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Zusammenfassung in Deutsch

Lernen findet bei Wirbeltieren héufig an glutamatergen Pra- und Postsynapsen statt. Im
Gegensatz dazu wurde bei Drosophila bisher ausschlieBlich gezeigt, dass
prasynaptische Plastizitat cholinerger Synapsen am Lernen beteiligt ist. In meiner
Dissertation liefere ich erste Beweise flr postsynaptische Plastizitdt an der Synapse
zwischen den intrinsischen Zellen (Kenyon Cells) des Drosophila Lernzentrums
(Mushroom Body), und den extrinsischen M4/M6-Neuronen (M4/M6-Mushroom Body
Output Neuronen). Ein bedeutsames Ergebnis war, dass wir postsynaptische Plastizitat
in M4/M6 Neuronen unter Umgehung der Prasynapse induzieren kénnen. Auf Ebene der
nikotinischen Acetylcholin Rezeptoren sehe ich, dass a5-Untereinheiten sowohl fur die
Bildung eines positiven Kurzzeitgedachtnisses als auch fur das eines mittelfristigen
Gedéchtnisses in M4/M6- Neuronen bendtigt wird. Die a2-Untereinheit und das
scaffolding protein Discs large (DIlg), das Homolog von PSD-95 bei Saugetieren, werden
dagegen nur fur die Bildung eines mittelfristigen Gedéachtnisses bendtigt.
Interessanterweise scheinen die Plastizitattsmechanismen an unterschiedlichen
Synapsen unterschiedlich zu sein. Wahrend diese Untereinheiten fur die aversive
Gedéachtnisbildung in den M4/M6-MBONSs entbehrlich sind, sind die a5-Untereinheit und
Dlg fur das aversive Lernen in anderen extrinsischen Neuronen, den MVP2-Neuronen
erforderlich. Interessanterweise haben die a5- Untereinheit und Dlg wahrscheinlich einen
Effekt auf die a2-Untereinheit. Darlber hinaus konnten wir in vivo zeigen, dass es an
diesen Postsynapsen zu einer Mobilitat der a2-Untereinheiten bei Duftprasentation und
bei Habituation in a‘3 and M4 Neuronen kommt. Mit dieser Doktorarbeit unterstiitze ich

die Theorie, dass sich Drosophila als Modellorganismus fur synaptische Plastizitat eignet.



Abstract in English

Learning involves glutamatergic postsynaptic plasticity in vertebrate brains; in Drosophila,
however, presynaptic plasticity of cholinergic synapses is believed to be involved in
memory formation. Here, | document the first evidence of postsynaptic plasticity in
Drosophila by establishing that postsynaptic associative plasticity can be induced after
bypassing the presynapse at synapses of the fly learning and memory centre, the
mushroom bodies (MBs). | demonstrate that: 1) the a5 nicotinic acetylcholine receptor
(nNAChR) subunit is necessary within the M4/M6 mushroom body output neurons
(MBONSs), the postsynaptic neurons downstream of the presynaptic intrinsic Kenyon cells,
to induce appetitive memory; 2) the a2 subunit is required for later phases of appetitive
memory; and 3) the a2 subunit plausibly acts downstream of the a5 subunit as well as
the scaffolding protein Discs large (DIlg), a homologue of the mammalian protein PSD-95.
Though these subunits are dispensable for aversive memory formation in the M4/M6
MBONSs, | demonstrate that both the a5 subunit and Dlg are required for aversive memory
formation in MVP2 MBONSs, thus indicating a different plasticity mechanism at the Kenyon
cell - MVP2 neuron synapse. Moreover, this work shows in vivo that a2 subunit
rearrangements occur in non-associative (familiarity) memory formation and after odour
presentation in a‘3 and M4 MBONSs. Notably, the work herein supports the theory that
mechanisms of postsynaptic plasticity follow similar design principles across phyla

despite utilization of different neurotransmitters.



1. Introduction

For a very long time it has been of great interest to understand how the brain mediates
learning and memory. While the brain of vertebrates, especially of humans, is very
complex and therefore considerably hard to understand, the relatively small number of
cells of the Drosophila brain and its ability to remember learned information for over a
24 hour period, coupled with an unparalleled genetic toolbox with which single neurons
can be targeted, make the Drosophila brain an ideal model for understanding the

fundamental mechanics of learning and memory.

1.1. Learning and Memory

The ability to learn and subsequently adapt behaviour is a core component for an animal’s
survival. In Drosophila it was found that the mushroom body (MB), a bilateral structure
centrally located within the brain, is the main storage site for associative memories (1).

Associative learning was first demonstrated in Drosophila through olfactory conditioning
by Quinn et al. (2) and subsequently modified to fit a Pavlovian conditioning paradigm by
Tully and Quinn (3). More recently, Hattori (4) has described familiarity learning in
Drosophila wherein flies react to a novel stimulus. If this stimulus is applied a couple

times, it becomes no longer familiar, and the original reaction is adjourned (4).

On a molecular level, we now understand that learning does in fact take place at neuronal
synapses. How synaptic plasticity on a molecular level is conducted has however been
subject to numerous investigations. For instance, identifiable long-lasting changes in
neurons in mammals can be achieved either by 1) rearranging or exchanging specific
synaptic molecules (e.g., 5), 2) induction of the formation of larger connections between
the pre- and the postsynapse (6), or 3) modulation of the physical amount of a
neurotransmitter released (7). Moreover, in mammals it has been widely demonstrated
that the changes occur at both the postsynapse (e.g. 5) and the presynapse (e.g. 6, 7).
In contrast, it has been widely believed that in Drosophila only presynaptic plasticity is

involved in learning and memory (e.g. 8, 9).

In further cladistic contrast, mammals mostly use glutamate as their hippocampal
neurotransmitter (7, 10) while Drosophila uses acetylcholine (ACh) as the main excitatory
neurotransmitter in the MB (11). In mammals, the ionotropic a-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (AMPAR) is known to be necessary for normal



synaptic transmission, while the N-methyl-D-aspartate receptor (NMDAR) acts as a
fundamental protein necessary in LTP (long term potentiation) for the induction of
synaptic plasticity and stability (10). During learning, the synapse is strengthened or
weakened by AMPAR incorporation through lateral diffusion, exocytosis, or removal (10).

Altogether, AMPAR dynamics play a crucial role in LTP and depend on NMDAR.

1.2. Theinsect learning and memory centre: the Mushroom Body

Heisenberg and colleagues (1) first demonstrated that in Drosophila the bilateral, centrally
located MBs are the main storage sites for associative memory formation. While a MBs
consists of ~2,000 Kenyon Cells (KCs; 12), KCs in turn relay information onto only
approximately 35 MB output neurons (MBONS) (12, 13). Mechanistically, odour identity
is represented by unique KC activity patterns (14), with only 6-20% of the KCs responding
to each odour (15). Additionally, the MB is also innervated by dopaminergic neurons
(DANS) (13). Together, DANs and MBONS partition the MB into 15 compartments on 5
lobes (13). The value of the odour is then assigned by the DANs (16, 17). In Drosophila,
there are two categories of DANSs that innervate the MBs: 1) PPL-1 neurons, innervating
the a and o’ lobes as well as the peduncle of the MB and contribute negative valance in
learning (18) and 2) PAM neurons, mostly innervating the 3, B’ and y lobes of the MB and

providing positive reinforcement during learning (18).

Learning itself takes place at the KC — MBON synapse, and activation of the odour
specific KC is required to simultaneously occur with DAN release of dopamine onto KC
presynapses during associative learning (19). The odour drive from KC to their specific
MBONSs, however, can either be potentiated or depressed after learning (19, 20, 21, 22).
MBONSs that direct avoidance behaviour receive less input after reward learning and
increased input after aversive learning. Contrastingly, aversive learning reduces the input

to MBONSs driving approach behaviour (23).

Blocking the output of MBONS can impair either appetitive or aversive memory depending
on the output neuron. For instance, B2mp/y5B'2a (M4/M6, respectively) and y1pedc>a/f3
(MVP2) MBON s are required both for appetitive and aversive memory (21, 22, 24), with
MVP2 MBONS probably inhibiting M4/M6 neurons (22). Intriguingly, and in line with MVP2
neurons inhibiting M4/M6 neurons, Ca?* responses to the CS+ (conditioned stimulus)

compared to the CS- (unconditioned stimulus) odour are decreased in M4B’ (B2mp)
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MBONSs following appetitive learning while the Ca?* responses to CS+ are increased
following aversive conditioning (21). Previous studies have also shown that circuit
mechanisms exist downstream of KCs that most likely involve MBONs, DANs and KCs
(12, 24, 25), and that these feedback loops are necessary for learning (25). At the
synaptic level, presynaptic plasticity through a change of ACh release in KCs has been
described (9) as well as have plastic changes in presynaptic bouton numbers in other
cells in the Drosophila brain (8). Additionally, mutations of two presynaptic proteins, the
Ca?*/CaM-responsive adenylyl cyclase (AC) (the rutabaga mutant) and cAMP
Phosphodiesterase (PDE) (the dunce mutant), have been found to impair memory in o/
and y KCs (17, 26). Interestingly, artificial training (via paired acetylcholine and dopamine
application) increases rut-AC dependent cAMP in KCs at the level of the a lobe and is
thought to function as a coincidence detector (16, 27). However, while learning on a
circuitry level has been extensively studied within Drosophila, little is known about

learning at the postsynaptic level.

1.3. Nicotinic Acetylcholine Receptors

Synaptic connections between the KCs and the MBONs are cholinergic (11).
Furthermore, subunits of the ACh nicotinic receptor (nAChR) are located in postsynapses
of MBONSs, and knockdown of the subunits alters odour-driven behaviour (11). nAChR
subunits are conserved between vertebrates and Drosophila, and to date seven a (Da1-
Da7) subunits and three B (DB1- DB3) subunits have been identified in Drosophila (28).
Approximately 33-50% of nAChR subunit sequences are similar between the Drosophila
and vertebrates, and it is believed that the Drosophila receptors form a comparable
structure to vertebrates receptors (29). AChR are pentamers (28, 30) and ligands can
bind at an allosteric transmembrane site or at an extracellular site (30). They are
permeable for Na*, K*, and Ca?* (28). AChRs can either be formed from homomeric or
heteromeric combinations of subunits (28). The subunit composition at the KC-MBON
synapse meanwhile remains unknown. Therefore, the synaptic transmission at the KC-
MBON synapse could in theory be altered through either an exchange of whole receptors

or of single receptor subunits.
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1.4. Discs large

Synapses contain numerous scaffolding proteins, including Discs large (DIg)/ PSD-95
(31). PSD-95, involved in learning and memory cascades (10), has been associated with
Alzheimer’s disease (32), and is required for NMDAR surface expression (31). PSD-95
also binds AMPARSs through Stargazin and enhances AMPAR expression at the synapse
through trapping and transiently stabilizing diffusing AMPARs at the postsynaptic
membrane (10, 31). PSD-95 influences postsynaptic spine size and density, and likely
affects presynaptic neurotransmitter release and vesicle pool size (33). Furthermore,
PSD-95 associates with nAChR subunits decreases a7 subunit mobility (34). In
Drosophila, DIg has also been found to be required for appetitive and aversive short term
memory (STM) in KCs (35).

1.5. Hypothesis
1.5.1. Evidence for postsynaptic plasticity in MBONs

Although both pre- and postsynaptic plasticity occurs in vertebrates (5, 6, 7), in Drosophila
only presynaptic plasticity had been shown (8, 9). Experiments showing negligible
synaptic output of KCs during acquisition have largely been seen as supportive of the
notion that postsynaptic plasticity in not utilized (17), though similar experiments have
also documented memory impairments (25, 36). Moreover, protein synthesis in MBONSs
is required for LTM (long term memory) formation (37). These latter two observations
align with expectations for the additional involvement of a postsynaptic component to
learning and memory in Drosophila. Therefore, | hypothesized that postsynaptic plasticity
occurs at the KC-MBON synapse in Drosophila.

1.5.2. nAChR Receptor subunits are necessary for memory formation

The KC-MBON synapse is cholinergic (11) and Drosophila has seven a (Da1-Da7) and
three B (DB1- DB3) nAChR subunits (28). These subunits form either homomeric or
heteromeric receptors (28). Knockdown of specific subunits alters naive odour avoidance
(11), suggesting roles in learning and memory. Which receptor compositions characterize
MBONSs or whether specific nAChR subunits are required for learning and memory
however remains unknown. | hypothesized that targeted perturbation of the individual
NAChR subunits in specific MBONS, like M4/M6 and MVP2 that are required for
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associative appetitive and aversive learning and memory (21, 22), and a’3 MBONSs
utilized in non-associative familiarity learning (4), alters the learning and memory

performance of Drosophila flies.

1.5.3. Receptor dynamics are required for learning and specific NAChRs might play

similar roles to those played by NMDAR and AMPAR in mammals

In vertebrates, glutamatergic receptor dynamics are required for long term plasticity (10)
while Drosophila utilizes ACh as their main neurotransmitter (11). Notably in Drosophila,
Da1, Da4, Da5, and Da6 subunits are required for naive odour avoidance at the KC-
MBON synapse (11), and learning takes place at the KC-MBON synapse (19). | therefore
have hypothesized that receptor dynamics of nAChR are required for learning and

memory at the KC-MBON synapse.

1.5.4. Specific scaffolding proteins like Dlg are necessary for the formation of

memory

Receptor dynamics frequently rely on scaffolding proteins such as DIg/PSD-95 (31). PSD-
95 is required for NMDAR (31) and AMPAR surface expression (33, 10, 31) at
glutamatergic synapses, and it influences postsynaptic spine size and density (33). It is
also required at cholinergic synapses where it associates with nAChR subunits (34).
Reduction in PSD-95 increases a7 subunit mobility (34). Moreover, PSD-95 has been
shown to be involved in a cascade involved in learning and memory (10), while in
Drosophila Dlg is necessary in KCs for appetitive and aversive STM (35). Therefore, |
hypothesized that DIg will be required for normal memory performance in flies.
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2. Methods
2.1. Fly genetics

For fly-breeding, standard food and laboratory settings (25°C, 65% humidity, 12-hour light
and 12 hour dark phase) were utilized, except for Gal-80 flies raised at <20°C. Fly lines
included: MB011B , MB461B, MB112C, MB027B, OK107-Gal4, R13F02-Gal4, VT1211-
GAL4, R58E02-LexA , DIgS97-RNAI, UAS-DIg®FP, UAS-SynaptoPhluorin, tubP-GAL8S,
247-dsRed, LexAop-CsChrimson, UAS-GCaMP6f, UAS-Shi*® and the Bloomington stock
flies 28688, 27493, 27671, 31985, 25943, 27251 and 25835 as UAS-nAChRRNA flies
(Methods modified from 38).

2.2. T-maze memory

For T-Maze behaviour, 3-9 day old mixed sex flies were used. Octanol (OCT, Aldrich)
and 4-Methylcyclohexanol (MCH, Aldrich) were alternately utilized as odour A or B (1:100
for aversive and 1:1000 for appetitive training; diluted in mineral oil; absolute
concentrations were adjusted to odour bias). For aversive learning, odour A together with
an electric shock (12 individual shocks, each 1.5s long; 120 V; interstimulus interval 3.5s)
were given for 1min in a T-Maze, followed by a 45s resting period in air, 1min of odour B
and 30s rest. After consolidation time (Omin- 3hr), the flies were presented a choice in the
dark between the odour A (CS+) and the odour B (CS-) for 2min (Graphic 1; (3)). For
appetitive training, flies were starved for 20-24hr. They were then subjected to odour A
for 2min followed by 30s rest in air, 2min odour B paired with sugar (saturated sucrose
solution dried on filter paper), and 30s rest. After consolidation time (Omin-3hr), flies were
tested again (Graphic 2; (17)). Performance indices (PI) were calculated taking the
number of flies choosing the CS+ or CS- odour: (CS*-CS")/(CS*+CS") giving half Pl and
Pl calculated as the mean of two T-Mazes. For experiments using Shibiri (Shi), 30min
before the synaptic neurotransmission blockage, the temperature was raised to 32°C.
Afterwards, flies were kept at room temperature for the rest of the experiment to allow
neurotransmission. For experiments with Gal®%s, flies grew up at 18-20°C to suppress
RNAI knockdown during development. 3-5 days before the experiment, the flies were
transferred to 32°C (controls at 18-20°C) to induce RNAI expression (Methods modified
from 38).
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Graphic 1: Aversive T-Maze experiment
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Graphic 2: Appetitive T-Maze experiment.

2.3. Receptor quantification in confocal single photon imaging

Brains from 2-8 day old females were fixed for 20min in 4% paraformaldehyde (Sigma)
kept in PBST (0.1% Triton; 30min), washed twice in PBS (20min), mounted using
Vectashield, and imaged on a confocal single photon inverse microscope (Leica
SP5/STED) (64x oil objective)(Voxel size 123nmx 123nmx500nm). Laser power and gain
were corrected for each brain; therefore normalisation to the neighbouring compartment
or the whole MB was necessary. Analysis: ImageJ, ROIs were drawn manually. Each

hemisphere was utilized separately as an n (Methods modified from 38).

2.4. Two photon calcium imaging

3-6 day old flies which were tethered under the multiphoton microscope (Femtonics) (21).
Fluorescence signals were recorded (frame rate: 30Hz) with MESc software (Femtonics).
Analysis: ROIs drawn manually, Savitzky-Golay filter, Matlab. R was used to calculate
area under curve (AUC; first 3s after odour onset). To measure naive odour responses
in dendrites, flies were exposed to OCT and MCH five times each (1s; inter interstimulus
interval (ISI): 30s). For paired training experiments, axonal arbours from starved flies

were imaged while the flies were exposed to MCH (2x1s; averaged) before training (pre).
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For training, MCH (5x1s; ISI: 6s) exposure was paired with feeding saturated sucrose
solution (30s) from a feeding arm. After a 1min pause, flies were again exposed twice to
MCH (2x1s; averaged) while imaging (post). For unpaired training experiments, flies were
first fed with sucrose solution (30s). After a 45s break, MCH was presented (5x1s; ISI:
6s). AUCs for learning experiments were normalised to the mean of the pre-training per

group (Methods modified from 38).

2.5. Invivo Fluorescence recovery after photobleaching (FRAP)

For fluorescence recovery after photobleaching (FRAP) in vivo experiments, 2-8 day old
flies were tethered in a chamber using wax to immobilize the legs. The head capsule was
removed in sugar-free HL3-like saline, afterwards sugar-free HL3-like saline with 30 units
of Papain (Roche) was administered for 8min. A multi photon microscope (Nikon) (25x%
water-immersion objective; Nikon NIS Elements software) and a 6-channel delivery
system (CON electronics) for MCH/OCT application (1:12000 in mineral oil) were used.
Training paradigms consisted of bleaching (high intensity laser exposure focused ~1min)
the GFP signal in the 8’2 compartment followed by a baseline picture. Afterwards, training
(10mM DA injection with a micropipette; odour presentation or paired DA application +
odour presentation) was performed followed by fluorescence recovery measurement
after 10 and 20mins. Analyses: FIJI; ROIs drawn manually. For inverse exponential
decay, the fluorescence recovery [%] was inverted (1-percent), and then log-transformed.
They were utilized in a linear mixed effects model without intercept. The interaction
between training form and time was a fixed effect while time was a random effect (R-
package Ime4). Values were transformed back to the original scale for graphs. The
regression coefficients were used to calculate if a recovery was significant, while for
testing for significance between training types we used pairwise comparisons of
estimated marginal means (R package emmeans). For correction for multiple

comparisons, Tukey’s method was used (Methods modified from 38).

2.6. Confocal single photon imaging in vivo

3-4 day old females were imaged under a SP5 single-photon confocal microscope (Leica
microsystems; 3Hz). Flies were prepared as above. After bleaching (15-25s) the o’3
compartment a baseline image was taken. Flies were exposed to OCT (10x1s; ISI: 6s)

(CON electronics; Leica acquisition software). At 0, 5, 10, 15, 20, 30, 60min post training,
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the bleached brain plane was recorded for 10s (pixel size: 200nm). Analysis: ImageJ;

ROIls drawn manually; Gaussian blur (o = 0.5) (Methods modified from 38).

2.7. Explant brain widefield imaging

The head capsules and sheaths of 3-10 day old flies were recovered in carbogenated
solution (103mM NacCl, 3mM KCI, 10mM trehalose, 5mM N-Tris, 10mM glucose, 7mM
sucrose, 1ImM NaH2PO4, 26mM NaHCO3, 1.5mM CaCl2, 4mM MgCI2, 295 mOsm/kg,
pH 7.3) (38). Thereafter, brains were perfused with carbogenated solution plus TTX (2uM,;
20ml/20min). An Olympus MX51WI wide field microscope (40x Olympus LUMPLFLN
objective; Olympus U25ND25 light filter) and an Andor iXON Ultra camera (controlled
through Solis software) were used. ACh (0.1mM) injections to the M6 dendrites were
performed using a P25-1-900 picospritzer (3-8psi). First, optogenetic responses were
assessed:3 ACh pulses (15s), a 2-3min break, red light pulses (2s; ISI: 4s). Before and
after training 3x ACh-evoked GCaMP6f responses were measured (pre and post).
Training consisted of either 5 ACh injections, 5 red light pulses, or both paired. Responses
were calculated relative to the baseline (baseline was set with polynomial interpolation
function; NOSA) Analysis: NOSA; GraphPadPrism (Methods modified from 38).

2.8. Statistics

Normality testing was performed with the Shapiro-Wilkinson test. Normally distributed
data were analysed by ANOVA followed by a post-hoc test or a (paired) t-test, while non-
normally distributed data were analysed with a Kruskal Wallis test followed by a post-hoc
test or a Wilcoxon matched-pairs signed rank test (Methods modified from 38) if not

otherwise stated.

2.9. Activity measurements

Single 5-6 day old virgin female flies were placed in 65mm glass tubes (5mm diameter)
which contained at one end fly food. The activity was measured with Drosophila Activity
Monitors (DAMZ2; Trikinetics Inc. Waltham, MA) at 25°C with a 12hr light and 12 hr-dark
phase. Every time the fly crosses the midline of the tube it counted as one activity. 4 days
were analyzed, the first 36hr of the measurements were excluded since it was a new

environment.
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3. Results
3.1. Output of KCs is required for the acquisition of memory

To test whether the output of KCs or MBONSs during the training phase was necessary,
flies were trained to associate an odour (CS+) with sugar or shock (US) while blocking
neurotransmission at 31°C using UAS-Shibire™ (Shi). After 30 minutes, the flies got the
choice between this odour or a second odour (CS-) previously presented without an
additional stimulus. Results show that blocking the output of KCs (R13F02-Gal4) during
learning impaired appetitive, but not aversive, memory (Figure 1a,b). Meanwhile, blocking
neurotransmission from M4/M6 (MB011B-Gal4) MBONs does not affect memory
performance (Figure 1c). At permissive temperature (21°C), no memory impairment was
observed (Figure 1d,e). It was concluded, therefore, that output of KCs is necessary

during acquisition of olfactory appetitive learning.
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Figure 1: Output of KCs is required for the acquisition of memory
Figure and legend modified from Pribbenow et al., 2022 (38)

a-c) Flies expressing the temperature sensitive Shi in KCs or MBONs were trained while blocking the synaptic
neurotransmitter release (32°C) and tested at 23°C (enabling synaptic output). Bar graphs: mean + SEM. a) Inhibited
synaptic transmission of KCs (R13F02-Gal4) during acquisition permits 30min aversive learning. n= 7 — 8; one-way
ANOVA followed by Tukey’s test (p > 0.05). b) Inhibited synaptic transmission of KCs during training abolishes 30min
appetitive memory. n= 10 — 16; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 0.05. c) Inhibited synaptic
transmission of M4/6 MBONs (MB011B-GAL4) during training permits 30min appetitive memory. n= 14 — 24; one-way
ANOVA followed by Tuckey'’s test (p > 0.05). d-e) Temperature controls for Figure 1a and 1b: Flies stayed at 23°C
(enables synaptic transmission) throughout the whole experiment. Box plots: mean + SEM. d) 30min aversive memory
was not significantly impaired at 23°C.; n= 7 — 9; Kruskal-Wallis followed by Dunn’s test (p = 0.08). ) 30min appetitive
memory was not significantly impaired at 23°C. n= 6 — 8; Kruskal-Wallis followed by Dunn’s test (p = 0.7).
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3.2. Knockdown of the a2 and a5 subunit in MBONS impair memory

Interestingly, previous studies showed that knockdown of the Da1, Da4, Da5, and Da6
subunits alters naive odour avoidance in Drosophila (11). Since KCs are vital for
appetitive memory (Figure 1b) and the KC-MBON synapse is cholinergic (11), the
requirement of different NAChR subunits at the M4/M6 postsynapse for memory was
tested. RNAI (RNA interference) directed to the nAChR subunits or the scaffolding protein
Dlg were expressed in M4/M6 neurons (MB011B) and the flies were trained to associate
an odour with sugar. Memory performance was tested, either immediately afterwards
(short term memory; STM) or 3hr later (middle term memory; MTM), by giving the flies
the choice between the previously associated odour with sugar (CS+) and another odour
the flies had encountered before but without sugar (CS-). The number of Drosophila
choosing the CS+ and CS- was used to calculate the performance index. Knockdown of
the a5 subunit abolished appetitive STM, while knockdown of any other subunit had no
effect on the expression of appetitive STM (Figure 2a). Meanwhile, for appetitive MTM
expression more subunits and scaffolding proteins were required: Knockdown of a1, a2,
a5 subunits and Dlg abolished appetitive MTM (Figure 2b). Importantly, in genetic
controls appetitive STM and MTM performance were not affected (Figure 2c-d). Next, we
wanted to exclude a developmental phenotype. Therefore, we suppressed the RNAI
expression during development by using the temperature-sensitive Gal4 repressor tubP-
GALS8Ots at <20°C. We then induced the RNAI 3-5 days before the experiments by raising
the temperature to 32°C. Importantly knockdown of a5 subunits still impaired appetitive
STM and MTM, while knockdown of a2 subunits and Dlg impaired appetitive MTM (Figure
2 e-h). To control for the proficiency of the tubP-GAL8O0', we again raised the flies at
<20°C but this time kept them at this temperature throughout their lifespan. Importantly,
in flies where the RNAI expression was suppressed continuously no memory impairment

was measurable (Figure 2i-l).
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Figure 2: Knockdown of nAChR subunits impairs memory

Figure and legend modified from Pribbenow et al., 2022 (38)

a-y) Bar graphs: mean + SEM a) Appetitive STM is abolished following knockdown of a5 subunits (UAS-RNAI) in
M4/M6 neurons (MB011B-Gal4). n= 8 — 13, controls: n= 20; one-way ANOVA followed by Dunnett’s test (p < 0.05), *
= p < 0.05. b) Abolished appetitive MTM following knockdown of a1, a2, a5 nAChR subunits or DIlg (UAS-RNAI) in
M4/6 MBONs (MB011B-Gal4). n= 12 — 26, controls: n= 38; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * =p <
0.05. ¢) Appetitive STM is not affected in genetic controls. n= 7 — 11, controls: n= 16, one-way ANOVA followed by
Tukey’s test (p > 0.05). d) Appetitive MTM is not affected in genetic controls. n= 7 — 33, controls: n= 41, one-way
ANOVA followed by Tukey’s test (p > 0.05) e-h) Supressed RNAi knockdown of nAChR subunits or DIg during
development (Gal80ts; <20°C) in M4/M6 MBONS (MB011B-Gal4). Induced RNAI expression 3-5 days before the
experiments (32°C). e) RNAi knockdown of a5 subunits abolishes appetitive STM. n= 6 — 7; Kruskal-Wallis followed by
Dunn’s test (p < 0.05), * = p < 0.05. f) RNAi knockdown of a2 subunits abolishes appetitive MTM. n= 16 — 17; one-way
ANOVA followed by Tukey’s test (p < 0.05), * = p < 0.05. g) RNAIi knockdown of a5 subunits abolishes appetitive MTM.
n= 25 — 27; one-way ANOVA followed by Tukey’s test (p < 0.05), * = p < 0.05. h) RNAi knockdown of Dlg abolishes
appetitive MTM. n= 8 — 11; one-way ANOVA followed by Tukey'’s test (p < 0.05), * = p < 0.05. i-I) RNAi knockdown in
M4/M6 neurons (MB011B-Gal4) of nAChR subunits or DIg is during the whole lifetime suppressed using Gal80ts
(<20°C). i) Without a5 subunit knockdown appetitive STM is intact. n= 9; one-way ANOVA followed by Tukey’s test.
j) Without a2 subunit knockdown appetitive MTM is intact. n= 9 — 11, one-way ANOVA followed by Tukey’s test. k)
Without a5 subunit knockdown appetitive MTM is intact. n= 10 — 11, one-way ANOVA followed by Tukey’s test.
I) Without DIg knockdown appetitive MTM is intact. n=810, one-way ANOVA followed by Tukey’s test.

Importantly, previous studies showed that, when the synaptic transmission from M6
neurons was blocked, appetitive STM and LTM were impaired but not abolished (21).
Therefore, our next aim was to understand if a2 subunits were required in either one or
both the M4 and M6 MBONs. We tested for the behavioural expression of memory
performance after knocking down a2 subunits with an RNAI either in M4 or M6 MBONSs
using different driver lines as before. While the MB210B-Gal4 line labels both M4 and M6
MBONSs, the 12C11-Gal4 line labels only M4 MBONs and the R66C08-Gal4 line labels
only M6 MBONSs. Flies were again trained in a T-maze to associate an odour with sugar.
After 3hr the flies got to choose between this previously associated odour (CS+) or a
different odour that they had encountered before but without the sugar reinforcement
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(CS-). To first reinforce our previous results, we knocked down a2 subunits in M4/M6
MBON:Ss. This led to an abolished appetitive MTM (Figure 3c). Importantly, knockdown of
02 subunits in either the M4 or M6 MBON abolished appetitive MTM performance
completely (Figure 3a,b) .
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Figure 3: Knockdown of the a2 subunit in M4 and M6 MBONSs impairs memory

a) Appetitive MTM is abolished following knockdown of a2 subunits (UAS-RNAI) in M4 neurons (12C11-Gal4). n= 21 —
25; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 0.05. b) Following the knockdown of a2 subunits in M6
neurons (R66C08-Gal4) appetitive MTM is abolished. n= 10 — 13; one-way ANOVA followed by Dunnett’s test (p <

0.05), * = p < 0.05. c) Appetitive MTM is abolished following knockdown of the a2 subunit in M4/M6 neurons (MB210B-
Gal4d). n= 6 — 8; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 0.05.

Since different MBONs might utilize different mechanisms of memory formation, we also
tested the MVP2 neuron (MB112C-Gal4), previously described as inhibiting the M4/M6
neurons and having an increased activity upon starvation (22). Additionally, the MVP2
MBONSs are required for aversive memory (22). Interestingly, the same subunits and Dlg
were required as in M4/M6 MBONSs - although for different forms of learning. While a2
subunit knockdown impaired appetitive STM (Figure 4a), knockdown of a5 subunits or
Dlg had no effect on appetitive STM (Figure 4b). Meanwhile, aversive memory was not
impaired when any subunit was knocked down in M4/M6 MBONSs (38): knockdown of a5
and Dlg in MVP2 neurons impaired aversive STM (Figure 4d), and knockdown of either

a1 or a2 subunits again had no effect on aversive STM (Figure 4c).
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Figure 4: Knockdown of nAChR subunits in MVP2 neurons impairs appetitive and aversive memory

a) Knockdown of a2 subunits (UAS-RNAI) in MVP2 MBONs (MB112C-Gal4) abolishes appetitive STM. n= 15 — 17,
one-way ANOVA followed by Tukey’s test (p < 0.05), * = p < 0.05. b) Knockdown of a3, a5 subunits or DIg in MVP2
MBONSs does not impair appetitive STM. n=5 — 7; Kruskal-Wallis followed by Dunn’s test (p > 0.05). ¢) Knockdown of
a1 or a2 subunits in MVP2 MBONs does not impair aversive STM. n= 14 — 18; Kruskal-Wallis followed by Dunn’s test
(p > 0.05). d) Knockdown of a5 subunits or DIg in MVP2 MBONSs abolishes aversive STM. n= 6 — 9; Kruskal-Wallis
followed by Dunn’s test (p < 0.05), * = p < 0.05.

These results show a requirement for learning of a2 and a5 subunits as well as Dlg in
different MBONSs. While a5 subunits are required for appetitive STM and MTM in M4/M6
MBONSs together, there is a requirement for a2 subunits for appetitive MTM in both M4
and M6 MBONSs separately. Dlg is additionally required for appetitive MTM in M4/M6
MBON:Ss. Interestingly in the MVP2 neurons the same subunits are required for learning
and memory, however for different learning forms as a2 is required for appetitive STM in
MVP2 MBONSs and a5 subunits as well as Dlg for aversive STM.

3.3. Evidence for postsynaptic plasticity in MBONs

While vertebrates utilize both pre- and postsynaptic plasticity (e.g. 5-7), in Drosophila only
presynaptic plasticity has so far been observed (e.g. 8, 9). However, certain findings have
indicated that postsynaptic plasticity might exist in Drosophila. For instance, memory
performance was impaired when synaptic transmission from KCs was blocked (25, 36,
Figure 1b) and protein synthesis in MBONSs is required for LTM formation (37). To further
investigate postsynaptic contributions to plasticity, the KC-presynapse in explant brain
preparations was experimentally bypassed. While feedback signalling was suppressed
using TTX, the output of KCs was artificially mimicked by focal ACh application
(measuring Ca?* responses in M6 (MB011B-Gal4) MBON dendrites using GCaMP6f
(UAS-GCaMP6f)). Involvement of dopaminergic neurons was tested by activating PAM

neurons (R58E02-LexA) with the red light-activatable channelrhodopsin CsChrimson
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(lexAop-CsChrimsontdTomato) (Figure 5a). ACh evoked Ca?* responses of MBONs
before and after training were compared (Figure 5b). Three different training protocols
were utilized: 1) ACh application; 2) activation of PAM neurons; and 3) activation of PAM
neurons paired with ACh application. We detected no changes in the Ca?* responses pre
and post ACh or DA training (Figure 5c¢,d). Notably, significantly elevated Ca?* responses
following paired training were observed (Figure 5e). Next, we wanted to know if a2
subunits play a role in the postsynaptic weight changes after training. Since a2 subunits
are required for appetitive MTM (Figure 2b), but not for appetitive STM (Figure 2a), a2
subunits were a likely candidate to influence postsynaptic plasticity. To test this, we
knocked down a2 subunits in M4/M6 MBONs (MB011BGal4>UAS-nAChR RNAI).

Strikingly, no synaptic weight changes could be observed following paired training in a2
knockdown flies (Figure 5f).

Taken together these experiments demonstrate that, evidence for postsynaptic plasticity
exists independent of the presynapse. This postsynaptic plasticity takes place when ACh
activates the postsynaptic MBONSs while reinforcement by DA release from DANSs occurs.

Consistent with the demonstrated behavioural experiments, postsynaptic plasticity
requires a2 subunits.
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Figure 5: Evidence for postsynaptic plasticity
Figure and legend modified from Pribbenow et al., 2022 (38)

a) Red light initiates Dopamine exocytosis from DANs (R58E02-LexA>lexAop-CsChrimsontdTomato). KC
neurotransmitter release is mimicked by focal acetylcholine injections. In M6 neurons postsynaptic Ca2* responses
were measured with GCaMP6f (MB011B-GAL4>UAS-GCaMP6f). Feedback signalling and network activity is blocked
with TTX. b) Before and after training ACh-evoked GCaMP6f responses were measured (pre and post). Training
consisted of either ACh application (‘ACh only’); red light (‘DA only’) or both paired (‘ACh+DA"). c-f) Above: dendritic
M6 calcium response trace to ACh application pre (black traces) and post (coloured traces) training. Below:
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quantification of peak responses. Before-after plots and bar graphs (mean). ¢) No significant changes in Ca?* transients
to ACh application pre-and post ‘ACh only’ training. n= 13, ratio paired t-test. d) No significant changes in Ca?* transients
pre- and post ‘DA only’ training. n= 10, ratio paired t-test. e) facilitation in ACh-evoked calcium transients following
paired training. n= 18, ratio paired t-test, * = p < 0.05. f) facilitation in ACh-evoked calcium transients following paired
training is impaired when a2 was knocked down in M4/M6 neurons (MB011B-Gal4>UAS-RNAI). n= 15, ratio paired t-
test.

3.4. a5 subunits and DIg work upstream of a2 subunits

It is known that the KC-MBON synapse is cholinergic (11), and in Drosophila seven a
(Da1-Da7) and three B (DB1- DB3) nAChR subunits (28) are known. These nAChR
subunits can form either homomeric or heteromeric receptors (28). We demonstrated that
a5 subunits are required for appetitive STM and MTM and that a2 subunits, as well as
the scaffolding protein Dlg, are mandatory for appetitive MTM (Figure 2a,b) in M4/M6
MBONSs. We therefore wanted to know which receptor compositions characterize
MBONSs. Assays of expression established that GFP-tagged endogenous nAChR a-
subunits and Dlg are non-uniformly distributed throughout the different compartments of
the MB. While DIg and both a2 and a5 subunits are ample within the y lobe, they are
slightly less abundant in the 2, B’2 or y1 compartments (Figure 6a). Strikingly, within the

y lobe a4 subunit concentration was the highest (Figure 6a).

To further localize the fluorescence signals of a2 and a5 subunits, RNAi knockdown
experiments driving the nAChR-RNAI in M4/M6 neurons (VT1211-Gal4) were performed.
The relative fluorescence in the y5 and ’2 compartments, in which the M4/M6 MBONSs
originate, was calculated and compared to adjoining unmanipulated compartments
(Figure 6b—e). As expected, knockdown of a2 subunits significantly decreased the
amount of a2 subunits within the y5 and 3’2 compartment (Figure 6d,e). The same applied
to ab5 subunits: a5 subunit knockdown in M4/M6 MBONSs significantly diminished the
relative fluorescence of a5 subunits within the y5 and $’2 compartment (Figure 6b,c).
These results indicate a dendritic location of the subunits in M4/M6 neurons. Intriguingly,
knockdown of a5 subunits in the M4/M6 neurons additionally significantly decreased the
amount of a2 subunits in the B’2 compartment (Figure 6e) and partly diminished it in the
y5 compartment (Figure 6d). Moreover, a significant reduction of a2 subunits could be
observed in the y5 and (’2 compartment following Dlg knockdown (Figure 6d,e).
Conversely, DIg and a2 knockdowns had no effect on a5 subunit fluorescence (Figure
6b,c).
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In previous experiments, we showed that knockdown of a2 and a5 subunits impairs
memory performance in MVP2 neurons as well (Figure 4a,d). However, the subunits are
required for different forms of learning then in M4/M6 MBONs. We therefore wanted to
know if the same influence of a5 subunits on a2 subunits would exist in these neurons.
As expected, knocking down a2 subunits in MVP2 MBONs decreased the relative
fluorescence of a2®F" in the y1 compartment compared to the unmanipulated y4
compartment. However, no effect of knockdown of a5 subunits on the a2 fluorescence

signal was detectable (Figure 6f).

Overall, we demonstrate that NnAChR subunits are distributed non-uniformly throughout
the MB compartments and that the fluorescence signal likely derives from MBONS.
Importantly, we see an effect of a5 subunit and Dlg on a2C" fluorescence levels

indicating that a5 subunits and DIg might function upstream of a2 subunits.
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Figure 6: Distribution of nAChR subunits
Figure and legend modified from Pribbenow et al., 2022 (38). 4g was newly added.

a) Fluorescence quantification of GFP-tagged a-subunits (except for a3 subunit). Fluorescence of each compartment
is displayed relatively to the mean fluorescence of the whole MB. n= 7 — 18. b-f) Bar graph and individual data:
normalized mean + SEM; GFP fluorescence in y5 compartment relative to unmanipulated y4 compartment; (3’2
compartment relative to unmanipulated $'1 compartment and y1 compartment relative to unmanipulated vy4
compartment. b) Significant decrease of a5%FP in the y5 compartment following knockdown of a5 (UAS-RNAI) in M4/M6
neurons (VT1211-Gal4). n= 9 -28; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * =p < 0.05. ¢) Significant
reduction of a5%FF in the following knockdown of a5 in M4/6 neurons. n= 10 — 28; Kruskal-Wallis followed by Dunn’s
test (p < 0.05), * = p < 0.05. d) Significant decrease of a2C6F? in the y5 compartment following knockdown of Dlg or a2
in M4/M6 neurons. n= 8 — 20; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 0.05. e) Significant reduction
of a2CFP in the B’2 compartment following knockdown of a2 or a5 subunits or DIg in M4/M6 neurons. n= 9 — 20; one-
way ANOVA followed by Dunnett’s test (p < 0.05), * = p < 0.05. f) Significant reduction of a2¢FP in the y1 compartment
following knockdown of a2 subunits in MVP2 neurons (MB112C). n= 8 — 17; Kruskal-Wallis followed by Dunn’s test (p
> 0.05), *=p <0.05.
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3.5. Activity of GFP-tagged a nAChR collection flies is normal

Next, we performed a control experiment to exclude a behavioural phenotype and
evaluate the functional integrity of the newly generated GFP-tagged a-nAChR collection
flies which we use to evaluate nAChR subunit contribution to postsynaptic plasticity.
Since neurotransmission from MB neurons is required for normal rhythmic locomotor
activity (40), we assessed the activity profiles of these flies with activity monitors. Herein,
flies are separated into glass tubes and every time they cross the midline it is counted as
one activity bout. As expected, flies were more active during the day when the light was
turned on then during the night without light (Figure 7a-c). In GFP-tagged a2 and a5-
NAChHR flies, no significant differences in activity patterns compared to control flies were
observed in the overall amount of activity, the activity during the day, or the amount of
activity during the night (Figure 7a-d). We therefore conclude that the GFP-tagged a2 and
a5-nAChR flies can be used for future research and that tagging does not interfere with

receptor functionality.
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Figure 7: GFP-tagged flies activity is normal

a) Activity traces of Wildtype flies and a2 and a5¢FP-tagged nAChR subunit flies. Line diagram: mean; n=9 — 12. b-d)
Bar graph: normalized mean + SEM. b) Activity of Wildtype flies and a2 and a5 subunit GFP-tagged flies is comparable;
n= 9 — 12; one-way ANOVA followed by Dunnett’s test (p > 0.05). c) Activity during the night of Wildtype and a2 and
a5 subunit GFP-tagged flies is comparable. n= 9 — 12; Kruskal-Wallis followed by Dunn’s test (p > 0.05). d) Activity
during the day of Wildtype and a2 and a5 subunit GFP-tagged flies is comparable. n= 9 — 20; Kruskal-Wallis followed
by Dunn’s test (p > 0.05).
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3.6. Physiological roles of a2 subunits

We demonstrated that a2 and a5 subunits are required for appetitive memory
performance (Figure 2a,b), and that without a2 subunits physiological plasticity after
training is impaired (Figure 5f). To evaluate the further roles of a2 and a5 subunits in
postsynaptic plasticity, we first evaluated odour evoked Ca?* responses in M4 dendrites.
Flies, in which either the a2 or a5 subunits had been knocked down in M4/M6 neurons
(VT1211-Gal4), were exposed to 10 alternating odour puffs (MCH and OCT) (Figure 8a).
Initial odour-evoked GCaMP6f responses in M4 dendrites at the level of the B2
compartment were significantly elevated in a5 knockdown flies compared to controls
(Figure 8b). No changes in initial GCaMP6f responses were observed in a2 knockdown
flies. No changes in the GCMP6f responses were observed in control flies over multiple
odour exposures (Figure 8c). Interestingly, responses decreased following multiple odour
exposures in a5 knockdown flies (Figure 8e). This indicates a possible pre-potentiation
of the postsynapse. Meanwhile, knockdown of a2 subunits did not change Ca?*
responses to multiple odours (Figure 8d). Previous studies showed that M4/M6 MBONSs
can be modified bidirectionally following learning (21), and therefore postsynaptic effects
following appetitive training in a2 knockdown animals were examined. Flies were trained
under the microscope by exposing them to MCH together with sugar (paired training) or
exposing them first to sugar and then to MCH (unpaired training). Odour evoked
GCaMP6f responses in M4 axons were measured and compared before and after training
(Figure 8f,g). As expected, neither in control flies nor in a2 knockdown flies, significant
Ca?* changes were observed following unpaired training (Figure 8j,k). Following paired
training, a significant depression in responses was measured in control flies (Figure 8h).
Strikingly, this synaptic depression was no longer present following a2 subunit
knockdown (Figure 8i).In vertebrates the synapse is strengthened or weakened by
AMPAR incorporation or removal during learning (10). To further test the hypothesis that
receptor movements are required for postsynaptic plasticity in Drosophila, in vivo
fluorescence recovery after photobleaching (FRAP) experiments using the GFP-tagged
a2 nAChR subunits were performed. The recovery of the a2 GFP fluorescence was used
as a proxy for receptor incorporation. (Please note that removal of receptors cannot be
observed with this method.) Initially, an image of the 8’2 compartment was taken followed

by fluorescence bleaching of the 8’2 compartment. Pictures were taken prior to, and then
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10 and 20 minutes after, the training. Training consisted either of dopamine application,
odour exposure, or odour exposure paired with dopamine application. One training
protocol was performed per fly and OCT was used as the odour (Figure 8l). Odour
exposure induced an increase in the fluorescence recovery after 10 and 20 minutes,
indicating an increasing amount of a2 in the B’2 compartment (Figure 8m). Notably,
dopamine application did not induce any fluorescence recovery (Figure 8m). Notably,
dopamine application together with odour exposure prevented the previously seen
recovery following odour application alone (Figure 8m). Air alone did not cause any
fluorescence recovery, further indicating that the odour application induces the
fluorescence recovery (Figure 8n).

Taken together, we see indication for a pre-potentiation of the synapse when a5 subunits
are down-regulated. Additionally, a2 subunits seem to be required for appetitive training,

and odour application alone facilitates a2 subunit movements.
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Figure 8: a2 subunit movements are required for learning

Figure and legend modified from Pribbenow et al., 2022 (38)
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a) Flies were 10x exposed to OCT and MCH, alternating (1s; I1SI: 30s). GCaMP6f responses in M4 dendrites were
measured. b) a5 knockdown (UAS-RNAI) in M4/6 neurons (VT1211-Gal4) significantly increases MCH AUC responses.
Mean + SEM; one-way ANOVA followed by Dunnett’s test (p < 0.08), * = p < 0.05; n= 10 — 12. c-e) Before-after plots.
c) There is a similar response to the first and the fifth MCH application in control flies. n= 10; paired t-test. d) There is
a similar response to the first and the fifth MCH application in flies were a2 (UAS-RNAI) is knocked down in M4/M6
neurons. n= 12; paired t- test. e) A significant decrease in GCaMP6f responses to the fifth MCH exposure was seen
when a5 is knocked down in M4/M6 neurons. n= 12; Wilcoxon matched-pairs signed rank test; * = p < 0.05. f) paired
training under the microscope. Imaging of the Axonal area. g) unpaired training under microscope. Imaging of the
Axonal area. h-k) Analysis of the AUC, Before-after plots and bar graphs (mean). h) Following paired training control
flies show significantly reduced MCH-evoked GCaMP6f responses in M4 neurons. n= 9; paired t-test; * = p < 0.05.
i) Following paired training a2 knockdown flies show no alteration in GCaMP6f signals to MCH. n=9; paired t-test. j)
Following unpaired training the control flies show no alteration in MCH-evoked GCaMP6f responses in M4/M6 neurons.
n=12; Wilcoxon matched-pairs signed rank test. k) Following unpaired training, a2 knockdown flies show no alteration
in MCH-evoked GCaMP6f signals. n=9; paired t-test. I) experimental protocol. First the f’2 compartment was bleached.
Before, plus 10 and 20 minutes after the training the a2CF" fluorescence was measured. Training consisted of DA
injection; OCT presentation or paired DA application + OCT presentation. m) Inverse exponential decay fit of FRAP
following training. n) Control experiments. Training consisted of air only. inverse exponential decay fit regression
coefficient. n= 9, t-test, Satterthwaite’s method for approximating a degree of freedom. Regression coefficient differs
not significantly from 0.

3.7. a2 subunits play a role in postsynaptic plasticity for non-associative

learning

There are different learning forms in Drosophila. In M4/M6 MBONSs, required for
associative memory, we see a requirement and movement of a2 subunits for postsynaptic
plasticity (Figures 2b; 3a,b,c; 5f; 8i,m). To investigate the roles of a2 and a5 subunits in
a’3 MBONs required for non-associative familiarity learning (4), nAChR subunit
movements were investigated in the a’3 compartment (Figure 9). It had previously been
shown that odour induces a2 dynamics in the M4 MBONs (Figure 8m). FRAP
experiments were therefore again turned to using GFP-tagged a2 and a5 subunits as well
as Dlg. First, an image was taken before the bleaching. This was followed by 10 MCH
puffs. Fluorescence signal was measured immediately thereafter and after 5, 10, 15, 20,
30 and 60 minutes (Figure 9a). The recovery of the a2¢F fluorescence was significantly
increased following MCH odour exposure after 15, 20 and 30 minutes (Figure 9c¢). No
increases in the amount of a5 subunits or Dlg were observed (Figure 9d,e). To verify that
the recovery of the a26P signal was due to receptors located to the MBON dendrites, a2
subunits expressing UAS-a2RNAi were knocked down in a’3 MBONs (MB027B-Gal4).
The previously observed recovery of the a2¢FP fluorescence following MCH exposure
was abolished in these flies (Figure 9b). Additionally, to test the hypothesis that a5
subunits were acting upstream of a2 subunits, a5 subunits in the a’3 MBONs (MB027B
Split-Gal4 >UAS-a2RNAIi) were knocked down. Again, the a2¢F" fluorescence signal

recovery was abolished following the a5 knockdown (Figure 9b).
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Overall, in non-associative memory, an increase in a2 subunits can be seen. This
increase is abolished after knockdown of either a2 or a5 subunits. Further indicating that

a5 subunits act upstream of a2 subunits.
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Figure 9: a2 subunit movements are required for learning in o’3 MBONS

Figure and legend modified from Pribbenow et al., 2022 (38)

a) Training scheme for FRAP experiments in the o’3 compartment. 10x MCH exposure (1s; ISI: 6s). Images were taken
0, 5, 10, 15, 20, 30 and 60 minutes afterwards. b-e) Recovery normalized to baseline recording. Box plots: median
and 75 % quartiles. b) 30 minutes after odour exposure and knockdown of a2 or a5 in a’3 MBONs (MB027B -
GAL4>UAS-RNAI) a2CFP recovery was impaired. n= 4 — 5; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p <
0.05. c) a2CFP recovery is significantly increased following odour training compared to controls. n= 4 — 6; multiple t -
tests with Sidak-Bonferroni correction, * = p < 0.05. d) No a56FP recovery following odour training. n=5 — 7, multiple t

- tests with Sidak-Bonferroni correction. €) No DIgGFP recovery following odour training. n= 5 - 7; multiple t-tests with
Sidak-Bonferroni correction

3.8. Model for postsynaptic plasticity.

Based on the shown results, | created a model for postsynaptic plasticity at the KC-MBON
synapse. Naive odour exposure induces a Ca?* response in M4 neurons (Figure 8b,d).
On a subunit level, a2 subunit recovery after photobleaching is increased following odour
exposure (Figure 8m). This could likely represent receptor exocytosis or lateral diffusion.
On the behavioural level, an avoidance of the odour can be observed (21). When flies
are trained to associate an odour with sugar they will afterwards approach of the odour
(Figure 1). Meanwhile the Ca?* response in M4 neurons is depressed and receptor
incorporation is abundant (Figure 8h,m). Noteworthily, a5 subunits are required for
appetitive STM (Figure 2a) and a5 subunits and DIlg seem to influence a2 subunit level
(Figures 6d,e, 9b).
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The data presented here implicate a model in which a5 subunits are required for inducing
postsynaptic plasticity, potentially through calcium influx (though not addressed in this
study). Additionally, they implicate that a5 subunits and Dlg are acting upstream of a2

subunits and potentially as inducing a2 receptor dynamics.
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Figure 10: Model for postsynaptic plasticity

Model modified from Pribbenow et al., 2022 (38)
When flies smell an odour ACh is released. This induces a facilitation of Ca?* responses in M4 MBONSs as well as a2
subunit incorporation. In contrast when the flies learn appetitively Ca?* + responses are decreased in M4 MBONs and

no a2 subunit dynamics are visible.
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4. Discussion
4.1. Evidence for postsynaptic plasticity in MBONs

| hypothesized that postsynaptic plasticity at the KC-MBON synapse occurs in
Drosophila. To isolate potential presynaptic from postsynaptic activity, | first revisited
experiments blocking presynaptic neurotransmitter release from KCs during acquisition
(17, 25, 36) and found that this impaired appetitive but not aversive STM (Figure 1). This
slightly contrasted similar experimental results obtained by Schwaertzel et al. (17) who
used a different driver line (MB247-Gal4) (which acts less strongly in o'/’ KCs).
Neurotransmitter release from M4/M6 neurons is known to be required for appetitive
memory expression (21, 24), and in line with previous experiments (24) | subsequently
demonstrated that it was dispensable for acquisition (Figure 1). . However, as this did not
preclude the possibility of postsynaptic plasticity, we performed proof-of-principle
experiments by inducing postsynaptic plasticity circumventing the presynapse. To
address this, we first demonstrated that local ACh injection to M6 neuron dendrites,
paired with DA release from DANSs, induces a facilitation of Ca?* responses in M6 neurons
(Figure 5). These experiments were performed in TTX in order to suppress network
activity. In theory, ACh injection to axonal terminals can induce Ca?* transients in
dopaminergic terminals (39). However, a coincidental carbon monoxide signal is also
necessary to induce dopamine release from presynaptic terminals (27) and control
experiments in the absence of CsChrimson expression (thereby limiting dopamine
release) showed no influence of DANs on ACh injection responses in M6 MBONSs (38).
Together, this indicted that incidental activation of DANs during pre-training is not likely.
Although our artificial training of the postsynapse through ACh application does not mirror
exact physiological conditions, these experiments establish that, by bypassing the
presynapse, postsynaptic plasticity at the KC-MBON synapse can occur. Of note, the

observed small amplitude of potentiation agrees with in vivo experiments (21).

4.2. nAChR Receptor subunits are necessary for memory formation

Through my proof-of-principle experimentations | had shown that postsynaptic plasticity
in MBONSs exists, thus raising the question: how could it work mechanistically?
Addressing this question required gaining greater understanding of roles played by
NAChRs subunits. | had hypothesized that by experimentally perturbing individual NAChR

subunits in MBONSs | could alter the learning or memory performance of Drosophila flies.
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First, | assayed nAChR subunit distribution throughout the MB and found topographic
non-uniformity (Figure 6). Most subunits were abundant in the y lobe but less so in the 2
compartment. a5 subunits were particularly enriched in the y lobe, while a2 subunits were
comparably enhanced in the B2 and 3’2 compartments (Figure 6). Additionally, it could
be shown that the subunit®? signal derives from MBONs by knocking down the subunits
in the M4/M6 neurons (Figure 6). The subunit® " fluorescence was afterwards
significantly decreased. As nAChR subunits can form homomeric or heteromeric
channels (28), this differential distribution of NnAChR subunits implies a considerable
heterogeneity in the nAChR assemblies — albeit it remains impossible to draw

conclusions on specific receptor composition.

Knockdown of a1, a4, a5, and a6 subunits in M4/M6 MBONSs reduces peak Ca?*
responses to MCH (a2 subunits had not been examined; (11)). Seemingly in contrast to
these results, we found that naive odour responses were significantly increased after
knockdown of a5 subunit in M4 neurons (Figure 8) but were unaltered following ACh
application in M6 neurons (38). These differences can be explained, firstly by the different
stimulation methods (ACh vs. odour) and secondly by differences in measurement
location (on the M4/M6 presynaptic boutons by Bernstadt et al. 2016 (11), whileat the
dendritic side here). Indeed, while odours activate only a sparse number of KCs (15),

ACh application likely mimics a broader activation.

Previous experiments had revealed that some nAChR subunits (Da1, Da4, Da5, and
Da6) are required for naive odour avoidance (11). To further investigate possible
requirements for learning, individual NnAChR subunits in MBONs were knocked down.
These experiments established that a5 subunits are mandatory for appetitive STM and
MTM in M4/M6 MBONSs, while a1 and a2 subunits are only essential for appetitive MTM
(Figures 2,3). Notably, a developmental phenotype was ruled out using the temperature
sensitive repressor of Gal4, Gal80'*, during development (Figure 2). The MVP2 MBON
was additionally investigated as this neuron inhibits the M4/M6 MBONSs and activity is
state dependent (22). Therefore, the plasticity roles at this neuron plausibly could have
been different. Indeed, knock down of a2 subunits impaired appetitive STM, yet knocking
down a5 subunits impaired aversive STM (Figure 4). Blocking the synaptic output of
MVP2 neurons inhibits both appetitive and aversive memory. Additionally, odour-evoked
activity in MVP2 neurons is increased in hungry flies, and this increase in activity
promotes appetitive memory expression. Interestingly, activation of the MVP2 neurons
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even enables appetitive memory formation in fed flies (22). Thus, these results indicate

different plasticity rules for different kinds of MBONSs.

Theoretically, if nAChR subunits are vital for learning they should impair learning
dependent postsynaptic Ca?* facilitation or depression. And, in fact, knockdown of a2
subunits in M4/M6 neurons impairs learning dependent Ca?* facilitation in M6 neurons
(Figure 5) as well as the learning dependent Ca?* transient depression in M4 MBONSs
(Figure 8). This depression in the dendritic odour-evoked responses following learning

has previously been described (21).

M4 and M6 neurons have separate, distinct roles in memory formation and extinction
(20). Therefore, it is not surprising that both neurons show opposite learning induced Ca?*
responses and yet both of the learning-induced Ca?* responses are abolished by

knocking down a2 subunits in the neurons.

4.3. Receptordynamics arerequired for learning and specific nAChRs might play
similar roles to those played by NMDAR and AMPAR in mammals

| had hypothesised that receptor dynamics of nAChR are required for learning and
memory at the KC-MBON synapse. Although mammals and Drosophila utilize different
neurotransmitters in learning (7, 10, 11), and Drosophila synapses additionally lack
anatomical spines (38), the operational mechanics of learning at the receptor level
conceivably follow similar principles. Within the relevant mammalian neurons upon
activation of NMDAR, and the consequent Ca?* influx, either increased incorporation or
removal of AMPAR occurs, which is mandatory for LTP or LTD (10). In Drosophila, we
herein showed that nAChR subunits are vital for learning (Figures 2,3,4,5,8). Intriguingly,
in different MBONs, multiple odour exposures enhance the a2®" signal - indicating
enhanced receptor dynamics - while a5 subunits do not show any such dynamics (Figures
8,9). This resembles the dynamics of mammalian AMPAR and NMDAR movements
following learning.

Among our experimental observations is a depression in Ca?* transients in M4 neurons
following paired training (Figure 8). Strikingly, dopamine application does not induce
GFP-tagged receptor dynamics in FRAP experiments and even prevents dynamics if it is
paired with an odour (Figure 8). Notably, in this experimental design the a2¢FP signal is

bleached before training and therefore immobilisation or removal of receptors cannot be
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detected. Indeed, in mammals, LTD depends on AMPAR internalisation through
endocytosis (10).

Importantly, | ruled out activity dependent phenotypes in GFP-tagged subunit flies
through the performance of control experiments (Figure 7). Overall, these experiments
demonstrated that learning in Drosophila depends on specific NAChR subunits both at
the behavioural and the synaptic level.

AMPAR dynamics are dependent on NMDAR at glutamatergic synapses (10). Similarly,
| also observed a dependence in the expression of a2 subunits on a5 subunits (Figures
6, 9) while, to the contrary, knocking down a2 subunits does not affect the level of a5
subunit expression (Figure 6). | therefore conclude: 1) that Drosophila a2 and a5 subunits
plausibly follow similar mechanistic principles to those followed by mammalian AMPAR
and NMDAR; and 2) that a2 subunit dynamics reveal a previously unknown postsynaptic

receptor plasticity in Drosophila.

4.4. Specific scaffolding proteins like DIg are necessary for the formation of

memory

For effective receptor dynamics, scaffolding proteins like the Drosophila Dlg (a
homologue of mammalian PSD-95 (31)) are required. PSD-95 traps and briefly stabilizes
diffusing AMPARs at the postsynapse (10), is required for NMDAR surface expression
(31), associates with nAChR subunits, and its reduction increases a7 subunit mobility
(34). Furthermore, it controls postsynaptic spine size and density (33) and is involved in
learning and memory (10). Knockdown of DIlg in M4/M6 neurons, moreover, abolishes
appetitive MTM (Figure 2), showing that Dlg is required for learning and memory.
Likewise, knockdown of DIg in MVP2 MBONSs abolishes aversive STM (Figure 4). Since
MVP2 neurons inhibit M4/M6 neurons and are state dependent (22), it is possible that
these neurons follow different principles for learning. Additionally, | found that knockdown
of Dlg in M4/M6 MBONSs decreased the amount of a2 subunits in the y5 and 3’2
compartment compared to its unmanipulated compartments (Figure 6). This suggests a
role of DIg upstream of a2 subunits and a role in postsynaptic plasticity. Indeed,
knockdown of PSD-95 increases a7 subunit mobility (34). Interestingly in mammals, PSD-
95 interacts with the protein stargazin to bind to AMPAR and localize them to the
membrane (31). Taken together, a requirement of Dlg for learning and memory in
MBONSs, with Dlg potentially acting upstream of a2 subunits, can be observed.
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4.5. Error analysis

Herein, with proof-of-principle experiments | show evidence for postsynaptic plasticity
while bypassing the presynapse. Replacing the presynaptic KC signal through ACh
application, this experiment does not precisely mirror physiological conditions since odour
normally activates only 6-20% of the KCs (15). The relatively small but significant increase
in the Ca?* response following training nevertheless correspondents with previous in vivo
observations (21). Therefore, these artificial training experiments nonetheless
demonstrate postsynaptic plasticity in Drosophila.

My thesis also shows that NnAChRs are required for learning in different MBONSs. The
experiments were performed at the KC-MBON synapse. But there are different synapses
in the Drosophila brain not all using ACh as their neurotransmitter, and therefore one
cannot conclude that every synapse uses the same principles. Even within different
MBONSs, the same subunits were mandatory (though for different functions).
Additionally, FRAP experiments showed a recovery of the subunit-GFP-signal following
odour exposure. With the resolution utilized, we nonetheless cannot say if the additional
subunit-GFP-signal delineated from lateral diffusion of the subunits or rather from
exocytosis. Additionally, after paired training, GFP-signal recovery is abundant.
Bleaching the GFP-signal stable receptors or removal of receptors through endocytosis
or lateral diffusion cannot be observed.

While the technical resolution of my assays permits me to determine distribution of
NAChHR subunits in the MBON:Ss, it is incapable of delineating how individual receptors are
therein assembled. Moreover, | see evidence that a5 subunits and DIg might act upstream
of a2 subunits. But it has not been shown on a molecular level and cannot be generalized
for every MBON (i.e., while there is evidence in M4/M6 and a’3 MBONSs it is still unknown
for the MVP2 neuron especially under the premise that a2 subunits are vital for appetitive
STM).

Taken together, |1 show evidence for postsynaptic plasticity in Drosophila that involves
NAChR subunits.

4.6. Futureresearch

There are many different lanes of possible future research. On the one hand, there are
receptor subunits for which the role in memory formation is unclear. Additionally, we see

different requirements for subunits in MVP2 neurons compared to M4/M6 MBONSs. This
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potentially could be state (e.g., starvation state) dependent, since MVP2 neurons are
hunger gating (22) and state dependency of plasticity should be investigated. Additionally,
molecular mechanisms behind postsynaptic plasticity should be further researched,
including addressing other molecular substrates. For instance, one can ask: How do
dynamics of Drosophila nAChR mechanistically work? And, as mentioned above, do they
involve lateral diffusion, endocytosis, and/or exocytosis? Additional fundamental
guestions remain, including: What role does Dlg play in the regulation of nAChR mobility?
Which other molecular substrates are required, and in which way for postsynaptic
plasticity? These, and many other questions, will further improve our comprehension of
the physical mechanisms of learning and memory. Since plasticity rules at glutamatergic
synapses in vertebrates and cholinergic synapses in Drosophila are comparable, this
information and this model can afterwards be used to understand medical conditions
associated with learning deficits.

4.7. Conclusions

In my thesis, | show that the nAChR subunit a5 is vital for appetitive STM, and that a2,
a5 subunits and Dlg are necessary for appetitive MTM. Additionally, in a proof-of-principle
experiment, we were able to show that postsynaptic plasticity can be induced separately
of the presynapse. | show evidence that a5 subunits and DIg act upstream of a2 subunits,
that altered a2 dynamics reveals postsynaptic receptor plasticity, and conclude that a2
and a5 subunits could follow similar principles as AMPAR and NMDAR. Based on these
findings, | propose a model in which receptor trafficking is increased following odour
application in M4 neurons in parallel with a brief facilitation in Ca?* transients. Meanwhile
a synaptic depression takes place after appetitive conditioning potentially induced by
receptor removal. On the contrary, familiarity learning induced by multiple odour
exposures again causes a synaptic depression and increases a2 subunit receptor

dynamics.
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Abstract In vertebrates, several forms of memary-relevant synaptic plasticity invalve postsyn-
aptic rearrangements of glutamate receptors. In contrast, previous work indicates that Drosaphila
and other invertebrates store memaries using presynaptic plasticity of chalinergie synapses.
Here, we provide evidence for postsynaptic plasticity at cholinergic output synapses from the
Drosophils mushroom bodies (MBs). We find that the nicotinic acetylcholine receptoar (nAChR)
subunit @5 is required within specific MB output neurons for appetitive memary induction but is
dispensable for aversive memaries. In addition, nAChR a2 subunits mediate memary expression
and likely function dewnstream of af and the postsynaptic scaffold protein discs large [Dig). We
show that postsynaptic plasticity traces can be induced independently of the presynapse, and
that in viva dynamies of a2 nAChR subunits are changed both in the context of associative and
non-associative (familiarity) memory formation, underlying different plasticity rules. Therefore,
regardless of neurotransmitter identity, key principles of postsynaptic plasticity suppart memory
starage across phyla.

Editer's evaluation

Learning-dependent plasticity is thought to take place predominantly presynaptically in Drosophila
This paper by the Owald group adds important evidence for postsynaptic plasticity mechaniams,
including that appetitive memary is impaired when nAChR subunits (o2, a5) and scaffold protein

Dilg are downregulated in specifie mushroom bedy output neurons. In a tour-de-force, they combine
physiolegy, Drosaphila geneties, and behaviour and the work also emphasises the similarities in
learning and memary mechaniams between vertebrates and invertebrates.
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Introduction

The efficacy of synaptic transmission, alse referred to a3 synaptic weight, can be increased or decreased
fallawing ehanges in neural activity profiles o concurrent action of neuromodulatars, such as dopa-
mine. Resulting changes to how synapses relay information underlie synaptic plasticity, which is widely
believed to be the basis of memory storage (Glanzman, 2010, Korte and Schmitz, 2016, Nicell,
201 7). While, it i= generally aceepted that synaptic plasticity can serve & memary substrate fram
flies to humans, it is unclear to what degree neursphysiological and molecular principles underlying
synaptic plasticity are evolutionarly consersed. One main difference between vertebrates and inverte-
brates is that memory-staring synapses in vertebrates use glutarmate as their primary transmitter, while
those in invertebrates (at least for Drosophis melanogaster and Sepia officinalis) use acetylchaline
{Barnstedt et al., 2016 Owald and Waddell, 20115, Shomrat et al, 2017 1). Furthermare, it is widely
established that invertebrate nervous systems utilize presynaptie plasticity (with plasticity referring to
changes leading to either strengthening (potentiation) or weakening (depression) of synaptie trans-
mission and the rearrangement or exchange of synaptic molecules underlying changed tranamission)
far stering memares, while the degree to which posteynaptic plasticity can be used i3 less elear In
contrast, it & well established (Glanzman, 2010; Korte and Schmitz, 2016; Nicoll, 2017 that storing
infermation in vertebrates can depend on both pre- and postsynaptic mechanisms, including pastsyn-
aptie rearrangements of neurotransmitter receptors.

Detailed knowledge of the anatomical wiring and functional signaling logic of the Drosaphila
learning and memory centers, the mushroom bodies (MBs; third [Thigher'J-order brain center; learning
takes place three synapses downstrearm of sensory neurons; Owald and Waddel, 2015; Owald et al.,
2015, Aso et al., 201%; Aso et al, 2014b; Aso et al, 2014a; Bouzalane et al, 2015; Cohn et al,,
2015, Felsenberg et al., 2018; Felsenberg et al, 2017, Hattorf et al, 2017, ichinose et al., 2015;
Lewis et al., 2015; Pal et al., 2013; Perisse et al, 2018; Séjournd et al.,, 2071; Plagals ot al., 2013
allow one to address te what extent synaptic mechanisms underlying memaery storage are compa-
rable acress evolution, despite the use of different neurotransmitter systermns. The weights of Kenyon
cells (KCs) to MB sutput neuran (MBOM) synapses are modulated by dopaminergic neurons (DAMs),
which anatomically divide the MBs into at least 15 functional compartments. At the level of these
compartments, information s stored on appetitive and aversive (odor) associations, in addition to
non-associative information, such as the relative familisrity of an odor [Owald and Waddell, 2015;
Owald et al, 2015; Aso et al, 2019, Aso et al., 2014b; Aso et al., 2014a; Bouzalane et al., 2015;
Cohn et al., 2015; Hattorl et al., 2017, Hige et al., 2015; Takemura et al., 2017, a distinct form of
habituation. Surmmed up (Owald and Waddell, 2015), autput fram the individual MB compartrments
willl give rise to specific behaviors, weighing up appetitive and aversive associations as well as, for
instance, the familiarity of a stimulus.

Studies sa far have identified several traits pointing toward presynaptic storage mechanisms within
the KCs during memory formation (Bilz et al., 2020; Boto et al., 2014; Handler et al., 2019 Ehmann
et al, 2018} Indeed, some studies that have blocked neurotransmitter release from KCs during
learning Dubnau et al., 2001, McGuire et al., 2001; Schwaerzel et al., 2002 have brought postsyn-
aptic contributions to synaptic plasticity inte question.

In wertebrates, typically, postsynaptic long-term changes (Kerte and Schmitz, 2014 Kandel et al.,
2014; Lischer and Malenka, 2011) are mediated via NMDA-sensitive glutamate receptors (MMDAR)
that induce ['induction’; Micall, 2017 an expression phase (‘expression’; Nicell, 2017 through
changed glutamatergic AMPA receptor (AMPAR) dynamics in dependence of pestsynaptic scaffalds
like PSD-95 (Wen et al, 2017). Invertebrate nAChRs in principle could take over similar functions
to their glutamatergic counterparts in vertebrates, despite their differing malecular characteristics
(Thempson et al., 2010). Indeed, nAChRs are pentamers that can be composed of homomeric assem-
blies af a subunits or heterameric combinations of different @ and B subunits. The compaosition of
subunits determines the physiological properties of the nAChRs (Thompson et al., 2010; Dent, 2010;
lhara et al., 2020, Lansdell et al., 2013, and synaptic weights could, in theory, be adjusted through
the exchange of receptor subunits or entire complexes.

Here, we capitalize on the genetic accessibility to individual output neurens of the MBs to directly
test whether postsynaptic receptors play a role in memory storage. Derived from combined neuro-
physiological, behavioral, lght microscople, and molecular approaches, our data are supportive of
& sequential role for nACHR subunits in appetitive memary storage at the level of MBOMs. Using
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artificial training protoesls, we demaonstrate that postsynaptie caleium transients can change in
response to concurrent activation of DANs and application of acetylcholine, circurmventing KC output.
Blacking KC output during appetitive, but not aversive, learning abolishes memory performance.
Moreover, specific knockdown of the a5 nAChR subunit, but none of the aother six o subunits, in the
WMd/ls MBOM: (also known a2 MBOM-y5R'2a, MBOM-B"2mp, MBOM- B2B'2a, and MBON-B'2mp bilat-
eral) - an autput junction involved in coding appetitive and aversive memories (Owald et al, 2015
Bouzalane et al,, 2015, Lewis et al, 2015 - impairs immediate appetitive memaries. Knockdown
of a2 or ob, however, interferes with 3-hr appetitive memories, as does knockdown of the scaffald
dizcs large (Dlg). We report differential distribution of @ subunits throeughout the MB and demonstrate
that signal recovery af GFP (green flusrescent protein]-tagged subunits (a8 measured through flue-
reseence signal recovered after photobleaching) is changed through plasticity protocols. In addition,
postsynaptically expressed non-associative familiarity learning that is encoded at the level of the o'3
neurans of the MBs also depends on af and o2 signaling as well as o dynamics. We propose a
temporal receptor model and speculate that, in Drosophila, nAChR subunits oS and o2 teke roles
sirmilar to NMDAR and AMPAR in vertebrates for memarny induction and expression, indicating that
the general principle for posteynaptic plasticity independent of the neurotramsmitter system used
could be eonserved throughout evelution.

Results

Neurotransmitter release from KCs is required for appetitive learning

If the postsynapse need not see the neurstransmitter during training, it would likely be dispensable
far memary induction. One key argument in favor of exclusively presynaptic memary storage mecha-
nisms in Drosophila is based on experiments suggesting that blocking KC or KC subset output selec-
tively during lolfactory] learming leads to unaltered or mildly changed memeary perfarmance (Dubnau
et al, 2001; Krashes et al, 2007, McGuire et al, 2001; Schwaerzel et al., 2002). However, ather
studies have reported memory impairments following KC subset or downstrearn eircuit element block
during training (Krashes et al., 2007, Yamazaki et al., 2018; Ichinose et al., 2021). Moreover, pratein
synithesis was shown to be required at the level aof MBON: for long-term memary farmation (Pai et al.,
2013 Widmer et al, 2018, Wu et al, 2017). To corraborate that the postaynapse of downstreanm
cireuits would need ta ‘see’ the neurotransmitter for memory storage, we first revisited experiments
blocking KIC output selectively during T-maze training, exposing the animals either to sugar-odor or
shack-odor pairings (Figure 1a-b, Figure T—figure supplement 1a-b).

We expressed the temperature-sensitive dynamin mutant UAS-Shibire™ (Shi) at the level of KCs
(R13F02-Gal), rained animals at the restrictive temperature (32°C), and tested for memory perfoar-
mance at permissive temperature (23°C) 30 min later. These manipulations allowed us to interfere
with the synaptic vesicle exo-endocycle specifically during conditioning, while reinstating neuratrans-
mission afterward: by cheosing the 30-min time point, we made sure to restore functional Dynamin
and not to interfere with any process underlying memary retrieval. Consistent with previous reports
(Dubnau et al., 2001, McGuire et al, 2001, Schwaerzel ot al, 2002), a slight drop in aversive
memory performance (Fligure T1a) was not statistically different from their genetic contrels, and also
observable in the permissive temperature contrals (23°C; see Figure T—flgure supplement 1a). In
contrast, memories were completely abolished following bleck of KC output during appetitive training
{Figure 1b, Figure 1—figure supplement Th).

While it rernained unclear as to how far pestsynaptie plasticity at the KC te MBON synapse could
be invalved in memory sterage, several lines of evidence have implicated eireuit mechanisms dewn-
strearn of KCs to be imvolved in memory formation (Pal et al,, 2013; Ichinose et al,, 2021; Widmer
et al, 2018; Wu et al., 2017 We next asked whether the requirement for neurotransmission during
appetitive learning was specific te the KC output synapse. To do so, we took an analogous approach,
this tirme blocking neuratransmission from dewnstrearn MASs (MBON-y5E 2a, MBON-B'2mp, MBON-
B2p'2a, and MBON-B'Zmp bilateral) MBOM: (MBO11E Split-Gald) during appetitive training. We
focused on the M4/ set of MBOMs as blocking these during memaory retrieval crucially interferes with
appetitive memory exprestion, while, on a physiological level, memary-related plasticity is observable
({Owald and Waddell, 2015, Owald et al., 2015; Felsenberg et al, 2018). Whan blecking M4/&
during appetitive training, but net retrieval, memory scores were dmilar to these of contral groups
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Figure 1. Kenyon cell (KC) newrotrarsmitter release is required for the acqusition of appetitive memories. (a=c) Flies expressing temperature-sensitive
Shibire (Shi) within KCs or mushroom bodies output neurons (MBONs) are tramed at restrictive temperature (32°C), and subsequently placed at
permissive temperature (23°C) throughout the consolidation and retrieval phase. Memary performance was tested 30 min after training at permissive
temperature. Shi blocks neurotransmitter release at 32°C. (a) Block of neurotransmitter release from KCs {driver fine R13F02.Gald) during training does
not impact 30wmin aversive memory perdormance. Bar graphs: mean + SEM; n=7-8; one.way ANOVA followed by Tukey's test (p>0.05). (b) Block of
neurotransmitter release from KCs (driver line R13F02-Gald] during training impairs 30-min appetitive memory performance. Bar graphs mean & SEM;
n=10-14; Kruskal-Wallis followed by Dunn's test (p<0.05), *p<0.05. {c} Block of neurotransmitter release from Md4/4 MBONSs (driver line MBO11B [Spia-
GAL4]) during training does nat impact 30-min appetitive memary performance. Bar graphs: mean £ SEM: n=14-24; one-way ANOVA followed by
Tukey’s test (p>0.05) Also see Figure T—figure supplement 1 for further information

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Permissive temperature controls accompanying Figure 1.

(Figure 1c), suggesting that the sites of plasticity are likely to be the KC to MBON synapse in general,
with cne major site specifically being the connections between KCs and M4/6 MBONs.

Thus, our experiments suggest that neurotransmitter release from KCs during training is required
for the formation of appetitive memacries but is less crucial for the formation of aversive memories.

Pribbenow et al. elife 2022;11:80445. DOL: https://doi.org/10.7554/eLife BO45 4of 32
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The «5 nAChR subunit is required for induction and «2 for expression
of appetitive memories

Requirement for presynaptic neurotransmitter release alone does not necessarily mean that postsyn-
aptic plasticity is involved in appetitive memory formation. To address a putative postsynaptic role in
memory formation, we next interfered with the postsynaptic receptor composition. Given that KCs
are cholinergic, we screened for memory requirement of all nicotinic « subunits at the level of the
M4/5 MBONs (MBO11B Split-Gald; Figure 2) using previously published (Barnstedt et al., 2016;
Cervantes-Sandoval et al., 2017) genetically targeted RNAI (UAS-nAChR™, please see Methods
for detailed lines). We concentrated on the nAChR o subunits, as they are crucial components for all
possible heteromeric or homomeric receptor pentamers (Dent, 2010).

When flies were tested for immediate appetitive memory, only knockdown of the aS subunit
produced performance that was statistically different from the controls (Figure 2a, Figure 2—figure
supplement 1a, Figure 2—figure supplement 2e). Testing 3-hr appetitive memory performance
revealed a significant memory impairment in flies with al, a2, and a5 knockdown (Figure 2b,
Figure 2—figure supplement 1b, Figure 2—figure supplement 2f-h). While a5 subunits can form
homomeric channels (Lansdell et al., 2012), al and a2 can partake in heteromeric channek together
(lhara et al., 2020). We therefore concentrated on the a5 and 02 nAChR subunits in subsequent
analyses.

To exclude developmental contributions to the cbserved memory defects, we repeated the imme-
diate and 3-hr appetitive memory experiments for a5 as well as the 3-hr appetitive memory experi-
ments for a2 knockdown animals, while suppressing RNAI expression (VT1211-Gald>UAS-nAChR™*)
using the temperature-sensitive Gald repressor Gal80™ (tubP-GALS0™) during development (<20°C),
up until 3-5 days (32°C) before memory testing. Memory impairments were confirmed in all cases
(Figure 2e-g, 32°C) but not detected in temperature controls where the RNAI expression was
suppressed throughout (<20°C; Figure 2—figure supplement 2a-c).

We also tested aversive | diate and 3-hr memory using the same genetic settings (Figure 2¢
and d, Figure 2—figure supplement 1¢d). None of the knockdowns differed significantly from
controls, with the exception of a7 at the 3-hr time point. As, comparable to vertebrate systems, a7
also plays a significant role at presynaptic neurites (Eadaim et al., 2020), we did not follow up on this
observation in this study.

As Md/6 output i also required for appropriate aversive memory expression (Owald et al,
2015; Bouzalane et al., 2015), 02 and a5 knockdown not impacting aversive memory performance
suggested that the observed appetitive memory impairments were not simply a consequence of
lost postsynaptic responsiveness to acetylcholine. To further corroborate this, we turned to a brain
explant preparation and applied acetylcholine focally to the dendrites of M4/6 neurons (VT1211-Gald)
that expressed the calcium indicater UAS-GCaMPéf, for both control and knockdown settings, in the
presence of the blocker of voltage-gated sodium channels TTX (Barnstedt et al, 2016; Raccuglia
et al., 2019). Dendritic calcium transients were comparable between all groups (Figure 3—figure
supplement 1e). We also observed presynaptic calcium transients in all genotypes (not shown) after
applying acetyicholine to the presynaptic MBON boutons, making presynaptic deficits following a2
or a5 knockdown unlikely.

Therefore, we conclude that, at the level of M4/6 neurons, immediate and 3-hour appetitive memo-
ries are affected by knockdown of the aS subunit, whereas 3-hr memories also require the presence of
al- and o2-bearing receptors in addition. The observed temporal profile of requirement for memory
of al- and a2-bearing receptors relative to those incorporating the o5 subunit could potentially point
to a temporal sequence of receptor function during initial memory formation and subsequent memory
expression.

The postsynaptic scaffold Dlg is required for 3-hr appetitive memory

At mammalian glutamatergic synapses, postsynaptic receptor-mediated changes in synaptic weight
(the efficacy of neurotransmitter-mediated signal propagation) rely on receptor stabilization or desta-
bilization that can be mediated via scaffolding melecules. One such scaffold, PSD-95, that is mostly
involved in AMPAR motility, is ved at Drosophila synap The ortholog Dlg {Bachmann
et al., 2004, Soukup et al.,, 2013) is expressed throughout the brain, with MB compartment-specific
enrichment noted previously (Crittenden et al,, 1998; also compare Figure dab). We investigated

Pribbenow et al elife 2022;11:080445. DOI: https://doi.org/10.7558/eLife. B0445 S5of34



eLife Research article

v

M6
yonRNAI

'

v

B .
MBONRNAI

e >RNAI
MBON Galgo

a appetitive conditioning
train Ctest

perionTian o8 index
b eooeo

28,
‘e
“e

train Ciest
28 ; e
- mmedate Voo

e e mance indéex
bbbbbbe

-0.7
MEC118

L
gt R

£

b Appetitive conditioning
frain fest

d  aversive conditioning
rain ~ test

28 5 08

0.
0.
0. 8 o3
0 0z
0. 01
0 o
wiz® @ wilz® @
[ I sl ®
vTizne e Viuzne
mRNG ® e 2 RNA

witg® @ wilz® @
L d Qusn @ . Cume L d
[ V12118 8 VT1211@ @
ERNAE 0@ ogRNu @ e

Neurcscienca

Figure 2. Specific nicotinic acetylcholine receptor (RAChR) @ subunits are needed for specific memaries in Md/6 newrons. Traming and testing protocols
indicated schematically. A and B indicate different odors. {a) immediate appetitive memories are impared following RNAI knockdown of the o5 nAChR
subunit in Md/6 mushroom bodies output newrons (MBONS; driver line MBO11B [Split.GAL4)). Bar graphs: mean £ SEM; n=8-13, for controis: n=20; one
way ANOVA followed by Dunnett’s test {p<0.03], *p<0.03. Note: data depicted cormespond to mitial screen, please see Figure 2—~figure supplement

Figure 2 continued on next page
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Figure 2 continued

2¢ for albernate display including all genetic controls. [b) RhAI knockdown of the @1, @2, @5 nAChR subunits or discs large [Dig) in MA/E MBOMNs
[driveer line MBO 18 [Split-GALAY impairs 3-hr appetitive memories. Bar graphs mean & SEM; n=12-24, for controls: n=38; Kruskal-Wallis followed by
DCrunn's test ([p<0.05), *p<0.05. Mote: data depicted comrespond to initial screen, please see Figure 2—figure supplement 2 f-i for alternate dsplay
including all genetic controks. {c] Immediate aversive leaming is not impaired by RMA knockdown of any subunit in M4% MBOMs. (dhiver line MBD 1B
[Split-GALA]. Bar graphs: mzan & SEM; n=f-8, for controls: iz 12 Kruska | \Wallis followed by Dwunin's test (p=0U05). id] 3-hr aversive memary is not
affected by knockdown of @ subunits with the exception of a7 {driver line MBO11B [Split-GAL4]. Bar graphs: mean + SEM; n=21-32, for contrals: n=61.
Kruskal-\Wallis fol lowed by Cunn's test [p<(.05], *p<10.05. (] RMNA bnodkdiown of the @5 subunit in M3E MBOMs idrver line VT1211-Gald) suppressed
during development using GalBOP. 3=5 days before the expesiment BMAI knockdown was induced. Immediate memaory is significantly impaired. Bar
graphs: mean 2 SEM; n=£=T; Kruskal-Wallis fallawed by Dunn's test {p<0.05), *p<=0.05. M RMAI knockdown of the o2 subunit in Ma5E MBOMs idriver
line WT1211-Gald) is suppressed during developrment using Gal80". 3=5 days before the experiment RMAI nockdown was induced. 3-hr memories are
significantly impaired. Bar graphs: mean & SEM; n=16<17; onesway ANOWA followed by Tukey's test (p<0.05), *p<0.05. (gl RNA knockdown of the o5
sulbunit in bdis MBOMs (driver line VT1211-Gal) s suppressed duing development using GalB0F. 3=5 days before the experiment RMAI knockdown
wias indwced. 3-hr memonies are significantly impaired. Bar graphs: mean + SEM; n=25-27; one-way ANCVA, followed by Tukey's test (p<0L05), *p<0.05.
(hy BN&I knododown of Dig in Md/é MBONs [driver line WT1211-Gald) is suppressed during development wusing GalBlF. 3-5 days before the esperiment
RMA knockdown was induced. 3-he memories are significantly impaired. Bar graphs: mean & SEM; n=8=11; one-way ANOVA followed by Tukey's test
(p<005), *p=0.05. Also see Figure 2—figure supplements 1 and 2 for further information.

The online version of this article includes the following figure supplementis) for figure 2:

Figure supplement 1. Genetic controks and alternate data display of data presented in Figure 2.

Figure supplement 2. Genetic controks and alternate data display of data presented in Figure 2.

appetitive and aversive memory performance following Md/é-specific knockdown af Dig (Figure 2,
Figure 2—figure supplement 1a-d: MBO11E Split Gald =UAS-DIg™"). Performance scores compa-
rable to controls were found for both immediate appetitive and aversive memories (Figure 2a,¢c and
d, Figure 2—figure supplement 1a,c and d). Dlg knockdewn (WT1211-Gald =UAS-Dilg™*), hawever,
specifically abolished 3-hr appetitive memary performance (Figure 2b, Figure 2—figure supple-
ments 1b and 2i), while GalB0" experiments excduded a developmental defect {Figure 2h, Figure 2—
figure supplement 2d). The temporal profile of Dlg requirement therefore closely matched that af
a2 nAChR subunits.

Bypassing the presynapse: induction of persistent associative plasticity
in the postsynaptic compartment

Recent ultrastructural data has revealed direct synaptic connections between DAMNs and MBOMs
(Takemura et al,, 201 7, Eichler et al, 2017, giving rise to a motif that could allow far postsynaptic
plasticity induction (reflected by the lasting change of synaptic weights; see schematic in Figure 3a)
In arder ta directly test whether postsynaptic plasticity could take place at the level of MBORMNs, we
next conducted neurophysiological proof-af-principle experimenits.

Te minimize potential non-associative effects on synaptic properties induced by acute sensory
experiences or general network activity, we used an explant brain preparation bathed in TTX from
flies expressing the red light-activatable channelrhodopain CaChrimson (lexfop-CaChrimsan™™mai) jn
& subset of DANs [PAM neurons; RSBED2-LexA) and the caleium indicater GCaMP&F (UAS-GCabP &)
in Md/fs MEONs (MBO118 Split Gald).

‘While dopamine release was controlled by red light flashes, neurotransmitter release fram KCs
was mimicked by focal pressure sjection of acetylcholine to the dendrites of the Mé& (MBOMN-w5B'2a)
MBOM [Mé& was chosen for technical reasons, a3 these neuroms are most sccessible for the used
imaging technigue). We verified that KC presynapses do not respond to acetylcholine application
({Barnstedt et al., 2018), using both calelum imaging and imaging of synaptic vesicle exoeytosis at
the level af KC axons (Figure 3¢ and Figure 3—fgure supplement 1fg). The abserved absence af
KC activation, with acetyichaline being applied from an external source (Figure 3a), minimized nodse
attributable to possible presynaptic contributions.

Our protocols consisted of training phases where we differentiated between temporal pairing of
acetylcholine and optogenetic activation of DAMs [‘paired’, Figure 3b and k), dopamine only ("red-
light anly’, Figure 3b, e and g), or ‘acetyichaline anly’ (Figure 3b, d and fi. Acetylchaline application
preceded (pre) and fallowed each training step (post] to assess potential synaptic weight changes
fallowing training [‘testing’). We found that test responses were significantly elevated following the

Pribbenow et &l elife 2022;11:e80445. DOI: https:f/doi.org’ 10,7554 el ife. B0445 Tof 34
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Figure 3. Induction of postsynaptic plasticty bypassing the presynapses. (a) Left: explant brain expenimental configuration. Right: connectawity scheme
of mushroom bodies (MB) output synapses. Cholinergic Kenyon celis (KCs) and dopaminergic neurons are presynaptic to Mé MB cutput neurons
(MBONs). Only connections relevant for this protocal are shown for simplicity. Red light pulses tngger release of dopamine (DA} from dopaminergic
neurons (RSIEQR-LexA>lexAcp-CsChrimson'™#), while KC input is circumvented and mimicked by focal acetylchaline (ACh; 0.1 mM] injections to

Figure 3 continued on next page
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Figure 3 continued
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M dendrites in an explant brain preparation. Postsynaptic responses at the level of Mé are measured using GCaMP&f (MBO1B [Split-GAL4) =LIAS-
GCaMPE&f). TTX (tretrodotoxins] in the bath suppresses feedback signaling and owerall network activity within the cicuit. [b) Training scheme (tog).
Baseline nesponses to ACh application were initially established (pre). Subsequent training protocols consist of either pairing ACh application with
simultaneous activation of dopaminergic neurons [purple connection lines), activation of dopaminergic newons fred light only, red cormection lines),

ar &Ch only (blue, connection lines). This = followed by a test trial {post) through ACh application. ic] fveraged traces of axonal KC calcium changes
induced by focal ACh injections. Mo apparent transients are observable; n=7. Line is mean £ SEM. [d) Sample trace of dendritic M& calciem changes
induced by focal ACh injections. (e} Sample trace of dendritic b calcium changes induced by red-light pulses. (f-)) Abowve: sample calcium traces in
response to ACh injections recorded from Mé dendrites pre (black traces] and post [colored traces) training. Below: peak guantification. [f) Changes

in #Ch-evoked calcium transients; comparison of mean peaks pre- and post-"&Ch only’ training. Befone-after plots and bar graphs [mean]; n=13, ratio
paired t-test. [gh Changes in ACh-evoked calcum transients; comparison of mean peaks pre- and past ‘red light only” training. Before-after plots and
bar graphs (mean]; n=10, ratic paired t-test. (h] Changes in ACh-evoked calcium transients; comparison of mean peaks pre- and post “paired” traiming.
Before.after plots and bar graphs (mean]; n=18, ratic paired ttest, *p=0.05. i} Changes in ACh-evoked calcium transients following RMAI knockd own of
the @2 subunit in M4/6 MBOMs; comparison of mean peais pre- and post ‘paired” training. Before-after plots and bar graphs {mean); n=15, ratio paired
t-test. Also see Figure 3—figure supplement 1 for further infosmation.

The online version of this articke includes the following Bigure supplementis) for figure 3

Figure supplament 1. Contral experiments and non-normalized data display for Figure 3.

paired condition (acetylcholine application and red Bght; Figure 3h). This plasticity was not observed
wihen testing after acetylehaline anly or depamine anly training {Figure 3f and g). Importantly, we alsa
did nat abserde any changes when pairing acetychaline application with red light in nen-CsChrimson-
expressing controls (Figure 3—figure supplement 1e,d).

Because we are using global acetylcholine application instead of sparse activation of single
synapses, these experiments. likely do not reflect in vivo physialogical settings {Owald et al., 2015
Hewever, our proaf of principle experiments demonstrate that postsynaptic plasticity at the level of
MBOMs can take place independently of the presynapses af the KCs. Intriguingly, we did not absense
changes in ealcium transient magnitudes when knacking-dewn o2 (UAS-nACKR™) in M4/& (MBO11B-
Lplit Gald; Figure 3, which is consistent with postsynaptic plasticity being linked to the requirerm ent
aof nicatinie receptors in memory storage.

Mon-uniform distribution of nAChR a-subunits throughout MB
compartments

Our data so far are suggestive of a2-containing nicotinle receptors being involved in appetitive
memary storage. To test whether receptor levels were interdependent, we made wie of a newly estab-
lished CRISPR (clustered reqularly interspaced shart palindramic repeats)-based genomic collection
aof GFP-tagged endogencus ndChR subunits (for details see Methods) covering all a subunits (with
the exception of a3) under contral of their endogenous promater, allowing for analyses of receptor
distribution and dynamics in a dense neuropile in situ.

We first characterized receptor subunit signals throaughout the 15 MB compartments, several
of which have been shown to be invalved in the encoding of specific memories. We found a non-
unifarm distribution (Figure 4a and b, Figure 4—figure supplement 1) that was unigque far each
subunit, indicating considerable heterogeneity of receptor compasition. af, which is required for
immediate and 3-hr appetitive memaries, was abundant throughout the y lobe, including y5 (inner-
vated by Ma) and slightly less at the level of B2 (innervated by M4 and in parts by Mo). o2 subunits,
required for 3-hr appetitive memeories, showed similarly high relative abundance in B'2 and y5
(Figure d4a and b]. Of note, these subunits were also detected in other MB output compartmenis,
such as @'3, which harbors MBONs invelved in non-associative familiarity leaming (Hattorl et al.,
2017,

We next evaluated whether the fluorescent signals of the a2 and oS subunits (with a5 patentially
functioning upstream of o2, Figure 2) chaerved in the B'2 and y5 compartments were derived from
receptors within the dendritic processes of M4/6. To do so, we performed cell-specific knockdewn
experiments using VT1211-Gald to drive subunit-specific RMAI (UAS-nACHR™) and quantified the
relative flusrescent signal of the knockdown compartment relative to the neighbaring unmanipulated
compartments (Fligure de—f).

Pribbenow et al. elife 2022;11:e80445. DOH: https://doi.org 10,7554/ eLife B044S ofld
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Figure 4 continued

Neurcscience

middie row: o, §', B, and y compartments, bottom row: ', &, and B compartments. (b) Quantif of all GFP-tagged a ptors pt for the

a3 subunit). GFP signals for the ndicated MB compartments are relative to the mean intensity of the GFP signal of the complete MB; n=7-18. ()
Knockdown of Dig or «2 in M&/6 neurons {driver line VT1211.Gald) significantly reduces the «2%7 flucrescence within the y5 compartment {relative to
unmanipulated wi). Bar graph: normalized mean £ SEM; n=8-20; Kruskal Walls followed by Dunn's test (p<0.05), *p<0.05. (d) Knockdown of either the
a2 or the a5 nAChR subunit or Dig in M4/4 neurons (driver lme VT1211.Gal) o the relative fluor signal of €27 in the §'2 companment
(relative to unmanpulated 1) Bar graph: normalized mean + SEM; n=9-20; ane-way ANOVA followed by Dunnett’s test (p<005), *p<005. {e)
Knockdown of a5 in Md/é neurans {drver line VT1211.Gald) decreases the a5 signal in the 5 compartment {relative to unmanipulated yd). Bar graph:
nommalized mean + SEM; n=9-28; Kruskal -Wallis followed by Dunn’s test (p<0.05), *p<005. {f) a5=* fluorescence is significantly decreased in the '2
compartment {relative to unmanipulated §'1) after knackdown of @5 in M4/ neurons (driver ne VT1211.Gald). Bar graph: normalzed mean & SEM;
n=10-28; Kruskal Wallis followed by Dunn's test (p<0.05), *p<0.05. Also see Figure 4—figure supplement 1 for further information.

The online version of this articde includes the following figure supplementis} for figure 4:
Figure supplement 1. Detailed distibution of a subunits in the mushroom bodies (MB) accompanyng Figure 4.

Knockdown of the a5 nAChR subunit reduced the relative a5 signal specifically and significantly
in y5 and f’2 (Figure 4e and f). a5 abundance was, however, unaltered when knocking down a2 or
Dig, which i< in line with o5 functioning as a possible trigger for plasticity processes.

Likewise, confirming that the observed signal was derived from M4/6 MBON dendrites, a2 knock-
down reduced relative a2 levels significantly throughout the B2 and y5 compartments (Figure 4c
and d). Strikingly, we also observed reduced o2 nAChR subunit levels following a5 subunit knock-
down in the B’2 compartment or Dig knockdown in the B’2 and y5 compartments (Figure 4c and
d), which would be in line with a Dig-dependent sequential requirement of receptor subunits during
memory formation (also compare behavioral data in Figure 2).

Our data therefore are consistent with a role of a5 nAChR subunits and Dig functioning upstream
of a2 subunit-positive receptors, st least within the B'2 compartment.

nAChR subunits shape synaptic MB output properties

We next focused on implications of a2 subunit knockdown on postsynaptic function of M4/6 MBONs.
Axonal calcium transients had previously been shown to be decreased following knockdown of a
subunits (Barnstedt et al, 2016). However, depending on the overall topology of dendritic input
sites, both increased or decreased postsynaptic drive could lead to changed dendritic integration
properties or potential interference of synaptic inputs, resulting in reduced signal propagation (Stuart
and Spruston, 2015).

To directly test dendritic responses, we expressed UAS-GCaMP&f in M4/6 MBONs (VT1211-Gald)
(Figure 5a) and exposed the flies rep. dly to alternating puffs of the edors octanol (OCT) and meth-
yleyclohexanol (MCH) (Figure 5b). We focused our experiments on the B'2 compartment (Figure 5),
as this is innervated by M4 MBONs that show input-specific plasticity following appetitive learning
{Owald et al.,, 2015). Initial dendritic odor responses were not different between a2 subunit knock-
down (VT1211-Gald>UAS-a2™*) and controls (Figure 5¢ and d), while initial cdor-evoked dendritic
caleium transients were elevated following knockdown of oS (Figure 5¢, d and Figure 5—figure
supplement 1b, c). Neither control animals nor 02 knockdown animals (VT1211-Gald>UAS-a2™*)
showed significant changes in odor-specific calcium transients after several exposures to MCH
(Figure 5e and f). Odor responses following aS knockdown (VT121 1-Gald>UAS-a5™%), however,
clearly depressed after multiple odor exposures (Figure 5g), indicating that loss of a5, in comparison
to the controls, can actually lead to synapses being potentiated (synaptic weights are already high)
from the start, even prior to the application of odors. On the contrary, compared to controls, a2
nAChR subunit knockdown interfered with odor-evoked transmission to a lesser extent. We did not
observe any changes in calcium signals at the level of the corresponding KC axons, further supporting
that the observed plasticity was of postsynaptic origin (Figure 5—figure supplement 1g,h).

The a2 nAChR subunit is required for the formation of appetitive
memory traces in vivo

Of note, we observed a fadilitation in M4/6 of controls when using repeated application of OCT,
indicating that some parameters underlying the observed responses are odor-dependent (Figure 5—
figure suppl t 1d). H , the only shght effects on MCH-induced responses observed for a2

Pribbenow ot al elife 2022;11:080445. DOL: https://doi.org/10.7554/eLife. 80445 110f34
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Figune 5 continued on next page
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Figure 5§ continued

of averaged initial odor respanses to MCH following a5 knockdown in Md/é neurons [driver line WT1211-Gald). Mean & SEM; one-way AMOVA, followed
by Dunnett’s test; *p<0.05; n=10=12. (e} Cortral flies show no sig'liﬁcart increase between the first and the fith response to MOH. n=10; paired t-test.
(f) a2 RMA flies show no difference between the first and fifth odor response to MOH. Nicotinic acetylcholine receptor [nChR) subunit BMAG is driven
in M4 neurons (driver line WT1211.Gal). n=12; paired t- test. [g) a5 FMA flies show a significant decrease in calcium transients ower the course of
consecutive odor exposures. nAChR subumit RMAI & driven in Md/'é newrons [driver line WVT1211-Gald). n=12; Wilcoxon matched-pairs signed rank test;
*p<10.05. (h] Arross in scheme for absolute training indicates the axonal imaging area of M4 [k=n). [ Scheme for absclute paired training under the
microscope: flies are exposed to two beief stimuli of the cdor (MCH] befare training while recording GCabP& signals [prerespanse]. immediately after,
flies are presented with a swgar solution for 30 s accompanied by 5 pulses of odor stimali. 1 min after training, fies are exposed to two brief odor steruli
again while recording GCabP4f signals [postresparse]. Axonal imaging area indicated by arowe (§] Scheme for absolute unpaired training under the
microscope: as in (i) ewcept flies are exposed to 5 pulses of odor stimuli 45 s after presenting the sugar solution for 30s. 1 min after training, the flies

are exposed to two brief odor stimuli again while reconding GCaMPE] signals (postresponse). Axonal imaging area indicated by arow. (i) Control flies
show a significant decrease in odor-evoked GCaMPA signals. AUC of response to MCH [trained odor) following paired training [driver line VT1211.Gald,
amonal imaging). Before.after plots and bar graphs (mean); n=9; paired t-test; *p<005. ] 22 RNAi fiies show no significant decrease in odor-evoked
GCaMPEf signals. AUC of response to MCH (trained odor) following paired training (driver line WT1211-Gald, axonal imaging). Befone-after phots and
bar graphs (mean]; n=9; paired t-test. [m) Cortral Hies show no signiﬁ:mt decrease in odorevoked GCabPAE signals. ALC cl{r\cspnrﬁ:tq:h MCH (trained
odar) following unpaired training [driver line VT1211-Gal4, axonal imaging). Before-after plots and bar graphs [mean); n=12; Wilcoxon matched-pairs
signed rank test. (n) @2 RMA flies show no significant decrease in odor-evoked GCaMPSE signals. ALK of response to MCH (trained odor) fall owing
ungaired fraining [driver line WT1211-Gal4, axwonal imaging). Before-after plots and bar graphs (mean); n=%; paired t-test. Also see Figure 5—figure
supplement 1 for further information.

The cnline version of this article includes the following figure supplement]s) for figure 5

Figure supplemaent 1. Additional data and display of non-normalized data accompanying Figure 5.

knockdown animals, allowed us to next investigate the role of o2 during in vive associative appetitive
learning.

We perdormed in vive training under the microscope experiments using an absolute paradigm,
pairing edar (MCH) exposure with sugar feeding during training, this time imaging from the axonal
compartment to assess the integrated signal originating from the dendritic input. Coemparing ador
responses at the level of M4 (WT1211-Gald>UAS-GCaMP&f) before and after training revealed a signif-
icant depression for contral animals in line with previous observations (Owald et al, 2015; Lewis
et al., 2015; Figure 5k, Figure 5—figure supplement 1. Importantly, this training-induced depres-
sion was neither observed in controls, where odor and sugar were administered unpaired (Figure Sm,
Figure 5—figure supplement 1n), nor after MBOMN-specific knockdown of a2 (VT1211-Gald=>LAS-
GCabP&f, UAS-a2™%, Figure 51 and n, Figure 5—figure supplement 1m, o).

Together, our data point toward a mechanism, where nicotinie receptor subunits shape synaptic
properties (Figure 5), with o as & postsynaptic substrate underlying appetitive training-induced plas-
tieity processas.

In vivo imaging of postsynaptic receptor plasticity reveals altered o2
ics
Structural changes at the level of the receptor composition are hallmarks of postsynaptic plasticity
expression in vertebrates. Typically, rearrangements can be measured by altered dynamics {or motility)
of receptors that can reflect incorporation or rermoval of receptor complexes. We next sought to test
whether dynamic receptor behavier could serve s a structural correlate of chelinergic postsynaptic
memary trace expression. To do so, we turned to in vive imaging experiments of the endogenausly
tagged o? subunit (a2 Figure 4, Figure &, Figure é—figure supplement 1). Following artificial
appetitive training protocols (Figure da—c, focal dopamine only, ader anly, or ador paired with focal
doparnine, consecutively, see methods), in situ receptor dynamics were estimated at the level of
the B*2 compartment af the MB by measuring fluorescence recavery afier photobleaching (FRAP:
Figure &a—<).

Exposing the fiy to MCH induced significantly increased fluarescence recavery when compared to
daparmine injections only or odor paired with depamine (Figure &d and e). Dopamine, therefore, does
not induce plasticity on its own, and furthermore, it suppresses edor-induced recovery when applied
simultaneously with an odar. To contrel for recovery either depending on the type of ador used or the
arder af conditions applied, we next conducted similar experiments using OCT this time with each
condition applied in separate flies. We only abserved significant recovery in the odor anly condition,

Pribbenow et al elife 20022;1 1:e80445. DOH: https:f/doi.org 0 7554/ eLife. B0L45 13of 34
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Figure 6. a2 nicotirec acetylcholine receptor (nACHR) subunits dynamically rearrange. (a) In vivo imaging configuration and scheme of site of dopamine
(DA} mjection during flucrescence recovery after photobleaching (FRAF) experiments at the level of the Kenyon cell to mushroom body output newran
synapses of the B'2 compartment. (b) FRAP experimental peotocol. After bleaching, the baseline picture was taken followed by DA injection, odor
presentation, and odor presentation samultaneously with DA ingaction i the same fly. Fluorescence recovery was monitored at the 10- and 20.min time
points. (c) Example image of a2 expression; white dashed box shows the B'2 cutput zone; DA injection pipette (with Texas red) is labeled in magenta
Scale bar: 10 pm. (d] Inverse exponential decay fit of FRAP following methylcyclobexanol (MCH) exposure (blue line}, MCH exposure simudtanecusly
with DA injection (purple line), and DA injection alone (red line). (@) Regression coefficent for the inverse exponential decay fit. Bar graphs: regression
coefficents of recovery kinetics £ standard error of regression; n=9-10, inear mixed effects model followed by pairwse comparison from estimated
margmal trends. *p < 0.05. Also see Figure é—figure supplement 1 for further expariments

The online version of this articke includes the following Sigure supplementis) for figure &

Figure supplement 1. Receptor subunit recovery, accompanyng Figure &

whereas dopamine and odor paired with dopamine induced no significant recovery (Figure 6—figure
supplement 1a-d).

Thus, our data indicate that pairing odor presentation with dopamine application stalls a2
dynamics, potentially by either stabilizing the already present amount of receptor or hindering new
incorporation of a2-containing receptors. Interestingly the opposite, increased receptor dynamics,
1s observed after odor exposure without reinforcer. Note that the absence of acute stimuli {constant
air stream only) did not induce signal recovery, demonstrating that it is the presence of the odor that
changes baseline receptor behavior (Figure 6—figure supplement 7e). Thus, stalling o2 dynamics
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can be correlated to depression of Md/é6 MBON synapses Owald et al, 2015, Felsenberg et al..
2018 following appetitive training [Figure 5k).

Familiarity learning alters postsynaptic receptor dynamics

Owir data so far suggest that regulation of o2 subunits downstream of ab i imvalved in postsynaptic
plasticity mechaniams underlying appetitive but not aversive memory storage. Besides associative
memaries, non-associative memories, such as familiarity learning, a form of habituation, are also
stored at the level of the Drosophila MBs. We next asked whether postaynaptic plasticity expressed
through a5 and o2 subunit interplay, was exclusive to appetitive memory storage, or would represent
a more generalizable mechanism that could underlie other forms of learming represented in the MBa_
W turned to the a3 compartrment at the tip of the wertical MB lobe that has previswsly been shawn
te mediate adar familiarity learning. This form of leaming allows the animal te adapt its behavioral
responses to new odors and permits for assaying direct edor-related plasticity at the level of a higher-
arder integration center. Importantly, this compartment follows different plasticity rules, because the
ador serves &t both the conditioned (activating KCs) and unconditioned stimulus (activating corre-
sponding DAMs; Hattorl et al., 201 7). While allowing us to test whether the so far uncovered prin-
ciples could also be relevant in a different context, it alse provides a less complex test bed to further
imvestigate whether ab functions upstream of a2 dynamics.

Canfirming previous observations (Hatteri et al, 2017, a repeated odor application para-
digm (Figure 7a) led to the depression of postsynaptie caleium transients at the level of the o'3
MBOMNs [MBO27B Split-Gald >UAS-GCaMPAf, Figure 7b). We did not detect a corresponding
depression on the presynaptic side when imaging arbors of a sparse o'’ KC driver line (MB34%B
Split-Gald =UAS-GCaMP&F) within o' 3 (Figure 7B), further indicating that memaries were predom-
inantly stored postsynaptically in this compartment. We next performed in vive FRAP experiments
fallowing familiarity leaming paradigms. After odor training, we observed clear recovery rates
af @27 slgnals compared to the eantral group, however, not of a5 ar DIg™" (Figure Fe-f,
Figure 7—figure supplement T). Therefore, increased a2 subunit dynamics are triggered threugh
training events and, at the level of the a'3 compartment, accompany postsynaptic depression of
the MBOMs.

Te imvariantly test whether the observed recovery was attributable to o2 expressed in a3
MBOMs, we trained animals while knodking down a2 specifically in o'3 MBOMs (027" and MBOZTE
Split-Gal =UAS-c2™)_ In accordance with the obsersed signal recovery deriving fram MBOMs, no
recovery was observed after a2 knockdown (Figure 7g). Importantly, we did not observe o257 recovery
when perfarming specfic o5 knockdewn in o'3 MBONs (a5%" + MBOZ7E Split-Gald =UAS-aS™*,
Figure 7g), indicating a role of a5 upstream of a2 also in this compartrment.

a5 subunits govern induction and u2 subunits expression of non-
associative familiarity learning
Finally, we tested whether interfering with af and o2 nAChR subunits at the level of o'3 MBOMs
(MBOZTE Split-GALY) would alse impact familiarity learning behaviar {Figure 8). Flies were covered in
dust and subjected to repeated ador exposures (Hatterd et al., 2017). As expected [Hattori et al.,
2017, contral flies readily groomed to rermove the dust, however, typically stopped this action when
detecting the novel ader (Figure 8a—c). Over subsequent trials, control flies learned that this oder was
farniliar and stopped reacting ta the stimulus, continuing greoming (Figure 8a—, Figure B—figure
supplement 1). Expressing RNAI te the o2 subunit (UAS-nACKR™*) at the level of the a'3 MECNs
(MBO27B Split-Gald) clearly impacted learning: flies learned with decreased efficacy and only after
several trials (Figure 8Ba—d). Strikingly, a5 RMAl-expressing flies failed to stop groaming even to the
first stirmulus. Indeed, they acted as if they had already learned that an odor was familiar (Figure 8a—d)
Together, aur data are in line with a model where o5 can induce memory farmation, while lack of oS
leads to fully potentiated synapses. Subsequent expression of memaory traces requires o2 -containing
receptors. Importantly, recovery accompanies synaptic depression at the level of the a’3 MBONs,
while being suppressed by paired training in the B2 compartment. Moreover, o2 appears 1o be
imvalved in bath depression and facilitation of synapses. Thus, synapses could bidirectionally utilize
plasticity of the same receptor subunit for storing different types of information (Figure #.
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Figure 7 continued

1 and 10 far MEONs [orange lines) and KCs (blue lines). Bottom: Averaged calcium responses to odor stimuli of presynaptic KCs and postsynaptic
MEBONs of triaks 2-4 and B-10, respectively. Responses decrease at the level of MBEONs but not at the bevel of KCs over 10 trials. Bax plots are median
and 75% quartiles; n=15; Kruskal-Wallis followed by Dunn's test [p<0.05], *p<0.05. [} In wiva imaging configuration {left), scheme of '3 compartment
analyzed [right), and representative @557 fluprescent image [smoothed). Scale bar: 10 pm. (d) Example images of 027 flucrescence recoveny after
photobleaching (FRAF) experiment at the level of the o3 compartment at specific time paints before and after training. Top row: after training: bottom
row: control settings. Scale bar 2 pm. (6] FRAF of a2 nicotinic acetylcholine receptor (n&ChR) subwnit in the 03 compartment after odor presentation.
o2%F shows significant recovery following odor training compared to the controls. Recovery rate is nomalized to the baseline recorded after selective
bieaching of the «'3 mushroom bodies (MB) compartment. Box plots are median and 75% guartiles; n=d-4; multiple t-tests with Sidak-Bonferani
correction, *p<0.05. #) FRAP of a5 subunit in the o' compartment after odor presentation. o5~ did not show significant recovery compared to

the controls. Recovery rate is nomalized to the baseline recorded after selective bleaching of '3 MB compartment. Box plots are median and 75%
quartiles; n=5-7, multiple t-tests with Sidak-Banfermoni correction. (g) FRAP of 22 nAChR subunit in the '3 compartment after cdor presentation and
knockdown of either the a2 or @5 subanit (RMA] in the o3 MBOM (driver line MBOZTE |Split-GALAJL @2 shows no recovery 30 min after odor training
in a2 or a5 knockdown animals compared to the controls. Recovery rate is normalized to the baseline recorded after selective bleaching of the a'3 MB
compartment. Box plots are minimem valee to masdmem valee; n=4-5; Knuskal-Walls followed by Dunn’ test ([p<0.05), *p<0.05. Also see Figure 7—
figure supplement 1 for further information.

The online version of this article includes the following figure supplement(s) for figure 7-
Figure supplement 1. Discs large GFF (Dig™®) flucrescence recovery after photobleaching [FRAF), accompanying Figure 7.

Discussion

Synaptic plasticity that manifests el in synaptic weight changes i3 widely recognized as substrate
far memory storage throughout the animal kingdom. How synapses adapt in order to change their
efficacy during learning has been a focus of attention owver the last decades. While it s undisputed
that both pre- and postsynaptic mechanisms of memaory storage exist in vertebrates, invertebrate
memary-related synaptic plasticity has been largely localized to the presynaptic compartment (Bilz
et al, 2020; Boto et al, 2014, Handler et al, 201%, Ehmann et al, 2018 Tully et al, 1994)
Hewever, the core of the debate boils down to a key question: do vertebrates and invertebrates use
similar mechanisms to store memories or are there fundamental differences? A first clesr difference
appears bo be the use of different neurotransmitter systems, glutamate and acetylcholine, respec-
tively, in the vertebrate and Drosophila learning centers (Barnstedt et al., 20148).

Postsynaptic plasticity in associative memory storage

Here, we use the genetic tractability of the Dresaphils systermn to directly address postsynaptic plas-
tieity during ofactory memory storage in invertebrates. Large amounts of evidence from Drosaphila
20 far suggest a presynaptic mode of memory storage (Bilz et al, 2020, Bote et al., 2014; Handler
et al, 2019, Ehmann et al., 2018; Tully et al., 1994). Moreover, several studies indicated that block
aof KCs during leaming does not interfere with memory performance (Dubnaw et al, 2001; MoGuire
et al., 2001; Schwaerzel et al., 2002). However, ather studies blocking KC subsets did find impair-
ments (Krashes et al, 2007, Yamazaki et al, 2018; Trannoy et al., 2011) in the context of short-
term appetitive memory, while doewnstream circuit elements have been implicated in appropriate
memary formation (Pai et al., 2013; Widmer et al, 2018; Wu et al., 2017). Here, we revisited such
experiments and faund, in acoordance with previous studies, only mild, if any, requirement for aversive
memary storage. We, however, fully abalished appetitive mermories (Figure 1) by blocking KC autput
during acquisitbon, providing the basis for a model of postsynaptic plasticity (Figure ¥ that is induced
and expressed through distinet nAChR subunits (Figures 2-8).

Owr studly hints toward different pre- and postsynaptic storage mechaniems underlying aversive
and appetitive memaories. it also argues against the assumption that ap petitive and aversive memaories
will necessarily wse the same molecular machinery to store information. Interestingly, arguing for a
division of appetitive and aversive storage sites, subpopulations of KCs have been implicated in aver-
sive and appetitive memory, respectively (Perisse et al,, 2013). Moreaver, postsynaptic contributions
were previously ruled out for & synaptic junction required for storage of aversive but not appetitive
memaries, which s fully consistent with our findings (Hige et al, 2015). However, a recent study
imvestigating postsynaptic caleium transients across MB compartments could be in line with postayn-
aptic modifications aceurring following aversive training in same MB autput campartments [Haneack
et al., 2023). Additionally, the requirement of MBOM signaling has been dermonstrated, particularly

Pribbenow et al. elife 2022;11:e80445. DOH: https://doi.org/ 107554/ /eLife. B0445 17 of 34
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Figure: 8. aF and a5 nicotinic acetylchofine receptor inAChE) subunits are required for non-associative familiarity leaming at the level of o3 mushroom
body cutput neurons (MECNs). (a] Schems of behavioral resporses o novel and farmilliar odors (right). (Left): Knodidown of @ n&dChR subunits at the
lewed of o3 MBOMNs alters odor familiarity beaming and the probability to stop grooming. a2 BMAI knodkdown delays famiiarity kearning effects to
novel cdors. o5 RMA knodedown fies do not show a novelty response at all. {(b] Grooming behavior response of dusted flies following the repeated

Figure § continued on mext page
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Figure § continued

presentations of a novel odor (MCH). Ethogram of grooming behavior (blue) during 10 intenvals of odor exposunes. Horizontal lines in each trial
cormespond to a single experimental fly within a trial group. Mot grooming [gray] flies can further be categorized between pausing and wandering [see
Figure 8—figure supplement T). n=15. [¢) Knockdaown of a2 subunit in @3 MEONs [driver line MBOZ27B |Split-GAL4]) impairs ador tamiliarity leaming
significanthy; animals show a higher probability to terminate grooming responses during the leaming period. The learning period is defined as the odor
exposure rounds following the first exposure. Bottom graph: Monelinear representation of grooming flies over 10 training trials. Note that a5 behawiaral
respanses are best described by linear representation. Bax plots are median and 75% quartiles; n=47, one-way AMOVA followed by Dunnett's test
(p=0.05) *p<0.05. (d) Knodkdown of a5 subunits in o3 MBONs [driver ine MBOZTB |Split-GAL4] leads to an increased probakility to start grooming
earlier. Bottoem graph, non-linear representation of grooeming flies over 10 training triaks. Box plots are median and 75% quartiles; n=9, Kruskal-\Wallis
foliowed by Dunn's test (p<005), *p<0.05. Also see Figure B—figure supplement 1 for further information.

The online version of this articke includes the following figure supplementis) for figure B

Figure supplement 1. Additional ethograms, accompanying Figure 8

in the context of longer-term memory storage (Pal et al., 2013; Ichinose et al, 2021, Widmer et al.,
2018, Wu et al., 2017). Thus, we do not wish to exclude a potential invalvement of postsynaptic plas-
ticity in aversive memary formation per se. On the contrary, it is conceivable that aversive memaories
also could have an appetitive component (release from punishrment).

Postsynaptic plasticity at the KC to MBON synapse

Recent anatomical studies Takemura et al., 2017, Eichler et al, 2017 have reported both dopami-
nergie innervation of presynaptic KC compartments and, somewhat unexpectedly, direct synapses
between presynaptic dopaminergic terminals and MBONs. We devised an experiment where we
substituted KC input ta the postaynaptic MBON campartrment through artificial acetyeholine injection,
while rendering DMs switchable through optogenstics. A protocal that trained and subsequently
tested the synaptic junction bebween KCs and MBONs, demonstrates that plastieity (represented by
& change in caleium responses to acetylchaline injection) was inducible by pairing dopaminergic with
postsynaptic MBON activation that lasted beyond the training stage and was abservable by mere
‘recall-like’ activation of the system (Figure 3).

Our proaf-of-principle experiments uncovered the ability to potentiate after pairing M& MBOMN
activation and stimulating a broad pepulation of AN that convey information on sugar, water, or the
relative valence af aversive stimuli (Owald and Waddell, 2015), while we find postsynaptic plasticity
to be required for appetitive memory performance (Figure 3). However, previous studies loaking
ifte ‘natural’ appetitive sugar eonditioning uncovered a relative depression in M4 (another MBOM af
the Md/é cluster] dendrites, when comparing the responses of the paired (C5+) and unpaired edeor
{C5=) 1 hr after appetitive conditioning (Owald and Waddell, 2015; Owald et al, 2015, Felsenberg
et al, 2018). Moreover, we here show that in viva appetitive absoelute training depresses subse-
quent responses to the trained odor (Figure 5. It is important to note that, here (Figure 3), for our
in wvitra experiments, we perform global activation of the postsynaptic compartment and not the
natural typical eoverage of 5% of input synapses per ador (Henegger et al, 2011) (that allow for
differential conditioning). Induced changes are therefore likely not eomparable to the natural settings,
where sparse sets of KCs and DANs are active within a tight temporal windew. Mareover, we here
abolish network contributions (by suppressing active signal propagation), to be able to concentrate on
synaptic mechanisms during plasticity induction. Thus, aur artificial training (Figure 3) through glabal
dendritic activation likely does not mirror precise physiological conditions, allewing for plasticity of a
sparse set of synapses 1o convey odor specificity to a memary. However, the relatively small amplitude
of plasticity (here: potentiation) observed actually fits previous [Owald et al, 2015) in vive observa-
tions. Moreover, similar protocals (Zhae et al., 2018) that involved broad activation of KCs (and thus
did nat dreumyvent the presynaptic compartment) have demonstrated comparable plasticity induction
at this synaptic junction. It should ale be noted that because we are using TTX and local training of
KC to Mé synapses in our experiments, we are furthermore missing additional disinhibition that in
wive s mediated via the GABAergic MVP2 MBOMN [Felsenberg et al., 2018, Perisse et al., 2014). OF
note, how difficult it can be 1o infer how dendrites compute and integrate all input channels s exem-
plified by the obsarvation that high levels of adar-mediated dendritic activation after a5 knockdewn
{Figure 5, Figure 5—figure supplement 1) appear to be translated to reduced axonal caleium tran-
sients (Barnstedt et al, 2014), effectively leading to decressed signal ramduction within the MBOM.
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Figure 9 continued on next page
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the mammalian visual system (please see Discussion). At the level of the a’3 compartment repeated odor exposure triggers increased a2 receptor
dynamics, In this compartment, thc mncreased dynamics result in reduced odor-evoked activity in the MB cutput newrons (MBONs) resulting n familiarity

learning (fess behavioral r

to familiar compared to novel odors). Middle panels {synaptic level): Our data are consstent with 2 model in

=P

which a5 subunit containing receptors (red) mediate the early phase of postsynaptic memary storage, potentially by leading to elevated caloium flux
(not addressed in this study) at individual postsynaptic densities (see Dscussion and Figure 10 showing separated PSDs (postsynaptic densities) and
analyses conceming input specificity). Concurrent events see changed dynamics of the a2 receptor (blue). Changed dynamics Sikely reflect changed
exocytosis of intracellular receptor populations or lateral diffusion across membranes. Nicotinic receptor subunits hereby potentially interact with
adaptor proteins to bind to discs large {Dig). Importantly, we identdy elevated a2 subunit dynamics in the context of associative (M4; Kenyon cells
[XC] and dopaminergic newon [DAN] actwvation needed for memary formation) and non-associative (3 MBONS; odor activates both KCs and DANS)
memory expression. Increased aZ subunit dynamacs in both cases are triggered by cdor application. At the level of M4, suppressed dynamics, would

correspond to postsynaptic depression, while at the level of '3 MBONS increased dynamics could result i postsynaptic dep 1. Th

4.

different leaming rules might govern the incorporation, exchange, or stabilization of receptors in or out of S)napsﬁ Please see Discussion for funh«

detsile B

Discussion for detads).

1 pane!: Prop.

d time line of molecular comrelates and experimental read-outs of memory induction and expression (please see

MBON:s do not appear to exhibit prominent spines on their dendrites (Takemura et al., 2017) (but see
section below: Are cholinergic and glutamatergic synapses interchangeable?). Therefore, increased
dendritic activation could lead to a change in membrane resistance and result in synaptic interference.

It should also be noted that M4, which shows depression (Figure 5), and Mé have common but
also distinct physiological roles, for instance, during aversive memory extinction (Felsenberg et al.,
2018). Besides that, different temporal requirements for M4 and Mé memory expression have been
reported {Bouzalane et al, 2015). It is therefore possible that physiclogical changes in the context
of appetitive leaming lead to different plasticity profiles in M4 and M6 neurons, respectively, or that
initial potentiation over time can be reverted to depression. As noted above, MBON drive is bidi-
rectionally modifiable and has the propensity to both potentiate and depress (Owald et al., 2015;
Bouzaiane et al., 2015, Lewis et al, 2015, Handler et al, 2019). It remains unclear, whether the
applied protocols would elicit plasticity (and if so depression or facilitation) at the M4 dendrites, which
is difficult to assess with our experimental design. In summary, the observed ex vive plasticity trace
({Figure 3) should solely be viewed as a proof of principle that postsynaptic (MBON) plasticity can take
place without presynaptic (KC) contribution per se.

Local acetyicholine application to the MB can also activate calcum transients in dopaminergic
presynaptic terminals (Cervantes-Sandoval et al, 2017). Therefore, our protocol could in principle
include some dopaminergic contributions already at the pre-training level. However, control experi-
ments using the paired training protocol in the ab of CsChri expression in DANs, do not
show any signs of plasticity (Figure 3 and Figure 3—figure supplement 1). Moreover, it has been
previously demonstrated that, to actually release dopamine from the presynaptic terminal, a coingl-
dent signal via carbon monoxide is required (Ueno et al, 2017, Ueno et al, 2020). Therefore, an
unwanted activation of DANs in our experiments is unlikely.

Previous studies have shown that loss of DopR (dDA1) causes aversive and appetitive memory
impairments (Kim et al., 2007, Qin et al., 2012). Intriguingly, specifically re-expressing DopR in KCs
rescued loss of both types of memory (Kim et al., 2007). However, while the reported memory impair-
ments in dopR-deficient animals were strong for aversive memories, they were only partial for appe-
titive memories, indicating that appetitive memory traces could be mediated via other dopamine
receptors at the MBON level. Future experiments will need to investigate which dopamine receptors
are required at the level of the MBONSs as well as the in vivo time course of dopaminergic signaling.

Nicotinic receptors could follow defined temporal sequences to
mediate memory expression

Lasting plasticity traces as observed here (Figure 3) appear to fit the core criteria for long-term poten-
tiation of vertebrate glutamatergic postsynapses (Nicoll, 2017, Bliss and Lomo, 1973). Plasticity can
be divided into an ‘induction’ (Nicoll, 2017) period mediated via NMDARs and a subsequent "expres-
sion’ (Nicoll, 2017) period that requires altered AMPAR dynamics (Nicoll, 2017). Our findings here
lead to a model, where the nicotinic o5 subunit is required for the induction of appetitive memories at
Drosophila MBONs (Figure 2 [affecting ‘immediate’ appetitive memory], Figure 9). We propose that
a5 nAChR subunits (that can form homomeric channels Lansdell et al., 2012, Eadaim et al, 2020)
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eould take on a similer role to NMDARs. ab would gate the potentiation or depression of synaptic
strength influencing the incorporation or exchange of additional receptor subunits or complexes. In
line with this, we show that knockdown of ob subunits interferes with familiarity learning in the a’3
compartment of the MBs: flies no longer farm familiarity memories, they react ta a novel oder the
sarme way as to a familiar one, "as if they had learned that this new odor was familiar before’ (Figures 7
and B). Moreover, we do not aobserve o5 subunit dynamics (Figure 7), whereas knockdown of oS
leads to decreasad levels of a2 subunits (Figure 4), and o2 dynamics are no longer abservable when
knocking down ob in the MBOMNs of the a3 compartment [Figure 7. Thus, we can draw first analogies
to glutamatergic systems governing plasticity in vertebrates. Whether more core criteria are met for
the comparison of invertebrate and vertebrate plasticity systems, further depends on whether the
here abserced receptor dynamics will actually translate to exo-/endocytosis of postsynaptic receplors
or lateral diffusion of receptor subunits along the MBOM dendrites (see Figure ). Our established
system should provide the means to investigate this further in the futune.

W also find that later farms of appetitive memory expression require both the a2 and ol receptor
subunits (Figure 2. A recent study (lhara et al., 2020) has dermonstrated that, when expressed heter-
alogausly, these subunits can co-asemble to form heteradimers with B subunits, which, depending on
the precise compeosition of these channels, can harbor different properties, potentially reminiscent to
AMPAR (Greger et al., 2017). However, MB distribution profiles of a1 and o2 subunits do not mateh
completely, for instance, at the level of the v5 ar a'2 compartments (Figure 4), indicating that they
could also partake in different or independent receptor configurations.

In arder to dissect distinet robes for receptor plasticity in memory induction and expression, we
experimentally probed several time points during associative appetitive memary formation. First, we
probed 30-min memory following EC block te invariantly interfere with the memary acquisition and
mat the retrieval stage (Figure 1). Second, we probed immediate and 3-hr memory performance
fallowing receptor knockdown to distinguish between memary induction and memory expression
reguirements (Figure 2. Third, we investigate the time course of receptor dynamics during memary
expression following memory induction with a resalution of 5 ta 10-rmin intervals after artificial training
(Figures & and 7). The averarching picture indicates that, indeed, directly following training, memary
induction requires a5. Subsequently, at the resolution of minutes, regulation of a2 levels contributes
te memory expression. While we cannot resalve the temporal time course at the level of T-maze
behaviar (Figure 2] or FRAP experiments (Figure &) below several minutes, our in vive training data
(Figure 5) suggests that o2 requirement already becomes apparent within 1 min after training.

We show that familiarity learning, a specific form of habituation encoded at a higher-arder inte-
gration center, the MBs, can take place when knocking down o2 nAChR subunits in o'3 MBOMs in
principle (Figure 8), however, at clearly decreased efficacy and only after several trials. We speculate
that the observation of memories still being expressed per se in this context could be explained
by redundancies with ol or other subunits (but see heterogeneous localization and enrichment in
different MB compartments, Figure 4). Redundancies could also explain why we partially obserse
funetional phenotypes after knockdewn of individual subunits but enly moderate structural changes.
We would alse like to point out that subunits we did not identify absalutely as required for memary
expression (Figure 2] in this study could nonetheless partake in distinet phases of plasticity processes.

In the context af both familiarity learning and appetitive conditioning, edor exposure induces
increased a? subunit dynarmics (Figures & and 7) accompanying postsynaptic depression (Owald
et al, 2015, Hattord et al, 2017, Figure 7, while not or mildly affecting b subunits (for Tamil-
iarity leaming). Therefare, the same basic mechanisms, edar-induced a2 receptor dynamics, seem to
express two opposed plastic outeames in the context of assaciative and non-associative memories
and contribute to different learming rules across MB compartments (Hige et al., 2015, Aso and Rubin,
2016). We speculate that a2 dynamics induced by ador in the Md/6 dendrites eould be reminiseent of
dark currents in the vertebrate visual systern (Hagins et al., 19700, allowing for rapid adaptation with
low levels of synaptic nolse. Receptor exchange at the level of Md/é dendrites would actuslly take
place when no assaciations are formed and stalled when DANs (triggered by sugar) are simultane-ausly
active with KCs (triggered by odaor). Indeed, repeated OCT stimulation (Figure 5—figure supplement
) led to a facilitation of caldum ramients [potentially corresponding to an increase of receptor incor-
paration), while depression (in this case likely to be mediated by removal of receptors, but see above)
is triggered by paired training (Figure 5). In contrast, at the level of the o'3 compartments, odor
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activates bath MBON: and DAMNs. Here, the plasticity rule would be reversed. Synaptie depression is
secompanied by actively changing the receptor compasite. We speculate that such plasticity could
function reminiscent of mechaniams observed for dimbing fiber-induced depression of parallel filer
to Purkinje cell synapses (lta, 2001). However, whether increased dynamics can be translated to maore
incorporation or rermoval of o2-type receptors, or depending on the plasticity rule both, will require
high-resalution imaging experiments in the future.

Are cholinergic and glutamatergic synapses interchangeable?

Our study fuels the question of haw unique praperties of individual neurotransmitter systerms at
synapses are. While dopamine signaling is remarkably conserved between invertebrates and verte-
brates, cholinergic and glutamatergic systems appear, now maore than before (with this study), some-
what interchangeable. While vertebrates (but alse evolutionarily distant Caenorhabditis elegans],
for instance, use acetylchaline at the neursmuscular junction and store memeries predominantly at
glutamatergic synapaes, it is the ather way around in Drosophils and other invertebrates, such as
Sepia (Barnstedt et al, 2018, Owald and Waddell, 2015; Shomrat et al., 2011; Ackermann et al.,
2015, Owald and Sigrist, 200%). Mow we show that, 8t cholinergic synapses, o5 and o2 subunits, at
least to & certain extent, behave in a potentially comparable way to NMDARs and AMPARs at gluta-
matergic synapses during posteynaptic plasticity which underlies memary storage. In this context,
we affer several lines of evidence that invertebrates utilize postsynaptic plasticity during meamory
slorage.

We therefore propose that, across phyla, posteynaptic plasticity, with the propensity to store memao-
ries and adapt network function plastically, can take place regardless of neuratraremitter identity.

One key difference between the dendritic arbors of the MBOMs analyzed (e.q. Figure 10a) in this
study compared to dendrites of glutamatergic neurons in vertebrates, is a lack of anatormical spines
(Figure 10b). Without spines, how can input specificity be preserved at MBON postsynaptic densi-
ties? KC autput to MBON input analysis of the recently published fiy hemibrain connectome [Scheffer
et al., 2020; neuprint.org, Clements et al., 2020) suggests that, at the ultrastructural level, MBON
postaynaptic densities are separated spatially (Figure 10b). Compartmentalization could therefore be
mediated by, for instance, biochemical separation of PSDs. Importantly, input-specific plasticity has
been shown to be inducible in non-spiny neurons in vertebrates, with diffusion barriers established,
e.q., through calciurm buffers, between postsynaptic densities (Goldberg et al., 2003).

Interestingly, our MBON input analysis further revealed that postsynaptic plasticity mechanisrms
could actually add a layer to promote input specificity. Indeed, we find that single presynaptic KC
release sites that imnnervate MBOMN dendrites can also target other MBOMs andfar other postsynaptic
targets simultanecusly (Figure 10c—g). Plasticity confined to sngle postsynaptic densities innervated
by a KC terminal could therefore change the weight of transmision for one target (e.g. MBOMNs
imalved in memory storage, such as M4 Owald et al., 2015), while not changing the weight of the
connection to other targets (e.q. MBON: not imvalved in a specific action or other targets of non-
MBOM identity, Figure 10k). It should be noted that this anchitecture does not exclude presynaptic
plasticity mechanisms [Stahl et al., 2022 for instance, following aversive conditioning). Indeed, we
waould speculate that synaptie connections can be subdivided inte distinet compartments an both
the pre- and the postsynaptic side, potentially thraugh transsynaptic moleculas [Owald and Sigrist,
2008 Tang et al, 2018), allowing for fine-tuned and target-dependent changes of parameters within
either side of a synapse.

Together, we propose a model (Figure # in which a5 subunit containing receptors could mediate
the early phase of postsynaptic memory storage, and we speculate this could lead to elevated post-
synaptic caleium flus (not addressed in this study). Concurrent events see changed dynamics of the a2
receptor, Micotinie receptor subunits hereby could interact with adaptor prateins to bind va Dlg, remi-
niscent 1o what is known for AMPAR (Wen et al, 2017). Importantly, we identify elevated o subunit
dynarmics in the context of associative and non-associative memory expression. Increased a2 subunit
dynarmies in both cases are triggered by odor application_ At the level of Md/6, suppressed dynamics
would correspond to synaptic depression, while at the level of o'3 MBOMs incressed dynamics may
result in postsynaptic depression. Therefore, different leaming rules could govern the incorporation
ar exchange or mobilization of receptors in or out of synapses. The precise malecular and biophysical
parameters underlying these plasticity rules are eurrently unknown and will need to be addressed in
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Figure 10 continued

nusmber of posteynaptic partners for each KC presynapse identified providing input to M4, The histogram shows the distribution of KC synapses to b4
redative to how many postsynaptic partners the KC presynapses have. (f] Analysis of nember of postsynaptic partners for each KC presynapse identified
providing input to M. The histogram shows the distribation of KIC synapses to Mé relative to how many postsynaptic pariness the KC presynapses have.
(g Analysis of number of postsynaptic partners for each KC presynapse identified providing input to o3 MBOMs [pooled). The histogram shows the
distribution of KIC synapses to «'3 MBOMNs relative to how many postsynaptic partners the KC presynapses have. (h) Percentage of types of neurons that
share a KC presynapse with a given MBON.

the future. One aption could include potential exchange of o2 subunits for a receptor complex with
higher caleium permeability.

Owr findings are consistent with the current MB skew model (Owald and Waddell, 2015), where
the summed MBON output will determine an animal’s choice. Howewver, we add an additional layer,
already at the MBOMN input site. Changes do not happen at the presynaptic compartment only but
potentially at both synaptic compartments. Thus, the power ta store (potentially conflicting) infar-
mation separately at either the pre- or postsynaptic site, equips the system with additional flexibility.
How precisaly pre- to postsynaptie and post- to presynaptie signaling = regulated will need to be
addressed in the future but will likely invelve transsynaptic signaling routes (Owald and Sigrist, 2009,
Tang et al., 2016). Irmportantly, the identified modes of postsynaptie plasticity will apen avenues far
imvestigations looking inte pre- versus postsynaptic contributions during reversal leaming, reconsoli-
dation, and extinction learning (Felsenberg et al, 2017, Lilscher and Malenka, 20117).

Methods

Fly genetics

Flies were raised on standerd food under standard laboratory conditions unless stated otherwise
(25°C, 65%, 12-hr light-dark eycle; Owald et al, 2015 Raccughia et al, 2019). Driver lines used
were MBOT1E (Split-Gald) (Ase et al, 20144), MB112C (Ase et al, 20744 (Splie-Gald), MB461E
(Asa et al, 20144 (Split-Gald), MBO27E (Ase et al, 20144 (Split-Gald), R13F02-Gald [Ase et al.,
2014a), OK107-Gald (Barnstedt et al, 201148), WVT1211-GALd (Owald et al, 2015), and RSBEDZ-
Lexd (Handler et al., 2019). We wsed the follawing UAS-nACHER™ flies (Barnstedt et al, 201&
Cervantes-S5andowal et al, 2017: Bloomington stock numbers 28688, 27493, 27671, 31985, 25943,
27251, and 25835, Additionally, we wed (Bachmann et al., 2004; Soukup et al, 2013 Dig™-RMAI
8s well as UAS-DIg™™, tubP-GALSD™ (Perisse et al., 2013), UAS-Shi™ (Perisse et al., 2013), 247-
dsRed (Owald et al., 2015), Lexbop-CsChrimson, UAS-GCaMP&T [Barnstedt et al., 2016], and LAS-
SynaptoPhluarin (Lin et al, 2014a). Note that complex genotypes did not always permit usage of
MBO11B for genetical access to M4/S neurons throughout the manuscript. In that case, in order to
reduce genetic complexity, we used VT1211-Gald.

Behavior

T-maze memaory

39 days old mixed-sex populations were trained and tested together as previously described
(Owvald et al., 2015) Odors used were 3-octanal (OCT, Aldrich] and 4-methyleyelshexanal (MCH,
Aldrich) diluted in mineral odl {(approximately 1:100 for aversive, 1:1000 for appetitive memory, abso-
lute concentrations were minimally adjusted to prevent ador bias). For aversive protocols, flies were
exposed to the C54 for 1 min with 12 1.5 s long 120 V electric shocks (interstimulus interval: 3.5 s)
Tallowed by 45 s of air, 1 min of C5- exposure and another 30 s of air. Flies were given 2 min to choose
between the C5+ and C5- in a T-Maze during retrieval in the dark. Far appetitive conditioning, flies
weere starved for 20-24 hr before the experiment. Flies were exposed to the C5- for 2 min. After 30 s,
flies were exposed to the C5+ paired with sugar for 2 min followed by another 30 s of air. Performance
indices were caleulated as deseribed previously [Owald et al., 2015). Time of retrieval is stated in the
figures. For Shi™ experiments, flies were kept at 32°C 30 min prior to and during training and brought
to room temperature directly afterward. Room temperature was approximately 23%C. For Figure 2
and Figure 2—figure supplement 1, behavioral data sets from separate experiments were pooled.
Mote that 'screening hit’ data displeyed in Figure 2a and b and Figure 2—figure supplement 1a,
b were replotted to allow for comparison of genotypes with the corresponding genetic contrals in
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Figure 2—figure supplement 2e-i. Gal80” flies were always raised at 18-20°C and were placed at
32°C 3-5 days before the experiment (Figure 2) or were kept at 18-20°C throughout (Figure 2—
figure supplement 2).

Familiarity learning

Familiarity training was essentially performed as described before (Hattord et al, 2017) with slight
adjustments. Flies were covered in yellow dust (Hattor! et al., 2017) (Reactive Yellow 86, Fisher Scien-
tific) and placed in a cylindrical custom designed chamber. To ensure a constant air stream, we placed
the chamber between an air and a vacuum pump (800 mi/min). Air permeable cotton wool was used
to close the open ends of the chamber. The air supply was either connected to pure mineral oil or
MCH diluted in mineral oil at a concentration of 1:50. For switching between odor and mineral oil, a
clamp was manually opened and closed. Video recording was performed at 26 frames per second. For
recordings and analyses we used Python (v3.6) in Anaconda Jupyter Notebook environment.

Imaging

Confocal single-photon imaging and receptor quantification

Fixed explant brain imaging

Brains were dissected on ice, fixed in 4% paraformaldehyde (Sigma) for 20 min, and placed in
PBST (phosphate-buffered saline, 0.1% Triton) for 30 min followed by washing with PBS for 20 min
twice. Vectashield was wsed as mounting medium. Flies were 2-8-day-old females raised at room
temperature.

Recording endogenous fluorescence

Imaging was performed using a confocal single-photon inverse microscope {Leica SPS/STED) equipped
with & x64 oil objective. Laser power and gain were adjusted between experiments, making normal-
ization of the signals nec y. Values for the heatmap in Figure 4 were normalized to the mean
MB fluorescence value to ensure comparability. Voxel size was (height x width x depth) 123 nm x
123 nm x 500 nm. ROIs were drawn manually in Image) using the 247-dsRed channel for orientation
(Figure 4a). Heat maps were created in Microsoft Excel. For quantifications following knockdown, the
y5 compartment was normalized to yd ((y5 ~ yd)/ pd), and the B'2 to the B'1 compartment ((B'2 - 1Y/
f'2) of the same animal. Each 'n' corresponds to one hemisphere.

In vivo two-photon calcium imaging

To measure odor responses, female 3-6-day old flies expressing UAS-GCaMPé6f alone or together
with UAS-RNAI to a2 or a5 at the level of M4/6 were tethered under the multiphoton microscope
(Femtonics), essentially as described before (Owald et al., 2015; BShme et al., 2019). To measure
M4/6 resp to odor p tation alone, five alternating 1 < OCT and MCH puffs were applied with
30 s in bety 1 each pr lon. Fluorescent signals were ded from dendrites in the §'2 MB
compartment using MESc software (Femtonics) at a frame rate of roughly 30 Hz. ROIs incorporating
the dendritic arbors were manually drawn. Data was processed using a Savitzky-Golay filter. Further
analysis was performed using Matlab. For absolute training, we imaged from axonal arbors, and the
following protocol was applied: after initial testing for odor responses, starved flies were exposed to
1-s odor puffs (MCH) twice with a 30 s gap between the applications. Corresponding odor resp

were averaged. Paired training consisted of odor application (five consecutive 1-s odor puffs [MCH]
with & s gap), while the fly fed on a sucrose droplet (saturated solution) for 30 s delivered by a custom-
made feeding arm (Lin et al., 2014b). Unpaired training consisted of 30 s sucrose feeding followed by
30 s of odor applications as described above but with a delay of 45 5. The training was monitored with
a video camera to verify accurate feeding of the fly. After a 1-min break, two odor puffs with a gap of
30 s were applied. Again, corresponding odor responses were averaged. Peak responses and areas
under the curve (AUCs) were calculated using R and the first 3 s following edor onset were analyzed
in order to cover entire responses. The AUCs pre- and post-training were normalized to the mean pre-
training values of a group, respectively. The averaged test responses pre-training were compared to
the average post-training responses (9-12 hemispheres were analyzed from 5 to 7 animals per geno-
type and condition) using a paired t-test or Wilcoxon matched-pairs signed rank test.
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In vivo confocal single-photon imaging of receptor dynamics and calcium
transients

34 days after enclosure, female flies were prepared as deseribed above and imaged. Imaging was
performed using a SP5 single-photon confocal microscope (Leica microsystems). Recording frame
rate was 3 Hz. For bleaching high laser power was focused on the a'3 compartments for 15-25 s
The baseline was recorded after bleaching, immediately before fixed inter-stimulus interval training
({Hattorl et al., 2017). OCT was presented 10 times for a second with a é-2 pause in between. Odeor
delivery (COMN electronics) was contralled by the Leica acquisition software. After training, the sarme
brain plane was recorded for 10 s with a pixel size af 200 nm in time intervals of 0, 5, 10, 15, 20, 30,
and &0 min after training. For control experiments, air anly was delivered te the chamber. Images af
the same time interval recordings were averaged and processed in Imagel). Gaussian blur (o=0.5) was
applied for smoathing, and ROl were selected manually.

In vivo two-photon imaging of receptor dynamics

FRAP experiments were performed in viva. 2-8-day-old flies were anesthetized on jce and mounted in
& custom-made chamber. The head capsule was opened under room temperature sugar-free HL3-like
saline, and legs were immabilized with wax. Sugar-free HL3-like saline containing 30 units of papain
(Roche) was applied to the head capsule for 8 min to digest the brain's glial sheath and facilitate
rermoval. Images were acquired using a multiphoton micrascope [Mikon) with a =25 water-immersion
abjective, contralled by Nikon MIS Elermments software. Diluted adors (MCH or OCT in mineral oil
1:1000) were delivered an a clean air carrier stream using a six-channel delivery systerm (CON elee-
tronics). The flies were subjected to experimental conditions including either no adar (air), edor anly,
odor paired with local dopamine (10 mM) injection via a micropipette, or local dopamine injection anly
{see Figure &b and Figure 6—figure supplement 1b for experimental protocal schematies). Photo-
bleaching was accomplished using focused, high intensity laser expasure for ~ 1 min. Analysis of fluo-
rescenoe recovery was performed wsing FLIL ROls were manually selected, and the percent recovery
flusrescence was caleulated by subtraction of the post-bleaching baseline Muorescence and division
by the pre-bleaching baseline flusrescence. To fit the inverse exponential decay that is expected for
FRAF data, we first inverted the percent flusrescence recovery values by subtracting them fram 1 and
then log-transfarmed the resulting values. These log-transformed values were wed in a linear mixed
effects model without intercept using the interaction between condition and time a2 fixed effect -
to determine condition-specific differences of the recovery kinetics - and time as random efiect (R
package Imed). A linear mived efect model was wsed to appropriately model repeated measures
within animals. By inverting and log-transferming the fluorescence recovery values, this approach is
equivalent to fitting an inverted exponential decay function. For plotting, all values induding regres-
sion coefficients were back-tramsformed to the original scale. Significance of recovery of individual
conditions was assessed using the regression coefficients of the condition-time interaction of the
linear mixed model. Differences of recovery between pairs of conditions were tested using pairwise
comparisons of estimated marginal means of the linear mixed model (R package ermmeans). Correc-
tien for multiple pairwize comparisons was performed using Tukey's method.

Explant brain widefield imaging, neurotransmitter application, and
optogenetics

Postsynaptic plasticity induction

Brains of 3-10-day-old mixed sex flies were dissected on ice. Flies expressed CsChrimagomni@i=ne
under eontral of REBEN2-Lexd and UAS-GCaMPES (and o2 RMAI under cantrel of MBOT1B. The head
capsule and sheath were removed in carbogenated salution (103 mbd MaCl, 3 mM KCI, 5 mbd N-Tris,
10 mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mb MaHCO,, 1 mM MaHPO,, 1.5 mM CaCl,
4 mM MgCl,, 295 mOam, pH 7.3) with forceps. The brain was subsequently perfused with carbo-
genated solution containing TTX (2 pM; 20 mlA10 min flow speed) and imaged using an Olympus
MEE1WI wide field microscope with a x40 Olyrmpus LUMPLFLN objective and an Andor (XOMN Ultra
camera controlled by Solis saoftware. An Olympus U25MD25 light filer was placed in the beam path
to minimize baseline CaChrimson activation. A custom designed glass microcapillary was loaded with
uncarbongenated solution containing 0.1 mM acetylcholine and maneuvered to the M6 dendrites.
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The injection pressure of a P25-1-900 picospritzer was calibrated between 3 and 8 psi (depending on
initial calcum responses). Each local acetylcholine application spanned 15 ms with a 4 s inter-injection
interval.

Three pulses of acetylcholine followed by a 2-3-min break were recorded after which the opto-
genetic response was assessed by applying 2 s red light pulses with an inter-red light-interval of 4 5.
Three acetylcholine pulses were recorded followed by either five acetylcholine injections, five red
light pulses, or both paired. For paired training, both stimuli began simultaneously and the acetyl-
choline injection lasted for 15 ms (and gave rise to a calcium transients typically lasting >1 s, please
see example in Figure 3), while the paired red light pulse lasts for 2 s, allowing for maximal temporal
overlap. This process was repeated 5x, with a 4-s break between trials. Following the training trial,
three final acetyicholine test injections were applied after 1 min. For analysis, the first of the three
acetylcholine injections was always discarded because of initial dilution of the capillary tip, and the
remaining two peak intensities were averaged.

All peaks within an experiment were guantified relative to the flucrescence baseline that we caleu-
lated for pre- and post-training acetylcholine responses. Baselines were set independently for each
pre- and post-training recording using the polynomial interpolation function in NOSA (neuro-optical
signal analysis) (Oltmanns et al., 2020). For investigating a2 knockdown, only the paired condition
was tested.

For controls not expressing CsChrimson, we used VT1211-Gald driving UAS-GCaMPéf, instead of
MBO011B, for technical reasons. This was combined with either expression of RSBE02-LexA or LexAop-
CsChrimson"™""_ Only paired training was investigated in this context.

Excitability of KC axons
To test whether KC axons were excited by focal acetylcholine injections at the level of Md/6 dendrite
innervation, either UAS-SynaptoPhlucrin or UAS-GCaMPé6f was expressed under the control of
OK107-Gald. Following the acetylcheline injection experiment, the capillary was exchanged with a
capillary containing the same solution with additional 300-400 mM KCI, to evaluate tissue health (not
shown for GCaMP&f imaging). To pick up potentially small changes, we increased the injection pres-
sure to 8-14 Psi and the injection time to 150-225 ms (GCaMPéf, 8 s inter-injection interval and three
consecutive injections) and 300-525 ms (SynaptoPhluorin, with an 8 s inter-injection interval and three
consecutive injections).

Images were analyzed using NOSA (Raccuglia et al., 2019; Oftmanns et al., 2020) and GraphPad
Prism.

Statistics

Statistical analyses were performed as stated in the previous method sections and figure legends.
Data were always tested for normality using a Shapiro-Wilk test. If normally distributed, data were
analyzed using ANOVA followed by post-hoc test or a (paired) t-test. If not normal, we used a Kruskal
Wallis followed by post-hoc test, or a Wilcoxen matched-pairs signed rank test.

Tagged receptor subunits
All subunits were tagged using CRISPR technology and motifs previously described (Raghu et al,
2009). All EGFP-tagged AChR o subnunits were generated by WellGenetics Inc (Taiwan) using

Table 1. Used EGFP positions and gRNA sequences of this study.

Subunit EGFP position betwaon AA gRNA zequence
nAChRalpha1/CGS610 438D and 439L ACAGATCGTCGTCGGCOGCCCIGGG)
nAChRalpha2/CG6344 456G and 457L CAGATTCAGCGGCTTGGTGGIGGG)
nAChRalphad/CG12414 426M and 427D AATAGCCGCOGTCCCCGATATGG)
AChRalphaS/CG32975 717G and 7188 CAGCACCCGAATGCCGGATG|CGG]
nAChRalphab/CG4128 4037 and 404A TTACGCCGACGAGCCAATGGICGG]
nAChRalpha7/CG32538 444G and 4655 GCAAGGGGATGACGGCAGCG[TGG)
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CRISPR-based mutagenesis akin to Kondo and Ueda (Kondo and Ueds, 2013). Please see Table 1
for position and sequence.

In brief, nAChR gRNA sequence was cloned into an U6 promoter plasmid. Cassette EGFP-
PBacDsRed containing EGFP and 3xP3-DsRed and two nAChR a-homology arms were doned into
pUCS7-Kan as donor template for repair.

nAChR alpha-targeting gRNAs and hs-Cas9 were supplied in DNA plasmids together with denor
plasmid for microinjection into embryos of the w1118 strain. F1 flies carrying the 3xP3-DsRed selec-
tion marker were further validated by genomic PCR and sequencing. The 3XP3-DsRed marker was
excised by Piggy Bac transposase leaving an exogenous 2aa linker of Valine and Lysine (GTTAAA)
after excision.

Connectome analysis
In Figure 10, we analyzed the partial connectome of the female adult fly brain (hemibrain v1.2.1;
Scheffer et al., 2020), using the neuprint-python package (https.//github convconnectome-neuprint/
neuprint-python; Berg et al., 2022). To investigate the synaptic relationship b KC presynap
and MBON postsynaptic sites, we first identified KCs with the status 'Traced’ in the connectome.
Second, for each MBON of interest, we identified the relevant KCs connected to it (which is a
subset of the count in the previous step). Third, for each KC identified, we selected each presynaptic
terminal {x, y, and z locations of synapses) connected to the MBON of interest, and for each of these
presynapses, we identified all synaptic partners residing on the postsynaptic side. Fourth, for the
MBON of interest, we counted the number of postsynaptic connections per individual presynapses
(that also contain the specific MBON, Figure 10e-g). Finally, we identified the composition of all
neurons identified as co-postsynaptic partners of KC to MBON synapses.
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