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Zusammenfassung in Deutsch 

Lernen findet bei Wirbeltieren häufig an glutamatergen Prä- und Postsynapsen statt. Im 

Gegensatz dazu wurde bei Drosophila bisher ausschließlich gezeigt, dass 

präsynaptische Plastizität cholinerger Synapsen am Lernen beteiligt ist. In meiner 

Dissertation liefere ich erste Beweise für postsynaptische Plastizität 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 Plastizität 

in M4/M6 Neuronen unter Umgehung der Präsynapse induzieren können. Auf Ebene der 

nikotinischen Acetylcholin Rezeptoren sehe ich, dass α5-Untereinheiten sowohl für die 

Bildung eines positiven Kurzzeitgedächtnisses als auch für das eines mittelfristigen 

Gedächtnisses in M4/M6- Neuronen benötigt wird. Die α2-Untereinheit und das 

scaffolding protein Discs large (Dlg), das Homolog von PSD-95 bei Säugetieren, werden 

dagegen nur für die Bildung eines mittelfristigen Gedächtnisses benötigt. 

Interessanterweise scheinen die Plastizitätsmechanismen an unterschiedlichen 

Synapsen unterschiedlich zu sein. Während diese Untereinheiten für die aversive 

Gedächtnisbildung in den M4/M6-MBONs entbehrlich sind, sind die α5-Untereinheit und 

Dlg für das aversive Lernen in anderen extrinsischen Neuronen, den MVP2-Neuronen 

erforderlich. Interessanterweise haben die α5- Untereinheit und Dlg wahrscheinlich einen 

Effekt auf die α2-Untereinheit. Darüber hinaus konnten wir in vivo zeigen, dass es an 

diesen Postsynapsen zu einer Mobilität der α2-Untereinheiten bei Duftpräsentation und 

bei Habituation in α‘3 and M4 Neuronen kommt. Mit dieser Doktorarbeit unterstütze ich 

die Theorie, dass sich Drosophila als Modellorganismus für synaptische Plastizität 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, I 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). I demonstrate that: 1) the α5 nicotinic acetylcholine receptor 

(nAChR) subunit is necessary within the M4/M6 mushroom body output neurons 

(MBONs), the postsynaptic neurons downstream of the presynaptic intrinsic Kenyon cells, 

to induce appetitive memory; 2) the α2 subunit is required for later phases of appetitive 

memory; and 3) the α2 subunit plausibly acts downstream of the α5 subunit as well as 

the scaffolding protein Discs large (Dlg), a homologue of the mammalian protein PSD-95. 

Though these subunits are dispensable for aversive memory formation in the M4/M6 

MBONs, I demonstrate that both the α5 subunit and Dlg are required for aversive memory 

formation in MVP2 MBONs, thus indicating a different plasticity mechanism at the Kenyon 

cell - MVP2 neuron synapse. Moreover, this work shows in vivo that α2 subunit 

rearrangements occur in non-associative (familiarity) memory formation and after odour 

presentation in α‘3 and M4 MBONs. Notably, the work herein supports the theory that 

mechanisms of postsynaptic plasticity follow similar design principles across phyla 

despite utilization of different neurotransmitters.  

 

 

 

 



 8 

 

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 α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (AMPAR) is known to be necessary for normal 
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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. The insect 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 DANs that innervate the MBs: 1) PPL-1 neurons, innervating 

the α and α’ lobes as well as the peduncle of the MB and contribute negative valance in 

learning (18) and 2) PAM neurons, mostly innervating the β, β’ and γ 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 

MBONs, however, can either be potentiated or depressed after learning (19, 20, 21, 22). 

MBONs that direct avoidance behaviour receive less input after reward learning and 

increased input after aversive learning. Contrastingly, aversive learning reduces the input 

to MBONs driving approach behaviour (23).  

Blocking the output of MBONs can impair either appetitive or aversive memory depending 

on the output neuron. For instance, β′2mp/γ5β′2a (M4/M6, respectively) and γ1pedc>α/β 

(MVP2) MBONs 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, Ca2+ responses to the CS+ (conditioned stimulus) 

compared to the CS- (unconditioned stimulus) odour are decreased in M4β’ (β′2mp) 



 10 

 

MBONs following appetitive learning while the Ca2+ 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 

Ca2+/CaM-responsive adenylyl cyclase (AC) (the rutabaga mutant) and cAMP 

Phosphodiesterase (PDE) (the dunce mutant), have been found to impair memory in α/β 

and γ KCs (17, 26). Interestingly, artificial training (via paired acetylcholine and dopamine 

application) increases rut-AC dependent cAMP in KCs at the level of the α 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 MBONs, and knockdown of the subunits alters odour-driven behaviour (11). nAChR 

subunits are conserved between vertebrates and Drosophila, and to date seven α (Dα1-

Dα7) subunits and three β (Dβ1- Dβ3) 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 Ca2+ (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 (Dlg)/ 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 AMPARs 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 α7 subunit mobility (34). In 

Drosophila, Dlg 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 MBONs 

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, I 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 α (Dα1-Dα7) and 

three β (Dβ1- Dβ3) nAChR subunits (28). These subunits form either homomeric or 

heteromeric receptors (28). Knockdown of specific subunits alters naïve odour avoidance 

(11), suggesting roles in learning and memory. Which receptor compositions characterize 

MBONs or whether specific nAChR subunits are required for learning and memory 

however remains unknown. I 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 α’3 MBONs 

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, 

Dα1, Dα4, Dα5, and Dα6 subunits are required for naïve odour avoidance at the KC-

MBON synapse (11), and learning takes place at the KC-MBON synapse (19). I 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 Dlg/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 α7 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, I 

hypothesized that Dlg 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 , DlgS97-RNAi, UAS-DlgGFP, UAS-SynaptoPhluorin, tubP-GAL80ts, 

247-dsRed, LexAop-CsChrimson, UAS-GCaMP6f, UAS-Shits  and the Bloomington stock 

flies 28688, 27493, 27671, 31985, 25943, 27251 and 25835 as UAS-nAChRRNAi 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 (0min- 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 (0min-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 PI and 

PI 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 Gal80ts, 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 

 

 

 

 

 

 

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 naïve 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. In vivo 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) (25× 

water-immersion objective; Nikon NIS Elements software) and a 6-channel delivery 

system (CON electronics) for MCH/OCT application (1:1000 in mineral oil) were used. 

Training paradigms consisted of bleaching (high intensity laser exposure focused ~1min) 

the GFP signal in the β’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 lme4). 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 α’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; 

ROIs drawn manually; Gaussian blur (σ = 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 NaCl, 3mM KCl, 10mM trehalose, 5mM N-Tris, 10mM glucose, 7mM 

sucrose, 1mM NaH2PO4, 26mM NaHCO3, 1.5mM CaCl2, 4mM MgCl2, 295 mOsm/kg, 

pH 7.3) (38). Thereafter, brains were perfused with carbogenated solution plus TTX (2µM; 

20ml/10min). 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 (DAM2; 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 MBONs 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-ShibireTS (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.  

 
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). e) 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 α2 and α5 subunit in MBONs impair memory 

Interestingly, previous studies showed that knockdown of the Dα1, Dα4, Dα5, and Dα6 

subunits alters naïve 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 α5 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 α1, α2, 

α5 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-

GAL80ts at <20°C. We then induced the RNAi 3-5 days before the experiments by raising 

the temperature to 32°C. Importantly knockdown of α5 subunits still impaired appetitive 

STM and MTM, while knockdown of α2 subunits and Dlg impaired appetitive MTM (Figure 

2 e-h). To control for the proficiency of the tubP-GAL80ts, 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 α5 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 α1, α2, α5 nAChR subunits or Dlg (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. c)  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 Dlg 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 α5 subunits abolishes appetitive STM. n= 6 – 7; Kruskal-Wallis followed by 
Dunn’s test (p < 0.05), * = p < 0.05. f) RNAi knockdown of α2 subunits abolishes appetitive MTM. n= 16 – 17; one-way 
ANOVA followed by Tukey’s test (p < 0.05), * = p < 0.05. g) RNAi knockdown of α5 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-l) RNAi knockdown in 
M4/M6 neurons (MB011B-Gal4) of nAChR subunits or Dlg is during the whole lifetime suppressed using Gal80ts 
(<20°C). i) Without α5 subunit knockdown appetitive STM is intact. n= 9; one-way ANOVA followed by Tukey’s test. 
j) Without α2 subunit knockdown appetitive MTM is intact. n= 9 – 11, one-way ANOVA followed by Tukey’s test. k) 
Without α5 subunit knockdown appetitive MTM is intact. n= 10 – 11, one-way ANOVA followed by Tukey’s test. 
l) Without Dlg 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 α2 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 α2 subunits with an RNAi either in M4 or M6 MBONs 

using different driver lines as before. While the MB210B-Gal4 line labels both M4 and M6 

MBONs, the 12C11-Gal4 line labels only M4 MBONs and the R66C08-Gal4 line labels 

only M6 MBONs. 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 α2 subunits in M4/M6 

MBONs. This led to an abolished appetitive MTM (Figure 3c). Importantly, knockdown of 

α2 subunits in either the M4 or M6 MBON abolished appetitive MTM performance 

completely (Figure 3a,b) .  

  

Figure 3: Knockdown of the α2 subunit in M4 and M6 MBONs impairs memory 

a) Appetitive MTM is abolished following knockdown of α2 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 α2 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 α2 subunit in M4/M6 neurons (MB210B-
Gal4). 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 

MBONs are required for aversive memory (22).  Interestingly, the same subunits and Dlg 

were required as in M4/M6 MBONs - although for different forms of learning. While α2 

subunit knockdown impaired appetitive STM (Figure 4a), knockdown of α5 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 MBONs (38): knockdown of α5 

and Dlg in MVP2 neurons impaired aversive STM (Figure 4d), and knockdown of either 

α1 or α2 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 α2 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 α3, α5 subunits or Dlg in MVP2 
MBONs does not impair appetitive STM. n= 5 – 7; Kruskal-Wallis followed by Dunn’s test (p > 0.05). c) Knockdown of 
α1 or α2 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 α5 subunits or Dlg in MVP2 MBONs 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 α2 and α5 subunits as well as Dlg in 

different MBONs. While α5 subunits are required for appetitive STM and MTM in M4/M6 

MBONs together, there is a requirement for α2 subunits for appetitive MTM in both M4 

and M6 MBONs separately. Dlg is additionally required for appetitive MTM in M4/M6 

MBONs. Interestingly in the MVP2 neurons the same subunits are required for learning 

and memory, however for different learning forms as α2 is required for appetitive STM in 

MVP2 MBONs and α5 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 MBONs 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 Ca2+ 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 Ca2+ 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 Ca2+ responses pre 

and post ACh or DA training (Figure 5c,d). Notably, significantly elevated Ca2+ responses 

following paired training were observed (Figure 5e). Next, we wanted to know if α2 

subunits play a role in the postsynaptic weight changes after training. Since α2 subunits 

are required for appetitive MTM (Figure 2b), but not for appetitive STM (Figure 2a), α2 

subunits were a likely candidate to influence postsynaptic plasticity. To test this, we 

knocked down α2 subunits in M4/M6 MBONs (MB011BGal4>UAS-nAChR RNAi).  

Strikingly, no synaptic weight changes could be observed following paired training in α2 

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 MBONs while reinforcement by DA release from DANs occurs. 

Consistent with the demonstrated behavioural experiments, postsynaptic plasticity 

requires α2 subunits.  

 

 

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). c) No significant changes in Ca2+ transients 
to ACh application pre-and post ‘ACh only’ training. n= 13, ratio paired t-test. d) No significant changes in Ca2+ 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 α2 was knocked down in M4/M6 neurons (MB011B-Gal4>UAS-RNAi). n= 15, ratio paired t-
test. 

 

3.4. α5 subunits and Dlg work upstream of α2 subunits 

It is known that the KC-MBON synapse is cholinergic (11), and in Drosophila seven α 

(Dα1-Dα7) and three β (Dβ1- Dβ3) nAChR subunits (28) are known. These nAChR 

subunits can form either homomeric or heteromeric receptors (28). We demonstrated that 

α5 subunits are required for appetitive STM and MTM and that α2 subunits, as well as 

the scaffolding protein Dlg, are mandatory for appetitive MTM (Figure 2a,b) in M4/M6 

MBONs. We therefore wanted to know which receptor compositions characterize 

MBONs. Assays of expression established that GFP-tagged endogenous nAChR α-

subunits and Dlg are non-uniformly distributed throughout the different compartments of 

the MB. While Dlg and both α2 and α5 subunits are ample within the γ lobe, they are 

slightly less abundant in the β2, β’2 or γ1 compartments (Figure 6a). Strikingly, within the 

γ lobe α4 subunit concentration was the highest (Figure 6a).  

To further localize the fluorescence signals of α2 and α5 subunits, RNAi knockdown 

experiments driving the nAChR-RNAi in M4/M6 neurons (VT1211-Gal4) were performed. 

The relative fluorescence in the γ5 and β’2 compartments, in which the M4/M6 MBONs 

originate, was calculated and compared to adjoining unmanipulated compartments 

(Figure 6b–e). As expected, knockdown of α2 subunits significantly decreased the 

amount of α2 subunits within the γ5 and β’2 compartment (Figure 6d,e). The same applied 

to α5 subunits: α5 subunit knockdown in M4/M6 MBONs significantly diminished the 

relative fluorescence of α5 subunits within the γ5 and β’2 compartment (Figure 6b,c). 

These results indicate a dendritic location of the subunits in M4/M6 neurons. Intriguingly, 

knockdown of α5 subunits in the M4/M6 neurons additionally significantly decreased the 

amount of α2 subunits in the β’2 compartment (Figure 6e) and partly diminished it in the 

γ5 compartment (Figure 6d). Moreover, a significant reduction of α2 subunits could be 

observed in the γ5 and β’2 compartment following Dlg knockdown (Figure 6d,e). 

Conversely, Dlg and α2 knockdowns had no effect on α5 subunit fluorescence (Figure 

6b,c).  
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In previous experiments, we showed that knockdown of α2 and α5 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 α5 subunits on α2 subunits would exist in these neurons. 

As expected, knocking down α2 subunits in MVP2 MBONs decreased the relative 

fluorescence of α2GFP in the γ1 compartment compared to the unmanipulated γ4 

compartment. However, no effect of knockdown of α5 subunits on the α2 fluorescence 

signal was detectable (Figure 6f).  

Overall, we demonstrate that nAChR subunits are distributed non-uniformly throughout 

the MB compartments and that the fluorescence signal likely derives from MBONs. 

Importantly, we see an effect of α5 subunit and Dlg on α2GFP fluorescence levels 

indicating that α5 subunits and Dlg might function upstream of α2 subunits.  

 
 
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 α3 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 γ5 compartment relative to unmanipulated γ4 compartment; β’2 

compartment relative to unmanipulated β’1 compartment and γ1 compartment relative to unmanipulated γ4 

compartment. b) Significant decrease of α5GFP in the γ5 compartment following knockdown of α5 (UAS-RNAi) in M4/M6 

neurons (VT1211-Gal4). n= 9 –28; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 0.05. c) Significant 

reduction of α5GFP in the following knockdown of α5 in M4/6 neurons. n= 10 – 28; Kruskal-Wallis followed by Dunn’s 

test (p < 0.05), * = p < 0.05. d) Significant decrease of α2GFP in the γ5 compartment following knockdown of Dlg or α2 

in M4/M6 neurons. n= 8 – 20; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 0.05. e) Significant reduction 

of α2GFP in the β’2 compartment following knockdown of α2 or α5 subunits or Dlg 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 α2GFP in the γ1 compartment 

following knockdown of α2 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 α 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 α-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 α2 and α5-

nAChR 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 α2 and 

α5-nAChR flies can be used for future research and that tagging does not interfere with 

receptor functionality.  

 
 

Figure 7: GFP-tagged flies activity is normal 

a) Activity traces of Wildtype flies and α2 and a5GFP-tagged nAChR subunit flies. Line diagram: mean; n= 9 – 12. b-d) 
Bar graph: normalized mean ± SEM. b) Activity of Wildtype flies and α2 and α5 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 α2 and 
α5 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 α2 and α5 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 α2 subunits  

We demonstrated that α2 and α5 subunits are required for appetitive memory 

performance (Figure 2a,b), and that without α2 subunits physiological plasticity after 

training is impaired (Figure 5f). To evaluate the further roles of α2 and α5 subunits in 

postsynaptic plasticity, we first evaluated odour evoked Ca2+ responses in M4 dendrites. 

Flies, in which either the α2 or α5 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 β’2 

compartment were significantly elevated in α5 knockdown flies compared to controls 

(Figure 8b). No changes in initial GCaMP6f responses were observed in α2 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 α5 knockdown flies (Figure 8e). This indicates a possible pre-potentiation 

of the postsynapse. Meanwhile, knockdown of α2 subunits did not change Ca2+ 

responses to multiple odours (Figure 8d). Previous studies showed that M4/M6 MBONs 

can be modified bidirectionally following learning (21), and therefore postsynaptic effects 

following appetitive training in α2 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 α2 knockdown flies, significant 

Ca2+ 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 α2 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 

α2 nAChR subunits were performed. The recovery of the α2 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 β’2 compartment was taken followed 

by fluorescence bleaching of the β’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 α2GFP in the β’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 α5 subunits 

are down-regulated. Additionally, α2 subunits seem to be required for appetitive training, 

and odour application alone facilitates α2 subunit movements.  

 

 

 

 

 

Figure 8: α2 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; ISI: 30s). GCaMP6f responses in M4 dendrites were 
measured. b) α5 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 α2 (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 α5 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 α2 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, α2 knockdown flies show no alteration 
in MCH-evoked GCaMP6f signals. n= 9; paired t-test. l) experimental protocol. First the β’2 compartment was bleached. 
Before, plus 10 and 20 minutes after the training the α2GFP 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. α2 subunits play a role in postsynaptic plasticity for non-associative 

learning 

There are different learning forms in Drosophila. In M4/M6 MBONs, required for 

associative memory, we see a requirement and movement of α2 subunits for postsynaptic 

plasticity (Figures 2b; 3a,b,c; 5f; 8i,m). To investigate the roles of α2 and α5 subunits in 

α’3 MBONs required for non-associative familiarity learning (4), nAChR subunit 

movements were investigated in the α’3 compartment (Figure 9). It had previously been 

shown that odour induces α2 dynamics in the M4 MBONs (Figure 8m).  FRAP 

experiments were therefore again turned to using GFP-tagged α2 and α5 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 α2GFP fluorescence was significantly 

increased following MCH odour exposure after 15, 20 and 30 minutes (Figure 9c). No 

increases in the amount of α5 subunits or Dlg were observed (Figure 9d,e). To verify that 

the recovery of the α2GFP signal was due to receptors located to the MBON dendrites, α2 

subunits expressing UAS-α2RNAi were knocked down in α’3 MBONs (MB027B-Gal4). 

The previously observed recovery of the α2GFP fluorescence following MCH exposure 

was abolished in these flies (Figure 9b). Additionally, to test the hypothesis that α5 

subunits were acting upstream of α2 subunits, α5 subunits in the α’3 MBONs (MB027B 

Split-Gal4 >UAS-α2RNAi) were knocked down. Again, the α2GFP fluorescence signal 

recovery was abolished following the α5 knockdown (Figure 9b).  
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Overall, in non-associative memory, an increase in α2 subunits can be seen. This 

increase is abolished after knockdown of either α2 or α5 subunits. Further indicating that 

α5 subunits act upstream of α2 subunits.  

 
Figure 9: α2 subunit movements are required for learning in α’3 MBONs 

Figure and legend modified from Pribbenow et al., 2022 (38) 
 
a) Training scheme for FRAP experiments in the α’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 α2 or α5 in α’3 MBONs (MB027B -
GAL4>UAS-RNAi) α2GFP recovery was impaired. n= 4 – 5; Kruskal-Wallis followed by Dunn’s test (p < 0.05), * = p < 
0.05. c) α2GFP 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 α5GFP recovery following odour training. n= 5 – 7, multiple t 
- tests with Sidak-Bonferroni correction. e) No DlgGFP 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, I created a model for postsynaptic plasticity at the KC-MBON 

synapse. Naïve odour exposure induces a Ca2+ response in M4 neurons (Figure 8b,d). 

On a subunit level, α2 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 Ca2+ response in M4 neurons is depressed and receptor 

incorporation is abundant (Figure 8h,m).  Noteworthily, α5 subunits are required for 

appetitive STM (Figure 2a) and α5 subunits and Dlg seem to influence α2 subunit level 

(Figures 6d,e, 9b).   
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The data presented here implicate a model in which α5 subunits are required for inducing 

postsynaptic plasticity, potentially through calcium influx (though not addressed in this 

study). Additionally, they implicate that α5 subunits and Dlg are acting upstream of α2 

subunits and potentially as inducing α2 receptor dynamics.  

 

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 Ca2+ responses in M4 MBONs as well as α2 

subunit incorporation. In contrast when the flies learn appetitively Ca2+ + responses are decreased in M4 MBONs and 

no α2 subunit dynamics are visible.  
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4. Discussion 

4.1. Evidence for postsynaptic plasticity in MBONs  

I hypothesized that postsynaptic plasticity at the KC-MBON synapse occurs in 

Drosophila. To isolate potential presynaptic from postsynaptic activity, I 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 α’/β’ 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) I 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 DANs, induces a facilitation of Ca2+ 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 Ca2+ 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 MBONs (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 I had shown that postsynaptic plasticity 

in MBONs exists, thus raising the question: how could it work mechanistically? 

Addressing this question required gaining greater understanding of roles played by 

nAChRs subunits. I had hypothesized that by experimentally perturbing individual nAChR 

subunits in MBONs I could alter the learning or memory performance of Drosophila flies. 
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First, I assayed nAChR subunit distribution throughout the MB and found topographic 

non-uniformity (Figure 6). Most subunits were abundant in the γ lobe but less so in the β2 

compartment. α5 subunits were particularly enriched in the γ lobe, while α2 subunits were 

comparably enhanced in the β2 and β’2 compartments (Figure 6). Additionally, it could 

be shown that the subunitGFP signal derives from MBONs by knocking down the subunits 

in the M4/M6 neurons (Figure 6). The subunitGFP fluorescence was afterwards 

significantly decreased. As nAChR subunits can form homomeric or heteromeric 

channels (28), this differential distribution of nAChR subunits implies a considerable 

heterogeneity in the nAChR assemblies — albeit it remains impossible to draw 

conclusions on specific receptor composition.  

Knockdown of α1, α4, α5, and α6 subunits in M4/M6 MBONs reduces peak Ca2+ 

responses to MCH (α2 subunits had not been examined; (11)). Seemingly in contrast to 

these results, we found that naïve odour responses were significantly increased after 

knockdown of α5 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 (Dα1, Dα4, Dα5, and 

Dα6) are required for naïve odour avoidance (11). To further investigate possible 

requirements for learning, individual nAChR subunits in MBONs were knocked down. 

These experiments established that α5 subunits are mandatory for appetitive STM and 

MTM in M4/M6 MBONs, while α1 and α2 subunits are only essential for appetitive MTM 

(Figures 2,3). Notably, a developmental phenotype was ruled out using the temperature 

sensitive repressor of Gal4, Gal80ts, during development (Figure 2). The MVP2 MBON 

was additionally investigated as this neuron inhibits the M4/M6 MBONs and activity is 

state dependent (22). Therefore, the plasticity roles at this neuron plausibly could have 

been different. Indeed, knock down of α2 subunits impaired appetitive STM, yet knocking 

down α5 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 



 33 

 

even enables appetitive memory formation in fed flies (22). Thus, these results indicate 

different plasticity rules for different kinds of MBONs.  

Theoretically, if nAChR subunits are vital for learning they should impair learning 

dependent postsynaptic Ca2+ facilitation or depression. And, in fact, knockdown of α2 

subunits in M4/M6 neurons impairs learning dependent Ca2+ facilitation in M6 neurons 

(Figure 5) as well as the learning dependent Ca2+ transient depression in M4 MBONs 

(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 Ca2+ 

responses and yet both of the learning-induced Ca2+ responses are abolished by 

knocking down α2 subunits in the neurons.  

 

4.3. Receptor dynamics are required for learning and specific nAChRs might play 

similar roles to those played by NMDAR and AMPAR in mammals 

I 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 Ca2+ 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 α2GFP signal - indicating 

enhanced receptor dynamics - while α5 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 Ca2+ 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 α2GFP 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, I 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, 

I also observed a dependence in the expression of α2 subunits on α5 subunits (Figures 

6, 9) while, to the contrary, knocking down α2 subunits does not affect the level of α5 

subunit expression (Figure 6). I therefore conclude: 1) that Drosophila α2 and α5 subunits 

plausibly follow similar mechanistic principles to those followed by mammalian AMPAR 

and NMDAR; and 2) that α2 subunit dynamics reveal a previously unknown postsynaptic 

receptor plasticity in Drosophila. 

 

4.4. Specific scaffolding proteins like Dlg 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 α7 subunit mobility 

(34). Furthermore, it controls postsynaptic spine size and density (33) and is involved in 

learning and memory (10). Knockdown of Dlg in M4/M6 neurons, moreover, abolishes 

appetitive MTM (Figure 2), showing that Dlg is required for learning and memory. 

Likewise, knockdown of Dlg in MVP2 MBONs 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, I found that knockdown 

of Dlg in M4/M6 MBONs decreased the amount of α2 subunits in the γ5 and β’2 

compartment compared to its unmanipulated compartments (Figure 6). This suggests a 

role of Dlg upstream of α2 subunits and a role in postsynaptic plasticity. Indeed, 

knockdown of PSD-95 increases α7 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 

MBONs, with Dlg potentially acting upstream of α2 subunits, can be observed.  
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4.5. Error analysis  

Herein, with proof-of-principle experiments I 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 Ca2+ 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 nAChRs are required for learning in different MBONs. 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 

MBONs, 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 

nAChR subunits in the MBONs, it is incapable of delineating how individual receptors are 

therein assembled. Moreover, I see evidence that α5 subunits and Dlg might act upstream 

of α2 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 α’3 MBONs it is still unknown 

for the MVP2 neuron especially under the premise that α2 subunits are vital for appetitive 

STM).  

Taken together, I show evidence for postsynaptic plasticity in Drosophila that involves 

nAChR subunits.  

 

4.6. Future research 

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 MBONs. 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 

questions 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, I show that the nAChR subunit α5 is vital for appetitive STM, and that α2, 

α5 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. I show evidence that α5 subunits and Dlg act upstream of α2 subunits, 

that altered α2 dynamics reveals postsynaptic receptor plasticity, and conclude that α2 

and α5 subunits could follow similar principles as AMPAR and NMDAR. Based on these 

findings, I propose a model in which receptor trafficking is increased following odour 

application in M4 neurons in parallel with a brief facilitation in Ca2+ 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 α2 subunit receptor 

dynamics.  
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