OPEN
BIOLOGY

royalsocietypublishing.org/journal/rsob

t.)

Research

updates

Cite this article: Poppinga H, Coban B,
Meltzer H, Mayseless 0, Widmann A,
Schuldiner O, Fiala A. 2022 Pruning deficits of
the developing Drosophila mushroom body
result in mild impairment in associative odour
learning and cause hyperactivity. Open Biol.
12: 220096.
https://doi.org/10.1098/rsob.220096

Received: 4 April 2022
Accepted: 31 August 2022

Subject Area:
neuroscience

Keywords:

Drosophila melanogaster, mushroom body,
Kenyon cells, neuronal remodelling,
associative learning, circadian rhythm

Author for correspondence:
André Fiala
e-mail: afiala@gwdg.de

THE ROYAL SOCIETY

PUBLISHING

Pruning deficits of the developing
Drosophila mushroom body result in
mild impairment in associative odour
learning and cause hyperactivity

Haiko Poppinga', Biisra Coban', Hagar Meltzer’, Oded Mayseless?,
Annekathrin Widmann', Oren Schuldiner” and André Fiala'

!Department of Molecular Neurobiology of Behaviour, University of Géttingen, Julia-Lermontowa-Weg 3,
37077 Géttingen, Germany

2Departments for Molecular Cell Biology and Molecular Neuroscience, Weizmann Institute of Science,
Ullmann Building of Life Sciences, Rehovot 7610001, Israel

AF, 0000-0002-9745-5145

The principles of how brain circuits establish themselves during develop-
ment are largely conserved across animal species. Connections made
during embryonic development that are appropriate for an early life stage
are frequently remodelled later in ontogeny via pruning and subsequent
regrowth to generate adult-specific connectivity. The mushroom body of
the fruit fly Drosophila melanogaster is a well-established model circuit for
examining the cellular mechanisms underlying neurite remodelling. This
central brain circuit integrates sensory information with learned and
innate valences to adaptively instruct behavioural decisions. Thereby,
the mushroom body organizes adaptive behaviour, such as associative learn-
ing. However, little is known about the specific aspects of behaviour that
require mushroom body remodelling. Here, we used genetic interventions
to prevent the intrinsic neurons of the larval mushroom body (y-type
Kenyon cells) from remodelling. We asked to what degree remodelling
deficits resulted in impaired behaviour. We found that deficits caused
hyperactivity and mild impairment in differential aversive olfactory learn-
ing, but not appetitive learning. Maintenance of circadian rhythm and
sleep were not affected. We conclude that neurite pruning and regrowth
of y-type Kenyon cells is not required for the establishment of circuits that
mediate associative odour learning per se, but it does improve distinct
learning tasks.

1. Background

Neuronal circuits establish functional connections during development in
animal brains. Initially, synaptic connections form in excess. Subsequent
regressive pruning of dendrites and axons eliminates many of these connec-
tions, and neurite regrowth establishes new, adult-specific connections [1].
The cellular and circuit mechanisms underlying localized degeneration and
regeneration of axons and dendrites are the subject of intense research. In
this context, the mushroom body of the Drosophila brain is a favourable and
widely studied neuronal circuit [2-5]. Sophisticated genetic tools available for
this model organism permit the manipulation and visualization of distinct
neurons with high precision [6]. As a further advantage, the process of mush-
room body remodelling during metamorphosis is genetically determined and
stereotypic across individuals. Moreover, the exact synaptic connectivities of
the neurons that constitute larval and adult mushroom bodies have been
characterized in detail [7-10]. The behavioural functions of the Drosophila
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mushroom body are also well studied [11,12]. A diverse
repertoire of behaviours are under mushroom body control,
including associative olfactory [12] and visual learning [13],
courtship conditioning [14], locomotor control [15], sleep
[16] and food uptake [17,18].

The mushroom body consists of intrinsic neurons called
Kenyon cells (KC) that receive sensory input at the main
dendritic compartment, the calyx. Parallel axons collectively
form the lobes of the mushroom body. In terms of cell
number, the mushroom body of the larval brain is simpler
than that of the adult fly. During development, a larval
mushroom body is generated, consisting of approximately
650 bifurcated KCs at the third larval stage, giving rise
to a medial and a vertical lobe. However, the mushroom
body circuitry is already complex at the larval stages. Extrin-
sic mushroom body neurons synapsing onto KCs include
sensory input neurons, dopaminergic neurons that trans-
mit valence-signalling information (also called mushroom
body input neurons, MBINs), mushroom body output
neurons (MBONSs) that guide appropriate locomotor behav-
iour, one broadly ramifying GABAergic inhibitory neuron,
and neurons that release neuromodulators, e.g. octopamine
and serotonin [19]. During metamorphosis the larval
KCs (y-KCs) survive, but their dendrites and axons undergo
massive remodelling (i.e. pruning and regrowth). These
embryonic-born y-KCs regrow their axons with only one
axonal branch, forming the medially projecting, adult y-lobe
[3-5]. During the late larval and pupal stages, additional
KCs are born with bifurcating axons that form the medial g
and ' lobes, and the vertical @ and & prime lobes [20], result-
ing in approximately 2000 KCs per brain hemisphere. How
the remodelling of y-KCs contribute to the function of the
adult mushroom body is not known.

In summary, the connectivity of an already-complex
larval mushroom body is replaced by a numerically more
complex adult mushroom body that has, in addition to
embryonic-born y-KCs, larval-born o' /f-KCs and pupal-
born «a/p-KCs. However, little is known about how
mushroom body remodelling influences behavioural control,
nor why y-KCs undergo drastic remodelling rather than
persist. In this study, we investigated behavioural deficits
in animals after the prevention of neurite pruning and
regrowth of y-KCs. It has already been shown that altered
remodelling of KCs results in short-term memory impair-
ments in courtship conditioning, an adult-specific learning
regime in which male flies learn to avoid unsuccessful court-
ship attempts; Long-term memory remains unaffected [21].
Here, we first investigated whether circadian locomotor
activity over several days depends on proper mushroom
body development. Second, we tested the animals in a
widely used associative olfactory learning paradigm [22,23].
We were particularly interested in this type of learning
because both larvae and adult flies can learn to associate
odours with appetitive or aversive cues [12,24]. It is also well
known that the initial associative learning process and short-
term memory recall depend on y-KCs in adults [25,26], and
on embryonic y-KCs in larvae [24]. However, it is unknown
whether remodelling of y-KCs is required for adults to
establish a functional circuit to learn properly, or whether
persistent embryonic y-KCs and a preserved larval circuit
architecture can mediate associative learning in adults. There-
fore, we asked whether embryonic-born and remodelled adult
v-KCs are functionally equivalent.

2. Material and methods
2.1. Fly strains

Flies were raised on regular cornmeal medium at 25°C, under
65% relative humidity and a 12 h/12 h light-dark cycle, unless
indicated otherwise. The following fly strains were used:
GMR71G10-Gal4 [27] which drives Gal4 predominantly in
y-KCs, UAS:EcR-B1"V%*4 [28] expressing a dominant-negative
form of the ecdysone receptor, also known as UAS:EcRPN, and
UAS:Tai”™ [29], which expresses a dominant-negative variant
of the ecdysone receptor coactivator Taiman fused with
GFP. The w'"® strain used was obtained from BestGene Inc
(Chino Hills, CA, USA).

2.2. Analysis of locomotion, sleep and circadian rhythm

Individual, 3-day-old male flies were transferred to glass tubes
(5-mm diameter, 6.5-cm length). One end of each tube was filled
with fly food and sealed with Parafilm. The opposite end was
closed with an air-permeable plug. The flies” locomotion was
monitored using the Drosophila Activity Monitor (DAM)
system from Trikinetics [30]. The DAM recorder was kept in a
humidity and temperature-controlled incubator under a 12 h/
12 h light-dark cycle for 3 days, and for additional 5 days
under constant darkness. Data were analysed using the ‘Sleep
and Circadian Analysis MATLAB Program 2019_v2’ from
Christopher G. Vecsey (Skidmore College, USA).

2.3. Associative learning

Groups of approximately 100 flies (3-5 days old) were trained
as described in [23], with some modifications; i.e. four
experiments were performed simultaneously in a modified
learning apparatus [31,32]. Briefly, flies were conditioned to
associate odours with an aversive or appetitive stimulus and
then tested for odour preference in a T-maze assay. Each
training tube had a constant airflow of approximately
167 ml min~?, assuring a constant odour flow inside. Before
the onset of each experiment, flies were transferred to empty
vials and kept for 10 min at the respective temperature. The
odours 4-methylcyclohexanol and 3-octanol (Sigma-Aldrich)
were diluted 1:100 in.mineral oil. Training started 1 min
after transferring the flies into training tubes that were covered
on the inside with an electrifiable grid or with Whatman
paper. Each odour was presented for 1 min, with a 1 min
break between the two odour applications. In the case of aver-
sive conditioning, one odour (conditioned stimulus +, CS+)
was temporally paired with 12 electric shocks of 90 V DC
(1.25s shock duration and 3.75s inter-pulse interval). The
second odour (conditioned stimulus, CS—) was presented
without shocks. In the case of appetitive conditioning, flies
were starved prior to training for 24 h by placing them in
empty food vials with tissue paper soaked in 10 ml tap
water at the bottom, and the CS+ odour was temporally
paired with the presentation of sugar. This was achieved by
using a tube designed such that a piece of Whatman paper
soaked with a 2 M sucrose solution could be shifted by rotation
to the inner site of the tube. The second odour (CS-) was pre-
sented without the sugar reward. After another minute, the
flies were transferred to the T-maze part of the apparatus
with both odours presented from each side, and flies were
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tested for their odour preference for 2 min. The flies were then
counted, and a preference index was calculated by subtracting
the number of flies on the side associated with the CS— from
the number of flies on the side with the CS+, divided by the
total number of flies. A learning index was calculated by
averaging preference indices from two reciprocal experiments.

2.4, Odour preference

Three- to five-day-old flies were starved by placing them in
empty food vials with tissue paper soaked in 10 ml tap
water at the bottom. After 24 h, flies were transferred to the
olfactory training apparatus, but not subjected to associative
training. After 3 min of rest, the animals were moved to the T-
maze choice point between two test tubes. The flies were
allowed to distribute in either tube for 2 min. One tube was
perfused with odour; the opposite tube was perfused with
the solvent mineral oil. The number of flies in either tube
was counted. An odour preference index was calculated as
the number of flies in the tube with the odour minus that
in the opposite tube, divided by the total number of flies.

2.5. Electric shock avoidance

3- to 5-day-old flies were transferred into tubes covered with
electric grids and positioned in the T-maze part of the train-
ing apparatus. After 3 min of rest, the animals were allowed
to distribute for 2 min between two tubes, one of which was
electrified every 5 s for 1.25 s, resulting in 24 electric shocks.
A preference index was calculated as the number of flies in
the electrified tube minus the number in the opposite tube,
divided by the total number of flies.

2.6. Immunohistochemistry

Drosophila brains were dissected in cold ringer solution and
fixed using 4% paraformaldehyde for 20 min at room temp-
erature (25°C) on a nutator. Subsequently, the brains were
washed in phosphate buffer with 0.3% Triton-X (PBT; 3 x
immediate washes followed by 3 x 20 min washes), blocked
using 5% heat-inactivated goat serum in PBT, and incubated
overnight at 4°C with primary antibodies (chicken anti-GFF,
AVES: GFP-1020, 1:500; mouse monoclonal anti-Fasll, Devel-
opmental Studies Hybridoma Bank (DSHB): 1D4, 1:25;
mouse monoclonal anti-Trio, DSHB: 9.4A, 1:50). After three
immediate and three 20 min washing steps with PBT, the
brains were incubated with secondary antibodies for 2 h at
room temperature (FITC-coupled goat anti-chicken, Invitro-
gen: A-16055, 1:300 and Alexa fluor-647-coupled goat anti-
mouse, Invitrogen: A-32728, 1:300). Secondary antibodies
were washed off using PBT prior to mounting (3 x immediate
and 3 x 20-min washes). Brains were mounted on Slowfade
(S-36 936; Invitrogen) and imaged using a Zeiss LSM 800 con-
focal microscope with a 40x1.3 NA oil immersion lens.
Images were processed with Image].

2.7. Statistical analysis

Statistical tests were performed using OriginPro 8.50 software
(OriginLab). The Kolmogorov—-Smirnov test was used to
determine whether the data were normally distributed.
Significant differences between groups were tested using
one-way ANOVA and Bonferroni post-hoc tests.

3. Results

Axonal and dendritic pruning of y-KCs was prevented by
expressing a dominant-negative variant of the ecdysone
receptor (EcRPY) [28] together with a dominant-negative var-
iant of the ecdysone receptor coactivator Taiman (Tai”") [29]
under control of the driver line GMR71G10-Gal4 [27]. This
Gal4-line drives predominantly adult y-KCs as well as
along development (figure 1). Leaky expression in sparsely
distributed «/B-KCs in adults has also been observed and
cannot be excluded. The gross morphology of the a/p-
(figure 1a—d) and o' /f-lobes (figure lef) appeared normal.
By contrast, the y-lobes were largely unpruned as evident
by vertical axons running in parallel to the a- and o'-lobes,
as in larvae, and the horizontally projecting axons of y-KCs
that maintained their larval location. Both the ectopic
expression of EcCRPN and Tai®™ alone caused strong pruning
defects, as demonstrated previously [33] (figure 1b,c), but the
penetrance of the pruning-inhibiting effect was even
enhanced by co-expressing both (figure 1d,). Thus, com-
bined expression of ECR®™ and Tai® results in the most
robust and severe pruning defect that we have analysed to
date, with a seemingly complete lack of the stereotypically
located adult medial y-lobe.

Male flies of this genotype were subjected to a test of
walking activity over 8 consecutive days using a locomotor
assay [30]. Briefly, we counted the number of times that
flies kept in small glass tubes crossed an infrared beam
over time. We found that impairing remodelling of y-KCs
resulted in increased locomotion during a 12 h light/dark
regime compared with heterozygous parental control strains
that carried either the UAS constructs or the Gal4 construct
only (figure 2a,b). This hyperactivity was even more pro-
nounced during a subsequent 24 h dark cycle (figure 2a,b).
However, the overall circadian rhythm was not affected, as
evidenced by the finding that the period of rhythmic loco-
motor activity was similar between the three genotypes at
around 24 h under light-entrained conditions, and slightly
higher in complete darkness (figure 2c). Sleep, commonly
defined in Drosophila as periods of inactivity lasting at least
5 min [34], was also not affected (figure 2d). The parental
Gal4 strain showed slightly but statistically significant more
sleep episodes, but not the flies with induced pruning deficits
or the UAS strain (figure 2d).

Because the mushroom body of the insect brain is a
neuronal circuit critically involved in associative learning
and memory [11,12], we examined whether olfactory
associative learning was influenced by deficits in axonal/
dendritic pruning of y-KCs. In a typical differential, aversive
olfactory conditioning experiment, one odour (CS+) is tem-
porally paired with an electric shock as a punishment
(unconditioned stimulus, US). A second odour (CS-) is pre-
sented without punishment [23]. Thereby, the animals learn
to avoid the CS+ and, to some extent, to approach the
CS- in a T-maze test situation [32]. The odourants used
here were strongly aversive at high concentrations and
became less aversive or, in the case of 3-octanol, even slightly
attractive at higher dilutions. Impairing mushroom body
remodeling did not affect the behavioural response toward,
and valence of, the odour stimuli (figure 3a,b). Avoidance
of 4-methylcyclohexanol across several magnitudes of
dilutions was not significantly different between flies with
impaired y-lobe remodelling (figure 3a). For the odourant
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Figure 1. Co-expressing dominant negative forms of ER and Tai in  neurons using R71G10-Gal4 blocks pruning of mushroom body (MB) y neurons, but does not
affect the development of the o/ or of /' KCs. Confocal Z-projections of the axonal MB region in brains of animals with different genotypes. The left rows show in
green membrane-bound GFP driven by 71G10-Gal4, and in magenta antibody staining against either Fasll (which strongly labels o/ neurons, weakly labels ¥
neurons and does not stain o//f’ neurons (a—d)) or Trio (which strongly labels o/’ neurons, as well as ¥ neurons, but does not stain a/f3 neurons (e,f)).
The middle row shows the antibody staining only. The right row shows the antibody staining in a sub-projection of fewer confocal planes focused on the o/
B-lobes (a—d) or o'/ -lobes (e,f). (a) Wildtype (control) with anti-Fasll staining. MB ¥ axons collectively form the unbranched medial ¥ lobe (y). Upon
71G10-Gal4 driven expression of a dominant negative ecdysone receptor (EcRDN) (b) or dominant negative Tai (TaiDN) (c) branched, larval ¥ neurons persist
due to failed pruning. A combination of hoth transgenes (d) even slightly enhances the pruning deficit, which is visualized as the near complete lack of
adult-specific projections. Note that the shape of the a/3-lobes (cx and f3), outlined as yellow dashed lines in the middle row, remains intact in all genotypes.
(e) Wildtype (control) with anti-Trio staining. MB y axons collectively form the unbranched medial y lobe (y). (f) Upon 71G10-Gal4 driven expression of a domi-
nant negative ecdysone receptor (ER™) and dominant negative Tai (Tai”™) branched, embryonic y neurons persist due to failed pruning. Note that also the shape of
the o’/ -lobes (o and B3), outlined as yellow dashed lines in the middle row, remains intact in all genotypes. Scale bar: 30 pm.

3-octanol, only the parental Gal4-strain showed a slightly, significant, but overall mild impairment in aversive, differen-
but statistically significant lower aversion of the odourant tial odour learning (figure 3c). This reduction was not due to
at a single dilution (1:100), but the UAS-strain was not differ- impaired detection of the electric shocks, as avoidance was
ent from the test group (figure 3b). However, preventing not affected per se (figure 3d). On the contrary, no learning

remodelling of the mushroom body caused a statistically deficit occurred in an appetitive differential odour learning
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Figure 2. Pruning deficits of y-KCs cause hyperactivity. (a) The first 3 days the flies were kept under a 12 h/12 h light-dark cycle (indicated by the yellow/grey
background), followed by complete darkness (indicated by grey background) for 5 days. Each black bar shows activity counts per hour, reflecting the mean of activity
counts of all flies within each group (n =17, 20, 20). The x-axis indicates the real time in hours. The light/dark cycle matched the light/dark cycle under which the
flies were raised. (b) The experimental group (GMR71G10-Gal4 > UAS-EcR®™; UAS-Tai™) showed significantly stronger locomotor activity compared with the hetero-
zygous parental strains (GMR71G10 > UAS-ECR™:; UAS-Tai™: 26.02 + 2.92, GMR71G10/+: 16.78 + 1.85, UAS-ECRDN; TaiDN/+: 16.61 + 0.86); especially in the 24 h
dark cycle where the average activity was almost doubled (GMR71G10 > UAS-ECRP™: UAS-Tai™: 37.53 + 2.9, GMR71G10/+: 20.17 + 1.95, UAS-ECR™: UAS-Tai®/+:
25.90 + 1.21). (c) The period of the circadian rhythm was measured during the 12 h/12 h light/dark and 12 h/12 h dark/dark cycle. The period for all groups was
close to 24 h (24.01 £ 0.07 h; 23.96 £ 0.05 h; 24.01 + 0.03 h), showing that the flies adapted to the light/dark cycle. During the dark/dark cycle the period dur-
ation increased slightly (24.50 +0.09 h, 24.45 +0.06 h, 24.61 + 0.06 h) but was not significantly different between the groups. (d) The number of sleeping
episodes during the light/dark cycle was 24 +2.44 for the experimental group and was not significantly different from that of the parental control groups
(23.87 £ 2.15; 26.42 +1.56). In the dark/dark cycle the GAL-4 line had a significantly increased number of sleeping episodes (32.73 + 1.62) compared to the
experimental (23.99 + 2.61) and the other parental control group (21.81 + 2.37). Bars indicate means + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

paradigm in which one odour (CS+) was temporally paired
with a sugar reward, and a second odour was presented

(CS) was paired with a punishing electric shock (figure 3f,g).
In a test situation, this odour was presented from one side

without any reward (CS-) (figure 3e). Mushroom body remo-
delling appears to be more important for aversive learning
using punishment as reinforcer, than for appetitive learning
using reward as reinforcer. However, in the case of aversive
conditioning, learning was not completely abolished but
was only slightly reduced.

Interestingly, no statistically significant deficit was
observed in a training situation in which only one odour

of the T-maze against a mineral oil solvent from the oppo-
site side. In such a non-differential, absolute conditioning
regime one cannot distinguish between non-associative and
associative learning effects, i.e. potential changes in innate
odour avoidance caused by a sensitizing, alerting electric
shock, and effects induced by a true CS-US association.
At the 1:100 concentration used, the odourant 3-octanol was
already highly aversive, and odourant aversion after training
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Figure 3. Pruning deficits of y-KCs affect differential aversive learning, but not appetitive odour learning. (a) Odour preference in response to 4-methylcyclohexanol
(MCH), and (b) in response to 3-octanol (3-OCT). The numbers below the graphs indicate odourant dilution. n = 8 each odour concentration. (c) Differential, aversive
associative learning using the two odourants, MCH and 3-0CT, as conditioned stimuli. n = 16. (d) Electric shock avoidance. n = 14. (e) Differential, attractive associ-
ative learning using the two odourants, MCH and 3-0CT, as conditioned stimuli. n = 16. (f) Absolute, aversive associative learning using 3-OCT as the conditioned
stimulus. n = 8. (g) Absolute, aversive associative learning using MCH as the conditioned stimulus. n = 8. Bars and line diagrams indicate means + SEM. n.s. p >

0.05; **p < 0.01; ***p < 0.001.

did not exceed innate values (figure 3b). However, for the
odourant 4-methylcyclohexanol, which was neutral at the
given concentration of 1:100, absolute training caused much
stronger odour avoidance (figure 3a). Regardless of whether
learned avoidance includes non-associative, sensitizing
effects, no statistically significant difference was detected
between flies with impaired y-KC remodelling and the control
genotypes (figure 3f,¢). Thus, in an absolute conditioning
scenario in which the animals are not forced to differentiate
between two odours, y-KC remodelling is dispensable.

4. Discussion

In conclusion, impaired pruning and regrowth of y-KCs
neither affected odour avoidance nor a learning-induced

change thereof. However, it was involved in learning-induced
discrimination of two trained odours. Moreover, this effect
was restricted to aversive learning. The animals’ learning abil-
ity was not impaired by preventing the larval mushroom body
from undergoing remodelling. Rather, very specific types of
learning that involve odour discrimination appear to require
the mature adult form of the mushroom body. The neuronal
circuitry mediating associative olfactory learning in adult
fruit flies is well characterized [35]. The KCs receive input
from olfactory projection neurons and become sparsely acti-
vated by a given odour stimulus [36]. Dopaminergic
neurons, also known as MBINSs, that innervate distinct com-
partments along the parallel organized KC axons of all KC
types mediate reinforcing valence signals of aversive stimuli,
like electric shocks [37], or appetitive stimuli, like sugar
rewards [38]. There is good evidence that the acquisition
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process and subsequent formation of short-term memories is
mediated by KCs of the y-lobes [25,26]. Dopaminergic
MBINSs signalling punishment innervate the axonal KC com-
partments y1 and 2, and those signalling reward innervate
y4 and y5 [39]. The MBON's, whose dendritic trees are also con-
fined to the respective axonal compartments, induce
behavioural avoidance or attraction [39]. Temporal pairing of
an odour stimulus, and thereby induced KC activity, with a
valence signal, and thereby dopamine release, causes decorre-
lation of synaptic outputs of KC and synaptic depression of
KC-to-MBON synapses at the respective compartments
[40,41]. Our data indicate that this complex, overall connec-
tivity that enables the animals to conduct associative
learning is established in the adult fly even if y-KC remodelling
during pupation is prevented; the persistent larval y-KCs
appear to be largely functional in the adult animals. An
alternative explanation for the relatively mild learning deficits
observed could be potential plasticity during the developmen-
tal, pupal stages; that is, the a/B- and ¢/ / '-KCs might take on
the role of dysfunctional y-KCs and potentially dysfunctional
synaptic connections of extrinsic y-lobe neurons. However, we
also point out that the phenotype induced by overexpressing
EcRPN and Tai®™ is not entirely complete. Therefore, we
cannot rule out that a few normally remodelled y-KCs exist
which might be sufficient for the formation and functionality
of an adult-like circuit.

Drosophila larvae can learn to associate odours with
positive or negative reinforcers [24], and the larval brain
connectivity underlying this ability is very similar to that
of adults, but the cell numbers are lower [19,42]. In fact,
Drosophila larvae perform well in reward-based, appetitive
olfactory conditioning with the involvement of KC of embryo-
nic origin [43]. The projection neuron-to-KC connectivity is
less complex in terms of cell numbers [42], suggesting that
larvae might be able to learn to differentiate fewer odourants
through discriminative associative conditioning. The number
of dopaminergic MBINs is also lower, but distinct reward-
signalling and punishment-signalling MBINs have been
identified that innervate the larval y-lobes in a similarly
compartmentalized manner [44,45]. The same applies to
behaviour-instructing MBONSs [44,45]. During pupation and
the accompanying mushroom body remodelling, the overall
larval connectivity that mediates associative olfactory learning
is transformed into the adult circuit. Our data indicate that
both aversive and appetitive associative learning is still poss-
ible when the axons and dendrites of larval y-KCs persist
throughout metamorphosis. But the difference in the degree
to which aversive and appetitive learning is affected might
indicate that reward-mediating larval dopaminergic MBINs
persist and are sufficient to mediate reward learning at the
adult stage, whereas larval dopaminergic MBINs and/or
MBONSs that mediate punishment do not. Interestingly, the
overall spatial arrangement of MBONSs and MBINs that med-
iate aversive or appetitive learning differs between larvae
and adult flies. In larvae, aversive learning and short-term
memory formation can be attributed to the vertical lobes of
the larval mushroom body [45], but to the proximal parts of
the horizontal y-lobes in adults (y1 compartment or ‘heel’
region) [39,46]. On the contrary, both in larvae and adult
flies, appetitive learning and short-term memory formation
can be attributed to compartments at the tips of the medial
lobes [39,44,45]. This difference might perhaps explain why
aversive learning is partially impaired, but appetitive learning

remains intact. A recent study [47] shows that dopaminergic

MBINs in larvae are of different cellular identity than
the adult ones: during metamorphosis they either die or
trans-differentiate into neurons innervating other brain
regions. For MBONSs, the situation is more complicated.
Larval MBONs remodel during pupation and either shift to
different mushroom body lobe compartments, or they remo-
del and remain at topologically similar compartments [47].
Given the profound rearrangements also at the MBIN and
MBON level, we conclude that a persistent larval y-lobe
suffices to establish a functional connectivity for adult appeti-
tive learning, and partially for aversive learning. It is
important to note that also aversive learning is only mildly
affected by preventing KCs from remodelling, and only in a
discriminative learning task. However, appetitive discri-
minative learning remains unaffected by preventing KC
remodelling, which indicates that the animals’ general ability
to discriminate the two trained odourants is still intact. A criti-
cal step in further understanding the impact of mushroom
body remodelling on behaviour will be to thoroughly charac-
terize the entire complex neuronal circuit during normal
development and when remodelling is inhibited. Altering
the remodelling of y-KCs clearly affects the remodelling of at
least one mushroom body extrinsic neuron, namely the
anterior paired lateral neuron [48]. Clarifying how inhibiting
v-KC remodelling affects the development of the many mush-
room body extrinsic MBINS and MBONs might allow us to
raise more refined hypotheses on the function of Kenyon cell
pruning and regrowth to be tested experimentally.

It is well known that the mushroom body negatively
affects overall locomotor activity. Mutants with structurally
impaired mushroom bodies, chemically ablated mushroom
bodies and overexpression of tetanus toxin in mushroom
bodies show increased locomotor activity [15]. Interestingly,
these animals appear to have problems in terminating walking
bouts [15]. Early studies on the function of insect mushroom
bodies involving ablation or electrical stimulation revealed
an inhibitory role of mushroom bodies on behavioural activity
such as singing in crickets [49]. Currently, more refined circuit
models consider the mushroom body to organize an appropri-
ate selection of behaviours based on learned and intrinsic,
motivational factors. Impairment of such behavioural selec-
tion processes could lead to increased, unmotivated and
undirected behavioural activity. Our findings indicate that
not only the mushroom body but also proper mushroom
body remodelling are required to prevent such hyperactivity.

Impairing mushroom body remodelling affects memory
formation after courtship conditioning [21], a behavioural
task that is restricted to adult flies. Locomotion behaviour
is also drastically different between crawling larvae and
walking flies. Therefore, neuronal remodelling might be
required for those behaviours and the respective adult
brain circuits that are not yet present in larval brains. By con-
trast, it is possible that KC remodelling is not critical for
establishing the circuits controlling behaviour present in
both larval and adult Drosophila, like associative olfactory
learning. It might be interesting to test in future experiments
whether associative learning of sensory stimuli that are
detected with higher accuracy in adult flies, but only rudimen-
tary present in larvae, requires KC remodelling. For example,
associative colour discrimination learning [13] has been
reported only for adult flies, and this requires a specific
y-type KC subtype [50]. It might be interesting to test in



future studies whether or not KC remodelling establishes
specifically neuronal circuits required for associative learning
of such adult-specific sensory modalities.
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