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Abstract 
 
Long-term memory formation requires transcriptional changes within engram cells, 

yet labelling and manipulating engrams remains a challenge in several model 

species, including Drosophila melanogaster. In flies, olfactory memories are encoded 

in the Kenyon cells, which respond sparsely to odour cues. In this thesis, I explore 

whether expression of the activity-regulated gene Hr38, the fly orthologue of the 

mammalian NR4A family, reflects odour-evoked Kenyon cell activation. I first 

describe an automated, fluorescence-based pipeline to quantify expression of 

fluorescence-tagged Hr38 across 3D image stacks. Using this method, I measured a 

peak of Hr38 expression ~6h after odour exposure. However, this increase was not 

reproducible after controlling for the time of day when samples were collected. 

Further experiments found no increase in Hr38 expression after paired learning, 

unpaired learning, sugar consumption, and various odour combinations. These 

experiments, alongside odour-free controls, confirmed that endogenous Hr38 

expression in Kenyon cells could be driven by circadian rhythms, rather than odour 

exposure or learning. Therefore, genetic strategies relying on Hr38 expression are 

unlikely to provide a reliable way to identify odour-responsive or engram Kenyon 

cells.  
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Introduction 
 

The engram 
 
One of the central aims of systems neuroscience is to identify how memories are 

encoded, stored, and retrieved within neural circuits. The term engram is now widely 

used to describe the physical substrate of a memory: a set of neurons and synapses 

that undergo experience-dependent modifications and are reactivated during recall 

(1). Early theoretical work proposed several core features that any engram must 

satisfy, including persistence over time, the capacity to be reactivated by appropriate 

cues, and the representation of content-specific information (2). These principles 

closely parallel contemporary definitions of memory traces used in experimental 

neuroscience. 

 

The modern search for engram cells has been driven by the development of genetic 

tools that allow specific neuronal populations to be labelled, monitored, and 

manipulated during learning and recall (1,3). Classical conditioning paradigms, in 

particular, provide precise control over both the sensory cues and reinforcement 

signals that induce plasticity, enabling the identification of neurons whose activity is 

necessary for memory formation and which are sufficient to drive behavioural 

expression (4,5). These approaches have transformed theoretical concepts of 

memory storage into experimentally testable hypotheses, allowing the field to move 

from abstract definitions toward mechanistic understanding. 

 

Classical conditioning 
 

Classical conditioning is a simple but robust form of associative learning. In this 

paradigm, an unconditioned stimulus (US) - a stimulus that reliably evokes an 

automatic, innate response - is paired with a previously neutral stimulus that 

becomes the conditioned stimulus (CS) (6). When the CS and US are presented 

together, the animal begins to associate them, and after learning, the CS alone is 

enough to trigger the response that was originally produced only by the US (6). 
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Classical conditioning is widely used to study memory because it provides precise 

control over the timing and identity of both the sensory cue (CS) and the 

reinforcement signal (US) (4). This tight experimental structure produces reliable, 

quantifiable behavioural responses and allows investigators to define exactly when 

learning occurs (5). As a result, the neural pathways, synaptic plasticity mechanisms, 

and gene-expression changes that support memory formation can be related directly 

to controlled learning events. This makes classical conditioning one of the most 

powerful approaches for identifying and manipulating memory-encoding neurons. 

 

Drosophila as a model to study memory and learning 
 
The fruit fly Drosophila melanogaster offers a powerful genetic and neurobiological 

system for investigating the mechanisms of learning and memory. The Drosophila 

nervous system, though compact, contains molecular pathways and neurotransmitter 

systems that are highly conserved with those of vertebrates (7). This includes cyclic 

adenosine monophosphate (cAMP)-dependent signalling, a core intracellular 

signalling cascade through which neurons translate external stimuli into changes in 

membrane excitability and gene expression, dopamine-mediated reinforcement, 

during which dopamine is released to provide a positive or negative valence to the 

memory, and cyclic AMP response binding protein (CREB)-dependent transcriptional 

regulation, which promotes the expression of genes required for long-term synaptic 

plasticity and memory consolidation (8–13). 

 

The fruit fly’s brain is small and well-mapped, with a full connectome available which 

shows each neuron’s location within the brain and details their connections to other 

neurons (14). This allows precise genetic manipulation and circuit-level analysis, 

enabling researchers to link specific neurons to defined behavioural outputs (15). 

The availability of sophisticated genetic tools, including the GAL4/UAS expression 

system, targeted RNA interference, optogenetics, and in vivo calcium imaging, 

permits cell-type-specific control of gene expression and neuronal activity with 

exceptional precision (16–19). Moreover, Drosophila display robust, quantifiable 

forms of associative learning, such as olfactory and courtship conditioning, that are 

comparable to mammalian paradigms of reward- and punishment-based memory 
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(20). Together, these advantages make Drosophila an informative model through 

which to dissect the fundamental genetic and neural mechanisms that support 

memory formation and persistence in a level of detail and cellular resolution that is 

not currently achievable in higher organisms. 

 

In Drosophila melanogaster, olfactory memory is commonly tested using classical 

conditioning, variants of which have been designed to probe memory formation 

under defined temporal conditions. In a typical appetitive paradigm, starved flies are 

first presented with an odour alone (CS–) for two minutes, followed by a second 

odour (CS+) paired with sucrose (US). After 24 hours of starvation, flies choose 

between the two odours; a preference for the CS+ odour indicates successful 

learning (21). In the aversive paradigm, flies experience an odour (CS+) paired with 

mild electric shocks and a different odour (CS–) without shock. Repeated training 

sessions with rest intervals (spaced training) yield long-term aversive memory lasting 

more than a day (22). Because classical conditioning provides temporal precision 

and quantifiable behavioural readouts, it has become a key framework for identifying 

the neural substrates of memory in model organisms. 

 

The Drosophila olfactory memory pathway 
 
In Drosophila, olfactory memories are encoded in the mushroom bodies (23). The 

mushroom bodies are paired, bilaterally symmetrical brain structures located in the 

central brain. They are positioned just above the antennal lobes and are medial to 

the optic lobes. Composed of thousands of intrinsic neurons called Kenyon cells, 

whose cell bodies form a dense cluster in the dorsal posterior brain, each mushroom 

body extends dendrites into a cup-shaped region called the calyx, and send axons 

anteriorly where they bifurcate into characteristic vertical and horizontal lobes (α/β, 

α′/β′, and γ), giving it a distinctive stalk-and-lobes morphology that resembles a 

mushroom (5,24,25). During learning, odour molecules activate olfactory receptor 

neurons whose dendrites detect defined chemical cues (26). These neurons 

synapse onto olfactory projection neurons in the antennal lobe, which then transmit 

information to the Kenyon cells (27–29). Kenyon cells respond in an odour-specific 

manner, meaning that distinct odours activate different, sparse subsets of these cells 
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(30,31). Each Kenyon cell projects its axon into the mushroom body lobes, forming 

synapses with mushroom body output neurons (MBONs) that drive behavioural 

responses (5,32,33).  

 

The behavioural output of the olfactory memory (either avoiding or approaching the 

conditioned odour) is shaped by valence, determined by dopaminergic reinforcement 

signals. Dopamine released from specific dopaminergic neuron (DAN) populations 

modifies the synaptic strength between Kenyon cells and MBONs (32–35). PPL1 

DANs typically encode punishment signals, whereas PAM DANs encode reward 

(11,36–38). During conditioning, dopamine release at these synapses biases output 

pathways toward approach or avoidance, thereby linking odour representation to 

behavioural outcome (39). 

 

Kenyon cells in the engram 
 
Within the mushroom body, Kenyon cells are the principal locus of sensory 

integration and plasticity (11,30). The γ, α′β′, and αβ lobes contain distinct Kenyon 

cell subtypes defined by their input patterns and axonal projections (11,40,41). Each 

lobe is subdivided into compartments defined by the overlap between MBON 

dendrites and DAN axons. The 15 compartments participate in different stages of 

memory processing: broadly, the γ compartments support short-term memory, α′β′ 

compartments contribute to acquisition and early consolidation, and αβ 

compartments are required for long-term memory storage and retrieval (41–47). 

Among these, the γ5, α1, β1, and β2 compartments are required for the formation 

and expression of long-term appetitive memory (38,41,48,49). 

 

Long-term memories (LTMs) are stabilised by the synthesis of new proteins that 

maintain synaptic and structural modifications including growth of new synaptic 

boutons, modification of postsynaptic receptor composition, structural remodelling of 

dendritic spines, and long-lasting changes in synaptic strength (50–53). These 

proteins are encoded by secondary response genes, which are activated by primary 

response genes - typically transcription factors rapidly and transiently induced by 
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neuronal stimulation (12,54–60). Such transcriptional cascades link neural activity to 

long-term synaptic plasticity. 

 

The best-documented primary response gene in Drosophila olfactory LTM is CREB, 

which is upregulated in the Kenyon cells during learning and is required for LTM 

formation (61–64). During olfactory stimulation, projection neurons release 

acetylcholine onto Kenyon cells, driving calcium influx through voltage-gated calcium 

channels. When this calcium signal coincides with dopamine release from 

dopaminergic neurons, the Kenyon-cell adenylyl cyclase Rutabaga, which is 

activated by both calcium/calmodulin and dopamine receptor signalling, produces a 

rise in cAMP. Elevated cAMP activates Protein Kinase A, which in turn stimulates a 

mitogen-activated protein kinase (MAPK)-dependent phosphorylation of CREB. 

Activated CREB then induces the transcriptional programme required for the 

formation and stabilisation of long-term memories (65–69). 

 

Despite significant progress in mapping the circuitry of the mushroom body and 

defining which Kenyon cell subtypes contribute to different forms of memory, we still 

lack a detailed understanding of the molecular and transcriptional processes that 

unfold within these neurons as they encode and store long-term memories. Synaptic 

plasticity in Kenyon cells is known to require new gene expression, yet the identity, 

timing, and regulation of the transcriptional events supporting consolidation remain 

only partially characterised (5,12,20,22,23,70). 

 

Activity regulated genes and Hr38 
 
Primary response genes are rapidly induced without requiring new protein synthesis 

and respond to a wide range of cellular stimuli. Activity-regulated genes (ARGs), by 

contrast, are those whose expression is driven specifically by neuronal activity. Most 

ARGs fall within the primary response gene category, but only a subset of primary 

response genes are truly activity-dependent, making ARGs a functionally defined 

sub-group of immediate early transcriptional responses (59,71). In mammals, ARGs 

such as c-fos, Egr1, and arc drive synaptic plasticity during memory formation and 
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similar genes operate in insects (72–74). In Drosophila, for example, c-fos interacts 

with CREB in Kenyon cells to promote long-term memory (75).  

 
One ARG of particular interest is Hormone receptor-like in 38 (Hr38), the Drosophila 

orthologue of the vertebrate NR4A family of orphan nuclear receptors. Hr38 plays a 

crucial role in insect developmental endocrinology (76–78). It is broadly expressed 

during late larval, prepupal, and pupal stages, and loss-of-function mutants show 

fragile cuticle and defective epidermal morphogenesis, implicating Hr38 in epidermal 

differentiation and metamorphosis (76–78). 

 

In the adult nervous system, Hr38 is thought to be rapidly induced in Kenyon cells 

following neuronal stimulation (70,79). Activity-linked expression of Hr38 has been 

observed in the mushroom bodies of honeybees and bumblebees during foraging, a 

behaviour that requires continual learning and memory of floral cues, suggesting a 

conserved association between Hr38 induction and experience-dependent plasticity 

across insects (80–82). In mammals, members of the homologous NR4A 

transcription factor family regulate plasticity-related genes such as BDNF and c-Rel, 

downstream of the cAMP–PKA–CREB pathway, and are themselves induced by 

Mef2, highlighting a broader evolutionary link between NR4A signalling and memory 

consolidation (83–86). In Drosophila, Hr38 expression increases in the mushroom 

body after courtship conditioning and is also upregulated by Mef2 following ethanol 

exposure, reinforcing the view that Hr38 behaves as a primary response gene 

capable of coupling neural activation to transcriptional change (87). Despite this, the 

functional significance of Hr38 induction in adult Kenyon cells remains incompletely 

understood. Existing in situ and transcriptomic studies show that Hr38 is transiently 

upregulated after salient sensory or social stimuli, but they do not identify which 

specific stimulus types, intensities, or behavioural contexts reliably trigger this 

response in Kenyon cells, nor do they resolve the temporal relationship between 

Hr38 mRNA and protein accumulation (70,79). However, Hr38 is well positioned as a 

candidate gene whose expression may mark neurons engaged during behaviourally 

relevant activation in the mushroom body. 
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Hr38 as potential engram marker 
 

Hr38 is a promising candidate neuronal activity marker. After stimulation via the 

TRPA1 ion channel, Hr38 mRNA increases rapidly in the mushroom bodies, peaking 

after 90 minutes and returning to baseline within four hours (79). Its transient, 

activity-dependent expression makes it a potentially attractive molecular marker for 

identifying neurons engaged during memory formation. Hr38 expression in Kenyon 

cells is induced by artificial activation of projection neurons, suggesting that odour 

stimulation should likewise upregulate Hr38 specifically in the Kenyon cells 

responsive to that odour (79). Consequently, flies trained with a given odour may 

exhibit Hr38 induction in the subset of Kenyon cells that were selectively recruited 

during odour processing, allowing these cells to be distinguished from non-

responsive populations. 

 

Interestingly, Hr38 is not required for olfactory LTM (James Evans, personal 

communication); however, its expression could be used to identify, manipulate, and 

isolate engram Kenyon cells. This would allow researchers to manipulate these 

engram cells during behavioural tasks, and analyse the molecular signatures that 

distinguish them from the rest of the population while minimising interference with 

the memory process itself. 

 

Project aims 
 
I anticipate that measuring Hr38 expression could highlight Kenyon cells that are 

active in response to olfactory experience, and therefore part of the engram. This 

study therefore aims to: (1) establish an automated image-analysis pipeline to 

quantify the number of Kenyon cells expressing endogenously tagged Hr38::GFP; 

(2) characterise the temporal patterns of endogenous Hr38 expression in Kenyon 

cells following odour exposure and learning; and (3) evaluate, based on these 

findings, whether Hr38 can serve as a reliable Kenyon cell engram marker. 
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Materials and Methods 
 

Fly husbandry 
 
Flies were maintained on standard cornmeal–agar medium (1% agar, 2.5% yeast, 

4.73% cornmeal, 10% glucose, 1.1% Nipagin) at room temperature under a 12:12 h 

light–dark cycle. Crosses were kept at 18°C and 60% humidity. Flies of mixed age 

were used for all experiments. 

 

Stocks and mutants 
 
w1118;Hr38-sfGFP flies were generated by WellGenetics (New Taipei City, TW). In 

brief, CRISPR was used to fuse superfolder GFP (sfGFP) to the C-terminal end of 

the Hr38 gene using a pUC57-Kan plasmid. Sequencing revealed six silent 

polymorphisms in the coding sequence relative to the reference genome (James 

Evans, personal communication). For all experiments, we used w1118;Hr38-

sfGFP;247LexA,LexAop-rcD2:RFP/MKRS flies. 
 

Odour exposure and brain dissections 
 

i. 10-hour timeline protocol 

 

Groups of ~180 mixed-sex w1118;Hr38-sfGFP;247LexA,LexAop-rcD2:RFP/MKRS 

flies were exposed in a T-maze to 1:1000 4-methylcyclohexanol (MCH) in mineral oil 

for 2 min. Flies were then divided into vials of ~30 individuals. One vial was placed 

on ice immediately for 5 min to generate the 0h timepoint group, while the remaining 

vials were kept at room temperature until dissection at 2, 4, 6, 8, or 10h after odour 

exposure (Fig. 2A). 

 

For each timepoint, ~10 brains were dissected in ice-cold PBS + 0.5% Triton X-100. 

Brains were transferred into sex-separated microcentrifuge tubes containing 1mL 

fixative (4% paraformaldehyde in 1× PBS) and rotated for 30 min in the dark. 

Samples were washed twice for 1 min and three times for 10 min in PBS + 0.5% 
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Triton X-100, then incubated overnight at 4°C in Vectashield (VectorLabs) before 

mounting. 

 

ii. Paired vs unpaired learning protocol 

 

24 hours before the experiment, male and female w1118;Hr38-

sfGFP;247LexA,LexAop-rcD2:RFP/MKRS flies were separated into starvation vials 

(25 flies/vial). On the day of dissection, groups of ~50 flies of the same sex were 

exposed in a T-maze to one of four conditions: 

1. MCH alone (1:1000 MCH), 

2. sugar alone (200% sucrose dried on Whatman filter paper), 

3. paired presentation (MCH and sugar for 2 min), or 

4. unpaired presentation (sugar for 2 min, 45 s rest, MCH for 2 min) (Fig. 3B). 

Flies were then divided into two groups: one placed on ice immediately (0h timepoint 

group), and one left at room temperature for 6h before dissection (6h timepoint 

group) (Fig. 3A). 

 

Brains were dissected as in the 10h timeline protocol. All conditions were dissected 

on the same day, with exposure order rotated across days to control for circadian 

effects (Fig. 3C). 

 

iii. Double odour exposure protocol 

 
42-66 hours before the experiment, male and female w1118;Hr38-

sfGFP;247LexA,LexAop-rcD2:RFP/MKRS flies were separated into fresh food vials 

(25 flies/vial). On the day of dissection, groups of ~50 flies of the same sex were 

exposed in a T-maze to one of three conditions: 

1. MCH alone (1:1000), 

2. Isoamyl acetate (IAA) alone (1:1000), or 

3. MCH and IAA together (1:1000 each). 

Flies were then divided into two groups: one placed on ice immediately (0h timepoint 

group) and one left at room temperature for 6h before dissection (6h timepoint 

group) (Fig. 4A). 
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Brains were dissected as in the 10h timeline protocol. All conditions were dissected 

on the same day, with exposure order rotated across days to control for circadian 

effects (Fig. 4B). 

 

iv. Complex odour exposure protocol 

 

42-66 hours before the experiment, male and female w1118;Hr38-

sfGFP;247LexA,LexAop-rcD2:RFP/MKRS flies were separated into fresh food vials 

(25 flies/vial). On the day of dissection, groups of ~50 flies of the same sex were 

exposed in a T-maze to one of two conditions: 

1. MCH alone (1:1000), or 

2. undiluted apple cider vinegar (ACV). 

Flies were divided into two groups: one placed on ice immediately (0h timepoint 

group) and one left at room temperature for 6h before dissection (6h timepoint 

group) (Fig. 5A). 

 

Brains were dissected as in the 10h timeline protocol. Both conditions were 

dissected on the same day, with exposure order rotated across days to control for 

circadian effects (Fig. 5B). 

 

v. No odour at different times of day protocol 

 

42-66 hours before the experiment, male and female w1118;Hr38-

sfGFP;247LexA,LexAop-rcD2:RFP/MKRS flies were separated into fresh food vials 

(25 flies/vial). On the day of dissection, groups of ~50 flies of the same sex were 

placed in a T-maze under odour-exposure conditions, but with no odour delivered. 

Groups were exposed at 8:00h, 10:00h, or 12:00h. 

 

For each timepoint, flies were divided into two groups: one placed on ice immediately 

(0h timepoint group) and one left at room temperature for 6h before dissection (6h 

timepoint group) (Fig. 6A). 

 

Brains were dissected as in the 10h timeline protocol. 
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Microscopy 
 
Brains were mounted in Vectashield (VectorLabs) between two strips of electrical 

tape on a glass slide and covered with a glass coverslip. Brains were aligned dorsal 

side up and ventral side down, with the posterior face upwards. 

 

Kenyon cells were imaged on a Zeiss LSM 800 confocal microscope using a 63× 

objective. Damaged or misoriented brains were excluded. The red channel (RFP-

labelled Kenyon cell membranes) was used to define imaging regions, and Z-stacks 

encompassed all Kenyon cells in the mushroom body calyx. To ensure consistency, 

only the right calyx was analysed, although no qualitative differences were observed 

between hemispheres. Male and female brains were imaged separately, but data 

were pooled since no sex differences in Hr38 expression were detected. 

 

i. Original microscope settings 

 

For the 10h timeline experiments, TuRFP (553/573 nm) and EGFP (488/509 nm) 

lasers were used to image Kenyon cell membranes (red) and Hr38 expression 

(green), respectively. Images were acquired at 0.33 × 0.33 × 0.9 μm resolution with 

16-bit depth, scan speed 6 (bidirectional), and frame-by-frame scanning. Detector 

gain was 905 V for both lasers, with digital gain set to 1.0 (TuRFP) and 4.0 (EGFP). 

Pinhole size was 5 AU for both tracks. Airyscan processing was applied post-

acquisition. These settings produced sufficient resolution but required long 

acquisition times. 

 

ii. Optimised microscope settings 

 

Subsequent experiments used optimised settings for faster acquisition while 

maintaining resolution. TuRFP (553/573 nm) and suGFP (488/509 nm) lasers were 

used to image Kenyon cell membranes (red) and Hr38 expression (green), 

respectively. Images were acquired at 0.085 × 0.085 × 0.9 μm resolution with 16-bit 

depth, scan speed 7 (bidirectional), and frame-by-frame scanning. Detector gain was 

set to 905 V (suGFP) and 822 V (TuRFP), with digital gain 1.0 for both. Pinhole size 

was 1 AU (suGFP) and 0.89 AU (TuRFP). Airyscan processing was not applied. 
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TrackMate parameters 
 

i. Measuring average fluorescence in activated and not-activated cells 

 

To quantify fluorescence, three images from independent experiments were 

analysed from flies exposed to MCH for 2 min and dissected 6h later, when GFP 

signal was highest (Fig. 2B). Images were pre-processed with background 

subtraction and Gaussian blur. In the green channel, cells visually identified as active 

(higher Hr38::GFP than surrounding cells) were randomly selected, and regions of 

interest (ROIs) were drawn around them (Fig. 1B). Average fluorescence (RFU) was 

measured for 20 active cells per image across Z-stacks. 

 

Not-active cells were identified using the red membrane channel to locate Kenyon 

cells. ROIs were placed over candidate cells, then switched to the green channel to 

verify fluorescence (Fig. 1B). Cells with clear activation were excluded; otherwise, 

mean RFU was recorded. Twenty not-active cells were measured per image. 

 

The procedure was repeated with the same images after acquisition under optimised 

microscope settings, using identical analysis parameters. 

 

ii. Preparing images for running the Kenyon cell ROI macro 

 

For ROI generation, the red channel contrast and brightness were manually adjusted 

in FIJI to over-saturate the calyx and reveal all Kenyon cell regions. Maximum 

contrast was set to ~600 pixel values (original settings) or ~3000 pixel values 

(optimised settings). 

 

iii. Using TrackMate to count Hr38::GFP+ cells 

 

The TrackMate plugin was used to count cells in the green channel once regions 

outside the mushroom body had been excluded. Firstly, background subtraction was 

applied with a rolling ball radius of 50 pixels, with all other optional settings left 
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unapplied. A Gaussian blur filter was then applied. The DoG detector was selected, 

with the estimated object diameter set to 4.5 µm and the initial quality threshold set 

to the automatically applied setting of 22.552. This threshold was applied to reduce 

the number of detected spots and prevent Fiji from exceeding memory limits. Median 

filtering was disabled and sub-pixel localisation was enabled. 

 

After running the preview to detect initial spots, filters were applied to restrict 

detections to cells containing above-basal levels of Hr38::GFP. The Mean Intensity 

filter was set, and the Quality filter was further refined to retain only spots 

corresponding to Hr38::GFP+ cells (see Results, Chapter 1, Section iii). 

 

Memory protocols 
 

i. Heat-shock testing of wild-type flies 

 

Memory experiments were performed in a vertical T-maze at 20–25 °C under 

variable humidity. Appetitive LTM was assayed following Krashes and Waddell with 

minor modifications (88). Flies were starved for 22–24 h in 1% agar vials before 

training. 

 

During training, ~100 flies were loaded into the CS– tube (Whatman paper 

moistened and dried). Flies were exposed for 2 min to either 1:1000 4-

methylcyclohexanol (MCH) or 1:1000 isoamyl acetate (IAA), followed by 30s of clean 

air. They were then transferred into the CS+ tube (Whatman paper coated with dried 

200% sucrose solution) and exposed for 2 min to the alternative odour. Flies were 

removed from the T-maze and starved again for 22–24h. 

 

Approximately 20h after training, flies were split into four groups. Three groups were 

heat-shocked at 37 °C for 1h, while one group remained untreated. The first group 

was tested for memory directly after the hour of heat-shock had elapsed (0h group), 

the second group was tested an hour later (1h group), the third group was tested an 

hour after that (2h group), and the final group was tested in the gaps between the 

other groups spread over three hours (No HS group). 
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For testing, flies were loaded into the T-maze elevator in darkness and allowed to 

choose for 2 min between tubes containing MCH or IAA odour streams. The number 

of flies in each tube was counted. 

 

Performance index (PI) was calculated as: 

 

𝑃𝐼 =
𝐶𝑆! − 𝐶𝑆"

𝐶𝑆! + 𝐶𝑆"
 

 

Statistics 
 
For dissection experiments, differences in Hr38::GFP+ Kenyon cell numbers were 

tested using Kruskal-Wallis tests with Bonferroni-adjusted pairwise comparisons. For 

memory experiments, PI scores were analysed using one-way ANOVA with 

Dunnett’s post hoc tests. Statistical significance was defined as p ≤ 0.05. All 

analyses were performed in R. 
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Results 
 

To determine whether Hr38 can be used as a marker of odour-responsive Kenyon 

cells, I examined whether its expression reflected the expected pattern of activity in 

these neurons. Because distinct, sparse populations of Kenyon cells respond to 

individual odours, a corresponding subpopulation would be expected to show 

increased Hr38 expression following odour presentation (89). If Hr38 functions as an 

activity marker in the mushroom body, its expression should therefore be restricted 

to approximately 100-200 Kenyon cells, consistent with their sparse activation by 

odours (30,90). 

 
 

Chapter 1: A method to count Hr38::GFP-positive Kenyon cells  
 
 

i. Manual quantification of Hr38::GFP+ Kenyon cells 

 

To quantify changes in the number of Hr38::GFP+ Kenyon cells following odour 

exposure, I established a method to visualise and quantify Hr38 within these cells. 

The Croset lab generated a fly line expressing Hr38 fused to GFP at the C-terminus, 

and crossed these flies to 247-LexA, LexAop-rcd2:RFP to label Kenyon cell 

membranes (91). The resulting flies enabled simultaneous visualization of 

endogenous Hr38 and Kenyon cell membranes (Fig. 1A). 

 

Even during sleep, many neurons exhibit spontaneous firing and homeostatic gene 

expression (92,93). This is especially likely to be true in neurons involved in the 

memory circuitry, which need to be primed for plasticity (94,95). Consequently, Hr38 

is expressed at basal levels in whole brains and individual brain regions (79,96,97). I 

therefore developed an image analysis pipeline to distinguish basal Hr38 expression 

from activity-dependent Hr38 increases induced by odour exposure in Kenyon cells. 
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Figure 1: Establishing a fluorescence-based pipeline to identify Hr38::GFP-
positive Kenyon cells. (A) Example image representing Hr38::GFP expression in 
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Kenyon cells. (B) Example of Hr38::GFP+ and Hr38::GFP- Kenyon cells. The circles 
represent where a ROI was drawn when measuring average cell fluorescence. (C-D) 
Average cell fluorescence levels between cells deemed Hr38::GFP+ and Hr38::GFP- 
using images taken before (C) and after (D) microscope settings optimisation (n=60 
cells across 3 images). (E-F) Histograms of the mean fluorescence levels in cells 
used to determine a suitable cutoff point for Hr38::GFP+ vs Hr38::GFP- cells before 
(E) and after (F) microscope optimisation settings. The red line indicates the 
fluorescence level above which cells were considered Hr38::GFP+ (n=60 cells 
across 3 images). (G) The ROI macro excludes all areas from the Hr38::GFP 
channel which do not overlap with the MB::RFP channel. (A, B, G) The green 
channel shows Hr38::sfGFP and the magenta channel shows MB247-LexA, LexAop-
rCD2::RFP. Scale bars = 20µm. 
 

As a first step in developing an automated image analysis pipeline for quantifying 

Hr38::GFP+ Kenyon cells, I manually annotated fluorescence levels to establish 

criteria that would distinguish Hr38::GFP+ from Hr38::GFP- Kenyon cells. I 

measured average GFP fluorescence in Kenyon cells 6h after flies were exposed to 

1:1000 MCH for 2 min. I looked at the green channel of images and decided whether 

or not the GFP was bright enough to make the cell visible. Cells which were visible 

were classified as Hr38::GFP+ and those which were not were classified as 

Hr38::GFP- (Fig. 1A,B). The minimum value among Hr38::GFP+ cells (1121.58 RFU) 

was set as the cutoff for GFP-positive classification, as most Hr38::GFP- cells fell 

below this threshold (Fig. 1C,E). This cutoff was applied in TrackMate analyses to 

exclude cells with fluorescence below 1121.58 RFU (see section iii) (98). This 

quantification process was repeated when the image acquisition settings were 

optimised on the microscope (see Methods). This time the minimum value for 

Hr38::GFP+ cells of 9308.16 RFU was used as the cutoff for Hr38::GFP+ cells 

(Fig.1D,F).  

 

ii. Defining a region of interest  

 

To restrict analysis to Kenyon cells, Hr38::GFP signal outside the mushroom body 

was excluded. The red channel was adjusted to oversaturate the calyx, ensuring all 

Kenyon cell regions were visible. An ImageJ macro (kindly provided by Dr Lydia 

Kitchen) was used to exclude non-saturated regions, leaving only the Kenyon cell 

soma and calyx as a region of interest. This ROI was overlaid onto the GFP channel 

for each Z-stack slice, resulting in GFP signal restricted to Kenyon cells (Fig. 1E). 
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iii. TrackMate optimisation for counting Hr38::GFP+ cells 

 

Hr38::GFP+ cells were quantified using FIJI’s TrackMate plugin (98). The Difference 

of Gaussians (DoG) detector, which is optimised for detecting small, bright objects 

against a dark background, was applied for initial spot identification. The Mean 

Intensity filter was set to exclude spots below the intensity cutoffs established above 

(Fig. 1C,D). Then, a quality threshold was applied to further eliminate non-cellular 

detections. To calibrate detection thresholds, TrackMate thresholds were then 

adjusted until automated counts were as similar as possible to manual counts. 

 

Chapter 2: Using Hr38 as an engram marker 
 

i. Temporal dynamics of odour-induced Hr38 expression in Kenyon cells 

 

My first objective was to quantify Hr38 levels in Kenyon cells over time following 

exposure to an odour. I exposed Hr38-sfGFP;247LexA,LexAop-rcD2:RFP flies to 

1:1000 MCH for 2min in a vertical T-maze setup, and dissected brains immediately, 

and at 2h intervals up to 10h (Fig. 2A). 

 

As Hr38 is rapidly and transiently expressed in response to neuronal activity, I 

expected Hr38::GFP+ cell numbers to peak around 2h after odour exposure, and 

return to baseline by 6h (70,79,99). Interestingly, the peak occurred more slowly than 

anticipated, with the maximum number of Hr38::GFP+ Kenyon cells observed 6h 

following odour exposure. By 10h, Hr38::GFP+ cell numbers had returned to basal 

levels, showing no significant difference compared to 0h (Fig. 2B,C). This decline 

took ~4h, which is what I expected. 

 

Although my results suggest that odour exposure triggered Hr38 expression in a 

subset of Kenyon cells, the raise in Hr38::GFP levels occurred more slowly than 

anticipated. This delay may reflect reduced turnover of the larger fusion protein, but 

could also result from sustained Hr38 expression following prolonged or secondary 

cellular processes triggered by odour exposure. The number of Hr38::GFP+ cells 
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was also higher than anticipated. Each mushroom body hemisphere contains ~2,000 

Kenyon cells, and odour responses are typically sparse, with only ~5–10% of 

Kenyon cells activated by a given odour (90). Thus, the observed peak of ~207 

Hr38::GFP+ cells at 6h was at the upper boundary of this expected range.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 2: Hr38::GFP expression in Kenyon cells peaks 6 hours after odour 
exposure. (A) Experimental design. Flies were exposed to 1:1000 MCH for 2 min in 
a T-maze, and brains were dissected immediately and at 2h intervals up to 10h. (B) 
Representative images of brains dissected at each time point. Green, Hr38::sfGFP. 
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Magenta, MB247-LexA, LexAop-rCD2::RFP. Scale bar, 20μm. (C) Number of 
Hr38::GFP+ Kenyon cells at each time point. ***: p < 0.001 (Kruskal–Wallis test); n = 
23, 20, 22, 19, 17, 18 calyxes for 0, 2, 4, 6, 8, and 10h, respectively (across three 
experimental sessions). Box plots show minimum, Q1, median, Q3, and maximum 
values. Each point represents Hr38::GFP+ cell number from the right-hand calyx of 
one brain. Different point shapes indicate independent experimental sessions. 
 

 

ii. Hr38 expression in Kenyon cells in the context of learning 

 

I next examined whether Hr38 induction in Kenyon cells differs during paired or 

unpaired learning compared to odour exposure alone. In paired learning, dopamine 

is released at Kenyon cell/MBON synapses concurrently with odour-evoked Kenyon 

cell activity (90). This coincident release modifies synaptic strength and underlies  

associative learning (100). In contrast, during unpaired learning, dopamine release 

occurs before or after odour-evoked Kenyon cell activity, and synaptic modulation 

does not take place (101).  

 

I did not expect dopamine release to directly influence Hr38 dynamics. Hr38 is 

upregulated in response to neuronal activity, and dopamine acts postsynaptically at 

the Kenyon cell/MBON synapse rather than generating activity in Kenyon cells 

themselves (35,70,100,102). Nonetheless, it was important to investigate whether 

there are any differences in Hr38::GFP expression between paired and unpaired 

learning, as this would affect its reliability as an engram marker. 

 

I compared Hr38::GFP+ cell numbers across four conditions: (i) exposure to MCH 

alone; (ii) exposure to sugar alone; (iii) paired conditioning; and (iv) unpaired 

conditioning (Fig. 3A,B). The number of Hr38::GFP+ Kenyon cells did not differ 

among the paired conditioning group and the unpaired conditioning group at 6h (Fig. 

3D,E). In fact, in this experiment, no significant change was observed between 0h 

and 6h in any condition (Fig. 3D,E). These results contrast with my previous 

experiments (Fig. 2B), where Hr38::GFP+ Kenyon cell numbers increased 6h after 

MCH exposure. The fact that even the odour-only control did not recapitulate the 

previously observed increase in Hr38 levels suggests that an uncontrolled variable 

might influence Hr38 expression. 
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Figure 3: Hr38::GFP expression does not differ between paired and unpaired 
learning conditions. (A) Experimental design. (B) Paired and unpaired conditioning 
protocols. All flies were starved for 24h prior to exposure. (C) Timings for dissections. 
At the 0h timepoints (ZT1 and ZT3) flies were exposed to the condition and brains 
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were dissected straight away. At the 6h timepoints (ZT7 and ZT9) flies were 
dissected. Experiments on paired and unpaired groups were conducted at slightly 
staggered intervals (on the hour vs ~15 min later). (D) Representative images of 
brains dissected at 0h and 6h for each condition. Green, Hr38::sfGFP. Magenta, 
MB247-LexA, LexAop-rCD2::RFP. Scale bar, 20μm. (E) Number of Hr38::GFP+ 
Kenyon cells across paired, unpaired, sugar-only, and MCH-only groups. ns: p > 0.05 
(Kruskal–Wallis test; Bonferroni correction). Sample sizes: paired 0h, n = 29; paired 
6h, n = 33; unpaired 0h, n = 26; unpaired 6h, n = 28; sugar 0h, n = 30; sugar 6h, n = 
26; MCH 0h, n = 28; MCH 6h, n = 29 (across four experimental sessions). Boxplots 
show minimum, Q1, median, Q3, and maximum values. Each point represents 
Hr38::GFP+ cell number from the right-hand calyx of one brain. Different shapes 
indicate independent experimental sessions. 
 

 

iii. Hr38::GFP+ Kenyon cell numbers following simultaneous exposure to two 

odours 

 

To further test whether the increased Hr38::GFP levels in the timeline experiment 

(Fig. 2B) reflects odour-evoked activity in Kenyon cells, I exposed flies to a mix of 

two odours (Fig. 4A). I reasoned that if Hr38 expression marks odour-responsive 

Kenyon cells, the mixture would be expected to trigger neuronal responses in a 

larger fraction of cells and yield a greater number of Hr38::GFP+ cells than either 

odour alone (30,31,103). 

 

I exposed flies to a blend of 1:1000 MCH and 1:1000 IAA and dissected their brains 

6h later. In these flies, Hr38::GFP+ Kenyon cell counts were similar to those in flies 

exposed to either odour alone (Fig. 4C,D). This suggests that Hr38 levels do not 

reflect the additive activation of two distinct odour-responsive populations and may 

not be reporting odour-driven activity. 
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Figure 4: Simultaneous exposure to two odours does not increase Hr38::GFP-
positive Kenyon cell numbers. (A) Experimental design. (B) Timing of 
experimental sessions. At the 0h timepoints (ZT1, ZT3 and ZT5) flies were exposed 
to the condition and brains were dissected straight away. At the 6h timepoints (ZT7, 
ZT9 and ZT11) flies were dissected. (C) Representative images of brains dissected 
at 0h and 6h for each condition. Green, Hr38::sfGFP. Magenta, MB247-LexA, 
LexAop-rCD2::RFP. Scale bar, 20μm. (D) The number of Hr38::GFP+ Kenyon cells 
between flies exposed to both MCH and IAA, or to either odour alone. No significant 
difference was detected at 6h between the mixture and single-odour groups. ns: p > 
0.05 (Kruskal–Wallis test; Bonferroni correction). Sample sizes (across six 
experimental sessions): IAA 0h, n = 28; MCH 0h, n = 28; MCH+IAA 0h, n = 34; IAA 
6h, n = 34; MCH 6h, n = 33; MCH+IAA 6h, n = 34 (across six experimental 
sessions). Boxplots show minimum, Q1, median, Q3, and maximum values. Each 
point represents Hr38+ cell number from the right-hand calyx of one brain. Different 
shapes indicate independent experimental sessions. 
 

Interestingly, flies exposed to the odour mixture showed a significant increase in 

Hr38::GFP+ cells between 0h and 6h, whereas no such change was observed with 

either odour alone (Fig. 4C,D). This could indicate that exposure to a more complex 

odour stimulus results in the recruitment of a greater number of Kenyon cells. 

However, this experiment still did not match the results from the timeline experiment 

where Hr38::GFP+ cells increased from 0h to 6h following exposure to MCH (Fig. 

2B,C). Therefore, there might be an uncontrolled variable which is causing the 

difference in the number of Hr38::GFP+ cells between the 0h and 6h timepoints in 

the MCH+IAA group. 

 

 

iv. Hr38 expression in Kenyon cells following exposure to a complex odour 

 

To test whether the higher number of Hr38::GFP+ cells observed after simultaneous 

exposure to two odours (Fig. 4D) reflected recruitment of additional Kenyon cells by 

a more complex stimulus, I exposed flies to a natural chemical mixture. Unlike MCH 

or IAA which are pure chemical compounds, apple cider vinegar (ACV), contains 

multiple odorants, including acetic acid, ethyl acetate, acetaldehyde, and methanol 

(104). A mixture such as ACV is expected to activate a broader range of olfactory 

receptor neurons and thereby recruit a larger population of Kenyon cells (105,106). 
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Figure 5: Complex odour exposure does not increase Hr38::GFP-positive 
Kenyon cell recruitment. (A) Experimental design. (B) Timing of experimental 
sessions. At the 0h timepoints (ZT1 and ZT3) flies were exposed to the condition and 
brains were dissected straight away. At the 6h timepoints (ZT7 and ZT9) flies were 
dissected. (C) Representative images of brains dissected at 0h and 6h for each 
condition. Green, Hr38::sfGFP. Magenta, MB247-LexA, LexAop-rCD2::RFP. Scale 
bar, 20μm. (D) The number of Hr38::GFP+ Kenyon cells between ACV- and MCH-
exposed flies. ns: p > 0.05 (Kruskal–Wallis test; Bonferroni correction). Sample sizes: 
ACV 0h, n = 26; MCH 0h, n = 24; ACV 6h, n = 26; MCH 6h, n = 15 (across four 
experimental sessions). Boxplots show minimum, Q1, median, Q3, and maximum 
values. Each point represents Hr38::GFP+ cell number from the right-hand calyx of 
one brain. Different shapes indicate independent experimental sessions. 
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These experiments were conducted by Gaia Pelizzatti, a summer intern in the Croset 

lab. Unlike the MCH and IAA blend, ACV exposure did not elicit an increase of 

Hr38::GFP+ Kenyon cell numbers, and these flies had comparable Hr38::GFP+  

Kenyon cell counts as those exposed to MCH (Fig. 5C,D). Once again, we did not 

measure any difference in Hr38::GFP+ Kenyon cell numbers between the 0h and 6h 

timepoints in MCH exposed flies (Fig. 5C,D).  

 

Prior calcium studies strongly suggest that Kenyon cell recruitment is broader and 

more cells are activated in response to complex odours than to simple synthetic 

odours (31,89,107). In contrast, our data indicate that the number of Hr38::GFP+ 

Kenyon cells does not increase following exposure to ACV or to a mixture of MCH 

and IAA, relative to MCH alone (Figs. 2C, 4D, 5D). This discrepancy suggests that 

Hr38::GFP may not reliably report odour-evoked activity in Kenyon cells. 

However, the timeline experiment revealed a clear increase in Hr38::GFP+ cells 

between 0h and 6h (Fig. 2C), an effect not reproduced in any other experiment 

comparing these time points after MCH exposure (Figs. 3E, 4D, 5D). One key 

uncontrolled variable in the timeline experiment was the time of day at which flies 

were exposed to odour. All flies were trained at approximately ZT1, meaning that the 

0h time point corresponded to ZT1 and the 6h time point to ZT7. In later 

experiments, exposure times were rotated across independent sessions to avoid 

confounding effects of circadian phase (Figs. 3C, 4B, 5B). I therefore hypothesised 

that the increase in Hr38::GFP+ cells between 0h and 6h observed in the timeline 

experiment reflects circadian modulation of Hr38 expression, rather than the 

upregulation of Hr38 in response to odour-evoked activity in the Kenyon cells. This 

interpretation also accounts for the increase seen between 0h and 6h in flies 

exposed to the MCH+IAA mixture (Fig. 4D), since this group was exposed at ZT1 in 

three separate replicates, whereas the MCH-alone and IAA-alone groups were 

trained at ZT1 only once or twice, respectively (Fig. 4B). 

 

v. Hr38 expression in Kenyon cells is circadian 

 

To test whether Hr38 induction depends on the time of the day, I exposed flies to 

room air without odour at different time points. Flies were introduced to the T-maze at 

ZT1, ZT3 or ZT5 (08:00, 10:00 or 12:00h) and dissected immediately or 6h later (Fig. 
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6A). These timepoints corresponded to the times at which flies were exposed to 

odours in the other experiments (Figs. 2A, 3A, 4A, 5A).  

 

The number of Hr38::GFP+ Kenyon cells increased significantly from 0h to 6h in the 

group of flies which were introduced to the T-maze at ZT1, but not those introduced 

at ZT3 or ZT5 (Fig. 6B,C). These results indicate that the number of Hr38::GFP+ 

Kenyon cells depends on circadian timing, rather than odour exposure.  

 

This result provides a likely explanation for the increase observed between 0h and 

6h in the timeline experiment, which did not control for time of day (Fig. 2A,B). In that 

experiment, all flies were exposed to odour around ZT1 (between 07:55h and 

08:15h), so the 6h dissection point occurred at around ZT7 (between 13:55h and 

14:15h), a circadian phase when Hr38 expression might be naturally elevated. In  

contrast, the paired learning, double-odour, and complex-odour experiments 

included time-of-day controls (Figs. 3C,E, 4B,D, 5B,D), ensuring that exposure 

occurred at different circadian phases across replicates. As a result, no time-

dependent increase in Hr38 expression was observed under those conditions. 

 

In summary, our experiments show that Hr38 abundance does not reliably reflect 

odour-evoked activity in Kenyon cells. Instead, fluctuations in Hr38::GFP+ Kenyon 

cell numbers appear to be driven by circadian influences, possibly ruling out the use 

of Hr38-based tools to mark Kenyon cell engrams.  

 

However, the experiments demonstrate the robustness of our fluorescence-based 

pipeline for 3D quantification of variable expression among Kenyon cells. This 

method can be used to measure changes in protein levels in other neuronal 

populations, and provides a foundation for testing alternative molecular markers that 

may more accurately capture memory-related neuronal activity. 
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Figure 6: Hr38::GFP expression in Kenyon cells is regulated by circadian 
timing. (A) Experimental design. Flies were placed in a T-maze without odour 
exposure at ZT1 (08:00), ZT3 (10:00), or ZT5 (12:00h). Brains were dissected 
immediately or 6h later. (B) Representative images of brains dissected at 0h and 6h 
following T-maze exposure at each time point. Green, Hr38::sfGFP. Magenta, 
MB247-LexA, LexAop-rCD2::RFP. Scale bar, 20μm. (C) The number of Hr38::GFP+ 
Kenyon cells across time points. Flies exposed at 08:00 h showed a significant 
increase in Hr38+ cells at 6h compared to 0h, whereas no differences were observed 
at 10:00h or 12:00h. *: p < 0.05 (Kruskal–Wallis test). Sample sizes: 08:00h 0h, n = 
11; 10:00h 0h, n = 14; 12:00h 0h, n = 15; 08:00h 6h, n = 8; 10:00h 6h, n = 13; 12:00h 
6h, n = 11 (across two experimental replicates). Boxplots show minimum, Q1, 
median, Q3, and maximum values. Each point represents Hr38::GFP+ cell number 
from the right-hand calyx of one brain. Different shapes indicate independent 
experimental sessions. 
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Discussion, Conclusions and Future Directions 
 

Principal findings 
 
In this thesis, I described a method to automate the counting of Kenyon cells tagged 

with an endogenous Hr38::GFP reporter across three-dimensional image stacks 

using the FIJI plugin TrackMate. By optimising a GFP intensity threshold, I 

distinguished cells which robustly express Hr38 (Hr38::GFP+ cells) from those with 

only low basal levels (Hr38::GFP- cells) (Fig. 1A). 

 

Using this approach, I asked whether GFP-tagged Hr38 could act as a reliable 

marker of neuronal activity in Kenyon cells. A timeline experiment revealed a striking 

rise in Hr38::GFP+ cells, peaking at 6h after exposure and falling back towards 

baseline by 10h (Fig. 2C). Whereas this dynamic apparently mirrored the transient 

induction expected of an ARG, the temporal dynamics were slower and the number 

of Hr38::GFP+ cells was higher than anticipated. My subsequent experiments 

revealed that the rise in Hr38::GFP+ cells only happened when flies were trained 

early in the day. When I trained them later, or controlled for time of day, that increase 

disappeared (Figs. 3E, 4D, 5D, 6C). 

 

I did not expect the number of Hr38::GFP+ cells to differ between paired and 

unpaired learning. During paired learning, dopamine is released onto Kenyon cell 

terminals at the MBON synapse coincident with odour-evoked activity in the Kenyon 

cell soma (5). This coincident release drives synaptic plasticity and forms the basis 

of associative learning (108). In unpaired learning, dopamine release and Kenyon 

cell activation are not coincidental, so synaptic modification does not occur (101). 

There is no reason to expect that paired Kenyon cell activation and dopamine 

release would change the expression of an activity-regulated gene in the Kenyon cell 

soma differently to unpaired Kenyon cell activation and dopamine release. 

Nonetheless, it was important to confirm this experimentally, as establishing whether 

Hr38 expression varies with learning is essential before considering it as a potential 

engram marker. 
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Because complex odours, such as apple cider vinegar, are expected to activate a 

broader population of Kenyon cells than simple synthetic odours like MCH, a reliable 

activity marker should label a greater number of Kenyon cells following exposure to 

apple cider vinegar. Surprisingly, there was also no increase in Hr38::GFP+ Kenyon 

cells when flies were exposed to apple cider vinegar compared to MCH (Fig. 5D). In 

the experiment where flies were exposed to a mixture of two synthetic odours, the 

number of Hr38::GFP+ Kenyon cells increased from 0h to 6h in the double-odour 

group. However, this apparent increase most likely reflects inconsistent time-of-day 

control across experimental sessions. The double-odour group was exposed to the 

odour mixture early in the day in three independent sessions, whereas the single-

odour groups were trained at that time only once or twice (Fig. 4B,D). 

 

Together, these results reveal that although Hr38 is expressed in a sparse subset of 

Kenyon cells reminiscent of odour-evoked activation patterns, it does not report 

odour-evoked activity in the mushroom body. Instead, its expression is likely shaped 

by circadian timing. This leads to a central question: if Hr38 is not an activity marker 

in Kenyon cells, what is driving its expression? 

 

Hr38 is not a reliable activity marker in Kenyon cells 
 

Several lines of evidence have suggested that Hr38 expression might be controlled 

by neuronal activity in Kenyon cells. Hr38 is rapidly and transiently induced in the 

Drosophila brain by artificial stimulation, including optogenetically, thermogenetically, 

and by KCl incubation (70). It has been identified as a conserved insect ARG 

induced by social and sensory cues, and appears in transcriptomic datasets from 

Kenyon cells after memory training (79,109). Moreover, Hr38 is the Drosophila 

orthologue of the mammalian Nr4A family, which are well-established immediate 

early genes (the mammalian equivalent of ARGs) linked to synaptic plasticity and 

memory formation in rodents (110).  

 

My results, however, show that Hr38::GFP does not reliably report odour-evoked 

activity in Kenyon cells. At the peak of expression in the timeline and circadian 

control experiments, Hr38::GFP+ cell numbers reached ~200 (Figs. 2C, 6C). This 
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lies at the upper end of what would be expected if odour-driven activation were being 

reported, as odour-responsive activity in Kenyon cells is typically limited to 5–10% of 

the population (about 100–200 cells per hemisphere) (5,30). Furthermore, if 

Hr38::GFP was reporting odour-evoked activity, I would expect protein levels to rise 

more rapidly. Hr38 mRNA peaks ~90 min after behavioural stimulation, and allowing 

for translation and nuclear localisation, peak Hr38::GFP expression would be 

expected to occur between 2.5 – 4h after odour exposure (79,111,112). Instead, I 

observed that Hr38::GFP peaked more gradually, at ~6h (Fig. 2C). 

 

Most critically, Hr38::GFP+ cell numbers did not increase between 0h and 6h across 

independent experimental sessions when circadian timing was controlled (Figs. 3E, 

4D, 5D). Hr38::GFP+ cell counts also did not differ between MCH, a simple, 

synthetic odour, and apple cider vinegar, a natural, complex odour which would be 

expected to activate multiple populations of Kenyon cells (104,113). Together, these 

findings indicate that Hr38::GFP is not reporting odour-evoked Kenyon cell activity. 

 

There are, however, several caveats to consider. Firstly, the binary classification I 

used (Hr38::GFP+ vs Hr38::GFP-) may have lacked the sensitivity to capture 

increases in GFP levels within cells already classified as Hr38::GFP+. For instance, 

while qualitatively I did not observe clear differences in fluorescence between odour 

mixtures and single odours (Figs. 4C, 5C), it remains possible that mixtures induced 

subtle increases in a subset of Hr38::GFP+ cells that were masked in my counts. 

 

Second, an important consideration when interpreting these results is the distinction 

between transcriptomic and protein-level measurements of gene expression. A 

previous study indicated that Hr38 mRNA peaks approximately 90 minutes after 

neuronal stimulation, consistent with its classification as an activity-regulated gene 

(79). In contrast, the Hr38::GFP signal measured in my experiements peaked at 

approximately 6 hours following odour exposure. This discrepancy does not 

necessarily indicate a difference in the underlying transcriptional response, but might 

reflect the temporal delay between transcription and detectable protein 

accumulation. Translation, protein folding, and nuclear localisation all contribute to 

this delay, and the use of a GFP tag may further extend the time required for 

fluorescence to become detectable due to fluorophore maturation kinetics (114–116). 
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Moreover, protein-based measurements integrate expression over time and are 

influenced by protein stability and degradation rates (115,117). As a result, 

Hr38::GFP fluorescence may represent a cumulative signal of prior transcriptional 

activity rather than a precise readout of the timing or magnitude of neuronal 

activation. This temporal integration could contribute to the broader and slower 

dynamics observed in this study, including the delayed peak and the relatively large 

number of Hr38::GFP+ cells. 

 

Third, the odour stimuli I used may have been insufficient in strength or duration to 

cross the transcriptional threshold for Hr38 induction. ARGs typically require 

relatively strong or repeated stimulation, and a single 2 min exposure may not have 

been enough to trigger detectable Hr38 transcription, even if robust action potentials 

were triggered in Kenyon cells (79,118,119).  

 

Lastly, although I carefully controlled odour presentation, other environmental cues 

such as pheromones, food odours, or background laboratory odours could have 

been detected by the flies. Such uncontrolled stimuli may have artificially elevated 

the number of Hr38::GFP+ cells.  

 

Hr38 upregulation in the Kenyon cells is likely circadian-gated 
 

My results show that the number of Hr38::GFP+ Kenyon cells varies with circadian 

time rather than odour-evoked activity (Fig. 6C). Although Kenyon cells are not part 

of the central clock circuit, there is evidence that their physiology is influenced by 

circadian-state signals (120,121). Because Hr38 is an ARG requiring intracellular 

Ca²⁺ influx and cAMP/PKA signalling for its induction, rhythmic changes in Kenyon 

cell excitability could determine when Hr38 can be upregulated (122). Mushroom 

body cAMP/PKA signalling and excitability are themselves under circadian control 

via rhythmic input from clock neurons, suggesting that windows of elevated 

excitability may gate Hr38 transcription to specific circadian phases (123–125). 

 

Some elements of cAMP/PKA pathway in the mushroom body, including Pka-C1, are 

under circadian regulation (121). Although the Zeitgeber time of maximal signalling in 
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Kenyon cells is not established, my sampling under a 12:12h light-dark cycle (ZT0 ≈ 

07:00h) at ZT1 (≈ 08:00h), ZT7 (≈ 14:00h), and ZT11 (≈ 18:00h) covers a plausible 

daytime window of high mushroom body excitability (Figs. 2C, 6C). Day-peaking 

rhythms in cAMP, PKA and Ca2+ signals are clock-driven and show higher daytime 

than nighttime activity (124). PKA-C1 protein levels also oscillate across the day, 

reaching maximal abundance during the light phase in a clock-dependent manner 

(126). The initial number of Hr38::GFP+ cells I observed at ZT1 could coincide with 

the onset of a proposed daytime ramp. This ramp could peak at ZT7 to align with a 

mid-day high, and the decline by ZT11 to mirror a late-day fall in signalling. Circadian 

modulation of mushroom body physiology similarly affects sleep and learning 

performance, reinforcing the idea that rhythmic Hr38 expression could reflect time-of-

day-dependent variation in Kenyon cell plasticity (125,127). 

 

How the clock circuit might act to drive transcriptional changes in the mushroom 

body is not known. There is no evidence that clock neurons interact directly with the 

mushroom body. However, there are several potential mechanisms through which 

the circadian system could modulate Kenyon cell excitability, thereby regulating Hr38 

transcriptional responsiveness. Firstly, if pigment dispersing factor (PDF), which is 

the principal circadian neuropeptide in flies, is released by the small Ventral Lateral 

neurons (s-LNvs) at a point which impacts any of the neurons which are extrinsic to 

the mushroom body, this might impact the Kenyon cell excitability downstream (128). 

For example, MBONs and DANs form feedback and feedforward loops with Kenyon 

cells, and if any of these are impacted by clock neurons, that might modify Kenyon 

cell excitability at different points of the day (5).  

 

Second, crosstalk between circadian rhythms and glial activity may influence 

neuronal excitability in the mushroom body. In the central clock circuit, both 

astrocyte-like and surface glia modulate the excitability of the PDF-expressing s-

LNvs that drive circadian locomotor rhythms, acting through calcium-dependent and 

dopamine-related mechanisms (129,130). Although direct evidence of circadian 

modulation of Kenyon cells is lacking, it is plausible that similar glial mechanisms 

could rhythmically influence mushroom body excitability. 
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Third, it is possible that Hr38 integrates endocrine and circadian signals in the 

Kenyon cells. Hr38 is known to participate in ecdysteroid-mediated signalling 

pathways and interacts with hormonal receptor complexes in Drosophila larvae 

(131,132). While direct evidence for endocrine regulation of Hr38 in adult Kenyon 

cells is not yet established, adult brain hormone signalling, for example, ecdysone-

dependent changes in cAMP in the mushroom body, provides a plausible route by 

which Hr38 could integrate endocrine and neural signals (133). This would account 

for the phenomenon that Hr38 is required for courtship LTM but seems to be 

dispensable in olfactory LTM (James Evans, personal communication, 130). Hr38 

was identified as one of a small set of transcription factors that are rapidly and 

transiently induced in the mushroom body following courtship conditioning. 

Functional knockdown of Hr38 impaired long-term courtship memory, indicating that 

Hr38 is required for transcriptional processes underlying memory consolidation 

(134). Courtship LTM in Drosophila is shaped by the interaction of endocrine and 

circadian systems. Ecdysone signalling is required for the consolidation of courtship 

LTM, as disruption of ecdysone receptor activity in the mushroom body impairs 

memory formation (135). The circadian clock gene period is also necessary for 

courtship LTM, as per⁰ mutants fail to consolidate short-term memories into long-

term memories (136). Given that Hr38 is both ecdysone-responsive in fly larvae, and 

my results show that it is expressed in the brain in a manner reminiscent of courtship 

rhythms, it is possible that Hr38 might regulate hormonal and endocrine cues in 

courtship memory-related plasticity in the mushroom body. 

 

While these hypotheses provide some avenues to explore the potential role of Hr38 

in the Kenyon cells, none of them addresses a central problem: if Hr38 expression is 

linked to circadian excitability, one would expect a broad increase in Hr38::GFP 

fluorescence across the entire Kenyon cell population rather than the restricted 

subset of Hr38::GFP+ cells observed. While there is no definite answer to this 

question, several explanations exist. 

 

Firstly, circadian influences on the mushroom body are unlikely to act uniformly. 

Clock-driven outputs are often selective, targeting specific neural populations 

through neuromodulators, peptidergic signalling, or defined synaptic pathways, 

which could confine circadian effects to particular mushroom body compartments or 
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Kenyon cell subtypes (125,137–139). Second, only a subset of Kenyon cells may 

possess the molecular components or downstream circuitry necessary to respond to 

circadian cues, and these responses may also depend on prior activity or chromatin 

state that render some cells transcriptionally “primed” (5,41,125,140,141). This 

functional heterogeneity would ensure that some Kenyon cells remain stable in their 

response to odours, independent of internal state, while others are able to respond in 

a circadian-responsive way, allowing time-of-day-specific learning. Functionally, this 

would enable the fly to perform circadian-gated forms of learning while preserving 

circadian-independent memory functions. Circadian modulation may therefore open 

a transient window of permissiveness that enables Hr38 induction only in those 

Kenyon cells that are both receptive and appropriately conditioned, producing the 

sparse activation pattern observed rather than a global change across the 

mushroom body. However, these hypotheses must be tested experimentally before 

any conclusions can be drawn about how circadian modulation might influence Hr38 

regulation in the Kenyon cells. 

 

Alternative candidate Kenyon cell engram markers 
 
Previous studies have attempted to label and manipulate Kenyon cell populations 

involved in memory storage. One such study employed the transcription factor 

CREB2 as an engram label (142). CREB2 is an activity-responsive transcriptional 

activator whose function is regulated post-translationally by cAMP/PKA and Ca²⁺ 

signalling (9,143). Unlike an ARG, its expression is largely constitutive, and neuronal 

stimulation modulates its activity rather than its transcription (12,144). In this study, a 

tool termed “CAMEL” (CRE-Activity–Dependent Memory Engram Label) was 

developed using a split-Gal4 system to restrict CRE-driven expression to α/β surface 

and γ Kenyon cells, which are implicated in aversive LTM. The authors demonstrated 

that CAMEL selectively labelled neurons activated during spaced, but not massed, 

training, consistent with its dependence on CREB2-mediated transcription. However, 

the effectiveness of this system as a true engram label was limited. The labelled 

Kenyon cells were only transiently required for memory recall. Silencing these 

neurons impaired LTM expression at two and five days after training but not at seven 

days, indicating that the CAMEL-marked population contributes to early 
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consolidation or recall rather than permanent memory storage. As a true engram 

label should mark neurons which permanently store the memory, this is a significant 

limitation (145,146). Furthermore, CAMEL produced sparse and variable labelling, 

identifying only a few Kenyon cells per hemisphere with notable asymmetry between 

the right and left mushroom body hemispheres. Lastly, optogenetic activation of 

CAMEL-labelled neurons alone elicited only a partial avoidance response compared 

to natural memory recall. Together, these findings suggest that while CAMEL 

successfully targeted neurons transiently engaged during LTM formation, it failed to 

comprehensively or stably label the full engram population (142). 

 

Another study used the immediate early gene c-fos (also known as kayak in 

Drosophila) to identify Kenyon cell populations involved in aversive LTM (147). c-fos 

encodes a transcription factor that is induced by neuronal activity through 

MAPK/ERK and calcium-dependent signalling cascades (140,148). Unlike CREB2, 

whose expression is largely constitutive, c-fos functions as a classical ARG and 

serves as a marker of recent neuronal activation (12,148). In this study, the authors 

demonstrated that c-fos and CREB form a positive feedback loop during spaced, but 

not massed, training, and that this mutual reinforcement is essential for establishing 

long-term, protein-synthesis-dependent memory. A Gal4 transcriptional reporter line 

driven by the c-fos promoter was used to label α/β Kenyon cells showing strong c-fos 

activity following training. These neurons were shown to be necessary and sufficient 

for memory recall 24 hours after training, consistent with their proposed role as 

engram neurons. However, this study did not establish that the labelled neurons 

showed persistence in a way that is consistent with true engrams. As they did not 

examine whether the same neurons remain necessary or active during recall at later 

time points past 24 hours, these cells might not be the permanent memory storage 

cells. Furthermore, c-fos is a broad activity-regulated gene induced by many stimuli, 

so kayak-GAL4 may also label neurons active for reasons unrelated to the learned 

association (140,148). The labelled population was relatively large and not shown to 

be odour- or experience-specific. Without demonstrating that the labelled cells 

correspond to the small, stimulus-specific ensemble modified during learning, this 

approach cannot reliably identify which neurons constitute the memory trace. 
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As I have shown that the ARG Hr38 is also unlikely to serve as an effective Kenyon 

cell engram marker, it would be advantageous to explore alternative genes which 

might serve as effective markers. The most likely candidate for this is the ARG stripe 

(egr1 in mammals). stripe appears alongside Hr38 in a transcriptional profiling 

dataset which shows both ARGs are strongly and transiently upregulated in 

response to neuronal stimulation (70). Like Hr38, stripe seems to be dispensable in 

olfactory LTM, meaning that it can likely be tagged for use as an engram marker 

without interfering with the memory formation itself (James Evans, personal 

communication). It is the Drosophila orthologue of the mammalian gene erg1, which 

successfully marks cells involved in the engram in mammals (149). However, the 

similarities it has to Hr38 in its pattern of upregulation in response to neuronal 

stimulation means that it might show similar issues when being used as an engram 

marker (70). Performing the same experiments with stripe::GFP as I did in this 

project with Hr38::GFP would be a sensible next step in determining whether stripe 

could be used as an engram marker.   

 

Other potential genes to assess include CrebA, Arc1, Homer or Jra. CrebA is 

induced more slowly than ARGs in response to neuronal activity, and regulates 

genes involved in protein synthesis and ER function, all processes which are 

required during later stages of LTM consolidation (70,150). As it is not an ARG and is 

likely required later in the memory-formation cascade, it might be used to label 

neurons which show changes in protein synthesis as a result of the synaptic 

plasticity associated with LTM formation. Arc1 and Homer are synaptic plasticity-

associated genes. In Drosophila, Arc1 encodes a retrovirus-like capsid protein that 

traffics RNA between neurons and is implicated in synaptic plasticity (151). Homer 

encodes a postsynaptic scaffolding protein that organizes glutamate receptors and 

calcium-signalling complexes (152). Similarly to CrebA, tagging these genes might 

identify neurons undergoing structural consolidation and identify the neurons storing 

long-term memories. Jra is a component of the AP-1 transcription factor complex, 

along with c-Fos, the gene used for the CAMEL reporter (142,153,154). It has been 

implicated in synaptic plasticity and neuronal regulation (155). As the CAMEL 

reporter marks a very low number of cells, it would be worthwhile testing a different 

component of the AP-1 complex which might be more successful at labelling higher 

numbers of engram cells.  



 42 

 

Future directions 
 

Before pursuing mechanistic explanations for Hr38 regulation, it will be essential to 

rigorously verify the validity and reproducibility of the current findings. All 

experiments comparing the number of Hr38::GFP+ Kenyon cells (Figs. 2, 3, 4, 5) 

should be repeated under stricter temporal control. Prior to recognising the influence 

of circadian rhythm on Hr38 expression, flies were exposed to the experimental 

conditions within a ±15 min window of the intended Zeitgeber time. Although this 

timing variability is unlikely to account for large differences, repeating the 

experiments with exposures timed precisely to the appropriate ZT would remove a 

potential source of noise. In the double-odour experiment in particular, sampling 

windows must be aligned across experimental sessions. Repeating this experiment 

is critical for determining whether the apparent increase in Hr38::GFP+ cells between 

0h and 6h in the mixed-odour group reflects a circadian bias, as we currently 

suspect, or whether it represents a genuine odour-dependent change (Figs. 4B, D). 

In addition to these controls, methodological refinements would help to validate and 

extend the present findings. Increasing the number of sampling timepoints in the 

learning, double-odour, and complex-odour experiments (Figs. 3, 4, 5) would 

determine whether the 0h - 6h comparison has overlooked faster or transient 

changes in Hr38 expression. More sensitive molecular approaches could also be 

used to verify the fluorescence-based data and reveal subtle transcriptional 

dynamics that fall below the detection limits of the GFP reporter. qPCR offers high 

sensitivity and temporal resolution for measuring changes in total Hr38 mRNA within 

the mushroom body (156). Although it lacks single-cell resolution, qPCR would 

provide an accurate assessment of transcript level changes across timepoints and, 

when combined with GFP- based measurements, would give a more complete and 

quantitative picture of Hr38 transcriptional dynamics than my experiments in this 

project have provided. Finally, blinding analyses, cross-validation of the TrackMate 

detection pipeline between experimenters, and statistical reporting of effect sizes 

with confidence intervals would enhance reproducibility and transparency. 

Collectively, these steps would establish whether the apparent circadian 
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dependence of Hr38 reflects a true biological phenomenon or arises from 

methodological or sampling artefacts. 

The most informative next step for determining what Hr38 is responding to would be 

to compare Hr38::GFP expression in flies exposed to an odour after surgical removal 

of the antennae versus intact controls. Antennectomy eliminates the olfactory 

receptor neurons, which detect odour stimuli and relay this information to projection 

neurons in the antennal lobe that, in turn, synapse onto Kenyon cells (157–160). In 

flies lacking antennae, no olfactory receptor neuron-derived sensory input reaches 

the mushroom body. Thus, any Hr38 induction observed in their Kenyon cells would 

reflect intrinsic activity or non-olfactory influences rather than odour-evoked 

signalling. Another important experiment would be to remove a single antenna and 

compare the number of Hr38::GFP+ cells between the left and right mushroom body 

hemispheres. If Hr38 responds to olfactory input, the hemisphere ipsilateral to the 

intact antenna should show a markedly higher number of Hr38::GFP+ Kenyon cells. 

Importantly, all antennal ablation experiments must include sham-wound controls to 

distinguish the effects of sensory deprivation from those of surgical injury or 

handling. 

It would also be valuable to explore additional mechanistic explanations for the time-

dependent regulation of Hr38 in Kenyon cells. One approach would be to test 

whether the Hr38::GFP rhythm depends on output from the PDF-expressing s-LNvs. 

Silencing s-LNvs, either by hyperpolarising them with Kir2.1 (pdf-Gal4 > UAS-Kir2.1) 

or by acutely blocking synaptic transmission using a temperature-sensitive shibire 

allele, would reveal whether circadian input from these neurons is required to 

generate the ZT-dependent fluctuations in Hr38::GFP expression (161,162). 

Complementarily, artificially activating the s-LNvs at timepoints when Hr38::GFP 

levels are typically low would test whether clock-neuron output is sufficient to open a 

permissive window for Hr38 induction. This could be achieved by expressing 

Chrimson in PDF+ neurons (pdf-Gal4 > UAS-Chrimson) and optogenetically 

stimulating the s-LNvs at ZT1 or ZT11, when Hr38::GFP expression normally 

declines (163). Finally, knocking down the PDF receptor (PDFR) using RNAi in 

mushroom body extrinsic neurons would test whether PDF acts indirectly on Kenyon 

cells via intermediary circuits. Suitable candidates for PDFR knockdown include 
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dopaminergic neurons, MBONs, and astrocytes. Assessing whether this 

manipulation flattens the Hr38::GFP rhythm would clarify whether PDF-dependent 

circadian signalling reaches Kenyon cells through these intermediate pathways. 

To test whether hormonal signalling contributes to Hr38 induction in Kenyon cells 

and whether this might explain the courtship-specific requirement for Hr38 in LTM, it 

would be informative to manipulate ecdysone pathways selectively in the adult 

mushroom body. Adult-specific knockdown of the Ecdysone receptor (EcR) in 

Kenyon cells, using a MB-Gal4, tub-GAL80ts > UAS-EcR RNAi fly line for example, 

would allow assessment as to whether reducing ecdysone responsiveness alters 

Hr38::GFP expression following olfactory or courtship conditioning. If Hr38 

upregulation is hormone-dependent, EcR knockdown should alter Hr38::GFP+ cell 

number dynamics after odour or courtship exposure at specific ZTs. Conversely, 

administering 20-hydroxyecdysone (20E) to adult flies at defined ZTs could test 

whether elevating systemic hormone levels is sufficient to modulate Hr38 

expression. 20E is the active steroid form of ecdysone in adult flies (164). If 20E 

feeding increases the number of Hr38::GFP+ Kenyon cells at ZTs in which 

expression is normally low (such as ZT1 or ZT11), this would indicate that Hr38 

induction is sensitive to endocrine state. Together, these experiments would clarify 

whether ecdysone signalling interacts with circadian phase to regulate Hr38 

dynamics in the mushroom body. 

At the molecular level, profiling transcriptional and chromatin changes in Hr38-

deficient Kenyon cells using RNA-seq or ATAC-seq would identify Hr38-dependent 

gene networks and regulatory targets. Such datasets would determine whether Hr38 

acts primarily as a transcriptional activator, a repressor, or a chromatin modulator 

within these neurons. Together, these unbiased functional approaches would clarify 

whether Hr38 contributes to general neuronal plasticity, cell-state maintenance, or 

another as-yet-uncharacterised process in the mushroom body. 

Finally, an important avenue for future work will be to use transcriptional markers 

that more reliably label neurons participating in long-term memory engrams to 

actually demonstrate that these engram cells are activated during both memory 

formation and memory recall. To this end, we have designed a genetic construct 

which could be used on candidate engram-marker genes once their upregulation 
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patterns in the Kenyon cells following odour-induced activation have been profiled. 

The candidate gene:T2A:Gal4; hsFLP × UAS>GFP>RFP; tub-GAL80ts construct will 

enable temporally restricted labelling of neurons expressing the gene during both 

training and memory recall. In this system, the candidate gene-driven Gal4 activity 

during training induces GFP expression in Kenyon cells, marking those active during 

memory formation. Subsequent heat shock before testing will trigger Flp-mediated 

recombination, such that any new gene expression during memory recall drives RFP 

expression. Overlap between GFP- and RFP-labelled populations would identify 

neurons reactivated during recall, indicating re-engagement of the same 

transcriptional program that was active during encoding (Fig. 7A). While our data 

suggest Hr38 is unlikely to fulfil this role, this approach could be applied to other 

candidate activity-regulated genes, such as stripe, CrebA, homer, Arc1 or Jra to 

identify transcriptional markers that more faithfully report experience-dependent 

neuronal activation. 
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Preliminary experiments heat shocking wild-type flies between training and testing  

(A) 

(B) 

Figure 7: Design of a dual-labelling system to identify engram candidate 
neurons. (A) candidate gene:T2A:Gal4; hsFLP × UAS>GFP>RFP; tub-GAL80ts 
kenyon cell dual-labelling fly line design. During training, the gene of interest is 
upregulated in the cells in response to the odour. Simultaneously, Gal4 is translated 
and cleaved, which drives the production of GFP. ~21 hours later, flies are heat-
shocked, which triggers a recombination event and causes Gal4 to drive RFP 
production instead. Then, during testing, where Kenyon cells are again activated by 
the odour, the cells will express RFP. Cells which have been activated by both 
events should express both GFP and RFP. (B) LTM appetitive memory scores 
comparing CS flies which have not received a heat shock to those which have been 
heat shocked for an hour at 37°C either directly before training or one or two hours 
prior to training. *: p < 0.05 (Kruskal–Wallis test). Sample sizes: No HS, n = 10; 0h, 
n = 16; 1h, n = 16; 2h, n = 15 (across three experimental sessions). Error bars 
represent SEM. Different shapes indicate independent experimental sessions. 
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have shown that memory performance is not significantly different between heat-

shocked and non-heat-shocked flies within one hour, although the data seems to 

trend towards better recovery by two hours. (Fig. 7B). This establishes two hours 

post-heat-shock as a suitable recovery window for applying the dual-labelling 

paradigm without disrupting behavioural performance. Future work could therefore 

adapt this system to test candidate genes under identical training and testing 

conditions to determine which exhibit stable, reactivated expression patterns 

consistent with engram labelling. 

Complementary approaches could refine this search further. Transcriptional 

reporters for stripe, CrebA, homer, Arc1, or Jra could be combined with functional 

calcium imaging to verify that reporter induction corresponds to neuronal 

reactivation. Integrating these reporters with tools for neural silencing or activation 

such as UAS-shibirets or UAS-TrpA1 would test whether reactivation of reporter-

labelled neurons is necessary or sufficient for behavioural recall, thereby providing 

causal evidence for engram identity. Together, these experiments would define a 

molecular signature of memory-associated Kenyon cells and identify a new 

generation of candidate engram markers for the Drosophila mushroom body. 

Conclusions 
 

Together, the findings presented in this project refine our understanding of Hr38 

function in the Drosophila mushroom body. Although Hr38 has previously been 

considered an ARG, the results here demonstrate that its expression in Kenyon cells 

is not driven by odour-evoked neuronal activation. Instead, Hr38 levels vary 

systematically with time of day, revealing that its induction is likely to be shaped 

primarily by circadian phase rather than sensory input. This challenges the 

assumption that Hr38 is upregulated in response to neuronal activity in the 

mushroom body and instead positions it as an indicator of internal physiological 

state. By demonstrating that Hr38::GFP is unsuitable as an activity or engram 

marker in Kenyon cells, this study underscores the need to identify alternative 

molecular reporters that faithfully track neuronal recruitment during learning and 

memory retrieval. 
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Crucially, this work was made possible by the imaging-analysis pipeline developed in 

this project, which combines region-of-interest masking with automated spot 

detection to quantify Hr38::GFP expression across the entire Kenyon cell population. 

This approach enabled unbiased, high-throughput comparison of transcriptional 

responses across conditions and revealed patterns that would not have been evident 

from qualitative inspection alone. These methodological advances, together with the 

design of a temporally controlled dual-labelling reporter system, provide new tools for 

interrogating transcriptional dynamics in identified neuronal populations.  

 

Ultimately, this work contributes to a growing recognition that memory formation in 

Drosophila is shaped not only by synaptic activity but also by the organism’s intrinsic 

physiological milieu, including its circadian phase, hormonal environment, and prior 

experience. Understanding how these internal signals intersect with circuit-level 

plasticity will be essential for explaining how memories are encoded, stabilised, and 

retrieved across different contexts. The experimental tools and analytical framework 

developed here lay the groundwork for future investigations into discovering 

transcriptional markers that more accurately represent memory-encoding neurons in 

the mushroom body. 
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