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ABSTRACT

The consolidation of memory engrams relies fundamentally on robust synaptic plasticity, specifically
Late-phase Long-Term Potentiation (L-LTP), which is governed by the Brain-Derived Neurotrophic
Factor (BDNF) and its high-affinity receptor, TrkB. While neuronal BDNF synthesis is critical, recent
evidence suggests that astrocytes play an equally pivotal role in maintaining the pool of bioactive
neurotrophins through a p75N™-dependent recycling mechanism. This doctoral thesis investigates the
physiological necessity of astrocytic BDNF recycling for long-term memory (LTM) consolidation
and establishes a novel, non-invasive optogenetic strategy to rescue cognitive deficits associated with

the disruption of this pathway.

Utilizing a conditional p75N™-flox mouse model, we first demonstrated that impaired astrocytic
BDNF recycling selectively abolishes LTM in a context-minimized home-cage Novel Object
Recognition (hcNOR) paradigm, while sparing short-term memory. Electrophysiological assessments
confirmed that these behavioural deficits correlate with a failure to sustain L-LTP. To bypass the
limitations of traditional, invasive optogenetic stimulation, we employed OptoTrkB, a light-sensitive
chimeric receptor, to directly modulate TrkB signaling. We validated the functionality of OptoTrkB
in cortical neuronal cultures and demonstrated its efficacy in restoring L-LTP in p75-deficient ex vivo
preparations. To translate these findings in vivo, we implemented a Bioluminescent-Optogenetic (BL-
OG) system. This approach utilizes a luciferase released by astrocytes to activate TrkB signaling non-
invasively via the systemic administration of a luciferin substrate. Our results indicate that non-
invasive BL-OG activation of OptoTrkB successfully rescues LTM deficits in p75-deficient mice.

Furthermore, we established that this rescue is dependent on astrocytic vesicular release mechanisms.

Crucially, to dissect the specific contribution of the memory trace, we utilized a custom-designed
external LED cage lid system rather than invasive optical fibers. By delivering light during a defined

critical time window in the consolidation phase, we achieved a complete, engram-specific rescue of



LTM. This pivotal finding demonstrates that temporally precise boosting of TrkB signaling

exclusively within the memory trace is sufficient to compensate for the lack of astrocytic support.

Collectively, this work elucidates the critical contribution of astrocytic BDNF recycling to support
memory engram consolidation. It further validates OptoTrkB-BL-OG as a powerful, non-invasive
tool for the precise temporal manipulation of neurotrophic signaling, offering a promising

translational avenue for treating cognitive disorders characterized by synaptic dysregulation.



INTRODUCTION

1.1 - The concept of memory
1.1.1 — Definition

The understanding of memory has evolved over centuries, leading to a functional fragmentation of
the concept to systematically account for the diverse ways information is acquired, stored, and
retrieved. A fundamental partition in modern neuroscience and psychology is the long-term memory
dichotomy between implicit (or non-declarative) and explicit (or declarative) systems. These two
functionally distinct memory classes rely on separate neural substrates. Implicit memory, often
referred to as procedural memory or skill memory, facilitates the acquisition and execution of tasks
and motor patterns that are recalled unconsciously, as in riding a bicycle. This system is critically
modulated by phenomena like priming, where a prior exposure to a stimulus influences a subsequent
response without conscious awareness. Within the domain of implicit memory, perceptual learning is
particularly relevant as it refines sensory processing, providing a foundational mechanism that
enables the distinction between similar stimuli and enhances the efficiency of higher-order cognitive
processes. In contrast, explicit memory is the collection of factual information and events that can be
consciously recalled. It is further subdivided into semantic memory, which constitutes an individual's
organized knowledge of the world independent of temporal context (e.g., historical facts or general
concepts), and episodic memory. Episodic memory is the capacity to encode, store, and retrieve
specific personal events and discrete past experiences, intrinsically linking the 'what,' 'where,' and
'when' of an event. This unique ability to mentally "time travel" into the past serves the crucial,

adaptive purpose of informing, influencing, and planning future actions.

Recognition memory is a form of declarative memory classically defined by two dissociable
components: the familiarity of a stimulus or item and the recollection of its context (spatial and/or

temporal) within an event'. This distinction is conceptually modelled by an individual’s interaction



with a room and its contents. For instance, after becoming familiar with the environment, the
spontaneous detection of a familiar object being substituted by a novel one, and thus the recognition
of the object, is assessed by the Novel Object Recognition (NOR) memory test. Alternatively, if the
same familiar object is simply relocated, the ability to spontaneously notice the change and thus
recognize the novelty of the location, is assessed by the Novel Object Location (NOL) memory test>>.
These distinct components of recognition memory are thought to engage separate, but interconnected,
neural circuits within the medial temporal lobe*. Specifically, the perirhinal, prefrontal and insular
cortices are consistently implicated in processing the familiarity component of stimuli, while the
hippocampus is considered critical for the recollection of rich contextual information*>-!%’. The NOR
and NOL paradigms serve as powerful, non-aversive behavioural assays for studying the
neurobiological mechanisms underlying long term memory (LTM) formation in animal models®.
Memory performance is quantified by calculating discrimination indices based on the animal's
preferential exploration time of the novel item (in NOR) or the displaced item (in NOL). As
represented in Figure 1, the manipulation of the retention interval between the acquisition and test
phases allows for the selective evaluation of different temporal memory phases, such as short-term
versus long-term memory (STM vs LTM). The search for the enduring physical substrate underlying

these long-term traces is a central quest in neuroscience, leading to the modern concept of the engram.
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Figure 1. The Novel Object Recognition (NOR) test paradigm

The task consists of two main phases. During the Acquisition or Sample phase (learning), a mouse
freely explores an arena containing two identical familiar objects (green circles). After a retention
interval (which determines if short-term or long-term memory is assessed), the rodent enters the Test
phase. Here, one familiar object is replaced by a novel object (orange square). Memory is measured
as the time the rodent spends exploring the novel object compared to the familiar one. Successful
recognition memory is indicated by preferential exploration of the novel object (indicated by the
thicker yellow arrow). Arrow thickness indicates the mouse's predisposition and time spent exploring

the objects.

1.1.2 — The engram

The physical nature of memory has been elusive for a long period of time. In 1904, Richard Semon
attempted to formalize the biological identity of these internal representations, introducing the term
"engram", which he defined as "the enduring though primarily latent modifications in the irritable

substance produced by a stimulus"’

. For Semon, the engram represented the lasting chemical and
physical alterations in brain state and structure that occur in response to an experience. Although he

did not propose a precise biological storage model, Semon posited that engrams are stored via
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physiochemical processes, becoming "dormant" once formed, yet susceptible to reactivation by a
presentation of partial or similar cues. This conceptualization emphasized that the memory trace

exists as a stable entity independent of the active processes required for its formation and recovery.

Another important contribution to the engram hypothesis came from Donald Hebb (1949), who
developed a “cell assembly” theory. This theory proposed that when reciprocally interconnected
neurons are simultaneously active during an experience, sufficient co-activity induces growth or
metabolic changes that strengthen the connections between them. Hebb famously summarized this
principle with the phrase: “neurons that fire together wire together”!?. This enduring increase in
synaptic strength, known as Hebbian plasticity, increases the probability that the specific
spatiotemporal pattern of neural activity initiated during memory encoding will be faithfully recreated

during later retrieval.

Semon’s and Hebb’s theories are corroborated by contemporary advances in engram investigation.
Research now defines the engram as neuronal assemblies (or engram cells/neurons) which are sparse
populations of co-active neurons carrying out a specific neural computation during a behavioural
events' 1213 Learning is viewed as the result of persistent physical/chemical changes in the selected
neurons and their synaptic connections, thereby mediating the expression and storage of the encoded
memory. The specific synaptic and cellular changes within these assemblies collectively reflect the
engram itself. The converging evidence from diverse memory studies suggest that complex
information is not represented by single cells; instead the engram is the basic unit of computation that
stores information in the brain'*'>. Furthermore, neurons belonging to a single assembly are not
confined to one brain area but are distributed across several interconnected regions depending on the

specific cognitive computation required'®.

Nonetheless, the fundamental building blocks of the engram can be studied at the level of single brain
regions. Engrams are fundamentally dynamic structures: they are rapidly allocated and formed,

subsequently undergo modification, and can eventually dissolve. Following encoding, consolidation

6



processes alter the engram's physical and chemical organization, enhancing its strength and quality.
Moreover, memory retrieval may transiently destabilize a previously consolidated engram, initiating
a new reconsolidation cycle that can lead to its further modification. Although the engram represents
a highly dynamic and temporally evolving structure, this characteristic has proven not to preclude its

tractability and success in being captured and studied at any given moment in time.

This tractability is historically rooted in the use of Immediate Early Genes (IEGs) as a classical
method for identifying and tracking these neural assemblies. Since IEGs are rapidly transcribed in
response to neuronal activity, their expression serves as a molecular signature for neurons that were
selectively engaged during the encoding of a specific memory (e.g., c-Fos or Arc). IEGs are essential
for synaptic plasticity induction and memory formation, with their transcription occurring
independently of new protein synthesis. They function both as transcription factors regulating late-
response genes, and as effector proteins directly modulating synaptic structure and strength!”. Genes
such as Arc, Egrl (Zif268), and c-Fos are highly susceptible to DNA methylation and are expressed

in the cortex, hippocampus and amygdala during learning and memory formation.

IEGs are an important tool for experimental access to the engram and the different phases of memory;
for instance, c-Fos expression has been widely used to map the functional circuits underlying various
complex behaviours, including neuroendocrine, autonomic, and behavioural responses to stress,

nociception, sleep, and addiction'.

These molecular activity markers initially provided the
foundation for non-causal anatomical mapping of engrams, but their true power was unlocked through
integration with advanced technologies. The combination of IEGs with techniques such as
optogenetics, chemogenetics, single-cell transcriptomics, and combined tracing methods has
dramatically enhanced the resolution and specificity of the system. For instance, transgenic reporter
mice that express fluorescent proteins under IEG promoters (e.g., c-Fos or Arc) now enable repeated

measurements of cortical activity over long time scales and facilitate the high-resolution, three-

dimensional spatial mapping of behaviourally relevant circuits'®. Most critically, these reporter lines



have been integrated with inducible technologies, such as the Targeted Recombination in Active
Populations (TRAP) method. TRAP utilizes gene-targeted mice expressing tamoxifen-dependent Cre
recombinase under IEG promoters to provide a revolutionary system that allows researchers to
selectively manipulate and analyse activated neuronal ensembles at defined temporal windows,
moving the field beyond observation to direct causal manipulation of memory?®?'. Overall, this
powerful set of genes and the correlated tools are constantly upgrading, giving the possibility to
address questions about the molecular and cellular mechanisms associated with learning to help us

understand memory function and neurobiological correlates of memory.

1.1.3 — The different phases of memory

Memory is generally conceptualized as a multi-staged process that includes distinct temporal phases:
encoding, consolidation, retrieval, and eventually forgetting?. Historically, Semon suggested that an
engram has four defining characteristics that govern its existence and functionality?. First, an engram
is a persistent change in the brain resulting from a specific experience or event. This formation
process, known as encoding, is conceptually represented by a subject's engagement with a novel
environment or stimulus (as seen, for instance, by a mouse exploring new objects in the NOR test).
Second, an engram has the potential for ecphory, the process through which it is expressed
behaviourally via interaction with appropriate retrieval cues (which can be sensory input, ongoing
behaviour, or voluntary goals). Third, the content of an engram reflects what was encoded and
accurately predicts what can be recovered during subsequent retrieval. Fourth, and critically for
modern research, an engram may exist in a dormant state between the two active processes of
encoding and retrieval. This final characteristic emphasizes that the physical memory trace exists and
persists beyond the direct operations required to form and actively recover it. These characteristics
underpin the modern experimental framework used to study engram formation and manipulation,

which is visually summarized in the conceptual model of engram dynamics (Figure 2). Specifically,
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encoding marks the initial allocation and activity of a sparse neural ensemble; consolidation is the

period where synaptic connectivity within the ensemble is structurally and functionally strengthened;

retrieval is the cued reactivation of this established, persistent network; and finally, forgetting

represents the loss of behavioural expression which follows the physiological decay of certain

memories.
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Figure 2. The behavioural and cellular temporal phases of memory

Behavioural Timeline (top panel): the mouse undergoes a four-step process, assessed using the NOR

test: 1. Learning (acquisition/encoding) - the mouse explores two identical objects, forming a memory

of the objects and the context. 2. Memory Consolidation - a time-dependent process (often assessed

via a retention interval) where the initial, labile memory trace is stabilized into a LTM. 3. Memory



Recall (Retrieval) - during the testing phase, the mouse is re-exposed to a novel object (orange square
or blue pentagon) and shows preferential exploration, indicating successful retrieval of the familiar

object's identity, until memory for the familiar object is eventually forgotten.

Cellular and Network States (Bottom Panel): the diagram illustrates the memory engram across
four theoretical states. Encoding: the specific subset of neurons that register the new information
becomes Active (red thick circles), and the connections between them form the engram connectivity
(thin red lines). Consolidation: the connections within the engram are strengthened (thick red lines),
stabilizing the memory, while the neurons return to a “dormant” state (inactive neurons). Retrieval:
the re-activation of the engram neurons, indicated by the strengthened connectivity, results in
successful memory recall. Forgetting: the loss of the memory trace is characterized by the fading of
the engram connectivity, with the neurons reverting to an inactive state (white circles) or maintaining

only weak, ineffective connections.

Learning is defined as the behavioural and cognitive process through which new information is
acquired, culminating in the establishment of a memory trace. The initial encoding of information for
a particular experience is rapid, typically occurring within a critical temporal window of seconds to
minutes®*. This process fundamentally relies on rapid, activity-dependent modifications to the
efficacy of synaptic connections, a phenomenon broadly termed synaptic plasticity. Specifically, the
persistent allocation of mnemonic information to a distinct neuronal ensemble - the engram - is
physically mediated by changes in synaptic strength and connectivity. This underlying mechanism
adheres to the principles that Hebb postulated: neurons that are functionally active at the same time
adapt their synapses to become linked forming an ensemble, thereby establishing and reinforcing the
connectivity within the memory-encoding circuit. The critical link between these cellular processes
and behavioural learning was pioneered by Kandel and Tauc®. Their seminal work, utilizing the

simple nervous system of Aplysia, unequivocally demonstrated that learning directly influenced
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synaptic efficacy. They showed that short-term synaptic changes, such as facilitation and depression,
underpinned the neural basis of non-associative learning, specifically habituation and sensitization,
within the gill-withdrawal reflex. This shift from transient to persistent synaptic change was
experimentally bridged by the discovery of Long-Term Potentiation (LTP). Building upon the
principles of activity-dependent plasticity, Bliss and Lemo described a robust, long-lasting
modification in synaptic strength induced by high-frequency electrical stimulation of afferent fibers
in the hippocampus?®®. This effect provided the first compelling cellular mechanism for how a
neuronal circuit could maintain enhanced connectivity over extended periods, making it the leading
candidate for the synaptic basis of learning and memory storage. Subsequently, the inverse
phenomenon, Long-Term Depression (LTD), was also described?’. Collectively, LTP and LTD
represent the bidirectional spectrum of long-term synaptic plasticity and are the principal cellular

mechanisms underlying the enduring formation and modification of the memory engram.

The initial, transient phase of synaptic strengthening, termed Early-LTP (E-LTP), is critical for rapid
encoding and short-term memory. E-LTP relies primarily on post-translational modifications, such as
the phosphorylation of resident synaptic proteins, and is independent of de novo protein synthesis.
This early phase is what initiates the allocation of information to the engram. The phase of E-LTP
typically persists from seconds up to a few hours and relies solely on covalent modifications of pre-
existing synaptic proteins?®. Mechanistically, E-LTP is triggered upon high-frequency presynaptic
firing, which leads to the release of glutamate into the synaptic cleft. Glutamate primarily activates
the o-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs) on the
postsynaptic membrane, mediating the rapid influx of Na* and efflux of K*. Simultaneously, the N-
methyl-d-aspartate receptors (NMDARs), another class of ionotropic glutamate receptor, function as
crucial coincidence detectors. Being sensitive to the depolarization state of the postsynaptic element
(which relieves the Mg** block), NMDARs open to permit a significant Ca*" influx into the

postsynaptic terminal. This localized and rapid elevation of intracellular Ca?" triggers a complex
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cascade of intracellular signaling events. Among these is the activation of the Ca**/CaM-dependent
protein kinase II (CaMKII)*-°. CaMKII acts as a central regulator of plasticity that rapidly enhances
postsynaptic responsiveness through two key mechanisms: (1) Phosphorylation of the GluA1 subunit
of AMPARs, which increases their single-channel conductance®'*?; and (2) facilitating the insertion
of additional AMPARSs into the postsynaptic density (PSD) from an intracellular pool*. This rapid
increase in the number and efficacy of surface AMPARSs is the primary expression mechanism of E-
LTP, facilitating enhanced impulse transmission. In parallel, the immediate increase in intracellular
Ca*" also orchestrates cytoskeletal modifications that are independent of new protein synthesis**.
These signaling events, mediated by enzymes such as tyrosine kinases and Src family kinases,
activate small GTPases (e.g., Rho and Ras GTPases)*~®. These signaling pathways are rapidly
regulating Actin polymerization, and the spine structure is quickly modified, in a phenomenon known
as structural plasticity®’*®¥. This acute structural change physically reinforces the newly potentiated
connection. However, the stabilization achieved during E-LTP is intrinsically transient, depending on
the phosphorylation state of existing proteins. For the mnemonic information encoded by this initial
synaptic strengthening to endure and be considered a long-lasting memory, the nascent engram must
undergo a critical phase known as consolidation. This process requires a more robust and permanent

physical stabilization, which is dependent on gene transcription and the synthesis of new proteins to

maintain the synaptic and structural changes initiated during the early phase.

Learning induces changes in a population of neurons that respond to an experience; those neurons are
selected through specific mechanisms. The initial process of engram encoding is governed by a
competition-based rule, a mechanism wherein highly excitable neurons out-compete their less
excitable counterparts for recruitment into the specific memory traces*’. Generally, neurons with
higher intrinsic excitability — the propensity of a neuron to activate and fire an action potential — are
involved in the process of memory encoding*'**>*. In this context, the transcription factor cAMP

Response Element-Binding protein (CREB) has been extensively studied. In many cortical and
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subcortical regions, the protein CREB directly regulates neuronal activity during neuronal allocation
in a specific engram**>447 Several works demonstrated that is possible to include or exclude
specific group of neurons in the encoding phase by increasing or decreasing their levels of CREB*%#.
Intrinsic neuronal excitability has been also described as an important mechanism of memory
allocation. Neuronal excitability fluctuations occur naturally in the brain, determining which neurons
are selectively encoding a memory, even in a CREB-independent manner®®. Different evidences
suggest other key players in the encoding phase, form epigenetic priming to other neuronal-intrinsic
molecular properties and synaptic connectivity patterns, which are engaged during learning and bias

neurons toward the encoding phase of memory>!-*2,

As mentioned before, once the memory trace is successfully formed and allocated within specific
neuronal ensembles, its persistence depends on its conversion into either a STM or a LTM. For an
experience to persist as LTM, the activated neurons must undergo the process of synaptic
consolidation, in which gene expression and de novo protein synthesis transform the initial, labile
memory into a stable, persistent trace. This process is fundamentally characterized by an increased
synaptic coupling and structural modification among the neurons co-active at the time of learning.
The molecular underpinnings of synaptic consolidation have been extensively studied through
pharmacological and genetic manipulation, including the suppression of CREB activity and the
inhibition of general protein synthesis. These experimental approaches confirm that this time-limited
molecular cascade is the critical point of divergence where a memory is either stabilized for long-

term storage or is lost>*%

Once an engram has been consolidated and stored, it can be activated to induce memory retrieval®®.
Memory recall may be successful to the extent that the brain recapitulates the same neuronal activity
present during the encoding phase®’. The association between retrieval and the reactivation of the
same neurons involved during learning has been consistently demonstrated using diverse engram

tagging methods, across multiple memory paradigms and various neural regions'’. Selectively
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1%, and on the other hand,

silencing engram neurons disrupts the corresponding memory retrieva
activating these neurons promotes memory retrieval. Optogenetic or chemogenetic approaches aim
at reactivating memory-encoding engram neurons inducing retrieval of the corresponding memory,
even in the absence of proper environmental retrieval cues®%%%1:62, Despite the inherently non-
physiological nature of these stimulation paradigms, experimental evidence indicates that activation
of as few as two engram neurons within the visual cortex can suffice to induce pattern completion
across the associated neuronal ensemble®, thereby facilitating retrieval of the encoded mnemonic
representation. Moreover, such protocols exert widespread neuronal effects, capable of reinstating
endogenous-like spatiotemporal activity patterns in downstream neural circuits beyond the primary

site of stimulation. This suggests a clear correlation between the engram formed during encoding and

consolidated and its reactivation during memory retrieval.

An additional memory phase is forgetting. Forgetting can occur if the memory is no longer available
because of complete engram degradation or a storage deficit, or because it is not currently accessible
as a consequence of a retrieval deficit. Prevailing theoretical frameworks posit that neural systems
are intrinsically predisposed toward information decay rather than indefinite retention®*. Despite its
traditionally negative connotation, forgetting constitutes an evolutionarily adaptive mechanism that
facilitates efficient memory updating, optimizes decision-making processes, supports affective
regulation, and contributes to overall cognitive and psychological homeostasis®®. Synaptic
remodelling occurs from different mechanisms, from depotentiation and pruning of existing synapses
to elimination by non-neuronal cells like microglia and astrocytes®®®’. By disrupting the properties
of engram synapses, strengthened during early memory stages, circuit remodelling can decrease the

probability of engram reactivation promoting forgetting of specific memories.
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1.1.4 - Optogenetic breakthrough and critical limitations

Due to the intrinsic dynamic nature of the engram, major efforts have focused on specifically marking
the neurons that are active during encoding. This field of research underwent a fundamental
transformation in 2012 with a breakthrough study that moved beyond mere observation to direct
manipulation. Transgenic mice were generated in which neurons that are active during a memory-
encoding event are captured and tagged. Utilizing IEG promoters to drive the expression of the light-
sensitive protein Channelrhodopsin-2 (ChR2), researchers could specifically tag and, crucially,
optogenetically reactivate the exact neuronal ensemble formed during a learning event®”. This
revolutionary approach provided the first causal evidence that a defined group of neurons is both
necessary and sufficient for the storage and retrieval of a specific memory, fundamentally validating

Semon's century-old hypothesis and establishing the modern era of engram research.

With this strategy, direct stimulation of the tagged engram neurons leads to involuntary memory
expression, addressing Semon's ecphory criterion. Moreover, memories can be evoked at time points
remote from encoding, even when downstream synaptic strengthening is blocked, thus directly
addressing the persistence and dormancy criteria. However, this powerful methodology presents

several critical limitations that must be considered to advance and refine the study of engrams.

First, this technique achieves memory retrieval by forcing the simultaneous activity of the engram
neurons through non-physiological light stimulation. This forced, synchronous activation is unlikely
to recapitulate the precise spatiotemporal activity pattern that accompanied encoding. The loss of this
fidelity may occur in the spatial, temporal, or both domains, leading to less effective reinstatement
and a subsequently weaker behavioural expression than the naturally reinstated response evoked by
an external sensory cue® ®. At the psychological level, natural memory retrieval is thought to be
most successful when environmental and internal cues available at encoding are also present at
retrieval®®, aligning with the principle of encoding specificity’’. Second, the methodology

fundamentally bypasses the normal timeline of memory. Memory is a constructive process, where
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engrams are dynamically reconstructed in a use-dependent manner that is influenced by available
details and current goals’’2. This reconstruction can lead to changes in the corresponding engram
(i.e., the engram may be updated), including the formation of new associations. However, the artificial
re-expression strategy reactivates the engram in its "tagged" state, which means during encoding,
thereby completely bypassing the physiological and fundamental role of the consolidation phase in
refining and stabilizing the memory trace. Third, these artificial expression studies have so far been
limited to fear- and reward-conditioning paradigms. In these simpler paradigms, the behavioural
readout is limited in complexity, making it challenging to fully address the engram's content criterion.
One promising avenue for future studies is to use more complex tasks where the details of the

encoding experience can be probed more extensively.

Finally, from a practical and translational point of view, the main limitation is the necessity of an
external light source (for opsins) or drug (for DREADDs) whenever the memory needs to be re-
activated. This represents a critical departure from classical memory formation and reactivation,
where the consolidation phase plays a major role in stabilizing the memory trace, allowing subsequent
neuronal reactivation simply by presenting the encoding cue or stimulus. Therefore, the limitations
inherent in these artificial re-expression strategies underscore a critical shift in focus: understanding
and modulating the consolidation phase represents the most compelling therapeutic and scientific

avenue for achieving robust, persistent, and physiologically accurate recall of the memory engram.

1.2 - Molecular and cellular mechanism of engram consolidation

Having established that the consolidation phase is the critical determinant of an engram's persistence
and physiological retrievability, this chapter now explores the cellular and molecular mechanisms

responsible for stabilizing the newly encoded memory trace. Engram consolidation is the active, time-
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limited process by which an initially labile memory is transformed into a stable, durable memory. At
its core, this process involves the selective structural and functional remodelling of the sparse
neuronal ensemble that comprises the engram. This remodelling is characterized by two distinct, yet
interacting, forms of plasticity: local synaptic consolidation and distributed systems consolidation’ .
Systems consolidation involves the gradual, long-term reorganization and functional shift of the
memory engram from a temporary storage site (the hippocampus) to more permanent circuits within
the neocortex??. Synaptic consolidation relies on the synthesis of new proteins and the subsequent
long-lasting reinforcement of connectivity within the engram circuit which can endure from hours to
weeks’®. This is achieved through the transition from E-LTP to Late-LTP (L-LTP), which establishes
a physical scaffolding to stabilize the early synaptic changes. During this phase, both de novo mRNA
transcription and translation of pre-existing mRNA take place®>’>7, Intracellular Ca*" increase driven
by E-LTP activates different signaling cascades mediated by PKA, PKC and mitogen-activated
protein kinases (MAPKs), which in turn activate transcription factors such as CREB and C/EBP”#4,
Their activation regulate the transcription of a repertoire of IEGs such as c-Fos, Arc, Homer, Zif268
and kinases such as CaMKIla and cytoskeletal proteins’®. Notably, the precise transcriptomic
response is heterogeneous, varying significantly depending on the specific brain region and cell type
involved. In the dendritic spines, protein synthesis occurs locally by ribosomes translating mRNAs

in a localized manner, a process described as “synaptic tagging””’.

During later consolidation into LTM, the transcriptomic profiles of engram cells undergo further, cell-
type-specific changes, involving genes critical for transcriptional and translational regulation, vesicle
exocytosis, transmembrane transport, and the organization of the dendritic spine and long-range
intracellular transport®®. Furthermore, gene expression during consolidation is also modulated by
noncoding RNAs. Localized at the synapses, these RNAs provide a layer of molecular fine-tuning,
adjusting gene expression to meet dynamic neuronal activity requirements. They function through

multiple mechanisms, including modifying mRNA stability and translation, regulating transcription,

17



and triggering epigenetic modifications®!"%2. The cytoskeleton dynamics are equally critical to the
consolidation mechanism. Beyond its role as a structural component, Actin directly modulates
postsynaptic proteins within the PSD in response to activation, anchoring receptors via interaction
with scaffolding proteins®>. The stable polymerization of Actin and its associated scaffolding
apparatus provides the long-lasting physical infrastructure necessary to maintain the enlarged spine

structure and the enhanced number of surface receptors characteristic of the consolidated synapse®*.

While the molecular and structural changes described above are localized to the synapse, the precise
boundaries of the memory trace remain a subject of intense research. Specifically, a persistent debate
on the cellular versus synaptic engram continues to be a hot topic in the field. The crucial question is
whether the fundamental unit of information storage is the collection of potentiated synapses (the
“synaptic engram”) or the entire activated neuron itself, encompassing all its global transcriptional

and physiological states (the “cellular engram”).

While decades of research have centered on the intrinsic properties of the neuronal engram circuit,
an additional and increasingly recognized layer of complexity is introduced by the crucial role of non-
neuronal cell types in memory processing and plasticity. Among the key non-neuronal regulators are
microglial cells, the resident immune cells of the central nervous system parenchyma®>. Microglia
rapidly activate and proliferate in response to injury and pathology, and their homeostatic function is
frequently impaired in various neurological disorders®®*’. Critically, in development and adulthood,
microglia actively participate in synaptic remodelling through processes such as pruning, thus
regulating connectivity between neurons®®. Studies involving the ablation of microglial cells have
described their significant role in regulating the rate of forgetting, suggesting their continuous
involvement in maintaining or clearing specific engram connections®. Similarly, oligodendrocytes,
the glial cells responsible for axon myelination, are now understood to be responsive to neural
activity®®. Studies using mutant mice with deficits in oligodendrogenesis have demonstrated impaired

remote memory consolidation, a deficit hypothesized to arise from improper synchronization or
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efficiency during engram reactivation®'. This suggests that structural white matter integrity, actively
controlled by oligodendrocytes, is integral to the long-range integration required for stable memory

storage.

Although microglia and oligodendrocytes contribute to engram dynamics through structural
maintenance and circuit refinement, a deeper understanding of the immediate metabolic, homeostatic,
and direct modulatory signaling within the local synaptic environment is essential. This critical
function is primarily attributed to astrocytes’’. As they functionally interact with the tripartite
synapse, astrocytes represent a unique and integral component of the engram's structural and chemical
regulation. Therefore, the subsequent chapter will focus on elucidating the diverse mechanisms by

which astrocytes contribute to the synaptic consolidation of the memory engram.

1.2.1 - Astrocytes and memory consolidation

Astrocytes play multiple roles in the CNS, where they provide support and guidance for migrating
neurons, and are involved in the physical structuring of the brain. They regulate cerebral blood flow
and act as energy reserves, provide neurons with nutrients such as lactate, store glycogen and are
capable of glycogenesis. Thus, astrocytes can fuel neurons with glucose during periods of high rate
of glucose consumption and glucose shortage in CNS.

The astrocyte end-feet surrounding endothelial cells play a critical role in the development,
maintenance and regulation of the blood—brain barrier. At the synaptic level, astrocytes express
surface transporters for several neurotransmitters, helping in their uptake and inactivation and
regulating neurotransmission. Also, astrocytes take part in regulation of ion concentration in the
extracellular space; indeed, they express high levels of potassium channels that rapidly clear the
excessive accumulation of these ions in the extracellular space”>**>9%%7 In addition, astrocytes have
been shown to improve neural survival and control neural differentiation and growth by releasing

different neurotrophic factors, such as Neurotrofin-3 (NT3) and Brain Derived Neurotrophic Factor
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(BDNF)**%_ In the last decade, many important breakthroughs have been obtained in the study of
astrocytes and their involvement in memory formation and stabilization: from structural synaptic
plasticity modulation to neuromodulation.

Astrocytes, traditionally viewed as passive support cells due to their lack of electrical excitability and
inability to generate action potentials, are now recognized as active participants in brain information
processing. Their unique form of excitability is manifested as dynamic elevations in cytosolic Ca**
concentration, primarily through the mobilization of Ca?* stored within the endoplasmic reticulum'®
101 " This signaling capability is mediated by the expression of a wide variety of functional
neurotransmitter receptors, many of which are G-protein coupled receptors (GPCRs). Stimulation of
these GPCRs by neuronal activity evokes diverse glial cell responses, with the intracellular Ca*"
elevation being the most extensively characterized!?>!%, Furthermore, multiple studies have
demonstrated that astrocytes can release neuroactive molecules, collectively termed gliotransmitters,
such as glutamate, adenosine triphosphate (ATP), and D-serine, in a Ca**-dependent manner. By
binding to both presynaptic and/or postsynaptic receptors, these gliotransmitters effectively regulate
neuronal excitability and synaptic transmission, thereby directly contributing to the mechanisms
underlying memory formation!%1931%_ The direct involvement of astrocytes is evidenced by several
specific cellular and molecular mechanisms critical for engram consolidation. For instance, the
inhibition of connexin hemichannels during memory consolidation has been shown to impair LTM!?7,
suggesting that glial-neuronal or glia-glia communication via these channels is essential. Conversely,
targeted manipulations that disrupt normal astrocytic function also impair plasticity; the
overexpression of the astrocytic protein S100f in transgenic mice, for example, results in impaired

hippocampal LTP and deficits in spatial learning'®

. Beyond specific signaling molecules, astrocytes
provide essential metabolic support critical for the high energetic demands of memory formation.
Several studies have established that astrocytic metabolic functions are essential to sustaining the

neural activity required for synaptic plasticity and consolidation'®-!1%!1L112 Fyrthermore, astrocytic

involvement extends to morphological plasticity. The dynamic retraction of astrocytic processes
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suggests that the coverage of synapses is not random but precisely controlled, a mechanism believed

113 This evidence highlights their role

to permit the enlargement of active synapses following learning
as active structural modulators of the synapse. Consistent with their fundamental role, a significant
body of work in neurodegenerative diseases, particularly Alzheimer’s disease, directly links memory
impairment to abnormal astrocytic functioning, underscoring their critical and protective role in
maintaining cognitive health!!*!'>11® Finally, the critical role of astrocytic signaling is starkly
illuminated by studies targeting their capacity for vesicular release. Multiple lines of investigation
demonstrate that the impairment of astrocytic vesicular release is an essential contributor to deficits

in memory formation and consolidation!!’-!18:119

. These findings reinforce the necessity of
gliotransmission for normal synaptic plasticity. To fully understand the mechanisms through which
astrocytes regulate long-term plasticity, an increasingly crucial area focuses on their interaction with
BDNF. BDNF is the most abundantly expressed and extensively studied neurotrophin in the brain,
well-established for its indispensable role in memory and synaptic scaling. While the effects of BDNF
on neuronal function are detailed, the intricacies of its physiology within astroglia have only recently
begun to emerge. Over the last years, compelling new findings have demonstrated that astrocytes take
an active and critical part in BDNF physiology, suggesting they are key players not just in the
synthesis or release of BDNF, but also in its trafficking and recycling within the tripartite synapse.
This astrocytic function provides a powerful, specialized mechanism through which they could
regulate the availability of BDNF and, consequently, the persistence of memory traces. This

mechanism forms the central focus of the following chapter, specifically examining the BDNF-TrkB

signaling axis and the novel evidence for BDNF recycling and maintenance actuated by astrocytes.
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1.3 - The BDNF-TrkB pathway
1.3.1 — Description

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of secreted
proteins and it plays a key role in synaptic plasticity, neuronal survival and cognitive functions'?°.

These multiple biological functions are mediated by the activation of two receptors, tropomyosin

receptor kinase B (TrkB) receptor and the p75 neurotrophin receptor.

In the brain, BDNF is widely expressed by glutamatergic neurons of many cortical areas,

121,122

hippocampus, visual cortex and ventral tegmental area , and to a lesser extent in astrocytes and

microglia, although in this cases the expression is highly context-dependent and usually tied to

pathological or injury-related conditions'?.

The BDNF gene is located at chromosome 11 in humans, it has a complex structure with 11 different
exons in humans, nine different exons in rodents, and nine alternative promoters for both groups!'?*!%,
The coding sequence is located in exon IX in both human and rodents, allowing for the encoding of

the proBDNF protein. It is supposed that the nine alternative promoters can regulate the complex

spatio-temporal expression of BDNF gene and allow BDNF to respond to a greater variety of stimuli.

Two forms of BDNF exists in the brain: the neurotrophin’s precursor (proBDNF) and mature BDNF
(mBDNF). Synthesis and maturation of BDNF is a multistage process, involving the formation of
several precursor isoforms. The BDNF protein, discovered in 1982'%° is a highly conserved protein
of 247 amino acids, synthesized and folded in the endoplasmic reticulum as preproBDNF (32-35
kDa). Upon translocation to the Golgi apparatus, the signal sequence of the pre-region is rapidly
cleaved, and the isoform proBDNF (28-32 kDa) is generated'?’. proBDNF undergoes cleavage and
is converted in the mature isoform mBDNF (13 kDa)!?®, the pro-domain (BDNF pro-peptide,
pBDNF) is removed intracellularly in neurons and astrocytes (by furin or PC1/3/7)!?%130 or

extracellularly (by tPA/plasmin system or matrix metallopeptidases)'®!*132.
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BDNF can be released both by presynaptic and postsynaptic terminals'. In the latter case the release
from the postsynaptic neuron can activate postsynaptic TrkB receptors in an autocrine fashion,
promoting structural synaptic reinforcement. BDNF can also act as a retrograde messenger,
modulating presynaptic vesicular release and glutamatergic transmission. In neurons, BDNF is
released as a mixture of pro- and mature forms in different ratios, depending on the stage of brain

development and region!34!3-136

. mBDNF binds with two kinds of plasma membrane receptors, the
TrkB receptor'®” and the p75 neurotrophin receptor!*®. TrkB is considered to be the key receptor of
mBDNF in adult brain since its wide range of expression and higher binding affinity to the
neurotrophin with respect to p75, which binds preferentially the pro- form!*. Activation of TrkB
receptor promotes cell survival, facilitates long term potentiation (LTP) and increases spine

complexity!.

The binding of BDNF to TrkB receptor leads to phosphorylation of TrkB, activating different
intracellular downstream signaling cascades, including phospholipase C gamma (PLC-y),
phosphatidylinositol ~ 3-kinase/protein kinase B (PI3K/AKT), mitogen-activated protein
kinase/extracellular signal-related kinase (MAPK/ERK) and guanosine triphosphate hydrolases
(GTP-ases) of the Ras homolog (Rho) gene family pathways!'#!"'4>. The BDNF/TrkB/PKC signaling
is essential for synaptic function and maintenance'**, and it links pre- and postsynaptic activity to
maintain neuromuscular function, which can be affected by a decrease in neuromuscular activity such
in neuromuscular disorders'**. BDNF/TrkB/PI3K/Akt pathway suppresses autophagy inhibiting the
degradation of three important postsynaptic proteins (PSD-95, PICK1, and SHANK3) that are
essential for N-methyl-D-aspartate receptor (NMDAR )-dependent synaptic plasticity'*>. BDNF also
controls NMDA receptor subunits dynamic at different levels'#®. The PI3K/Akt/mTOR pathway
promotes dendritic growing and branching through regulation of protein synthesis and cytoskeleton
development'*’. The BDNF/TrkB/GTP-ases pathway promotes actin and microtubule synthesis,

resulting in growth of neuronal fibers'*®. The MAPK/Ras-signaling cascade activates ERK 1/2 and
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CREB, controlling immediate early genes expression such as c-Fos, and also cytoskeletal protein

148

synthesis such as Arc'*°. Moreover, it plays a critical role in dendritic growth and branching of

hippocampal neurons during neuronal differentiation'*’

. During CNS development, the pro-
BDNF/p75 neurotrophin receptor/sortilin binding complex initiates signaling cascades leading to
activation of c-Jun amino terminal kinase (JNK), Ras homolog gene family member A (RhoA), and
nuclear factor kappa B (NF-kB) downstream, which is involved in neuronal apoptosis, neuronal

139 and neuronal survival'*2. The specific role of BDNF in the

growth cone development and motility
regulation of numerous brain physiological processes depends on the interaction of its isoforms with
different types of receptors. This, in turn, elicits the activation of signaling pathways that are critical
for processes of brain development, synaptic plasticity, and protection and/or regeneration after
damage. Perturbation of the BDNF synthesis, resulting in dysfunctions of its signaling cascades, may
trigger several pathological processes. In fact, changes in BDNF levels in both peripheral blood and
CNS, and the imbalance/insufficiency of pro-BDNF transformation into mBDNF, have been linked
to several pathological conditions such as major depressive disorders, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, multiple sclerosis, and

cerebral ischemic stroke!?”-1%,

1.3.2 — BDNF and synaptic plasticity

Neuroplasticity is the ability of the nervous system to reorganize its structure, function, and

151 Neuronal

connections in response to extrinsic or intrinsic stimuli through different mechanisms
plasticity has been examined during critical periods, which represent specific early stages of brain
development, when neural circuits are highly responsive to external stimuli and experiences that lead
to lasting and widespread modifications. Although these circuits remain somewhat adaptable later in

life, their capacity for change is significantly reduced. Once these critical periods conclude, the brain’s

ability to reorganize and reshape its network structure becomes more limited. One of the first evidence
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of the neurotrophins’ role in plasticity was observed in the visual cortex, where local BDNF synthesis
is regulated by visual stimulation'>>!33. In this study, mice raised in the dark and resulting in lower

levels of BDNF displayed a delay in visual plasticity'>*

. Recent data indicate that many drugs used
for the treatment of neuropsychiatric disorders (such as MDDs) can directly induce plasticity and
reactivate a critical period-like plasticity in the adult brain by affecting the BDNF/TrkB pathway.
Other mechanisms important for neuronal plasticity are the modification of mature neuronal
morphology, involving axonal and dendritic arborization and pruning, an increase in spine density,
and synaptogenesis!*>. Different studies suggest that intracellular overexpression of BDNF in
hippocampal developing neurons induces maturation of excitatory and inhibitory synapses, with
respect to exogenous application of BDNF!*. Mice lacking BDNF die during the second postnatal
week !>’ and BDNF deficit causes inhibition of dendritic arborization'>® and reduction of expression
of genes functionally related to vesicular tracking and synaptic communication'*®. BDNF is also
required for several forms of LTP and LTD, the prototypical cellular models of synaptic plasticity.
Many studies demonstrated that during LTP induction, BDNF is secreted and is functionally essential
for acute signaling cascades leading to potentiation!®®161162163 'BDNF in LTP formation is best
studied and understood in the hippocampus, but the effects of BDNF differ depending on the type of
synapse and the brain region considered!'¢%!41:164 BDNF exerts fast effects on synaptic transmission
by post-translational modifications of synaptic proteins, both at the pre- and post-synaptic
levels'6>1% BDNF-induced activation of TrkB receptors increases depolarization-evoked release of
glutamate from isolated hippocampal and cerebrocortical nerve terminals'¢”!%%1¢ The rapid effects
of BDNF on neurotransmitter release are mediated, at least in part, by protein phosphorylation,
downstream of TrkB receptor activation. Different studies reported the regulatory effects of BDNF
toward the translation of specific mRNA!7°, Also, many dendritic transcripts are regulated by BDNF.
The neurotrophin regulates glutamatergic synaptic transmission by acting at the pre- and post-
synaptic level, where is sequestered in secretory vesicles and is released by a Ca?*-dependent

mechanism, following activation of glutamate receptors. BDNF can act also on pre-synaptic TrkB
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receptors, potentiating glutamate release, and can induce the translocation of AMPA receptors to the
synapse and increases the activity of NMDA receptors by phosphorylation-dependent mechanisms.
Furthermore, BDNF induces local protein synthesis at the synapse from mRNAs transported along

dendrites in RNA granules!’!.

1.3.3 — BDNF-TrkB and memory

Due to its critical role in LTP, BDNF has been assumed to be an essential part of supporting memory

160 BDNF is involved in the formation

formation and maintenance by promoting synaptic integration
of different types of memories and is also critical for maintaining long-lasting storage of information
in hippocampus and in different cortical regions many hours after learning occurs. Different studies
described BDNF as a key mediator of memory processing at different molecular levels: it regulates
cation channels (several subtypes of Na+ and K+ channels) and ligand-gated channels (NMDA and
AMPA receptors) after TrkB-mediated activation of intracellular signalling cascades, and it regulates

transcription and translation of different proteins'’*!73,

In hippocampus and amygdala-dependent memory processing, a fine control of BDNF release and
processing is required. Recognition memory increases BDNF release and activates ERK1/2 in the
dentate gyrus and in the perirhinal cortex!’, while hippocampal specific deletion of the BDNF gene
impairs spatial learning and novel object recognition'”. Interfering with BDNF/TrkB signaling in the
amygdala has an effect on the acquisition and consolidation of fear memory conditioning, but the
signaling cascade elicited by the two molecules is also necessary for extinction of aversive
memories!’®. The downstream components of the BDNF-driven signaling pathway involved in
memory consolidation are still under investigation, however an increased amount of experiments
show that inhibition of ERK1/2 signalling before and/or after training sessions impairs long-term
177,178

memory retention

Many cortical areas are involved in BDNF/TrkB-driven memory processing. BDNF in prefrontal
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cortex plays a dual role depending on the cortical region involved: in the prelimbic region BDNF is
required for fear memory consolidation, while infralimbic BDNF is necessary for fear memory
extinction. In perirthinal cortex, KO of BDNF translation impairs recognition memory
consolidation!”. In posterior parietal cortex the neurotrophin is important for fear memory, in insular
cortex BDNF infusion rescues amnesia induced by protein synthesis inhibition, and in motor cortex
BDNF has been demonstrated to be necessary in long lasting memories of motor map
representation !8%:181:182,

Different observation of the BDNF’s role in memory has been obtained through the study of its unique
polymorphism. The pro-domain of BDNF is the locus of a functional human BDNF polymorphism
(SNPs) Val66Met, also known as rs6265 or G196Apolymorphism. This point mutation causes a
substitution of Valine (Val) to Methionine (Met) at codon 66 (Val66Met) in the pro-domain of
BDNF!#, Since this SNP exists only in human, several attempts have been made to mimic the
function of BDNF Val66Met in cellular models or in genetically engineered mouse models. In 2003
BDNF Val66Met polymorphism was shown to disrupt the episodic memory in humans'®*. In 2005 it
was discovered that the BDNF Val66Met substitution also disrupts the sortilin-binding site, impairing
activity-mediated secretion of BDNF!®, The principle molecular mechanism associated with the
polymorphism is the deficient activity-dependent release of BDNF, which consequently impacts the
efficiency of BDNF-TrkB signaling.

This establish BDNF as a pivotal molecule in synaptic plasticity, required for the consolidation of
LTM. Crucially, the persistence of memory requires not only the synthesis of new plasticity-related
proteins but also the precise temporal and spatial regulation of neurotrophin signaling. While neuronal
release of BDNF drives immediate plastic changes, astrocytes play a critical role in regulating the
BDNF microenvironment through reuptake and recycling. The next chapter focuses on elucidating
the specific mechanism by which astrocytes in the perirhinal cortex (PRC), a central region in
recognition memory, maintain BDNF homeostasis, ensuring the necessary sustained signaling

required for memory consolidation.
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1.4 - The mechanism of BDNF recycling in astrocytes

To sustain the neurotrophin signaling required for LTM, astrocytes are essential regulators of BDNF
concentration in the synaptic cleft. In 2016 Vignoli and colleagues described a new mechanism by
which peri-synaptic glia provides proBDNF clearing and recycling via p75 receptor (p75NTR),
resulting in localized TrkB activation on adjacent neurons. The astrocytic BDNF recycling is relevant
for LTP and LTM maintenance at cortical synapses, specifically in perirhinal cortex'?°. This work
explores a novel mechanism of BDNF release which diverge from the classical activity-dependent
secretion of BDNF from neurons.

To experimentally dissect the role of astrocytic BDNF recycling, this work utilizes a genetic approach
for conditional deletion of the p75 receptor. The mouse model employed is the tamoxifen-inducible
conditional p75lox/lox-GLASTCreERT2-R26R mutant mouse (hereafter referred to as p75-flox
mice) 1%,

This system is designed to selectively delete the astrocytic p75N R

, which is responsible for the uptake
of BDNF in astrocytes. The key steps of the deletion protocol are:

- Cell-Type Specificity: The expression of Cre recombinase is driven by the GLAST
(Glutamate Aspartate Transporter) promoter, ensuring that expression is specific to astrocytes
(GLAST positive cells).

- Inducible Deletion: The Cre activity is dependent on the ligand tamoxifen (CreERT?2).
Tamoxifen treatment is administered for five consecutive days, causing astrocytes to initiate
the deletion of the p75lox allele.

- Receptor Depletion: After two additional weeks post-tamoxifen treatment, the complete
depletion of already existing p75 receptor protein is observed due to the natural turnover of
the protein.

This conditional knockout strategy allows for the precise temporal control of the genetic manipulation

and ensures that the observed behavioural or molecular deficits can be causally linked to the loss of
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astrocytic p75 MR function in the adult animal, thereby isolating the role of this specific recycling
mechanism during recognition memory consolidation.

Building upon this genetic manipulation, cortical slices derived from the p75-flox mice were analysed
for synaptic plasticity. These slices exhibited an impairment in maintaining L-LTP induced by theta
burst stimulation (TBS), showing a decline back to baseline levels approximately 140 minutes after
the initial stimulation. Importantly, LTD remained unaffected by the glial p75 receptor deletion,
indicating a specific deficit in the mechanisms underlying L-LTP maintenance. This selective
synaptic deficit translated directly into an impairment in long-term recognition memory in vivo. When
tested using the NOR task within a Y-arena, the p75-flox mice displayed no deficit in memory at the
1-hour time point following the sample phase, indicating intact STM. However, a significant memory
impairment was observed at the 24-hour time point, confirming a defect in LTM consolidation.
Crucially, the researchers successfully rescued the behavioural phenotype by re-expressing the p75
receptor specifically in cortical astrocytes using a lentiviral vector, establishing the causal role of
astrocytic p75-mediated BDNF recycling in LTM maintenance. In fact, when cortical astrocytes are
depleted form p75 receptor, astrocytic proBDNF internalization as well as TrkB phosphorylation in
neighbouring neurons are impaired. However, neither TrkB phosphorylation nor the late phase LTP
are directly regulated by proBDNF itself, but instead by its processing inside the astrocytes. It is
known that cortical layer II/III astrocytes show a highly branched arborization and fine membrane
extensions in the cell periphery'®’. The intricate ramifications of astrocytes allow them to tightly

enwrap the synaptic terminals at organized microdomains'8%18%-190

, and proBDNF is specifically
internalized in these small peri-synaptic regions'”!.

Once internalized, astrocytic microdomains coordinate the recycling process. The proBDNF
undergoes proteolytic cleavage and accumulate as both BDNFpro and mBDNF. These two
components are then stored in the same vesicles and subsequently secreted back into the synaptic

cleft for synaptic re-use via vesicle-associated membrane protein 3 (VAMP3), a key soluble N-

ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE) protein that is
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abundant in astrocytes'®?. Glial cells are reported to lack de novo proBDNF synthesis under
physiological conditions'®?, strongly suggesting that the BDNFpro and mBDNF detected in these
cells originate solely from the proBDNF that was previously endocytosed and cleaved. This inactive-
to-active processing of the pro-neurotrophin significantly increases mBDNF availability, thereby
exceeding the transient, activity-dependent neurotrophin secretion provided by neurons. The
BDNFpro exhibits a fundamental and independent role in this recycling mechanism, acting as an
activator of TrkB/SorCS2 aggregation by targeting post-synaptic spines'®*. This facilitates TrkB
translocation at post-synaptic regions, which is crucial for both synaptic tagging and LTP
maintenance'®”. In this manner, an overall increase of both TrkB receptors and mBDNF can be
observed at the level of activated synapses, ultimately amplifying the activated TrkB molecular
cascade. Thus, astrocytic BDNFpro recruits TrkB expression on adjacent spines, ensuring tight
temporal, spatial, and stimulus-dependent TrkB phosphorylation.

Recently, Losi, Vignoli and colleagues provided an additional and fundamental layer of complexity
to the BDNF recycling system actuated by astrocytes. They demonstrated that spontaneous
fluctuations of intracellular Ca** within astrocytic microdomains represent functional signals critical
for the release of both mBDNF and BDNFpro'®S.

The researchers investigated Ca** signal dynamics in astrocytes from the PRC layer II/III by injecting
adeno-associated viral vectors for the transduction of the cytosolic Ca*" indicator GCaMP6f and the
reporter tdTomato. Ca** dynamics were studied both at rest and in response to TBS. This imaging
revealed spontaneous and stochastic Ca*>" signals that were independent of neuronal activity. These
signals exhibited a period of synchronization that coincided with TBS delivery before returning to
basal activity. Importantly, these Ca®" transients were demonstrated to be critical for LTP
stabilization.

To prove this causality, the researchers employed a chemogenetic approach for silencing Ca**-
microdomains. In this model, wild-type mice were injected with a viral vector (AAV5/2-GFAP-

hM3D(Gq)-mCherry) that transduces the Gg-coupled receptor specifically in astrocytes. This allowed
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for the selective activation of astrocytes by clozapine-N-oxide (CNO). CNO administration induced
a biphasic response: an initial, transient increase of astrocytic intracellular Ca** levels, followed by a
prolonged period of silencing. This biphasic pattern suggests that the subsequent inhibition of
astrocytic Ca" signaling results from the depletion of intracellular Ca** stores!®’. Crucially, the use
of this model allowed them to selectively impair spontaneous Ca>" transients after the TBS delivery,
while successfully sparing both the spontaneous activity before TBS and the evoked Ca®" response to
TBS.

Behaviourally, the impact of perturbing spontaneous Ca*" dynamics on LTM was assessed using the
NOR task. Ca?" dynamics in in vivo cortical astrocytes transduced with AAV-hM3Dq are suppressed
within 10 minutes of intraperitoneal CNO administration and remain inhibited for at least one hour'"’.
When CNO was administered 30 minutes before the sample phase, mice displayed a significant
reduction in the discrimination index at the 24-hour retention interval. This specific time window is
critical, as administration immediately before the sample phase (t = 0) or 24 hours after the sample
phase had no effect on LTM, thus strongly supporting the essential role of spontaneous astrocytic
Ca”' transients in the post-encoding consolidation phase of memory engrams. In summation, these
findings position the astrocytic Ca®" signaling machinery as a crucial regulator: a sustained, stochastic
source of gliotransmitter release that is dynamically integrated with thousands of synaptic circuits to
tailor memory engram consolidation to specific cortical states and behavioural contexts.

The astrocytic control over BDNF release adds a crucial, yet complex, layer to the engram
consolidation system, requiring a high degree of spatial and temporal resolution to fully understand
how BDNF-TrkB signaling is coordinated across distinct cellular compartments and memory phases.
Therefore, the final introductory chapter details the development and utility of OptoTrkB, a cutting-
edge optogenetic tool that we propose to utilize for the unprecedented, high-fidelity analysis of TrkB

activity during memory consolidation.
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1.5 - The OptoTrkB molecule

Until recent times, studies investigating TrkB signaling have largely relied on conventional genetic
approaches (e.g., genetically mutated models!%%19%:141:200.201.202) " the yse of specific agonist and
inhibitors'7®2%, and truncated forms of TrkB>*. Generally, these methodologies suffer from inherent
limitations: they cannot be regulated or targeted to specific circuits or subcellular compartments, nor
can they be activated or deactivated within restricted, physiologically relevant time frames. This lack
of spatiotemporal precision makes it particularly challenging to dissect the BDNF-TrkB signalling
events that underlie rapid, local processes such as synaptic plasticity and engram consolidation.

The emergence of optogenetics has provided a powerful alternative, utilizing light to precisely control
cellular activities. This field has seen the development of numerous genetically encoded
photoactivable channels and signaling proteins that have been successfully employed to study diverse

cellular functions?®

3, including synaptic transmission®°%2°7-2% However, optogenetic tools capable of
directly inducing or manipulating intrinsic synaptic plasticity mechanisms, especially those involving
complex receptor tyrosine kinases like TrkB, remain relatively rare?’®2!°, This gap highlights the need
for a targeted optogenetic approach to finally disentangle the spatial and temporal requirements of
BDNF activity during memory formation.

In 2020, Huang and colleagues described the first optical tool to control the TrkB signalling,
OptoTrkB?!!, allowing for an unprecedented spatiotemporal control of this molecular pathway, even

non-invasively in the mouse brain?!,

213. an extracellular domain

The endogenous TrkB receptor consists of three principal components
that function as the neurotrophin binding site, a transmembrane domain, and an intracellular catalytic
domain (a tyrosine kinase). Ligand binding normally induces the dimerization of two TrkB
monomers, thereby activating the intracellular kinase domain through trans-autophosphorylation.

Crucially, the OptoTrkB construct used in this work was specifically engineered to lack the native

extracellular domain. This modification, coupled with improvements to increase its sensitivity to
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light, provides a significant advantage by ensuring very low basal activity in the absence of light and
completely decoupling its activation from endogenous BDNF concentration.

The genetic sequence has been designed to be incorporated in AAV (~4.9 kb limit). The expressed
protein prevents its activation by endogenous ligands since only the cytoplasmic domain of TrkB
(cytTrkB; aa 454-821) is present. A myristoylation sequence (Lyn signal peptide) is added at the N-
terminus of cytTrkB to promote its localization to the plasma membrane, and a Cry2PHR domain is
conjugated to the end of cytTrkB. The photolyase homology region (PHR) domain of cryptochrome
2 protein from Arabidopsis thaliana is one of the most widely used phototropins found in optogenetic

214,215,216,217,218, and it is

modules, which induce or inhibit molecular functions in mammalian cells
activated specifically by blue light (430 to 490nm)*!"®. The group developed a Cry2PHR mutant,
Cry2PHR(E281A), by structure prediction and showed that it exhibits reduced basal activity
(spontaneous activity without light stimulation) upon linking to the target protein??°. The OptoTrkB
molecule is also equipped with a hemagglutinin-tag (HA) sequence to the C-terminus to facilitate its
detection.

The utility of OptoTrkB is further enhanced by the precision of its delivery and operation. Regional
specificity of OptoTrkB expression is controlled by site-specific viral vector injection and the use of
cell-type-specific promoters, while temporal control is dictated by the precise regulation of the light
source. By employing different light emission patterns, it is possible to activate downstream
molecular cascades in a transient or more sustained way, even through the intact skull and fur of an
in vivo mouse model?!%?2!, This unprecedented spatiotemporal control is what allows us to precisely

dissect the BDNF-TrkB signaling requirements during the discrete phases of memory engram

consolidation.
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AIMS OF THE THESIS

2.1 - Background

The transformation of fleeting experiences into stable, enduring knowledge - the very essence of
learning - is critically dependent on memory consolidation. This post-encoding neurobiological
process is the cornerstone of long-term memory formation, taking temporary, labile memory traces
and reinforcing them into stable, enduring forms. Failures in consolidation underpin the cognitive
deficits observed in numerous neurological and neurodegenerative disorders, emphasizing its
fundamental importance to brain function and behaviour.

One of the most important molecular players implied in this process is BDNF and its high-affinity
receptor, TrkB. TrkB signaling is a potent initiator of the structural and functional plasticity required
to stabilize neuronal ensembles, or engrams, that physically represent the consolidated memory.
Understanding how the precise timing and location of TrkB activation govern engram stability is
crucial for unlocking the mechanisms of robust memory formation.

Despite the established importance of the BDNF-TrkB pathway, research into its real-time, functional
contribution to consolidation in vivo faces significant hurdles. Traditional pharmacological and
genetic approaches often lack the spatiotemporal precision required to definitively link a brief
signaling event to a long-term behavioural outcome. To overcome these limitations, a methodology
is required that can impose on-demand, precise temporal control over TrkB signaling specifically
within identified engram circuits. This precise control is the essential prerequisite for dissecting the
causal role of the BDNF-TrkB pathway in memory consolidation and translating these findings into

therapeutic strategies.

2.2 - Objectives
To address the limitations in achieving spatiotemporal control over the BDNF-TrkB signaling
pathway and to definitively test its causal role in long-term memory consolidation, we employed the

innovative optogenetic tool, OptoTrkB. This light-inducible receptor allows for the non-invasive,
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temporally precise activation of TrkB specifically within designated neuronal populations. The
research presented in this doctoral thesis is structured around the following specific objectives:

- To validate the system of OptoTrkB activation in vitro by demonstrating acute, light-
dependent phosphorylation (activation) of TrkB downstream signaling cascades (e.g.,
ERK1/2, CREB) in excitatory neurons following external blue-light delivery.

- To establish causal efficacy of OptoTrkB in LTP and memory consolidation rescue
experiments. To determine if precise, on-demand TrkB signaling is sufficient to stabilize a
fragile memory trace, we took advantage of several LTP and LTM-impaired mice models,
and applied precise temporal OptoTrkB activation during critical post-encoding window

required for memory stabilization.

- To causally determine the role of engram-specific consolidation in LTM maintenance by
achieving selective rescue of an impaired long-term object recognition memory. We
accomplished this through the targeted optogenetic manipulation of the BDNF/TrkB signaling
axis exclusively within the perirhinal cortex engram neurons associated with a single, specific
object memory, thereby bypassing astrocytic BDNF recycling deficiency and advancing the

translational potential of this technology.
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RESULTS

3.1 - Validation of OptoTrkB function in cortical neuronal culture

The central aim of this study required a tool capable of precise spatiotemporal control over TrkB
signaling. Before proceeding to in vivo memory experiments, we first validated the light-dependent
function of the OptoTrkB system in cultured neurons. Specifically, we assessed whether blue light
delivery could efficiently activate the canonical TrkB downstream signaling cascade. For this
validation, the OptoTrkB plasmid (pAAV-CaMK?2a(0.4)-Opto-cytTrkB(E281A)-HA) was obtained
from Addgene. The purified DNA was extracted using an EndoFree Plasmid Maxi kit, and its
concentration and purity were verified using a Nanodrop spectrophotometer. The plasmid, encoding
the CaMKIIa-OptoTrkB-HA construct, was then delivered to primary cortical neuronal cultures via

nucleofection.

To induce OptoTrkB activity, we adapted a light-pulse pattern previously described by Huang and
colleagues®!'! to achieve transient phosphorylation of downstream molecules. This pattern consisted
of 470-nm light pulses delivered at 5-s intervals for 10 min, using a 200-ms pulse duration at
9.7 W/ecm?. This light-pulse was delivered to specific regions of the cultures by using a Digital Light
Processor (DLP) (Figure 3.a). The delivery was sufficient to induce phosphorylation of ERK1/2 and
CREB in neurons located within the illuminated regions (Figure 3.b). Image analysis of fluorescence
intensity was performed on fixed cultures, confirming that illuminated neurons showed significantly
increased levels of ERK1/2 and CREB phosphorylation compared to control neurons (either kept in
the dark or located immediately outside the illuminated area). The timing of this phosphorylation
events are highly dependent on the experimental model and the specific stimulus applied. However,
it is well-established that ERK1/2 phosphorylation is typically observed very quickly following
receptor activation. This activation is transient, often peaking about 1-15 minutes after stimulus??? 3
224 On the other side, CREB phosphorylation usually follows a more sustained time course, often

displaying a first transient activation at 30 minutes and peaking hours later®*>.
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OptoTrkB signaling faithfully displayed this canonical temporal pattern: the initial phosphorylation
of ERK1/2 peaked sharply at 10 minutes post-illumination, with a sparse signal visible in both the
soma and nucleus. This was followed by a temporally shifted and predominantly nuclear
phosphorylation of CREB peaking at 30 minutes after blue light delivery. In both cases, the signal of
phosphorylated molecules decayed significantly with time (i.e., after 90 minutes post-illumination).
To confirm the light-specificity of the activation, control neurons transfected with OptoTrkB and
illuminated with green light pulses 546-nm showed minimal activation, with only a slight increase in
signaling compared to the dark control condition (Figure 3.c). Taken together, these in vitro
characterizations confirm that the OptoTrkB system functions as a tightly controlled, light-activated
TrkB mimic that successfully recapitulates the canonical, biologically relevant temporal signaling
dynamics of BDNF activation, making it a robust tool for our subsequent ex vivo and in vivo

investigation of memory consolidation.
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Figure 3. Light-activable OptoTrkB induces downstream molecules phosphorylation

a) Schematic diagram of the experimental procedures. b) LSC images (60x) of OptoTrkB-HA
expressing neurons immunostained for phosphorylated ERK1/2 or CREB not exposed to light (- Light)
or illuminated by DLP (+ Light). Scale bar: 10um. c) The bar-plots show mean fluorescent intensity
of pERK1/2 and pCREB, plotted against time interval between illumination and time of PFA fixation.
Coverslips from “No light” condition were kept in dark during the experiment and fixed without
exposing neurons to any source of light. *p < 0.05, **p < 0.01, ***p < 0.001 (one way ANOVA with
Tukey s multiple comparison test). (Number of neurons analysed in pERK1/2 plot, from left to right:
n=19n=14,n=19,n =11, n = 17. Number of neurons analysed in pCREB plot, from left to right:

n=9n=7,n=9n=15n=1I).
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3.2 - Restoring L-LTP in p75-flox mice using OptoTrkB

The successful in vitro validation of OptoTrkB as a precise “light-controlled TrkB” molecule prepared
the groundwork for its application in addressing specific functional deficits ex vivo. As described in
the introduction, LTP is the primary cellular model for examining the synaptic mechanisms
underlying learning and memory. Field excitatory postsynaptic potential (fEPSP) recordings were

used to investigate the stability of this synaptic transmission.

Our laboratory previously reported that astrocytic p75N™® is essential for long-lasting LTP (L-LTP)
maintenance in brain slices from the PRC'®. Normally, the application of TBS in wild-type (WT) or
control slices induces a significant increase in fEPSP amplitude and slope that remains potentiated
above baseline for the entire recording duration (e.g., 3 hours). Critically, however, TBS application
in PRC slices from p75-flox mice results only in short-term potentiation (S-LTP), with the typical L-
LTP being compromised; the electrical signals of the postsynaptic neurons reverse back to a basal

state after TBS delivery.

This established deficit is caused by a failure in BDNF-TrkB signaling, normally critical for
converting S-LTP into L-LTP. We therefore hypothesized that artificially bypassing the p75NTR-
mediated BDNF recycling mechanism by directly activating TrkB molecular cascade with OptoTrkB

would be sufficient to rescue the L-LTP deficit in p75-flox slices.

In order to obtain the necessary high cellular specificity and expression of OptoTrkB in living
animals, the adeno-associated viral vector AAV9-CaMKIla-Opto-cytTrkB(E281A)-HA was
produced by our collaborators. The combined tropism of the AAV9 capsid and the use of the CaMKlIIa
promoter ensured the precise regional expression of OptoTrkB specifically in CaMKIla-positive
excitatory neurons. We injected this vector into the perirhinal cortices of 3-month-old p75NTR-flox
mice. After a 1-week recovery period, mice were treated with tamoxifen for 5 consecutive days to
induce Cre recombination and achieve reliable depletion of astrocytic p75N'R. We then waited an

additional 3 weeks to allow for optimal vector expression and complete p75 receptor depletion in the
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treated mice (Figure 4.a). Subsequently, we observed the effects of glial p75NR deletion on LTP in
cortical slices from p75-flox mice transduced with OptoTrkB and compared them to control slices
(from WT mice injected with AAV9-CaMKIla-tdTomato). LTP was induced applying TBS (100 Hz;
four sets of stimulations delivered 15 s apart, each one consisting of ten bursts of five pulses at 100
Hz with inter-burst intervals of 150ms) in layer II/III of perirhinal cortices. LTP induction and

maintenance were analysed for up to 180 min after stimulus.

Although direct light stimulation of OptoTrkB in acute brain slices had not been previously described,
we leveraged protocols established for in vivo manipulation. Specifically, Hong and Heo
demonstrated that a single 30-second exposure of blue light (473nm) delivered via an optic fiber was

sufficient to activate ERK1/2 phosphorylation in the mouse brain?!?

. Moreover, Lilja and colleagues
employed a similar pattern (30 second of continuous blue light at 488nm and 0,5mW/mm? power)
delivered through an external LED source on mice with transparent skull surgery; this stimulation
was sufficient to activate CREB phosphorylation specifically in CaMKIla-positive pyramidal neurons

of the visual cortex®?!

. We selected this latter 30-second continuous light-stimulation protocol to
activate OptoTrkB by directly illuminating the PRC in brain slices with a focused laser, aiming for

maximal TrkB activation to test rescue hypothesis.

The electrophysiological recordings confirmed our hypothesis: illuminated brain slices from p75-flox
mice transduced with OptoTrkB displayed normal L-LTP stability, mirroring the sustained
potentiation observed in illuminated brain slices from WT control mice expressing tdTomato. In
contrast, p75-flox brain slices that were not exposed to blue light illumination displayed only a S-
LTP, with the fEPSP signal decaying and returning to baseline conditions after approximately 120-
140 minutes (figure 4.b). These findings conclusively demonstrate that the L-LTP maintenance deficit
caused by a disrupted astrocytic BDNF-recycling can be fully rescued by the light-mediated and

ligand-independent activation of neuronal TrkB signaling.
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To provide molecular validation for these -electrophysiological results, we performed
immunohistochemical analysis to evaluate the expression levels of pCREB in perirhinal neurons as

an index of successful OptoTrkB activation in the PRC layer II/II1.

Brain slices exposed to illumination or electrical stimulation were fixed in PFA 4% at different time
points. Slices from the following conditions: “light only”, “TBS only” and “TBS + light” were fixed
30 minutes after stimulus delivery, while slices from the “no light” condition were kept in the dark
and used as the basal control. Slices from the long-term condition, “TBS + light (3h)”, were fixed
after the full 3-hour LTP recording period. The fluorescent signal of pCREB was colocalized with
NeuN, confirming that the analysis was restricted to mature neurons (Figure 4.c). Brain slices from
transfected p75-flox mice kept in the dark were used as the control and reference for calculating the

fold change difference among different conditions (Figure 4.d)

Image analysis revealed that illuminated neurons in the infected PRC area expressed pCREB at a
significantly higher intensity than neurons kept in the dark, and these levels were similar to the
pCREB levels observed in neurons that received TBS alone. Importantly, a plateau of pCREB
expression seems to be reached in these conditions, as the combination of light and TBS stimulation
in the same slice displayed the same maximal activation levels as the "only light" and "only TBS"
conditions. Finally, pCREB levels in the illuminated and stimulated slices showed a natural decay
after three hours (“TBS + light (3h)” condition), demonstrating that the transient activity of this

molecular pattern diminishes in periods far from the electrical or optical stimulation.

The experiments presented in this chapter confirm that the L-LTP maintenance deficit following
p75NTR deletion is attributable to a lack of sufficient TrkB activation. The ability of OptoTrkB to
rescue L-LTP and induce a canonical molecular activation pattern (via pCREB) provides a robust
foundation for our ultimate goal: to utilize this tool in vivo to temporally dissect the role of BDNF-

TrkB signaling in memory consolidation.
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Figure 4. OptoTrkB activation rescues LTP deficit in p75-flox mice

a) A schematic diagram shows the experimental paradigm used for virus injection and tamoxifen
treatment in p75-flox mice. The AAV9-CaMKlIla-OptoTrkB vector was stereotaxically injected in PRC
at day 0. Tamoxifen was administered for 5 consecutive days (day 7 to day 12) to induce p75"™®
deletion in astrocytes. Electrophysiological recording was performed 28 days post injection (dpinj).
b) The plot depicts the fEPSP amplitude, normalized to baseline, elicited in PRC slices. The graph
shows the average fEPSP amplitude before (0-20 min) and after (20-180 min) TBS and the eventual
illumination. Data are presented as mean £ SEM. Illuminated p75-flox-AAV-OptoTrkB slices (blue
dots) showed maintenance comparable to WT controls (expressing tdTomato, red dots), while non-

illuminated p75-flox-AAV-OptoTrkB slices exhibited only S-LTP and decayed back to baseline
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(unpaired t test, ns p > 0,05, **p < 0,01). WI-tdlomato, n = 8 slices, 4 mice, p75-flox-OptoTrkB
“illuminated”, n = 8 slices, 6 mice, p75-flox-OptoTrkB “NON illuminated”, n = 5 slices, 5 mice. ¢)
LSC images (20x) of PRC slices depicting pCREB (green) and NeuN (white) expression, with a focus
on the p75-flox-OptoTrkB “no light” control and “light only” conditions. pCREB/NeuN
colocalization (red signal) serves as an index of successful OptoTrkB activation. Scale bar: 50um.
d) The bar-plot quantifies the pCREB and NeuN colocalization signal, expressed as Fold-Change
(FC) relative to the p75-floxOptoTrkB “no light” control condition. Data show a strong increase in
PCREB upon optical or electrical stimulation, which returns to baseline after 3h. Data are mean +
SEM (3 slices for each condition analysed). Statistics: *p < 0.05, **p < 0.01, ***p < 0.001, ns p >

0.05 (one-way ANOVA with Tukey's multiple comparison test).
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3.3 - Home-cage Novel Object Recognition (hcNOR) test

The NOR test is a standard behavioural assay used to evaluate non-spatial memory of object identity,
a function critically dependent on the integrity of the PRC for both encoding and maintenance??® 227,
Typically, this test is performed within a dedicated testing arena (e.g., a square box or Y-maze) into
which mice are introduced and habituated over several days prior to the object familiarization and
test phases. This standard protocol, however, involves that the animals associate the object identity
learning with the specific context of the arena. The required habituation and subsequent testing in this
distinct environment engage an extended network of brain regions, including the sensory cortices and
thalamus for filtering sensory information, and the hippocampus and amygdala for processing the
emotional and contextual salience of the novel setting. Consequently, the resulting memory trace, or
engram, is likely expansive, comprising neurons activated not only by the objects but also those
encoding the contextual cues of the arena®?®. To restrict the population of encoding neurons primarily
to those associated with the objects and thereby diminish the confounding contribution of the context,

we designed a novel variant of the NOR test carried out directly within the mice's home cage

(hcNOR).

For the hcNOR protocol, mice were singly housed (one mouse per cage) for a minimum of seven
days prior to testing. This single housing condition was implemented to both facilitate unambiguous
tracking of individual exploration behaviour during the test phases and eliminate potential variance
or distraction arising from social interaction. During the sample phase, two identical, geometrically
simple objects were introduced into opposite corners of the home cage (Figure 5.a). Object
exploration time was recorded and quantified using a camera positioned directly above the cage.
Objects were removed after a standardized five-minute exploration period. For the subsequent test
phase, one of the familiar objects was substituted with a novel object. To preclude a priori "intrinsic"
preferences, all objects used were carefully matched for physical properties, including shape, texture,

and overall dimensions (Figure 5.b). A critical feature of the hcNOR method is that mouse

44



manipulation is entirely avoided between phases, and contextual pre-habituation is rendered

unnecessary, as the test is performed directly within the animal's stable, familiar home environment.

Figure 5. hcNOR protocol and stimuli matching

a) Overhead view of a mouse home cage during the sample phase of the hcNOR protocol. Two
identical, geometrically simple objects are placed in opposite corners of the bedding area. b) Example
objects used for the task, matched for shape, texture, and overall dimensions to control for intrinsic

preferences (e.g., small puzzle cube, nail polish bottle, and salt shaker).
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The functional integrity and specificity of the hcNOR method were assessed by testing wild-type
C57BL/6J mice. These control experiments were essential to confirm that animals housed and tested
under these conditions exhibit intact, canonical novel object recognition memory, providing a
necessary baseline for comparison with experimental groups. To further characterize the memory
retention profile supported by the hcNOR protocol and establish the time course of memory
consolidation and natural decline, separate cohorts of WT mice were tested at four distinct retention
intervals: 24 hours, 7, 10 and 14 days following the sample phase (figure 6.a). This approach aligns
with the established understanding that long-term object recognition memory naturally undergoes a
gradual decline over time. WT mice tested at 24 hours and 7 days following the sample phase
successfully retained the object recognition memory, exhibiting a significantly positive and
comparable Discrimination Index (p > 0.05). By 10 days post-sampling, a decline in the DI was
evident although not significative, indicating a partial impairment or natural attenuation of the
memory trace within this cohort. Furthermore, the cohort tested at 14 days demonstrated a complete
loss of recognition memory, with the mean DI failing to reach statistical significance above the chance
level (DI = 0, Figure 6.b). These results establish that the retention window for object recognition
memory under the hcNOR protocol is reliably maintained up to 7 days and is substantially diminished

by 14 days.
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Figure 6. Memory retention profile using the home-cage Novel Object Recognition (hcNOR) test

a) Schematic of the hcNOR behavioural paradigm and engram dynamics. Wild-type (WT) mice
underwent the sample phase (learning phase) by exploring two identical familiar objects (green
circles) placed in the home cage. Memory recall was assessed in separate cohorts at 24 hours, 7 days,
10 days, and 14 days after the sample phase. During the test phase (memory recall), one familiar
object was replaced with a novel object (e.g., yellow square or light blue pentagon). The lower panel
schematically illustrates the proposed underlying neuronal dynamics in the PRC (Layer II/IIl) across
the phases: Engram Encoding (formation of object-specific ensemble), Consolidation (strengthening
of connectivity), and Recall/Re-activation (successful memory retrieval) or Extinction/Loss (failure
of engram re-activation). b) Discrimination Index across Retention intervals. The dot plot shows the
mean Discrimination Index + SEM for WT mice plotted against the time interval between the sample
phase and test phases. Statistics: One-way ANOVA with Tukey's multiple comparison post-hoc test.
Significant memory retention (DI > () was observed at 24 hours, 7 days, and 10 days. The memory
trace was significantly diminished by 14 days. Specifically, ***p < 0.001 for the comparison of 14
days vs. 24 hours. Cohort sizes: n = 10 mice (24h), n = 5 mice (7d), n = 5 mice (10d), n = 10 mice

(14d).
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In summary, the hcNOR paradigm represents a reliable and valid alternative to the classical NOR
test. This method successfully supported canonical object recognition memory in WT mice, yielding
a memory retention profile (up to 7 days) that is comparable to that established in conventional arenas.
Crucially, the hcNOR protocol eliminates the confounding variables associated with handling stress
and the formation of an arena-specific contextual engram. By avoiding animal manipulation and pre-
test habituation to a novel environment, this method ensures a more specific and robust evaluation of
object recognition memory, thereby establishing a highly sensitive and validated platform for
studying the underlying neuronal mechanisms of engram formation and consolidation in subsequent

experiments.
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3.4 - Impaired astrocytic BDNF recycling selectively abolishes LTM: validation of the

context-minimized hcNOR paradigm

As detailed in the introduction, the astrocytic recycling mechanism of proBDNF exerts a fundamental
influence on the consolidation of long-term object recognition memory. Our previous laboratory
findings have demonstrated that impairment of this mechanism at several key steps leads to a loss of
LTM, while STM remains intact, when tested via the classical NOR paradigm. These disruptive
manipulations include: (I) genetic ablation of the astrocytic proBDNF internalization receptor (p75-
flox mice'?”), and (II) pharmacologically disrupting the vesicular release of mBDNF and BDNF
propeptide through the use of the DREADD hM3Dq system!?®. Given the reported LTM deficits in
these models tested under conventional conditions, we hypothesized that the hcNOR paradigm, which
minimizes contextual encoding, would similarly reveal the phenotypic LTM impairment across these
established mouse models, thereby validating the hcNOR system for subsequent mechanistic

investigation.

To investigate the behavioural phenotype associated with the astrocytic p75™'® depletion, three-
month-old p75-flox mice were treated with tamoxifen for five consecutive days. A two-week period
followed the final dose to ensure the complete and widespread deletion of astrocytic p75™'}. During
this period, all mice were singly housed in preparation for the hcNOR test. Following the p75N™®
depletion, mice were subjected to the hcNOR paradigm, with memory assessed at three retention

intervals: 1 hour (to evaluate STM), 4 hours and 24 hours (to assess LTM) post-sample phase (Figure

7.).

Consistent with their intact STM, p75-flox mice exhibited a significantly positive Discrimination
Index at the 1-hour retention interval, demonstrating a strong preference for the novel object.
However, by the 4-hour retention interval and continuing to 24 hours post-learning, p75-flox mice
were unable to discriminate between the familiar and novel objects (DI = 0). Consequently, the

Discrimination Index recorded at both the 4-hour and 24-hour time points was significantly lower
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compared to the 1-hour DI (p < 0.01, Figure 7.b). These results validate that the p75-flox model
displays a rapid transition from intact STM to LTM failure when tested using the context-minimized

hcNOR.

To test the effect of acute pharmacological disruption of astrocytic release, three-month-old WT mice
received stereotaxic injection of AAV5-GFAP-hM3Dq. A minimum of four weeks was allowed post-
injection to ensure robust, astrocyte-specific expression driven by the GFAP promoter. Throughout
this period, mice were singly housed in preparation for the hcNOR test. On the test day, five minutes
prior to the sample phase, hM3Dg-expressing mice received an intraperitoneal injection of CNO. The
CNO activates the htM3Dq DREADD, leading to the depletion of intracellular Ca*" within astrocytic
microdomains, thereby preventing the Ca?’-dependent vesicular release of mBDNF and BDNF
propeptide. Mice were then subjected to the hcNOR paradigm, with memory assessed at two retention

intervals: 1 hour (STM evaluation) and 24 hours (LTM evaluation) post-sample phase (Figure 7.c).

Consistent with their intact STM, the CNO-treated WT-hM3Dq mice exhibited a significantly
positive Discrimination Index at the 1-hour retention interval, demonstrating a robust preference for
the novel object. However, at the 24 hours post-learning, mice were unable to discriminate between
the familiar and novel objects (DI = 0). Consequently, the Discrimination Index recorded at 24-hour
time points was significantly lower compared to the 1-hour DI (p < 0.001, Figure 7.d). These data
further confirm that acute astrocytic disruption of BDNF release results in a specific failure of LTM

consolidation, a phenotype which is reliably captured by the hcNOR paradigm.
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Figure 7. Validation of the hcNOR paradigm in mouse models of impaired astrocytic BDNF
recycling

a) Experimental design and mechanism for p75-flox mice, schematic illustrating the genetic deletion
of astrocytic p75N™® (which mediates proBDNF internalization). Three-month-old p75-flox mice were
treated with Tamoxifen (5 days), leading to GLAST-CreER-mediated deletion of p75"™® in astrocytes.
Fourteen days post-tamoxifen treatment (dptx), mice were subjected to the hcNOR test, with memory
retention assessed at 1 hour (STM), 4 hours, and 24 hours (LTM) post-sample phase. The left panel
shows the resulting impairment of proBDNF uptake and recycling by the astrocyte. b) Short-Term
and Long-Term Memory deficits in p75-flox mice. The dot plot shows the mean Discrimination Index
+ SEM for p75-flox mice at different retention intervals. While STM was intact (DI > 0 at 1h), LTM
was significantly impaired at both 4h and 24h. Statistics: One-way ANOVA with Tukeys multiple
comparison post-hoc test. DI at 4h and 24h were significantly lower compared to the 1h DI (**p <
0.01 vs. 1h DI). Cohort sizes: n = 5 mice (1h); n = 4 mice (4h); n = 5 mice (24h). ¢) Experimental
design and mechanism for WT-AAV-GFAP-hM3Dq mice. Schematic illustrating the acute
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pharmacological depletion of astrocytic Ca** via DREADD hM3Dq activation. WT mice received
stereotaxic injections of AAV-GFAP-hM3Dgq to achieve astrocyte-specific expression. Twenty-eight
days post-injection (dpi), mice were injected with CNO 5 minutes before the sample phase to activate
the DREADD. This activation sequesters intracellular Ca’”, preventing the Ca’*-dependent vesicular
release of mBDNF and BDNF propeptide. Memory was assessed at 1 hour (STM) and 24 hours
(LTM). d) LTM deficit in WI-AAV-GFAP-hM3Dq mice. The dot plot shows the mean Discrimination
Index + SEM for CNO-treated WT-AAV-GFAP-hM3Dq mice. STM was intact (DI > 0 at 1h), but LTM
was impaired. Statistics: Paired t-test comparing the 1h and 24h retention intervals. The DI at 24h
was significantly lower than the DI at 1h (***p < 0.001). Cohort sizes: n = 7 mice (1h); n = 15 mice

(24h).

The successful recapitulation of the known LTM deficits in both p75-flox and AAV-GFAP-hM3Dq
mouse models using the novel hcNOR paradigm validates this context-minimized method as a robust
platform for studying the underlying neuronal mechanisms of recognition memory consolidation. Our
data confirm that disrupting the astrocytic BDNF recycling axis rapidly and specifically abolishes
LTM. Having demonstrated that the LTM loss stems from impaired astrocytic signaling to the post-
synaptic compartment, the subsequent chapter focuses on directly restoring the TrkB signaling
cascade. We will employ an innovative, non-invasive chemiluminescent approach, utilizing the
luciferase-luciferin interaction within astrocytes to drive the activation of OptoTrkB in post-synaptic
neurons, thereby simulating the astrocytic release of BDNF to restore LTM in these impaired mouse

models.
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3.5 - Bioluminescent Optogenetic for non-invasive OptoTrkB activation

The phenomenon of bioluminescence, involving the catalytic activity of enzymes such as luciferase
to emit light upon the oxidation of specific substrates (e.g., luciferin), has been broadly utilized in
vitro and in vivo to non-invasively activate light-gated ion channels and pumps in excitable cells*%.
This approach, termed Bioluminescent Optogenetics ("BL-OG"), represents a chemogenetic strategy
capable of driving optogenetic reactions deep within the brain?%2*!, Photosensory proteins that rely
on light-dependent dimerization or conformational changes can be activated by bioluminescence to

modulate diverse cellular processes, ranging from protein localization and regulation of intracellular

signaling pathways to gene transcription.

We sought to leverage BL-OG to achieve non-invasive, targeted activation of OptoTrkB in post-
synaptic neurons. To mechanistically recapitulate the physiological function of astrocytes,
specifically the peri-synaptic storage and subsequent Ca?"-dependent release of endocytic vesicles
containing mBDNF and its pro-peptide, which activate post-synaptic TrkB, we engineered astrocytes

to express a luciferase-releasing vesicle system.

To achieve this, we utilized the following AAV vector construct, provided by our collaborators:
AAV5-GFAP-hPOMC1-26-sbGLuc-P2A-dTomato. This construct is designed to ensure astrocyte-
specific expression (via the GFAP promoter) of the following components: (I) sbGLuc, a highly
optimized, blue light-emitting Gaussia luciferase variant engineered to resist low pH*22332%; and
(I) a vesicle-targeting sequence derived from the human pro-opiomelanocortin pro-peptide
(hPOMC.26)**32%, which directs the sbGLuc cargo into astrocytic endocytic vesicles. The entire
coding sequence is linked via a self-cleaving P2A sequence to a reporter gene, tdTomato, enabling

identification of transduced astrocytes.

To facilitate tracking of the specific genetic tools used in the bioluminescent optogenetic experiments,

the constructs are summarized in Table 1.
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Viral Vector Target Promoter | Vector key functions
AAV9-CaMKIIa-Opto- CaMKIla (excitatory

OptoTrkB (photosensitive TrkB variant)
cytTrkB(E281A)-HA neurons)
AAV5-GFAP-hPOMC1-26-sbGLuc- sbGLuc (blue light-emitting luciferase)

GFAP (astrocyte-specific)

P2A-dTomato hPOMC1-26 (vesicular targeting sequence)

hSyn-sbGLuc (The luminal end of synaptobrevin/VAMP2 expose the
AAVS5-GFAP-Synb-sbGLuc GFAP (astrocyte-specific) luciferase to the cleft with activity driven vesicle fusion to

the astrocytic membrane, but without releasing it)

hM3Dq (deplete intracellular Ca*" from astrocytic microdomains,
AAVS5-GFAP-hM3Dq GFAP (astrocyte-specific)

blocking vesicular release)

Table 1. List of viral vectors used and their key functions

To test the efficacy of the Bioluminescent Optogenetic (BL-OG) system in rescuing memory
consolidation deficits, we employed the p75-flox mouse model. Three-month-old p75-flox mice

received bilateral stereotaxic injections into the PRC layer II/III of two distinct viral vectors:

AAV5-GFAP-hPOMC.26-sbGLuc-P2A-dTomato (to express the vesicle-targeted luciferase in
astrocytes) and AAV9-CaMKIIa-Opto-cytTrkB(E281A)-HA (to express the photosensitive TrkB
variant in excitatory neurons). One week following vector injection, mice were treated with
Tamoxifen for five consecutive days to induce astrocytic p75N"™® depletion. A minimum of four weeks
post-injection was allowed for viral expression and Cre-recombination to complete (figure 8.a). Mice
were then subjected to the first hcNOR test (Trial 1). Immediately following the 5-minute sample
phase, mice received an intraperitoneal injection of Coelenterazine (CTZ), a BBB-permeable
substrate for sbGLuc?}” 23® (Figure 8.b). The activation of OptoTrkB by the resultant bioluminescence

was expected to drive LTM consolidation.

To confirm that the rescue was dependent on the CTZ-induced light signal, the same cohort of mice
underwent a second hcNOR test (Trial 2) one week after Trial 1, using two novel objects. In Trial 2,
the post-sample treatment consisted of a vehicle injection (saline) instead of CTZ. Finally, to assess
the durability and physiological decay of the rescued memory, a subset of the Trial 1 cohort was tested

at 14 days post-first learning (Figure 8.b).
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The p75-flox mice that received the CTZ injection immediately following the Trial 1 learning phase
displayed a significant rescue of LTM, exhibiting a positive Discrimination Index at the 24-hour
retention interval, successfully overcoming the characteristic LTM impairment observed in this
model. In contrast, during Trial 2, when the same mice were subjected to the vehicle injection after
learning, they were unable to discriminate between the familiar and novel objects at 24 hours post-
second learning. The DI for this group was statistically indistinguishable from zero, recapitulating the
typical LTM failure phenotype of the p75-flox model, also indicating that the OptoTrkB activation in
Trial 1 was not affecting subsequent learning events. When tested for remote memory retention at 14
days post-first learning, the rescued memory trace exhibited a physiological decay, with the mice
showing a loss of recognition memory (DI = 0). These results collectively demonstrate that the BL-
OG system efficiently and acutely rescues the LTM consolidation deficit by activating OptoTrkB, and

that the resulting memory follows a normal decay profile (Figure 8.c).
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Figure 8. Bioluminescent activation of OptoTrkB rescues LTM in p75-flox mice with a

Pphysiological decay kinetic

a) BL-OG vector strategy and experimental timeline. Schematic illustration of the molecular strategy

and general timeline. Astrocytes in the PRC of p75-flox mice were transduced with the vector AAV-
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GFAP-hPOMC-sbGLuc and excitatory neurons were transduced with the vector AAV-CaMKlla-
OptoTrkB. p75"™R deletion was induced by Tamoxifen. The mechanism shows Coelenterazine (CTZ)
activating the astrocytic luciferase, which emits light to activate post-synaptic OptoTrkB, mimicking
endogenous BDNF signaling. The test begins 28 days post-injection (dpi) b) Multi-trial hcNOR
paradigm and engram dynamics. Trial 1 (Engram 1, Rescue): mice learned Object set-1 (green
circles). Immediately post-learning, they received CTZ injection to activate OptoTrkB and induce
consolidation. Memory was tested 24 hours later. Trial 2 (Engram 2, Control): seven days later, the
same mice learned Object set-2 (red triangles) but received a vehicle (saline) injection, serving as an
intra-animal, non-rescued control. Memory was tested 24 hours later. Remote Memory: A subset of
mice from Trial 1 was tested 14 days after the initial learning of Engram 1. The lower panel illustrates
the hypothesized engram dynamics: successful consolidation and re-activation for Engram [
(rescued) and consolidation failure for Engram 2 (non-rescued). At 14 days, the Engram 1
connectivity is weakened and the memory trace is not recalled. ¢) Discrimination Index for rescued
and non-rescued engrams. The dot plot shows the mean Discrimination Index + SEM. LTM
consolidation was successfully rescued in Engram 1 (24h DI > (), while the non-rescued Engram 2
failed to consolidate (24h DI = (). Furthermore, the rescued memory in Engram [ exhibited
physiological decay, with the DI at 14 days post-learning being near 0. Statistics: One-way ANOVA
with Tukey s multiple comparison post-hoc test. The 24h DI for Engram I was significantly higher
than both the 14d DI for Engram 1 and the 24h DI for Engram 2 (*p < 0.05). Cohort Sizes: Engram
1 (24h rescue): n = 10 mice; Engram 1 (14d remote): n = 5 mice; Engram 2 (24h non-rescued): n =

7 mice.
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In summary, the non-invasive, acute activation of post-synaptic OptoTrkB via the astrocytic BL-OG
system proved highly efficient in stabilizing the consolidation phase of Engram 1, resulting in a robust
memory trace that nonetheless followed a physiological decay timeline. These results demonstrate
that the BL-OG system is a potent and precise chemiluminescent tool capable of functionally
mimicking the BDNF recycling and release mechanism carried out by astrocytes, thereby allowing

for the selective study of consolidation dynamics.

3.6 - Necessity of vesicular release for BL-OG rescue

Effective LTM consolidation requires the tight temporal, spatial, and stimulus-dependent processing
and release of glial mBDNF and its pro-peptide onto adjacent neurons, leading to post-synaptic TrkB
phosphorylation. Prior results using WT mice expressing GFAP-hM3Dq demonstrated that the
stochastic astrocytic vesicular release of endocytic vesicles containing mBDNF and pro-peptide is

essential for physiological engram consolidation.

To directly test whether the vesicular release of the luciferase is necessary for memory consolidation,
we designed a triple-vector experiment. We combined the p75-flox model's deficiency with the

hM3Dq release-blocking mechanism:

1. Express vesicular luciferase: AAVS5-GFAP-hPOMC-sbGLuc to load luciferase into astrocytic

vesicles.

2. Express photosensitive receptor: AAV9-CaMKIIa-OptoTrkB to express the receptor in excitatory

neurons.
3. Block vesicular release: AAV5-GFAP-hM3Dq to sequester astrocytic Ca>* upon CNO treatment.

Three-month-old p75-flox mice received bilateral stereotaxic injections of all three vectors into the

PRC. Tamoxifen treatment followed one week later to induce the p75~™R depletion (Figure 9.a). After
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four weeks post-injection for expression and recombination, mice were subjected to the hcNOR test,

consisting of two trials one week apart (Figure 9.b).

Trial 1 (Blocked Release): Mice were treated with CNO (5 minutes pre-sample phase) to acutely
deplete astrocytic Ca®" stores and block vesicular release of all contents, including sbGLuc.
Immediately after the learning phase, the CTZ substrate was administered intraperitoneally. LTM

recall was assessed 24 hours later.

Trial 2 (Restored Release): Seven days later, the same mice underwent a second hcNOR trial using
new objects. In this trial, a saline vehicle was administered instead of CNO, thereby allowing the
sbGLuc-filled vesicles to be released during learning-induced synaptic activity, functionally restoring

the BL-OG rescue mechanism.

When tested for LTM 24 hours after Trial 1 (Blocked Release), mice that received CNO treatment
showed no ability to discriminate between the familiar and novel objects (Engram 1, DI = 0). This
crucial finding confirms that even with the OptoTrkB receptor and luciferase substrate present, the
physical blockade of astrocytic vesicular release, which prevents the sbGLuc from reaching the
synaptic cleft, ablates the memory rescue effect. However, when the same cohort of mice underwent
the second learning trial (Trial 2, Restored Release) one week later, with the confounding CNO
administration omitted (vehicle treatment), they were able to discriminate the novel and familiar
objects at the 24-hour retention interval. The DI for this rescued memory (Engram 2) was significantly
positive and comparable to the rescue previously observed in the p75-flox model (Figure 8.c).
Collectively, these data provide direct and compelling evidence that the astrocytic vesicular release
of sbGLuc is a mandatory requirement for the activation of the post-synaptic OptoTrkB, thereby
functionally confirming that the BL-OG system precisely mimics the physiological secretion and

signaling pathway of astrocytic BDNF recycling (Figure 9.c).
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Figure 9. Chemogenetic inhibition of Ca** dependent vesicular release prevents memory

consolidation rescue

a) Triple-vector strategy and timeline. Schematic showing the combined genetic approach in p75-flox
mice. Mice received stereotaxic injections of three AAVs: effector (CaMKlla-OptoTrkB), generator
(GFAP-luciferase), and inhibitor (GFAP-hM3Dgq) into the PRC. Tamoxifen treatment followed to
deplete p75N™R. Testing started 28 days post-injection (dpi). b) BL-OG paradigm with vesicular
release modulation. Trial 1 (Engram I, Blocked Release): 5 minutes before learning Object Set-1,
mice received CNO to activate hM3Dq, leading to Ca’" depletion and the inhibition of vesicular
release (including the sbGLuc luciferase). CTZ was administered immediately after learning. LTM
recall was tested 24 hours later, showing failed consolidation. Trial 2 (Engram 2, Restored Release):
seven days later, the same mice learned Object Set-2. CNO was replaced with saline vehicle, allowing
sbGLuc release and catalysis at the synaptic cleft upon CTZ injection and subsequent OptoTrkB
activation, leading to consolidation. LTM recall was tested 24 hours later. ¢) Vesicular secretion is

required for LTM rescue. The dot plot shows the mean Discrimination Index = SEM for the two
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memory engrams. In the CNO + CTZ condition (Engram 1, Blocked Release), the DI was = 0. In the
CTZ only condition (Engram 2, Restored Release), the DI was significantly positive, indicating
successful LTM rescue. Statistics: The two conditions (CNO + CTZ vs. CTZ only) were compared
using a Paired t-test (as the same animals served as both experimental and control trials). The DI in
the CTZ only condition was significantly higher than the DI in the CNO + CTZ condition (*p < 0.05).
Cohort Sizes: n = 7 mice were tested in both the CNO + CTZ condition (Engram 1) and the CTZ only

condition (Engram 2).
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To provide definitive corroboration that the physical vesicular targeting of the luciferase is mandatory
for the BL-OG-mediated memory rescue, we conducted an additional control trial. Here, we used a
synaptobrevin-gated luciferase construct that utilizes an expose-retreat strategy. In this case, the

2239

luciferase is linked to the luminal end of synaptobrevin/VAMP2-”, allowing the exposure of the

enzyme to the cleft, without releasing it.

Three-month-old p75-flox mice received stereotaxic injections of AAVS5-GFAP-Synb-sbGLuc,
alongside the AAV9-CaMKIla-OptoTrkB vector. After Tamoxifen treatment and the standard four-
week expression period, these mice were subjected to the hcNOR test. Immediately following the
sample phase, mice received the standard CTZ injection. LTM recall was assessed 24 hours later

(Figure 10.a).

When tested for LTM 24 hours after learning CTZ administration, this cohort displayed a complete
failure of memory consolidation. The mice were unable to discriminate between the familiar and
novel objects (DI = 0) (Figure 10.b). This finding definitively confirms that the mere presence of the
luciferase enzyme within the astrocyte, and the subsequent generation of bioluminescent light upon
CTZ administration, is insufficient to activate the post-synaptic OptoTrkB receptor. Instead, the
results robustly establish that the specific packaging and localized, perisynaptic release of the
luciferase into the synaptic cleft, as a surrogate for endogenous mBDNF and pro-peptide release, is a

critical prerequisite for successful LTM consolidation.
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Figure 10. Requirement of luciferase secretion for OptoTrkB activation and LTM consolidation

a) Experimental paradigm with non-releasable luciferase. Schematic illustrating the double-
component strategy to confirm the necessity of localized luciferase release. p75-flox mice were
injected with effector vector (CaMKlIla-OptoTrkB) and a modified generator vector (GFAP-Synb-
sbGLuc). In this construct, the Synaptobrevin (Synb) targeting sequence directs the luciferase to
vesicles but renders them non-releasable from the astrocyte. Tamoxifen treatment and a 28-day post-
injection (dpi) period followed. The experiment involved two trials: one treated with CTZ and one
with external illumination (positive control). b) Non-releasable luciferase fails to rescue LTM
consolidation. The dot plot shows the mean Discrimination Index £ SEM at the 24-hour retention
interval for two separate conditions. CTZ condition (internal light failure): Mice treated with the CTZ
substrate (which activates the non-releasable luciferase) failed to consolidate LTM, exhibiting a DI
=~ (. This demonstrates that non-releasable luciferase is ineffective at activating the post-synaptic
OptoTrkB. External illumination condition (positive control): mice were subjected to external blue
light illumination instead of CTZ. Mice treated this way successfully rescued LTM, showing a
significantly positive DI. Statistics: the two conditions (CTZ vs. External illumination) were compared
using a Paired t-test (as the same animals served as both experimental and control trials). The DI in
the CTZ only condition was significantly lower than the DI in the External illumination condition

(**p < 0.01). Cohort Sizes: n = 4 mice were tested in both the CTZ and External light condition.
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The Bioluminescent Optogenetic (BL-OG) system proved to be an extremely powerful and precise
tool capable of functionally substituting for the endogenous astrocytic BDNF recycling pathway,
successfully rescuing LTM consolidation in genetically impaired mouse models. This non-invasive
chemical-genetic approach offers unprecedented control over the molecular machinery necessary for
memory stabilization. However, the current BL-OG strategy presents significant practical limitations:
namely, the uncontrolled pharmacokinetics of the CTZ substrate compromises the precise temporal
window of TrkB activation, and, crucially, the system is incompatible with engram-specific
consolidation rescue. Given that the ultimate goal is to achieve engram-specific control over
consolidation, restoring stability only to the neurons that encode the specific memory, a mechanism
allowing for precise spatial and temporal light delivery is required. Therefore, the subsequent chapter
evaluates the utility of external, targeted optical illumination to activate OptoTrkB in a highly
localized, engram-specific manner, thereby overcoming the systemic constraints of the BL-OG

paradigm.
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3.7 - Non-invasive in-vivo OptoTrkB activation rescues memory consolidation in

impaired mouse models

In order to refine a system for non-invasive, engram specific activation of OptoTrkB in the PRC we

started exploring the possibility of delivery blue light as an external source.

The success of this strategy relied on a light-delivery method capable of activating OptoTrkB through
the intact skull and fur of a mouse head, a feasibility previously demonstrated by Hong and Heo?!?
and Lilja and colleagues®*!. To achieve this, we employed a custom-designed LED cage lid (Figure
11) configured to fit the standard home cage and deliver blue light from above. The light pattern was
carefully selected to ensure efficient OptoTrkB activation while maintaining animal welfare and

system stability. Based on established optogenetic protocols?!%22!

, we utilized a pulsed pattern of 488
nm blue LED light delivered for 1 second every 5 seconds, for a total duration of 30 minutes, at an
average power density of approximately ImW/mm? at the cage floor. This pattern ensures robust
photon delivery for OptoTrkB activation inside the PRC while preventing potential side effects such

as photo-toxicity, visual over-stimulation, or excessive thermal accumulation in the cage

environment.
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Figure 11. Custom designed LED cage lid for external optogenetic activation

a) The custom-built LED array lid, designed to fit a standard mouse home cage and deliver blue light
from above. The grid pattern ensures uniform light delivery across the cage floor. b) The LED lid
mounted on a mouse home cage, connected to a power source for controlled delivery of 488 nm blue

light to activate OptoTrkB through the intact skull.
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To assess the efficacy of the non-invasive illumination system, we tested its ability to rescue the LTM
consolidation deficit in the p75-flox mouse model. Three-month-old p75-flox mice received bilateral
stereotaxic injections of the OptoTrkB vector (AAV9-CaMKIIa-Opto-cytTrkB(E281A)-HA) into the
PRC. Following a one-week recovery, p75N® depletion was induced with five consecutive days of
tamoxifen treatment. Mice were then singly housed. After four weeks for optimal vector expression
and p75N™® deletion, mice were subjected to the hcNOR paradigm (figure 12.a). Immediately
following the 5-minute sample phase, the mice received the 30-minute patterned blue light pulse
delivered via the custom LED cage lid (Figure 12.b and c). The illuminated p75-flox mice displayed
a robust rescue of LTM, exhibiting a significantly positive Discrimination Index (DI > 0) at the 24-
hour retention interval (Figure 12.d, left column). To ensure the OptoTrkB activation effect was
circumscribed to the consolidation window and did not impact subsequent learning, the same cohort
of mice underwent a second hcNOR trial one week later using a new set of objects. In this control
trial, no illumination was applied post-sample phase. Consistent with the model's LTM deficit, mice
were unable to discriminate between the familiar and novel objects at 24 hours post-second learning.
This confirms that the initial OptoTrkB activation produced a memory-specific and transient effect,
which did not occlude subsequent learning or permanently alter synaptic function (Figure 12.d, right

column).

We further validated the non-invasive rescue in the model of acute pharmacological disruption of
astrocytic release. WT mice received bilateral PRC injections of both the OptoTrkB vector (AAV9-
CaMKIIa-Opto-cytTrkB-HA) and the astrocytic chemogenetic inhibitor vector (AAVS5-GFAP-
hM3Dq) (Figure 12.a). After a four-week expression period, mice were tested with the hcNOR
paradigm. On the test day, mice received an intraperitoneal injection of CNO five minutes prior to
the sample phase to inhibit Ca**-dependent astrocytic vesicular release, which is known to cause LTM
failure (Section 3.4). Immediately following the sample phase, the mice received the 30-minute

patterned blue light pulse (Figure 12.c). As observed in the p75-flox model, the CNO-treated WT-
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hM3Dq mice that received the post-learning blue light displayed a successful rescue of LTM (DI > 0
at 24 hours post-learning). In a subsequent non-illuminated control trial one week later (where mice
received CNO but no light), LTM rescue failed (DI = 0). These results demonstrate that the OptoTrkB
activation via non-invasive external light is potent enough to overcome the acute astrocytic deficit

caused by CNO and restore LTM consolidation (Figure 12.e).
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Figure 12. Non-invasive external optical illumination enables LTM consolidation rescue



a) Experimental timelines for OptoTrkB rescue in LTM deficit models. Top: p75-flox mice received
stereotaxic injection of AAV-CaMKIla-OptoTrkB into the PRC, followed by tamoxifen treatment for
p75NR deletion. Bottom: WT mice received stereotaxic injection of both AAV-GFAP-hM3Dq (to block
astrocyte vesicular release) and AAV-CaMKIla-OptoTrkB. hcNOR testing begins 28 days post-
injection (dpi). b) Non-invasive illumination system and pattern. Top: schematic of the 30-minute
pulsed blue light pattern (1s ON, 4s OFF) used for OptoTrkB activation. Bottom: Photograph of the
custom LED cage lid system delivering blue light to the mouse within its home cage. ¢) Multi-trial
hcNOR paradigm for LTM rescue and engram specificity. Trial 1 (Recall 1): mice (pre-treated with
CNO in the hM3Dq model) learn objects of Engram 1 (green circles). Immediately post-learning,
they receive 30 min of patterned blue light illumination. LTM is tested 24 hours later. Trial 2 (Recall
2): seven days later, the same mice learn objects of Engram 2 (red triangle) using a new set of novel
objects but receive no post-learning illumination. LTM is tested 24 hours later. The lower panel
illustrates the hypothesized outcome: successful Engram 1 consolidation (strengthened connectivity)
and Engram 2 consolidation failure (no strengthening). d) LTM rescue in p75-flox mice is light
dependent. The dot plot shows the mean Discrimination Index £ SEM. The DI at 24 hours post-
learning is significantly positive for Recall 1 (illuminated) but not for Recall 2 (not illuminated).
Statistic: Paired t-test (***p < 0.001). Cohort sizes: n = 15 mice for Recall 1, n = 12 mice for Recall
2. e) LTM rescue in WI-hM3Dq mice is light dependent. CNO-treated mice show a significantly
positive DI for Recall 1 (illuminated) compared to Recall 2 Data are mean Discrimination Index +

SEM. Statistic: Paired t-test (**p < 0.01). Cohort sizes: n = 6 for both recalls.

70



3.8 - Control experiments confirm specificity and physiology of OptoTrkB-mediated

LTM rescue

A critical test for the validity of the OptoTrkB rescue mechanism is to confirm that the restored LTM
trace follows the natural time-course of memory decay and is not pathologically stabilized. As
previously established (Section 3.3), object recognition memory acquired via the hcNOR paradigm
in WT mice typically undergoes a gradual, physiological decline, becoming undetectable by 14 days
post-learning. To assess the decay profile of the OptoTrkB-rescued memory, separate cohorts of p75-
flox mice expressing OptoTrkB were subjected to the hcNOR test and received the post-learning
patterned blue light illumination. Memory retention was then tested at four distinct retention intervals:
24 hours, 7 days, 10 days, and 14 days post-learning (Figure 13.a). Consistent with the natural
memory profile, the p75-flox mice successfully retained the rescued LTM up to 7 days post-
illumination, showing a strong Discrimination Index comparable to WT controls. Memory
performance began to decline by 10 days, and by 14 days post-learning the DI was significantly
reduced (DI = 0). These results conclusively demonstrate that while OptoTrkB activation is sufficient
for LTM restoration, the consolidated memory trace is not permanently fixed and follows a canonical,

transient physiological decay profile (Figure 13.b).
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Figure 13. OptoTrkB-rescued LTM follows canonical physiological decay kinetics

a) Experimental timeline for remote memory testing. p75-flox mice injected with AAV9-CaMKlla-
OptoTrkB underwent Tamoxifen treatment and were subjected to the hcNOR paradigm. The memory
trace was established by post-learning external light illumination (30 min patterned blue light).
Separate cohorts were then tested for memory recall at 24 hours, 7 days, 10 days, and 14 days post-
learning. b) Time-dependent decay of OptoTrkB-rescued LTM. The Discrimination Index (DI) shows
successful memory retention up to 7 days, with a significant decline evident by 10 days (*p < 0,05 vs
24h DI) and complete loss of recognition memory by 14 days (***p < 0.001 vs 24h DI). Data are
mean DI + SEM. Statistics: One-way ANOVA with Tukey s multiple comparison post-hoc test. Cohort

sizes: n = 17 mice (24h), n = 4 mice (7d), n = 3 mice (10d), n = 9 mice (14d).
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To conclusively demonstrate that the observed LTM rescue is specifically mediated by the light-
activated OptoTrkB construct and not by non-specific effects of the illumination, we conducted two

essential control experiments:

1. Optogenetic Specificity Control (Non-Functional Vector): we tested whether the light pulse itself,
when delivered to p75-flox mice, could rescue LTM without the functional OptoTrkB receptor. p75-
flox mice were injected with a control vector expressing the fluorescent reporter tdTomato (AAV9-
CaMKIla-tdTomato) in excitatory neurons, instead of OptoTrkB. Following tamoxifen treatment and
the hcNOR sample phase, these mice received the standard 30-minute blue light illumination. As
expected, this cohort exhibited the characteristic LTM failure (DI = 0) at the 24-hour retention interval
(Figure 14.a). This finding serves as a definitive negative control, confirming that the LTM rescue is
dependent specifically on the presence and activation of the OptoTrkB construct and not on any non-

specific effects of the light (e.g., photo-thermal or visual artifacts).

2. Physiological perturbation control (intact BDNF-TrkB pathway): we investigated whether the
activation of OptoTrkB could artificially enhance or interfere with memory consolidation when the
endogenous astrocytic BDNF recycling pathway was intact. WT mice were injected with AAV9-
CaMKlIIa-OptoTrkB. After the hcNOR sample phase, these WT mice also received the standard blue
light illumination. The WT mice displayed a robust and significantly positive DI at 24 hours,
statistically indistinguishable from unilluminated WT controls (Figure 14.b). This confirms that
activating OptoTrkB in excitatory neurons does not pathologically enhance or interfere with normal
memory consolidation. It establishes OptoTrkB as a substitute/rescue tool, designed to functionally

bypass a deficit, rather than a general memory enhancer.
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Figure 14. OptoTrkB activation is necessary to rescue LTM deficits but has no impact on normal

memory retention

a) LTM rescue requires the OptoTrkB construct. Schematic showing p75-flox mice injected with the
control vector AAV-CaMKlla-tdTomato and treated with Tamoxifen. The dot plot shows the
Discrimination Index at 24 hours post-learning following external illumination. p75-flox mice with
the non-functional control vector failed to consolidate LTM (DI = ()), confirming the rescue effect is
OptoTrkB-dependent. Data are mean DI + SEM (n = 6 mice). b) OptoTrkB activation does not alter
normal LTM in WT mice. Schematic showing WT mice injected with AAV9-CaMKIla-OptoTrkB. The
dot plot shows the DI at 24 hours post-learning following external illumination. WT mice exhibited
normal LTM retention (DI > 0) at 24h, demonstrating that OptoTrkB activation does not interfere
with or pathologically enhance the endogenous consolidation pathway. Data are mean DI + SEM (n

= 6 mice).
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3.9 - Temporal dissection of the consolidation critical window

The preceding results established that light-mediated OptoTrkB activation successfully rescues LTM
consolidation in astrocytic-impaired mouse models. However, the 30-minute post-learning
illumination used so far only demonstrates the sufficiency of the TrkB signal within the immediate
post-learning phase. A critical question in memory research is the precise temporal window during
which the BDNF-TrkB signal is necessary to convert a transient memory trace (STM) into a stable

engram (LTM).

Here, we leveraged the acute temporal precision of the external optical system to define the critical
consolidation period dependent on TrkB activation. We hypothesized that delaying the OptoTrkB

rescue signal beyond the natural consolidation window would lead to a failure of LTM formation.

SNTR and expressing OptoTrkB, were

To test this, singly housed p75-flox mice, depleted of p7
subjected to the hcNOR sample phase. The 30-minute patterned blue light pulse was then delivered

at five distinct time points, relative to the end of the sample phase, plus a non-illuminated control
group:

- Immediate (0 h): light pulse administered immediately (within 5 min) post-sample phase.

- Late delay (9, 13, 16, 18) h: Light pulse administered 9-, 13-, 16- or 18-hour post-sample phase.

LTM retention was assessed 24 hours after the sample phase for all cohorts (Figure 15.a).

Mice that received the OptoTrkB activation immediately (0 h) and even at the late time points of 9 h
and 13 h post-learning exhibited a robust rescue of LTM, with a significantly positive Discrimination
Index (DI > 0). This striking finding suggests that the molecular machinery necessary to support LTM
consolidation remains permissive for TrkB signaling for many hours following the initial encoding

event.
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However, delaying the OptoTrkB activation until 16 hours post-learning resulted in a complete failure
of LTM consolidation. The mean DI for this cohort was statistically comparable to the “Not
illuminated” group (DI = 0). Furthermore, by 18 hours post-learning, the rescue effect was completely

lost, with the DI returning to the baseline failure levels (Figure 15.b).
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Figure 15. Delayed OptoTrkB activation rescues LTM consolidation up to 13 hours post-learning

a) Experimental timeline for temporal dissection of TrkB-dependent consolidation. p75-flox mice
received stereotaxic injections of AAV9-CaMKlIla-OptoTrkB into the PRC, followed by Tamoxifen
treatment for p75N"® depletion. After 28 days post-injection (dpi), mice underwent the hcNOR sample
phase. The 30-minute patterned blue light illumination was delivered at various post-learning delays:
immediately (0 h), or at 9, 13, 16, or 18 hours. LTM retention was assessed 24 hours after the sample
phase. b) Discrimination Index reveals an extended TrkB-dependent consolidation window. The dot
plot shows mean DI = SEM at 24 hours post-learning for mice receiving illumination at different
delays, compared to a non-illuminated control. LTM consolidation was successfully rescued when
OptoTrkB was activated up to 13 hours post-learning (***p < 0.001 Oh vs. Not illuminated; *p <
0.05 9h vs. Not illuminated; **p < 0.01 13h vs. Not illuminated). However, by 16h and 18h, the rescue
effect was lost (ns p > 0,05 16- and 18-h vs. Not illuminated). Statistics: One-way ANOVA with Tukey s
multiple comparison post-hoc test. Cohort sizes: n = 5 mice (Not illuminated), n = 8 mice (0 h), n =

3 mice (9h), n = 11 mice (13h), n = 6 mice (16h), n = 5 mice (18h).
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These results challenge the conventional view of a narrow, early post-learning critical period for
TrkB-dependent consolidation. Instead, they define a remarkably extended consolidation window of
up to 13 hours during which a single optical TrkB activation is sufficient to rescue LTM formation in
the absence of astrocytic BDNF recycling mechanism. This suggests that the initial synaptic tag or
intermediate memory trace remains functional for a far longer period than previously appreciated,

serving as a substrate for late-onset TrkB rescue.

4. - Engram-specific activation of OptoTrkB rescues LTM consolidation impaired mice

The ultimate goal of this study was to achieve engram-specific control over consolidation, allowing
the stabilization of the LTM trace only within the specific neuronal ensemble that encoded the
memory. To accomplish this, we integrated the OptoTrkB system with the Targeted Recombination
in Active Population (TRAP) technique, which provides genetic access to neurons active during a

defined behavioural window.

We employed the cFos-TRAP2 mouse line?*’ (which utilizes a cFos promoter-driven iCre-ERT?2 and
a Cre-dependent tdTomato reporter allele) to permanently tag PRC neurons active during the hcNOR
sample phase. This approach allows for the indelible fluorescent labelling of the object-specific
engram by restricting Cre recombination to active neurons during the 4-Hydrotamoxifen (4-OHT)
administration window. To validate the specificity of this labelling under the context-minimized

hcNOR protocol, Fos-TRAP mice were divided into two cohorts:

1. Object-Trained cohort: Mice received an intraperitoneal injection of 4-OHT and were then
subjected to the hcNOR sample phase (5 minutes exploration of two objects) to activate the object-

encoding engram.

2. Handling-control cohort: Mice received the 4-OHT injection but were subjected to a control

procedure where the home cage lid was opened and closed, but no objects were introduced (5 minutes
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exploration of empty cage). This controlled for background neuronal activity triggered by handling,

4-OHT administration, and minimal environmental changes.

After 7 days (to allow proper tdTomato expression), brain slices were analysed for tdTomato
expression in the PRC (Figure 16.a). Quantification revealed a significantly higher density of
tdTomato-positive (TRAPped) neurons in the PRC of the Object-trained cohort compared to the
Handling-control cohort. This confirms that the hcNOR paradigm successfully induces a specific,
measurable cFos response within the PRC and that the cFos-TRAP system effectively and specifically

labels the neuronal ensemble (engram) responsible for object encoding.

The goal of this final experiment was to test whether the rescue of LTM consolidation could be
achieved by activating OptoTrkB exclusively in the subset of PRC neurons comprising the memory
engram, thereby overcoming a systemic memory impairment caused by astrocytic deficit. To achieve

this specific control, we utilized a triple-manipulation strategy in cFos-TRAP mice:

1. Impairment: AAV5-GFAP-hM3Dq was injected into the PRC to acutely block astrocytic BDNF

release upon CNO administration, inducing LTM failure.

2. Engram-specific receptor expression: AAV9-CaMKIla-DIO-Opto-cytTrkB(E281A)-HA was
injected. This DIO (Double-Inverted Open reading frame) construct ensures that OptoTrkB is
expressed only in excitatory neurons (CaMKIla promoter) that have undergone Cre recombination

(i.e., the engram neurons TRAPped by the cFos-CreERT2 system).

3. Engram TRAPping and rescue: Mice received 4-OHT (to TRAP the engram) and CNO (to impair
LTM) before the hcNOR sample phase. The OptoTrkB activation via external illumination was then

delivered later to rescue the specific engram (Figure 16.b).

Based on the temporal dissection results (Section 3.9), we utilized a 13-hour delay between the
learning phase and the external light illumination. This window ensured two critical criteria were met:

(I) it provided sufficient time for 4-OHT to be cleared and the TRAPping window to close, preventing
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non-specific labelling; and (II) it provided the required time for the Cre-driven OptoTrkB expression
to reach functional levels, while still being within the maximal 13-hour critical period permissive for

LTM rescue. LTM was assessed using a multi-trial paradigm (Figure 16.c):

- Trial 1 (Engram 1, rescue): mice received CNO and 4-OHT pre-learning, and were illuminated 13

hours post-learning.

- Trial 2 (Engram 2, control): one week later, the same mice learned a new engram (Engram 2) but

received CNO and 4-OHT without post-learning illumination.

- Remote memory: a subset was tested 14 days after Trial 1.

At 24 hours post-first learning (Engram 1), the illuminated mice were able to discriminate between
the familiar and novel objects, demonstrating a significantly positive Discrimination Index (DI > 0).
This crucial finding confirms that activating TrkB exclusively in the cFos-defined engram neurons is
sufficient to rescue LTM consolidation, when the underlying astrocytic BDNF recycling mechanism
is prevented. In contrast, the same cohort of mice failed to consolidate LTM for Engram 2 (Trial 2),
showing a DI statistically indistinguishable from zero (DI = 0). This confirms that the TrkB activation
effect was circumscribed and engram-specific, having no lasting impact on subsequent learning or
the ability of the same animal to form a new, but non-rescued engram one week later. Finally, the
rescued Engram 1 memory followed a normal physiological decay profile, with LTM failing by the

14-day remote memory test (Figure 16.d).
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Figure 16. Engram-specific activation of OptoTrkB rescues LTM consolidation

a) Validation of cFos-TRAP engram labelling in PRC. Confocal images of PRC layer II/III in cFos-
TRAP mice, immunostained for tdTomato (red, TRAPped neurons) and DAPI (blue, nuclei). Neurons
active during the hcNOR sample phase (Object-trained, right) show a significantly higher density of
tdTomato+ neurons compared to the No Learning (Handling-control, left) condition, confirming the

specificity of the engram labelling. b) Triple-manipulation experimental timeline. cFos-TRAP mice
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received bilateral PRC injections of the impairment vector (AAV5-GFAP-hM3Dq) and the engram-
specific rescue vector (AAV9-CaMKIla-DIO-OptoTrkB). hcNOR testing begins 28 days post-injection
(dpi). ¢) Multi-trial engram-specific rescue paradigm. Trial 1 (Engram 1, Rescue): CNO and 4-OHT
are administered pre-learning. LTM impairment is induced by CNO and the engram is TRAPped by
4-OHT. OptoTrkB is activated via illumination (30 minutes blue light pattern) 13 hours post-learning
to specifically rescue the TRAPped neurons. Trial 2 (Engram 2, Control): one week later, mice learn
a new engram with CNO/4-OHT but no illumination, serving as the non-rescued control. d) LTM
rescue is engram specific and follows a physiological decay. The dot plot shows the mean
Discrimination Index + SEM. Engram 1 (24h) showed successful LTM consolidation (*** p < 0.001
vs. Engram 2 (24 h) and Engram 1 (14 d). Engram 2 failed to consolidate (DI = (), demonstrating
the specificity of the rescue. Engram 1 also exhibited physiological decay by 14 days. Statistics: One-
way ANOVA with Tukey s multiple comparison post-hoc test. Cohort sizes: n = 13 mice (Engram 1

24h), n = 7 mice (Engram 1 14d), n = 10 mice (Engram 2 24h).

These results collectively provide the most direct evidence that the astrocytic BDNF-TrkB axis acts
to strengthen connectivity within the specific engram ensemble and that this cellular-level process is
both necessary and sufficient for the conversion of short-term object recognition memory into a stable

long-term trace.
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DISCUSSION

Memory consolidation is a multifaceted and highly coordinated process, involving a complex
interplay of synaptic tagging and capture, de novo protein synthesis, and various neuromodulatory
systems. Rather than suggesting that memory is "fundamentally dependent" on a single pathway in
an absolute sense, this work highlights the BDNF-TrkB signaling axis as a critical causal lever within
the Perirhinal Cortex (PRC). In our specific models of astrocytic recycling deficit, TrkB signaling
emerges as a limiting factor whose precise temporal activation is sufficient to drive the transition
from short-term to long-term memory. While these observations are currently focused on the
mnemonic processes of the PRC, we acknowledge that different brain regions may rely on distinct
molecular signatures and metabolic requirements for consolidation?*!**>, Rather than acting in
isolation, TrkB serves as a master regulator of the late-phase plasticity required to stabilize the
memory trace.

The investigation into the causal role of TrkB was made possible by the implementation of light-
sensitive Tropomyosin receptor kinase B (OptoTrkB). While the molecular foundation of OptoTrkB
was established over a decade ago®®, and subsequent variants have been applied in various in vivo
contexts, its utility in probing the temporal dynamics of memory consolidation has remained largely
unexplored. The novelty of the current work, therefore, lies not in the introduction of OptoTrkB as a
molecular concept, but in its strategic application as a tool for the manipulation of engram-specific
consolidation. By integrating OptoTrkB with TRAP-mediated genetic labelling and non-invasive
bioluminescent-optogenetic (BL-OG) stimulation, we have successfully moved beyond general
pathway activation to achieve a level of post-encoding control within defined neuronal ensembles

that was previously unattainable with systemic pharmacology or traditional optogenetic interventions.

Our findings establish that precise TrkB signaling is both necessary and sufficient to stabilize memory
traces when endogenous consolidation mechanisms are impaired. We first confirmed the functional

fidelity of the OptoTrkB system in vitro, where acute blue-light delivery successfully induced the
83



phosphorylation of critical downstream signaling cascades, specifically ERK1/2 and CREB.
Crucially, this activation followed a physiological pattern: a rapid, transient phosphorylation of
ERK1/2 followed by the delayed, prolonged activation of CREB, which is the signature required for
initiating gene expression and synaptic plasticity.

To determine the causal efficacy of OptoTrkB in a fragile memory state, we utilized a p75-flox mouse
model, which exhibits impaired long-term potentiation and memory due to a disruption in the
astrocytic recycling mechanism crucial for BDNF availability. This model highlights a critical
emerging concept: the essential non-neuronal contribution to sustained BDNF signaling that supports
engram stability. Using ex vivo slice preparations, we demonstrated that optical activation of
OptoTrkB immediately following tetanus stimulation rescued Long-lasting LTP (L-LTP). While
these results are robust, a rigorous interpretation requires us to consider the molecular specificity of
the rescue. Further validation, such as the use of a kinase-dead OptoTrkB variant or the
pharmacological blockade of TrkB during the light-delivery window, would provide definitive proof
that the observed rescue is mediated exclusively by the receptor’s catalytic activity. However, the
necessity of TrkB signaling for long-term object recognition memory is well-supported by literature.
Previous studies using pharmacological inhibition (e.g., K252a or ANA-12) or conditional genetic
deletion of BDNF/TrkB in the PRC have consistently shown that disrupting this axis selectively
impairs long-term, but not short-term, object memory***2*>. Furthermore, evidence suggests that
BDNF release and subsequent TrkB activation are required specifically during the post-encoding

consolidation window to stabilize the memory trace?*®

. Our work builds upon these established “loss-
of-function” findings by providing the critical “gain-of-function” counterpart, reinforcing the

centrality of this pathway as the essential molecular switch for engram consolidation.

Translating these findings to behaviour, we achieved the first effective rescue of impaired memory
consolidation in vivo. The adoption of a home-cage Novel Object Recognition (hcNOR) paradigm,

rather than the standard arena-based NOR, was a deliberate methodological choice aimed at isolating
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the molecular mechanisms of memory consolidation within a restricted neural circuit. Standard NOR
necessitates the formation of a complex, multi-modal engram in which an object identity is linked to
spatial context?*’. This engages a broad, distributed network including the PRC, the hippocampus,
the visual association area Te2, and various sensory cortices>*®. By conducting the task within the
animal’s familiar environment, we minimized “contextual contamination”, ensuring that the
behavioural readout and the TRAP-mediated labelling were primarily driven by object-associated
plasticity specifically within the PRC. However, the requirement for single housing to facilitate
automated tracking and eliminate social variance introduces a potential confounding factor that
warrants critical consideration. Social deprivation in male mice is well-documented to induce
psychological distress, often manifesting as increased anxiety-like behaviour in assays such as the
open field or elevated plus maze, and is frequently correlated with reduced endogenous BDNF

249

levels™. While social isolation is a significant factor, the home-cage environment simultaneously

mitigates the acute stress associated with a novel arena, which is a confound factor in standard NOR

protocols?%-3!

. Furthermore, evidence suggesting a detrimental impact specifically on NOR
performance in wild-type mice remains inconsistent, with recent studies showing social influence in
specific disease models but not in control groups®?. Nevertheless, we must acknowledge that
prolonged isolation may have established a unique “plasticity baseline” that potentially sensitized the
circuit to our OptoTrkB intervention. Future research could address this by comparing these findings
with results obtained in classical squared or Y-shaped arenas, albeit at the likely cost of reduced
engram specificity. A promising alternative to avoid the stressors of isolation would be the use of
female mice, which can be group-housed more safely than males. However, this approach introduces
its own technical complexities; specifically, the use of CNO for DREADD-based or p75-flox systems
must be carefully weighed against its potential interactions with estrogen receptor signaling and
subsequent behavioural effects.

A significant outcome of this study was the validation of a Bioluminescent Optogenetics (BL-OG)

technique aimed at restoring memory deficits caused by BDNF-recycling impairments. We
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successfully implemented a self-contained, non-invasive system by co-expressing OptoTrkB with a
genetically encoded bioluminescent light source (luciferase). This approach not only removes the
necessity for implanted optic fibers, marking a significant step toward translational applicability, but
also mechanistically reinforces the astrocytic hypothesis. We reinforced this hypothesis by showing
that if the astrocytic vesicular release of the luciferase was chemically inhibited, the rescue of
consolidation failed, underscoring the necessity of the astrocytic machinery for localized,
perisynaptic delivery of the TrkB activating signal. Our results provide two major mechanistic
insights into memory consolidation that fundamentally advance the field: (I) Causality in
consolidation, not just recall: unlike previous optogenetic approaches that forced artificial engram
reactivation to induce recall, the OptoTrkB system restores the functional consolidation itself. The
recovered LTM is a physiological memory trace that can be recalled days later without concomitant
light activation, definitively proving that TrkB signaling is one of the central signaling hub driving
consolidation. (II) Extended therapeutic window: we observed that the "therapeutic" window for
OptoTrkB activation extended remarkably, up to 13 hours post-encoding. This extended temporal
flexibility is likely explained by the sustained presence of the intermediate memory trace (the synaptic
tag) which remains receptive to late TrkB signaling, likely feeding into the prolonged activity of the
transcriptional activator CREB. This finding challenges the strictly time-limited view of
consolidation and suggests a protracted period during which gene-expression-dependent stabilization
mechanisms remain amenable to intervention, opening a substantially longer window for potential
pharmacological or optical therapies.

To achieve maximum cellular precision, we combined OptoTrkB with the cFos-TRAP line. In this
model, light delivery rescued only the memory linked to a specific, tagged engram. This demonstrates
the ability to act on the consolidation of a single memory without interfering with surrounding
neurons or subsequent memories, providing the strongest causal evidence to date that the astrocytic
BDNF/TrkB axis works to selectively strengthen the connectivity of the already active neuronal

ensemble, defining the cellular unit of memory stabilization.
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Finally, we must address the conceptual precision of the term "engram." While our TRAP-based
approach captures the ensemble active during encoding, the term "engram" must be applied with
rigorous distinction between a correlative ensemble and a functional substrate. In our systemic
experiments, where TrkB signaling was manipulated across broader populations of CaMKlIIa-positive
excitatory neurons, we likely observed a general modulation of cortical plasticity rather than a precise
“engram-specific” intervention. It is statistically certain that not all excitatory neurons expressing
OptoTrkB participate in the encoding of a specific object; rather, the engram is “nested” within this
larger activated population. Interestingly, these systemic findings demonstrate that the simultaneous
activation of OptoTrkB across a broad excitatory network does not degrade the signal-to-noise ratio
or the specificity of the memory trace, suggesting a degree of functional autonomy. By transitioning
from these systemic observations to engram-specific rescue, we provide robust causal evidence for a
functional engram. However, we propose that the engram likely extends beyond the cellular level;
the "synaptic engram", defined by specific synapses receiving stochastic proBDNF release, may

represent the ultimate unit of consolidation in PRC engrams.

In conclusion, this thesis presents a robust and comprehensively validated OptoTrkB system,
establishing one of the first effective in vivo optogenetic control over the TrkB signaling pathway to
causally manipulate memory engram consolidation. By precisely applying TrkB activation during the
post-encoding window, we have rescued LTM deficits in multiple impaired models, highlighted the
crucial role of the astrocytic-neuronal unit in maintaining TrkB availability, and demonstrated that
the therapeutic window for intervention is surprisingly long. The use of the BL-OG platform and the
successful demonstration of engram-specific rescue offer powerful new tools for both basic research
and translational application. Future work should focus on utilizing this precision tool to dissect the
role of TrkB signaling in specific brain sub-regions, offering a novel therapeutic avenue for

neurological and neurodegenerative conditions marked by cognitive decline.
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MATERIAL and METHODS

5.1 - Primary cell culture

All experiments were performed in accordance with the Italian Animal Welfare legislation (D.L.
26/2014) that was implemented by the European Committee Council Directive (2010/63 EEC) and

were approved by local veterinary authorities and the Italian Ministry of Health (3FAF3.N.1JY).

Primary neuronal cultures: cortices were isolated from C57BL6 mouse embryos at embryonic day 17
(E17). In brief, cortical tissues were collected and placed in ice-cold Hank's balanced salt solution
(HBSS) supplemented with 10 mM HEPES. Tissues were incubated with 0.25% trypsin-EDTA at
37°C for 20 min. Subsequently, trypsin was carefully aspirated, and the tissues were washed twice
with a phosphate-buffered saline (PBS) solution. 1 ml Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS) and penicillin-streptomycin 10000 U/ml (P/S) was added
to neutralize the trypsin. Cortical cells were gently dissociated using a P1000 pipette, collected by
centrifugation (1900 RPM for 5 min), and resuspended in DMEM supplemented with 10% FBS and
P/S. The cells were eventually transfected with 3pug of DNA using the Amaxa Nucleofector system
following the manufacturer's instructions. The transfected cells were plated on glass coverslips pre-
coated with poly-L-lysine (0.1 mg/ml) (200-000 cells per coverslip). 3 hours after plating, the medium
was replaced with Neurobasal supplemented with B-27, penicillin-streptomycin, and Glutamax. Half
of the culture media was refreshed every 3-4 days until DIV 11, when coverslips were used for the

experiments.
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5.2 - Constructs and viral vectors

The following AAVs plasmids and vectors were used:

Plasmid/Vector Source
pAAV-CamK?2a(0.4)-Opto-

Addgene #180589
cytTrkB(E281A)-HA
pAAV-Camk2a(0.4)-DIO-

Addgene #180588

Opto-cytTrkB(E281A)-HA

pAAV-Helper

Was a gift from Alessandra Denti (University of Trento, IT)

PAAV2/9 (rep/cap)

Addgene #112865

pAAV2/5 (rep/cap)

Addgene #104964

AAV9-CamK2a(0.4)-Opto-
cytTrkB(E281A)-HA

Was produced by the laboratory of Michele Simonato (Vita-
Salute San Raffaele University, Milan, IT)

AAV9-Camk?2a(0.4)-DIO-
Opto-cytTrkB(E281A)-HA

Was produced by the laboratory of Michele Simonato (Vita-
Salute San Raffaele University, Milan, IT)

AAVS5-GFAP-hM3D(Gq)-
mCherry (AAV-hM3Dq)

Was a gift from Bryan Roth (University of North Carolina-
Chapel Hill, USA), (Addgene plasmid # 50478 ;
http://n2t.net/addgene:50478 ; RRID:Addgene 50478)

AAV5-GFAP-tdTomato

Was a gift from Baljit Khakh (University of California, Los
Angeles, USA)

AAV5-GFAP-hPOMC1-26-
sbGLuc-P2A-dTomato

Was a gift from Ute Hochgeschwender (Neuroscience Program
and College of Medicine, Central Michigan University, Mt
Pleasant, USA)

AAVS5-GFAP-Synb-sbGLuc

Was a gift from Ute Hochgeschwender (Neuroscience Program
and College of Medicine, Central Michigan University, Mt
Pleasant, USA)

CamK2a(0.4)-Opto-cytTrkB(E281A)-HA DNA (used in Section 3.1) was purified and extracted
using an EndoFree Plasmid Maxi kit from Qiagen® (Cat. N°12362)

Viral titers were determined by qPCR.
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5.3 - Intracranial Viral Injection

For virus delivery, three-month-old mice were injected with the following volumes of AAV (1,5 ul in
volume for a single vector injection, 0,8 ul per vector for double vectors injection, 0,6 pl per vector
for triple vectors injection). Injections were performed in deeply anesthetized animals (with
isoflurane; 4% for the induction and 1.5% for maintenance) after drilling a hole (0.5 mm diameter)
into the skull above the perirhinal cortices (coordinates from Bregma: anteroposterior —2 mm,
mediolateral +4.2 mm, dorsoventral —2.8/—2.6 mm). Viral vectors were infused into the PRC of each
hemisphere by inserting a pulled glass capillary containing the viral vectors mix and connected to a
manual syringe pump or an automated syringe pump (Pump 11 Elite, Harvard Apparatus). After
injections, the skin was sutured and mice were revitalized under a heat lamp, returned to their cage

and housed in standard conditions until the day of the experiment.

5.4 - Experimental plan for DLP light stimulation experiments

A Digital Light Processor device (DLP) E4500 purchased from E.K.B Technologies Ltd. equipped
with 3 LEDs, optics, a WXGA DMD (Wide Extended Graphics Array Digital Micromirror Device),
and a driver board was integrated into the EPI-fluorescence port of SD microscope. The DLP's light
engine can generate approximately 150 lumens at 15 W of LED power consumption. Specifically, a
blue LED with a wavelength of 460 £+ 14 nm and a power output of 600 mW was utilized. The DMD
features 1039680 mirrors arranged in a diamond array configuration of 912 columns by 1140 rows,
enabling patterned illumination using preloaded and custom patterns. The system supports temporal
pulsing of light with internal and external triggers, with a minimum exposure time ranging from 235
us to 8333 us, depending on the bit depth of the projected image. It handles 1 to 8-bit images at a
resolution of 912 columns x 1140 rows, ensuring pixel accuracy where each pixel corresponds to a
micromirror on the DMD. The emitted light from the DLP system is aligned with the microscope’s

optical path via the system’s rear port. A dichroic mirror (Chroma T5051pxr-UF1) serves as a high-
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pass filter, reflecting wavelengths smaller than 505 nm. This setup enables simultaneous DLP

illumination and signal recording at longer wavelengths.

At DIV11 cortical neurons expressing OptoTrkB were placed under the microscope in a 35 mm dish
with a dark bottom containing HBSS supplemented with 2mM CaClI2 and 1mM MgCI2. Target
illumination regions were selected based on optimal cellular density and visual confirmation of

neuronal health.

Light excitations were conducted using the following pattern: 470-nm light pulses delivered at 5-s
intervals for 10 min, using a 200-ms pulse duration at 9.7 W/cm?. Following light stimulation,
coverslips were returned to the incubator in culture media and fixed with cold 4% paraformaldehyde
(PFA) for 20 min. Non-illuminated cultures were kept in the dark throughout the entire experimental

period.

5.5 - Immunostaining

Immunocytochemistry: Cultured cells were fixed in cold 4% para-formaldehyde (PFA) for 20 min
and washed with PBS. Cells were permeabilized with 0.1% Triton X-100 in PBS for 20 min and
blocked with 3% bovine serum albumin (BSA) in PBS for 60 min. Neurons were incubated with
primary antibodies diluted into 3% BSA at 4°C overnight. Following the incubation, cells were
washed multiple times with 3% BSA before incubating with secondary antibodies conjugated with
fluorophores for 2h at room temperature. Post-incubation, cells were washed with PBS,
counterstained with DAPI (Sigma-Aldrich,Cat#D9542) and mounted with Aqua Poly/mount

(Polysciences, Inc., Cat#18606). The primary antibody used and dilutions are listed below:

HA (Chicken, Abcam ab#9111, 1:1000), pERK1/2 (P-p44/42 MAPK) (Rabbit, Cell Signaling

Technology ab#91015, 1:500), pCREB (Rabbit, Santa Cruz Biotechnology ab#7978R, 1:200)
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Immunohistochemistry: Brain slices from electrophysiology experiments were fixed in 4% PFA for
1 h. Slices were treated with 0,5% Triton X-100 for 20 min, blocked with 3% Bovine Serum Albumin
(BSA) in Phosphate-buffered saline for 1 h, and incubated overnight free-floating with primary
antibodies diluted in blocking bufter. Slices were washed in Phosphate-buffered saline and incubated
for 2 h at room temperature with secondary antibodies diluted in a blocking buffer. Slices were
eventually counterstained with DAPI (Sigma-Aldrich, Cat#D9542) and mounted with Aqua
Poly/mount (Polysciences, Inc., Cat#18606). The primary antibody used and dilutions are listed

below:

NeuN (Mouse, Abcam ab#77315, 1:1000), pCREB (Rabbit, Santa Cruz Biotechnology ab#7978R,

1:200)

5.6 - Confocal microscopy for in-vitro images

The microscopy setup consists of a system purchased from Crisel Instruments Company, integrating
the X-Light V2 top-performance confocal spinning disk module and an integrated VCS (Video
Confocal Super-resolution) super-resolution module based on structured illumination microscopy.
The SIM module achieves a lateral resolution of 115 nm and an axial resolution of approximately 250
nm. The entire system is configured in an upright position. It incorporates 7 solid state LED sources
covering the spectrum from 395 nm to 640 nm, arranged in the Lumencore Spectra X LED-based
light engine. The imaging system is equipped with a Prime Back-side [lluminated (BSI) Scientific
CMOS camera with 2048x2048 pixels and a pixel area of 6.5umx6.5um. Three objectives are
integrated into the system: a dry long-working-distance 10x (LMPLFLN10XLWD, NA 0.25, WD
21mm), a water immersion 60x (LUMPLFLN60XW, NA 1, WD 2mm) and an oil 100X (UP
objectives UPLSAPO100XO, NA 1.4, WD 0.13 mm). The confocal setup includes spinning disks
with double pinhole patterns: one with 40 um holes, and another with 70 pm holes which can be

inserted in the path or kept aside.
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5.7 - Laser scanning Confocal Microscopy

Confocal imaging was performed using a laser-scanning motorized confocal system (Nikon Al)
equipped with an Eclipse Ti-E inverted microscope and four laser lines (405, 488, 561 and 638 nm).
Z-series images were taken with an inter-stack interval of 0.5 pm using a 60X oil immersion objective

(Nikon APO 60x 1.4).

Confocal imaging was performed using a laser-scanning motorized confocal system (Nikon Al)
equipped with an Eclipse Ti-E inverted microscope and four laser lines (405, 488, 561 and 638 nm).
For each type of quantification, laser intensities and camera settings were maintained identically
within the same experiment to allow comparison of different experimental groups and treatments.
Image processing were performed using the software NIS Element (Nikon). For the analysis of CREB
phosphorylation in ex vivo preparations, 3 regions of interest (ROIs) were acquired for each slice and
the percentage of pCREB and NeuN co-localization was calculated. Co-localization was quantified

calculating Mander’s overlap using the software NIS Element (Nikon).

5.8 - Quantitative image analysis

For each type of quantification, laser intensities and camera settings were maintained identical within
the same experiment to allow the comparison of different experimental groups and treatments. Image

processing was performed using the ImagelJ software or the NIS Element software (Nikon).

- Quantification of pERK1/2 and pCREB in vitro: Image processing was conducted using ImageJ
software. For the confocal image analysis, neurons were first classified based on their light
exposure: “illuminated” (exposed to light stimulation) or “non-illuminated” (maintained in the
dark throughout the experiment). Critically, the quantification was restricted exclusively to HA-
positive (HA+) neurons to ensure the analysis focused only on cells efficiently transfected and

expressing OptoTrkB. A circular area was drawn in order to cover the soma (for pERK1/2) or the
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nucleus (for pPCREB), maintaining the same radius for all the cells analysed. The mean pixel value
was calculated by the software.
- ex vivo: Colocalization of pCREB and NeuN signals was quantified by calculating Mander’s

overlap using the software NIS Element.

5.9 - Electrophysiological recording

Brain slices were prepared from p75-flox, control littermates, or wild-type mice (7-9 weeks old). The
brain was removed and placed in cold (5°C) oxygenated (95% O2 and 5% CO2) artificial
cerebrospinal fluid (ACSF) containing 124.0 mM NaCl, 4.4 mM KCI, 1 mM NaH2PO4, 2.5 mM
CaCl2, 1.3 mM MgCl2, 26.2 mM NaHCO3, 10 mM glucose, and 2 mM L-ascorbic acid (Sigma-
Aldrich). Horizontal cortex slices (300 mm thick) were prepared using a vibratome and maintained
in a chamber containing oxygenated ACSF at room temperature. After a minimum recovery period
of at least 1 hr, a single slice was transferred into a submersion recording chamber perfused (3
mL/min) with oxygenated ACSF at 32°C + 0.2°C and square current pulses (duration 0.2 ms) were
applied every 30 s (0.033 Hz) using a stimulus generator (WPI, stimulus isolator A360) connected
through a stimulus isolation unit to a concentric bipolar electrode (40—-80 KU, FHC) positioned in
layers II/III on the temporal side of the rhinal sulcus. Evoked extracellular fEPSPs were recorded
using an Axoclamp-2B amplifier (Axon Instruments) with ACSF-filled glass micropipette pulled on
a vertical puller (Narishige PC-10, resistance [<5 MU)]), inserted in layers II/IIT at around 500 mm
from the stimulation electrode, and analyzed using Axoscope 8.0 software (Axon Instruments).
Baseline responses were obtained every 30 s with a stimulus intensity adjusted to induce =50% of the
maximal synaptic response. After 20 min of stable baseline, LTP was evoked by TBS (100 Hz; four
sets of stimulations delivered 15 s apart, each one consisting of ten bursts of five pulses at 100 Hz
with inter-burst intervals of 150 ms). LTD was evoked by LFS of either 3,000 stimuli (10 min) or

1,950 stimuli (6.5 min) at 5 Hz. fEPSPs were plotted as amplitude and slope and we selected only
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those showing similar trend. Each point represents the responses every 30 s expressed as means =+

SEM.

6. - Animal models

All experiments were performed in accordance with the Italian Animal Welfare legislation (D.L.
26/2014) that was implemented by the European Committee Council Directive (2010/63 EEC) and

were approved by local veterinary authorities and the Italian Ministry of Health (3FAF3.73).

Wild type mice (C57 BL/6 RRID:IMSR JAX:000664) were obtained from Charles River
Laboratories. p75-flox mice were generated by crossing p75lox/lox mice with Glast::CreERT2 R26R
mice (RRID:IMSR JAX:012586; IMSR JAX:002192). Animals were housed in a 12 h light/dark
cycle with unrestricted access to food and water. In the behavioural experiments, only male mice were

used.

p75-flox mice and control littermates were treated with one milligram of tamoxifen (Sigma Aldrich)

dissolved in corn oil (Sigma Aldrich) twice a day for 5 consecutive days.

For “BL-OG” experiments, mice expressing Gaussia luciferase received a single intraperitoneal

injection of coelenterazine (CTZ).

Mice injected with AAV5-GFAP-hM3Dq received a single intraperitoneal injection of clozapine-N-

oxide (CNO) before the sample phase.

cFos-TRAP mice received a single intraperitoneal injection of 4-Hydrotamoxifen before the sample

phase.

To minimize potential variability associated with the estrous cycle, only male mice were used in this

study.
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6.1 - Home-cage Novel Object Recognition (hcNOR) test

For the hcNOR protocol, mice were singly housed (one mouse per cage) for a minimum of seven
days prior to testing. During the sample phase, two identical, geometrically simple objects were
introduced into opposite corners of the home cage, and mice were free to explore the objects for 5
minutes. To test STM or LTM the retention period between sample and test phases was changed
accordingly. For the test phase, one of the familiar objects was substituted with a novel object, and
exploration was allowed for 5 minutes. The objects were cleaned up with ethanol 70% between trials

to stop the build-up of olfactory cues.
The discrimination index (DI) was calculated as follows:

(time with novel location or object — time with familiar location or object)

DI =
(time with novel location or object + time with familiar location or object)

A video camera was mounted above the cage to record trials. The exploration time was the time during

which mice approached the objects with muzzles and paws.

6.2 - Light stimulation

ex-vivo: brain slices were illuminated using a focus laser emitting 30 second of continuous blue light

at 488nm and 0,5mW/mm? power registered at the surface of the slice-containing chamber.

in vivo: for external LED light stimulation of mice injected bilaterally with AAV9-OptoTrkB
(E281A), the blue light stimulation was applied atop the head with an intact skull and fur. A 488 nm
blue LED light pulse was given for one second every five seconds, for a total duration of 30 min, with

0,5mW/mm?. A custom-designed LED cage lid was used for this non-invasive light stimulation.
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6.3 - Statistical analysis

Sample sizes and statistical tests can be found in figure legends. Statistical analysis was carried out
using Graphpad Prism 9. Comparison between the two groups was assessed by the unpaired t test.
Comparison between two dependent groups was evaluated by the paired t test. We used one-way
ANOVA with Tukey’s multiple comparison post-hoc test (behavioural experiments) or Bonferroni’s
test (LTP experiments) for multiple comparisons. Data were excluded from the analysis following the

outlier analysis. The level of significance used was P < 0.05.
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