers et al. 2011; Schaefers
2013; Bardi et al. 2016; Lambert et al. 2016). Within this
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framework, to our knowledge this is the first demonstration that
natural conditions are important for the proper maturation of
learning performances and their underlying neural networks in
an invertebrate model.
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