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Abstract

During learning tasks, specific neuronal populations are recruited and are
thought to be responsible for the physical storage of memories (Josselyn and
Tonegawa, 2020). However, each neuron has thousands of synaptic contacts
with its peers, and these synapses can adapt to the strength of incoming stimuli
individually and bidirectionally, playing a fundamental role in the plasticity
underlying the formation of long-term memories (Rogerson et al., 2014). Despite
this, knowledge of how individual synaptic contacts are involved in this process
is still limited.

To address this gap, our lab developed a method called SynActive (SA) to
label and manipulate potentiated dendritic spines, the postsynaptic elements of
excitatory synapses where most of plasticity occurs. This dual targeting strategy
exploits Untranslated Regions (UTRs) of the Arc mRNA and a short postsynaptic
Density (PSD)-binding synthetic peptide to allow activity-dependent expression
of any reporter protein at dendritic spines undergoing translation-dependent
potentiation, improving expression and retention of these proteins at the
postsynaptic density (Gobbo et al., 2017). In the first proof of principle application
of the SynActive experimental strategy, the expression of the SA reporter in the
mouse brain was achieved by a transgenic approach, via in utero electroporation
of embryos.

In order to facilitate the use of the Synactive strategy, the first objective of my
thesis was to develop a set of adeno-associated viral vectors (AAVS) directing
the expression of SA-based genetically encoded reporters. Using in vivo delivery
of SA-based reporters via AAV vectors, we aimed (i) to create a map of
potentiated synapses in the hippocampus induced by associative learning, and
(i) to analyze the proteomic signature of learning-induced synaptic potentiation.

To achieve the first goal, we used an SA-based vector encoding a shortened
version of PSD95, the most abundant scaffolding protein of the excitatory
postsynaptic density (Cheng et al., 2006), fused with a fluorescent protein, to
selectively detect the subset of potentiated spines among all dendritic spines.
Taking advantage of a Tet-ON inducible system (Sun et al., 2007), we temporally

confined the expression of the SA-construct to the formation of a contextual fear



memory (encoding). Then, by imaging the SA-positive dendritic spines, we
produced a database of the distribution and geometry of potentiated spines along
different branches of the dendritic tree. We found notable differences in their
distribution between discrete regions of the hippocampus and sections of the
same neuron.

Next, we constructed a SA-based proteomic bait, by tagging the full-length
PSD-95 protein fusing it to a FLAG epitope (Einhauer and Jungbauer, 2001) to
define the proteomic signature of dendritic spine potentiation. Exposure to
contextual fear conditioning triggered the expression of FLAGged PSD-95 at the
level of potentiated spines, thus demonstrating the validity of this tool for future
analysis of the PSD-95 interactome and analyzing changes in the proteic content
specific to potentiated synapses.

These findings offer insights into the distribution, geometry, and molecular
composition of potentiated dendritic spines, which are thought to play a crucial

role for learning and memory.



1. Introduction

1.1 Fear and memory: insights from the fear conditioning paradigm

«Life is all memory, except for the one present moment that goes by you so
quick you hardly catch it going». These are the words of Tennessee Williams in
AThe Mi | k Train Doesnot S and pghesél are ¢he
unavoidable dynamics of how we perceive reality and experience our world.
Whether you like it or not.

The rules of physics and biology dramatically reduce our possibilities to really
grab a moment, that is already in the past even before being processed as such.
But, at the same time, moments are the constitutive pieces of our life: our mind
clings to them uninterruptedly, every single minute of the day. A rapid and free
access to them is both sufficient and necessary for a human being aware of his
own story and, consequently, with a purpose, a future direction.

This is an explicit (or declarative) level of memory: a set of learned information
t hat we can consciously manipul ate
Explicit memory can be intimately connected with a specific experience, or i at
the opposite 1 totally independent of a given event, like the factual knowledge
about the world: Elden Tulving (1972) first traced this clear distinction, separating
an episodic memory from a semant i c me mory. An i
information is the common element, and it can be tested with a very simple and
highly controlled behavioral paradigm in animal models. For instance, in the
Object Recognition Test (ORT), a rodent is first presented with two similar
objects: the animal will spend an equal amount of time exploring both objects. In
a second session, one of the two objects is replaced by a new one: now, due to
its innate preference for novelty, the animal will spend most of its time exploring
the new object (see Eichenbaum et al
actions, relying on the acquired configuration of the past environment.

But actions often become routine. Throughout our life, a vast array of skills is
learned and maintained: we are scientists, or musicians, or cooks, or football
players, or all four; even more simply, we all know how to run to catch a bus, or
how to pour a glass of water. In these cases, thanks to experience, our body

seems to know exactly how to answer to the circumstances, and it directly
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transforms information into action. There might be several declarative
components, but the fluid execution of movements is due to an implicit (or
procedural) level of memory that is totally untied from awareness. That is
responsible for what neuroscience calls priming, a facilitated processing of a
stimulus following prior exposure to the same stimulus (Brewer et al., 2007), and
conditioning, a rapid and unconscious association between two stimuli, or
between a stimulus and a response.

The critical role of conditioning in studying memory is in providing controlled
and replicable experimental designs that allow to investigate the neural
mechanisms and underlying processes of different and discrete phases of
memory. By investigating fear conditioning, in particular, researchers can
understand how the brain processes and stores emotionally salient information:
fear is a powerful and evolutionarily conserved emotion that plays a crucial role
in survival and adaptive behavior, which makes it an excellent choice for
approaching learning mechanisms. In this regard, fear-related behaviors are easy
to detect in laboratory rodents, resulting in clear and quantifiable parameters for
the study of learning and memory.

One of the most widely used protocols adopted by researchers, cued fear
conditioning (CFC), is an adaptation of classical Pavlovian conditioning that
involves the association of an auditory cue (conditioning stimulus, CS) or tone
with an aversive event (unconditioned stimulus, US). When the animal is exposed
to the CS alone, it may demonstrate a freezing response if it recalls the memory
of an association between CS and US. Freezing, defined as the complete
absence of movements except for respiration, is a species-specific response to
fear when escape is not possible, and its duration is a strong indicator of the
strength of the memory: the survival advantage is that a moving animal is more
likely to be detected by a predator than a still one (Rudy, 2014).

Similarly, Contextual Fear Conditioning (CFC) involves placing a mouse in a
novel environment (CS), where the US is experienced. In this case, the memory
recall test is performed by placing the animal again in the conditioning context
(Figure 1).



Figure 1. Classical contextual fear conditioning. The mouse undergoes a footshock
(US) in a first environment (CS) and, subsequently, is moved to a second environment:
in A there is no association or conditioned response, as the perceptual characteristics

between the first and second environment are too different; conversely, in B the re-
presentation of CS will be sufficient to elicit a freezing response even in the absence

of the US. (Modified from Izquierdo et al., 2016)

For CFC, it is also possible to vary the timing between CS and US: the two
stimuli can be temporally overlapping (delay fear conditioning) or be spaced by a
time interval (trace fear conditioning) (Curzon et al., 2009).

Fear conditioning is a complex and dynamic process that incorporates distinct
phases: during the acquisition phase, the animal learns to associate the CS with
the US, resulting in the formation of a fear memory. After acquisition, fear
memories undergo a consolidation process, in which they become stable over
time (see Britton et al., 2015). This phase involves molecular and cellular
processes that transform memory from a labile state to a stable form (Schafe et
al., 2000; see section 1.6). Reactivation of a previously consolidated fear memory
can make it labile again and subject to reconsolidation, a process that
strengthens the memory and promotes its persistence (Nader et al., 2000).
Extinction concerns the gradual reduction of a conditioned fear response by
repeated exposure to the CS, but without the aversive US: this process does not
erase the original fear memory but instead forms a new memory that inhibits the
expression of fear (Quirk and Mueller, 2008). Over time, fear memories can

weaken and eventually be forgotten: mechanisms underlying forgetting are still



not fully understood but may involve active processes or interference with the
original memory trace (White, 2001). Despite successful extinction, fear
memories can also spontaneously recover over time. Spontaneous relapse refers
to the reappearance of the fear response without any further conditioning or
explicit cues (Bouton, 2002). Finally, reinstatement occurs when the extinguished
fear response is reinstated by a reminder of the original fear-inducing event
(Bouton and Bolles, 1979).

So, thanks to this great variety of fear discrete phases and conditioning
tecnhiques, neuroscientists enjoy a certain degree of freedom in focusing on one
or more cognitive, neural and molecular mechanisms underlying learning and

memory.



1.2 Two key nodes for the fear memory circuitry

Although neuroscience is now far from the anti-location paradigm of mid-
twentieth century psychology (according to which it is not only impossible to find
a particular brain region underlying the memory function, but this ability is not
even independent from other functions such as perception, language, and
movement ), It i's still not possi bl e
(1950) first tried to identify univocal areas of the cerebral cortex that might be
responsible for learning: after the rats had learned a maze, he surgically removed
some specific areas of the brain. Then, rats were tested again to see if their
learning had been affected by that removal; however, results suggested that
learning was distributed throughout the brain, and no single area could be
considered as unique responsible for learning.

Despite these first unsuccessful attempts to strictly restrict the target, we know
about the existence of many specific circuits in mammalian brains that have a
prominent role. A small C-shaped structure, in particular, is the key node of a
whole brain network that is necessary for learning and memory: the
hippocampus, whose anatomy is exceptionally clear and easy to study. The
entorhinal cortex (EC), main interface region between the hippocampus and
neocortex, projects to the first section of the cornu Ammonis region (CA1) through
two different pathways: direct or temporo-ammonic (EC A CA1) and indirect, or
trisynaptic, which involves several subregions. In this pathway, afferent fibers
from the EC first reach the dentate gyrus (DG) via the perforant path. Then, DG
neurons connect to the CA3 region through mossy fibers, which are so-called
because of their resemblance to moss. Next, the information is relayed to the
CAZ2 region, which serves as an intermediary between CA3 and CA1l; it has been
shown to receive direct input from the EC and to send output to CA1 through the
Schaffer collaterals (Chevaleyre and Siegelbaum, 2010). After passing through
CA2, information is finally transported to CA1 neurons via Schaffer collateral
fibers (DG A CA3 A CA2 A CAl. See Figure 2). The subiculum completes the
loop by sending information back to the EC: this is supposed to facilitate the
comparison of incoming sensory information with stored memories (Lisman and
Grace, 2005).



Figure 2. Simplified diagram of hippocampal information flow. DG granule cells form
synapses on pyramidal cells in CA3 via the mossy fibers; CA3 neurons form synapses
on pyramidal cells in both CA2 and CALl via the Schaffer collaterals; CA2 projects
mainly to the stratum oriens (red arrow) of CA1, but also to the stratum radiatum
(green arrow). (Modified from Caruana et al., 2012)

Inhibitory interneurons are known to play a fundamental role in the
hippocampus as well, by regulating the activity of excitatory neurons. One
example is the basket cell, which inhibits the firing of pyramidal neurons and helps
regulate the synchronization of neural activity; another example is the oriens-
lacunosum moleculare (O-LM) interneuron, which inhibits the activity of other
interneurons as well as pyramidal neurons, and they are involved in regulating
the plasticity of synaptic connections in the hippocampus (for a review, see
Pelkey et al., 2017).

Hippocampal neurons have a vital function in the organization of memory in a
hierarchical manner, playing a key role in processing and consolidating different
sensory inputs into a coherent memory representation (Lavenex and Amaral,
2000). The level of integration of sensory input informations progressively
increases as visual, auditory, somatosensory information flows from different
regions of the neocortex to the perirhinal and parahippocampal cortices to the
entorhinal cortex and to the hippocampus; here information is processed in an
abstract and integrated manner, leading to a compressed representation of
memories that is not tied to any specific sensory modality (Petrantonakis and
Poirazi, 2014). According with the indexing theory of hippocampal memory
(Teyler and DiScenna, 1986), features of a particular episode establish a memory

trace by activating patterns of neocortical activity, which then project to the



hippocampus and activating here a set of cells and synapses (as we will see

l ater) . So, Al earningod would <consi st

occurring input patterns of activity
of an index that hippocampus projects back to neocortical input patterns, when a
subset of the initial neocortical pattern activates the hippocampal representation.

Even if just a portion of the experience that originally established the memory
trace activates the hippocampus, the indexing activity can activate the entire
pattern of neocortical activity generated by the episode, thus recapitulating the
entire experience: this is a process known as pattern completion. The CA3 region
of the hippocampus is thought to be particularly involved in performing pattern
completion of conjunctive representations of an entire event from a partial cue
(Guzman et al., 2016). On the other hand, similar inputs are likely to converge
onto different hippocampal neurons, and this is fundamental to create different
indices and to keep representations of similar experiences segregated: this is a
second process called pattern separation. The dentate gyrus is believed to
contribute significantly to play a major role in performing pattern separation
(Santoro, 2013): it receives convergent input from various cortical regions and
generates highly differentiated representations, allowing for the discrimination
and separation of similar input patterns. These operations are compromised by
manipulations that impair DG pattern separation (McHugh et al., 2007). Also CA1
supports pattern separation, establishing connections between distinct CA3
representations and corresponding input patterns in the entorhinal cortex
(Norman, 2010). CAl plays a critical role in mnemonic discrimination by
functioning as a "match-mismatch" detector, highlighting disparities between the
retrieved original item and the lure (Duncan et al., 2012): in this sense, CALl cells
show greater autonomy from a pattern-specific mechanism, enabling a higher
level of arbitrary associations (Leutgeb and Leutgeb, 2007) and encoding spatio-
temporal information of the context (Barrientos and Tiznado, 2016). Both these
two processes are necessary to form a representation of the context in which
events are experienced, that critically depends on the hippocampus:
hippocampal damage profoundly impairs CFC, regardless of any particular

procedural manipulation used (Broadbent and Clark, 2013).
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However, these functions integrate within a much more complex fear circuit,
ultimately leading to the engagement of the amygdala component and the
subsequent manifestation of the behavioral response (Figure 3; for a complete
review, see Tovote et al., 2015).

The amygdala can be thought as the command center for initiating fear-related
behaviors, playing a central role in forming associations between neutral stimuli
and aversive events (LeDoux, 2000). The amygdala's internal circuitry consists
of densely interconnected nuclei that facilitate the processing of fear-related
information. First of all, the basolateral nuclei of the amygdala (BLA) receive
inputs from various brain sources, including the hippocampus, sensory areas,
and the prefrontal cortex and serves as a critical hub, integrating and processing
sensory information related to the current environmental state (Janak and Tye,
2015). Principal neurons receive inputs from the hippocampus and sensory areas
and send outputs to other amygdala nuclei, as well as to cortical and subcortical
regions; interneurons, on the other hand, modulate the activity of principal
neurons and play a crucial role in shaping the flow of information within the
amygdala (LeDoux, 2007). The output pathways from the BLA involve projections
to the lateral hypothalamus and the periaqueductal gray: connections with the
first trigger autonomic arousal responses, such as increased heart rate and
sweating, which are important components of the fear response; connections with
the second leads to freezing behavior (Phelps and LeDoux, 2005). Finally,
reciprocal connections with the prefrontal cortex allow a top-down regulation of
fear responses: here the integration of emotional and cognitive processes allow
the amygdala to modulate behavior and perception based on the context and
individual experiences (LeDoux, 2007).

Concerning the amygdala microcircuitry, central nucleus (CeA) receives inputs
from the BLA and other amygdala nuclei, as well as from cortical and subcortical
regions, and it coordinates autonomic, endocrine, and behavioral responses to
fear; the medial nucleus (MeA), receives inputs from the olfactory system and is
particularly involved in the processing of olfactory-related fear responses,
detecting and integrating chemosensory information associated with threatening
stimuli. Finally, the lateral nucleus (LA) serves as a primary sensory entry point

for auditory information: it receives direct inputs from the auditory thalamus and
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Figure 3. Schematic representation of the excitatory and inhibitory pathways that make up the
fear circuitry. Numerous nuclei within the amygdala, including lateral amygdala (LA) and lateral
central amygdala (CEl), are employed in receiving sensory signals from various corticothalamic
hubs, serving as crucial sites for fear-related plasticity. This plasticity is influenced by
interconnected communication pathways made by the basal amygdala (BA) with the ventral
hippocampus (VHC) and the prelimbic cortex (PL). In turn, central amygdala nuclei (such as those
in the medial central amygdala, Cem) transmit signals to hypothalamic and brainstem centers,
regulating fear-driven behaviors. Information originating from the infralimbic cortex (IL) directed
towards the basal amygdala (BA) and intercalated cells (ITC) plays a pivotal role in suppressing
fear signals emerging from the lateral central amygdala (CEIl) nuclei heading towards the
hypothalamus (HYP) and the periagueductal grey (PAG). (From Tovote et al., 2015)

projects to the BLA, contributing to the auditory processing of fear-related stimuli
(for a review see LeDoux, 2007, or Janak and Tye, 2015).

So, by virtue of their neural correlation, the amygdala can strongly modulate
the activity of the hippocampus. In CFC, inactivation of the BLA attenuates the
consolidation of hippocampus-dependent context memory (Huff and Rudy,
2004), while the activation of the BLA, whether through behavioral stress or direct
electrical stimulation, exerts a biphasic influence on hippocampal plasticity: an

immediate excitatory impact and, subsequently, a persistent inhibitory effect
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(Akirav and Richter-Levin, 1999). Studies have also shown that hippocampal
theta oscill-laitnensst dathee difont he hi ppocamp
associated with amygdala activity during fear conditioning (Seidenbecher et al.,
2003), suggesting the involvement of synchronized neural activity between these
regions.

Collectively, these studies underscore the tight interaction between these two
key nodes of a complex and hierarchical system, due to their relationship with
other structures of the central nervous system and to their intrinsic organization.
In conclusion, the amygdalohippocampal network represents a powerful correlate
of conditioned fear and, if the amygdala detects potential threats, the
hippocampus provides a functional map to the relevant cortical sites that host the

content of experiences and organize a behavioral outcome.
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1.3 Looking for the physical substrates of memory

There are two strict requirements to determine if a neuron (or a set of neurons)
IS a candidate to sustain the formation or the retrieval of a mnestic trace: its
inactivation must impair memory (requirement of necessity) and its activation
must be sufficient to activate memory (requirement of sufficiency). For some,
even necessity and suf fdarciileyw csyu fnfaiyc ibeen tnto
2017) and at least three criteria should be met: increase of activity should be
observed only in a population of cells activated by the specific learning; the
increase should be dependent on plasticity associated with the learning episode;
third, reactivation of these cells should result in behavioral recall (Tonegawa et
al., 2015).

On the road to come to these conclusions, Josselyn and colleagues (2007)
first provided evidence for a neuronal selection during memory formation, finding
that the probability that LA neurons (see section 1.2) were recruited into a
conditioned-fear memory trace was strongly influenced by their available levels
of cAMP-responsive element-binding (CREB), an intracellular protein that plays
a key role in RNA transcription that supports LTP (Nguyen and Woo, 2003):
although many of these neurons received sensory inputs related to the fear
conditioning experience, neurons infected with CREB (fused to a green
fluorescent protein, GFP) had a three times greater chance of being activated by
the task than their noninfected neighbors (Figure 4a); in CREB-deficient animals,
the chance was even 10 times greater (Han et al., 2007; Figure 4b).

To identify those neurons activated by fear conditioning and, at the same time,
infected by the CREB-vector, researchers took advantage of the transcriptional
time course of the activity-dependent gene Arc (activity-regulated cytoskeleton-
associated protein; see section 1.8): under basal conditions, neurons contain very
low levels of ARC, but neuronal activation produces a transient burst in this RNA
synthesis, that is rapidly delivered to the neuron and its dendrites (Guzowski,
1999). Arc belongs to a specific class of genes, the immediate early genes (IEGS),
whose transcription is rapidly and transiently induced in response to neuronal

activity (Bahrami and Drablgs, 2016); unlike many other genes, IEG expression
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Figure 4. Neurons that most express CREB are those that are most recruited to the fear memory
trace. a) On the left, proportion of Arc+ LA neurons (i.e., involved in the memory trace) in WT mice
infused with CREB-vector. In the middle, the probability of detecting Arc+ nuclei was higher by a
factor of D3 in neurons with CREB vector than in non-infected neighbors. On the right, confocal
images of LA nuclei (in blue): GFP+ labeling (green arrows), ARC+ labeling (pink arrows),
GFP+/Arc+ double labeling (yellow arrows). b) In CREBdeficient mice, probability of detecting
Arc+ nuclei was even higher by a factor of D10. (Modified from Han et al., 2007)

is directly induced by latent transcription factors, so protein synthesis is not
required for their expression after a stimulus (Hawk and Abel, 2017). Not
surprisingly, there has been a massive use of IEGs in neuroscience because their
near-instantaneous activation provides a molecular link between experience and
subsequent modification of the brain, especially those with the fastest induction:
Arc, c-fos, Zif268 and Npas4 mRNA levels peak after stimulation is usually within
30 minutes in vivo (Sun and Lin, 2016). Thus, IEGs expressions are strongly
interpreted as a marker of neural activity: a positive correlation has been found
between IEG expression levels and average neural calcium activity, and even
higher with maximum calcium activity (Mahringer et al. 2019).

Once the neuronal candidates for l ear ni
group proceeded with the first Anecessit
(2009), ablating only these cells and testing the effect on the fear memory

expression. Using a combination of approaches, they infected LA to overexpress
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CREB and they confined to CREB-enhanced neurons the expression of the
receptor for the diphtheria toxin (DT), a neural toxin that induces a rapid apoptotic
cell death: once administered, diphtheria specifically targeted and killed only
these cells, leaving the others unaffected (Figure 5a). This selective deletion
permanently erased the expression of the fear memory: the observed amnesia
was «specific, robust, persistent and not due to a disruption in either
reconsolidation or overall LA function» (Han et al., 2009). Also, deleting a similar
portion of randomly selected LA neurons via the toxin had no effect on freezing

behavior, showing a causal link between neurons with high CREB levels and the

fear expression (Figure 5b).
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Figure 5. Ablating LA CREBoverexpressing neurons, but not a similar portion of random neurons,
erases a fear memory. a) In white, iDTR transgenic mice (see Buch et al., 2005), able to express
DT receptors (DTRs) in a Crerecombinase (cre)-inducible manner, expressed DTR under control
of a loxPflanked STOP cassette (see Bapst et al., 2020). In green, LA is injected with CEB-vector
(CREBcre), or a control vector that induces apoptosis in similar portion of not fear -activated
neurons (Cntrl-cre). In pink, njected DT binds DTRs, which are expressed as cre removes the
STOP cassette. In red, DTdriven cellular apoptosis. b) During test 1, which occurs before DT
injection, the Cntrl-cre and CREBcre mice exhibit similar levels of freezing in response to an
auditory fear conditioning; in test 2, which occurs after the injection, only CREB-cre mice (and not
Cntrl-cre mice) show significantly lower freezing levels than those shown in the previous test.

(Modified from Han et al., 2009)
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A few years later (2012), the group led by Susumu Tonegawa performed the first
Asufficiencyo experiment, | abel ing and
neurons activated by learning. First, they injected a viral vector in DG to express
channelrhodopsin-2 (ChR2) under a tetracycline-responsive element (TRE, see
below) promoter in the DG area of the hippocampus, fused to an enhanced yellow
fluorescent protein (EYFP). When exposed to light of a specific wavelength
(usually blue light), the ChR2 protein undergoes a conformational change that
forms a pore across the cell membrane, allowing positive ions to depolarize the
neuron. This constitutes an extgiaca dfiinalrd
optogenetics (Mahmoudi et al., 2017). For this reason, an optical fiber was
implanted over DG by the authors to be able to activate ChR2 with light. They
also took advantage of a c-fos-tTA transgenic mouse: the c-fos promoter
controlled the expression of the tetracycline transactivator (tTA), that is the
principal component of a Tet-off system for doxycycline-inducible gene
expression (for a review, see Das et al., 2016): in this specific configuration, the
administration of doxycycline (dox) antibiotic inhibited c-fos promoter-driven tTA
from binding its TRE target, preventing ChR2-EYFP expression in neurons
(Figure 6a).

During the first behavioral phase, habituation in a context A, mice were kept
on dox; subsequently, dox was removed for the fear conditioning phase in a
context B, in order to allow ChR2-EYFP expression in activating neurons. Finally,
dox was introduced again for the recall phase in the context A, in order to prevent
other neurons from expressing ChR2: cells that were part of the hippocampus
index during conditioning could be identified and now reactivated with light (Figure
6b). Mice, that were safe in the context A (which had never been associated with
the shock), exhibited high levels of freezing while the blue light was on; on the
contrary, these dramatically decreased when the light was off, indicating a strong
light-induced fear memory recall (Figure 6c). If there was no footshock during the
conditioning phase (Figure 6d), or if the injected construct lacked ChR2 (Figure
6e), mice did not show any light-induced fear memory response. «This is the first
demonstration that directly activating a subset of cells involved in the formation
of amemory is sufficient to induce the behavioral expression of that memory» (Liu
et al., 2012).
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Figure 6. Reactivating DG cells, active during a memory encoding, is sufficient to establish a
memory recall. a, left) c-fos-tTA transgenic mice are injected with AAV9-TREChR2EYFP and
implanted with an optical fibre; right) only by removing doxycycline (dox) from the system, training
activity can induce expression of tTA, which binds its target TRE and allows to label training-
activated neurons by ChR2EYFP.b) Mice are habituated for 5 days with both light and dox on in
a context A; then, dox is removed for 2 days and, on the third, mice are fearconditioned in a
context B; finally, mice are tested for 5 days in context A while on dox. ¢) Light-on phases of the
recall test show significantly higher levels of freezing than the light -off phases, d) while no
difference if a different group (NS) does not undergo the shock during training, e) or if another
group (EYFP) is injected with a construct in which Chr2 is absent. (Modified from Liu et al., 2012)

Ramirez and colleagues (2013) took this work and this procedure to the next
level, resulting in a fear conditioning association with a context in which the US
was never even delivered. To realize this, hippocampal neurons that were active
during the exploration of a context A were labeled with ChR2 and a fluorescent
red protein (mCherry); then, after interrupting the labeling window with
doxycycline, mice were fear-conditioned in a different context B and neurons that
had been active during exploration of the context A were reactivated via
photostimulation. Fear memory was finally tested in either the original context A
or a completely novel context C (Figure 7a): mice displayed freezing in context A

(even though they had never been shocked in that context) but not in context C,
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indicating that freezing was context-s peci f i c: they Iliterally

memory in the hippocampus (Figure 7b).
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Figure 7. A false contextual fear memory can be induced by light reactivation. a) After the vector
injection, mice were habituated in a context A while off dox, in order to let DG neurons be labeled
by ChR2mCherry; then, mice were put on dox and conditioned in a context B along with delivery
of light pulses. Finally, freezing was tested in context A and in a completely novel context C. In
red, ChR2mCherry neurons encoding context A; in gray, neurons encoding context B; in white,
neurons encoding context C; marked with asterisks, neurons activated by context exposure or
light stimulation. b) Freezing dramatically increased in context A but not in context C for the
experimental mice (Chr2-mCherry); no difference for the control mice (mCherry). (Modified from
Ramirez et al., 2013).

The Frankland lab recently pushed this approach to the extreme, showing that
an appropriate neural stimulation allows to create a memory even in the total
absence of natural stimuli. To build a mnestic trace without the need of sensory
experience, Vetere and colleagues (2019) chose to pair photostimulation of an
olfactory glomerulus (to mimic a specific odor, which serves as CS), with
photostimulation of distinct neural projections that mediate either aversion or
reward (to mimic the valence of the stimulus, which serve as US. Figure 8a-b).

Only the presentation of an odor that corresponded to the targeted olfactory
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glomerulus (and not another odor) induced memory recall, and mice either
approached or avoided this odor depending on the valence of the US pathway
they stimulated during training: mice behaved as if they had experienced a
specific past sensory event (Figure 8c-d). Also, levels of c-Fos expression
assessed in the central olfactory system regions and in the regions implicated in
associative memory were highly correlated between both natural (real odor
memory) and artificial conditions (glomerulus photostimulation), suggesting that
the two types of memory engaged similar neural circuitry (Figure 8e).
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Figure 8. Twophotostimulations can replace US and CS in the creation of a conditioned memory.
a) During training, photostimulation of lateral habenula (LHb) - medial ventral tegmental nucleus
(VTA) projections, known to mediate aversion (Lammel et al., 2012), is paired (CS+US) or not
(CS|US) with photostimulation of M72 olfactory sensory neurons (Ji ang et al., 2015); 1 day later,
preference for M72-activating odorant (acetophenone) is tested. b) The same is done in another
group, by photostimulating laterodorsal tegment al nucleus (LDT)- lateral VTA projections, known
to mediate attraction (Lammel et al., 2012). ¢) LHb-VTA CS+US mice (pink) avoided
acetophenone, but not the CS|US mice (grey)d) LDT-VTA CS+US mice (sky blue) are attracted to
acetophenone, but not the CS|US mice (grey).e) Post-training C-Fos levels are assessed in 18
brain regions, including associative memory regions: they are highly correlated between both real
(acetophenone presentation) and artificial (M72 photostimulation) conditions. (Modified from
Vetere et al., 2019).
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Together, all these experiments show that, despite a great difference in terms
of nature and purpose, informations are equally engraved somewhere into the
brain as physical memory traces: engrams (from Greek, "3 ¢iné + 21 U
«letter»), as formulated from Richard Semon in the early last century (1921). They
are all Awritteno in a book made of neur
itself and to preserve the effects of the experience over time, be it remote (long
term memory, LTM) or just passed (short term memory, STM. See Atkinson and
Shi ffrin, 1968) . Thus, operatively, we p
of acquiring these informations, and to
in a state that can be revealed at a later time (Squire, 1987): the first writes the
engrams on the book, while the second reads them for us. An efficient and
continuous reiteration of this sequence in specific populations of cellular engrams
tunes our behavior to our environment and, ultimately, makes us who we are.
Very recently, Roy and colleagues (2022) have provided the most comprehensive
mapping available of cellular engrams and high-probability engrami holding
regions. Their multiple approach, drawn on c-fos brain-wide activity mapping,
natural memory recall and optogenetic reactivation-based memory recall, allowed
to identify additional brain regions as holders of CFC engram cell ensembles
(brainstem, hypothalamus, thalamus, cortex and midbrain): an unexpected list of
117 brain regions in which c-fos was activated during contextual fear conditioning.
Even more interesting, the simultaneous chemogenetic reactivation of multiple
engram ensembles mimicked the same levels of natural memory recall,
something never achieved in optogenetic reactivation studies of a single engram
ensemble, in which animal freezing is significant but lower than that expressed in
presence of natural recall cues. This strongly suggests that a memory is stored
not just in a single engram cell ensemble, but in a functionally connected engram
ensembl esdé6 complex distributed broadly a
with the multiple trace theory (Nadel and Moscovitch, 1997), that assumes that
the redundancy of a mnestic trace, shared by the activity of distributed neurons
that serve as an index, protects an old memory from disruption and from patrtial

damage of a neural region (as the hippocampus).
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The acquisition and recall of a given memory necessarily involves some
change in the existing status of neurons, thus implying a strong relationship with

functional and structural synaptic plasticity phenomena.
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1.4 Activity-dependent synaptic plasticity

Timothy Bliss and Terje Lomo in 1973 intelligently took advantage of the
hippocampal synaptic circuitry to stimulate a set of fibers in a subfield while
monitoring activity in the region where these fibers terminated. Specifically, they
applied stimulation to the perforant path and they recorded the evoked responses
in the DG. After determining that a stronger stimulus from the stimulating
electrode (presynaptic fibers of the perforant path) evoked a stronger response
from the recording electrode (postsynaptic cells of DG), they proceeded to

admister a high-frequency sequence (HFS) of stimuli to the perforant path. A test
stimulus (single-pulse stimulation), which remained the same before and after
stimulation, evoked a stronger response after the tetanic stimulation compared to
before, and this effect endured for several hours of recording.

So, the electrical stimulation of the perforant path dramatically amplified the
activity of the DG granular neurons; similar findings are observed when the
Schaffer collateral fibers are stimulated and the response of the pyramidal cells
in the CA1 subfield is recorded (Figure 9a): a brief, high-frequency train of stimuli
causes a long-lasting increase in the excitatory postsynaptic potential (EPSP)
amplitude. The EPSP, detected by the recording electrode, measures the rate at
which sodium (Na+) ions are leaving the recording field and depolarizing
synapses on the postsynaptic neurons. As the number of ions flowing into the
postsynaptic neurons increases, so does the strength of connections linking the
pre- and the postsynaptic neurons.

This phenomenon, that clearly shows how synaptic strength can be
functionally modified by neural activity, is known as long-term potentiation (LTP)
and relies on a remarkable convergence of actions occurring through the N-
methyl-D-aspartate receptors (NMDAr) of the postsynaptic cell. These ionotropic
receptors are responsible for the primary excitatory neurotransmitter in the central
nervous system: the glutamate. When the glutamate is released from the
presynaptic terminal, it binds to the postsynaptic NMDAr, allowing a substantial
influx of CA?* ions that triggers LTP. However, calcium cannot enter the cell

unless magnesium is removed from the pore of the channel: at the same time,
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the glutamate must bind to 6-amino-3-hydroxy-5-methyl-4- isoxazolepropionic
acid receptors (AMPAR), allowing an influx of sodium ions (Na*) and producing
a depolarization in the synapse. If, and only if these two events occur together,
we observe a change in the conformation of the NMDA receptor and incoming
calcium can potentiate a synapse (Figure 9b). So, if NMDA receptors are critical
for the initial induction of LTP, AMPA receptors are critical for the NMDA
receptors and for the expression of LTP (for a review, see Luscher and Malenka,
2012). Indeed, the application of an NMDAr antagonist (such as APV) before a
high-frequency stimulation prevents the induction of LTP but has no effect if the
application takes place after LTP has been induced; in contrast, an AMPAR
antagonist (such as CNQX) blocks both the induction and expression of LTP
(Collingridge et al., 1983).

@

Depolarization

Figure 9. NMDAFrdependent LTP in the CA1 region of the hippocampus. a) A typical electrodes
placement for studying LTP: a stimulating electrode (Stim) is placed in the Schaffer collateral

fibers (SC); resulting EPSPs are recorded from a recording electrode (Rec) in CAl.b)
Representative model of the induction dynamics of LTP at excitatory synapses: during basal
activity (left), glutamate binds both the NMDARs and AMPARs. Na+ pass through the AMPAR
channel but not through the NMDAR channel, blocked by Mg2+. Depolarization of the
postsynaptic cell (right) removes the block, allowing an influx of both Na+ and Ca2+ into the spine.
The increase of Ca2+ is determinant for triggering subsequent events of synaptic
plasticity. (Modified from Citri and Malenka, 2007)

LTP exhibits three interesting and recurring properties: it requires the
cooperative stimulation of different pathways, as it happens for the

aforementioned Schaffer collateral fibers; it shows associativity, which means
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that a weak (and insufficient) stimulation of a single pathway can still lead to LTP
if facilitated with concurrent activation of other synapses; finally, LTP is input
specific, i.e. restricted to synapses activated by a strong stimulation and not
spreading to the other synapses that contact the same neurons. In learning and
memory, the first property results in the fact that only events that trigger sufficient
inputs can result in memory storage; the second represents a mechanism of
associative learning; the last one ensures the accuracy of memory storage (Hao
et al., 2018). Everything can be reduced to a general operating principle, of which

LTP is a specific biological mani festat.i

(Shatz, 1992).

However, synaptic plasticity is not unidirectional and experience not only can
strengthen synaptic connections but can also weaken them: if Schaffer collaterals
are subjected to low frequency stimulation (LFS) for extended time periods, the
response evoked by the test stimulus is markedly reduced (Dudek and Bear,
1993. Figure 10). This long-term depression (LTD), again, depends on NMDAr
activation and postsynaptic Ca2+ entry, in particular, Ca2+ triggers LTD at low
concentrations and triggers LTP at high concentrations (Bear, 1995). Based on
the BCM model (Bienenstock et al., 1982), there is a certain threshold below
which the result is LTD and above is LTP, depending on the level of postsynaptic
response and on the average amount of postsynaptic activity. This regulation
plays a fundamental role in allowing the neuron to maintain a variable range of
output, based on the previous history of activation of the single synapses: if they
were only reinforced, they would become static and dysfunctional: LTP can be
Asaturatedo by repeated i nduction
especially if the synapse has already been subject to LTP, the threshold is raised,
increasing the probability that an additional calcium influx will provoke LTD to
maintain synapticplasti city (Bear, 1995) . Thi s
named metaplasticity and it is manifest as a change in the ability to induce
subsequent synaptic plasticity, such as LTP or LTD (Abraham and Bear, 1996);
it can occur homosynaptically, if the effects of synaptic activity are specifically
confined to the previously activated synapses, or heterosynaptically, if they
extend to neighboring non-activated synapses, beyond those synapses that were

initially involved.
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Figure 10. Induction of LTP and LTD in the CA1 region of thehippocampus. Field excitatory
postsynaptic potentials (fFEPSPs) are plotted as a function of time. On the left, a high-frequency
tujnvmbujpo! )2 t! pg!211gl {!tujnvmbuj po<! cmb
frequency stimulation (twice 3 min of 5 Hz stimulation, 3 min interval; white arrow) is applied to
elicit LTD. The steepness of the slopes represent the amount of synaptic depolarization around
the recording electrode (Modified from Citri and Malenka, 2007).

Both LTP and LTD can be considered activity-dependent forms of Hebbian
plasticity, named after the psychologist who first postulated the adaptation of
neural activity in learning processes (1949), synthesized in the adage "Neurons
that fire together, wire together".

Of note, strong stimulation of synaptic circuits potentially leading to LTP may
provoke positive feedback loops (to which the hippocampus is intrinsically prone
because of its reverberant internal connectivity) of activity-dependent changes:
once LTP is induced, as above, synapses can enter a cycle that leads to further
potentiation, ultimately resulting in hyperexcitability. But also LTD, if it occurs in
an unrestrained manner, could lead to pathological synapse silencing and
elimination (Collingridge et al. 2010). In order to prevent this, neurons are also
able to sense their own excitability and trigger negative-feedback homeostatic
mechanisms to restrain synaptic activity within a physiological range (Fernandes
and Carvalho, 2016): the most extensively studied form of homeostatic plasticity
at excitatory synapses, known as synaptic scaling, occurs through postsynaptic
mechanisms of regulation of AMPAR abundance at the synapse (see section

1.6). By adjusting the number of AMPARS, synaptic scaling helps restore the
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balance between excitation and inhibition and it is of particular importance in
sustaining synaptic plasticity of the Hebbian type.

Toget her, t hese synaptic strength
mechanisms) are functional correlates of memory: when we learn new
information or acquire new skills, systems of cells (or cell ensembles) are
repeatedly active at the same time, synapses between them strengthen and they
form circuits in which the activity of one neuron facilitates activity in the other
(Hebb, 1949). These circuits represent the substrate of a certain, particular
learning experience: as memories are recalled, the same neural circuits are
reactivated, and this process strengthens the synaptic connections even further,
making the memory more robust and easier to recall in the future. On the other
hand, if some neurons are rarely or never activated together, the synaptic
connection weakens, leading to reduced communication between them and the
loss of their content.

So, different cell ensembles - in different brain regions - may support different
aspects of an experience: hippocampal cells ensembles may represent the
context (Ghandour et al., 2019), amygdala cells ensembles may represent
valence information (Redondo et al.,, 2014), cortical cell ensembles may

represent distinct sensory information (Sacco and Sacchetti, 2010).
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1.5 Structural substrates of activity-dependent synaptic plasticity

Synapses reveal an amazing capacity to reconfigure their strength in response
to different patterns of neural activity; in fact, the same stimuli that induce LTP
and LTD can also trigger structural modifications in the underlying neural
architecture. For instance, LTP-enhanced activity can lead to the growth of new
synaptic contacts and dendritic structures that host them, while reduced activity
during LTD can prompt their retraction or elimination (Holtmaat and Svoboda,
2009; Bosch and Hayashi, 2012; see also section 1.7). In turn, formation of these
new structures can provide additional sites for synaptic connections, facilitating
the expression of synaptic plasticity mechanisms, while their elimination can
refine neuronal networks, preventing excessive synaptic noise and optimizing the
specificity of synaptic signaling.

Evolution has selected an elegant and dynamic structure to host the majority
of postsynaptic excitatory synapses in the brain: the dendritic spine, a sub-
micrometer membrane protrusion that covers the surface of neuronal dendrites.
Ranging in volume from 0.001 to 1 pm? (Hotulainen and Hoogenraad, 2010),
spines are composed by a thin and cylindrical segment (neck) that connects the
dendritic shaft to the portion at the tip of the spine (head), where organelles,
receptors, and the synaptic machinery involved in receiving and processing
signals from other neurons is contained (see section 1.6). Both components are
extremely variable in shape and size and dendritic spine morphology can change
in response to neuronal activity to an extent that is correlated with the strength
of excitatory synapses (Adrian et al., 2014).

In response to the high-frequency stimulus that produces LTP, a cascade of
biochemical processes increases the head volume, while the neck becomes
shorter and wider: the spine becomes potentiated (Figure 11). The enlargement
of the spine head is accompanied by increased exposure of AMPARs at the

postsynaptic membrane, ultimately resulting in a higher sensitivity to glutamate
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Figure 11. Simplified representation of a dendritic spine potentiation: a high-frequency stimulation induces
biochemical processes that change a spine morphology, by broadening its neck and increasing its head volume,
and leads to a massive insertion of AMPArs (in yellow) at the postsynaptic membrane, much more sustained
manner then NMDATrs (in sky blue). (Modified from Woodruff et al., QBI).

(Matsuzaki et al., 2001; Holtmaat and Svoboda, 2009). Similarly, LTD causes
spine head shrinkage (Zhou et al., 2004). This mobility is allowed by the presence
of different and separate pools of actin filaments along the structure, which
become more dynamic as you get to the head of the spine (Honkura et al., 2009);
the initial induction of LTP requires a rapid disassembling of actin filaments,
followed by a rapid reassembling in order to initially trap new AMPA receptors
(Rudy, 2014, see section 1.6).

Since spine volume is proportional to its age and probability of lasting in time
(Yasumatsu et al.,, 2008), these activity-dependent changes in geometry are
thought to be necessary to make the structure resistant over time and less
susceptible to further modification. In a smaller spine, Ca?* accumulates in the
head in sufficient quantity to initiate the biochemical cascades needed to alter
synaptic strength: as the neck is narrow, calcium hardly diffuses towards the
dendrite and the only way out is via Ca?* extrusion pumps located in the head;

conversely, potentiated spines remove Ca?*faster so that increases in its
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concentration become more moderate and transient, making the spine less
susceptible to Ca?*-induced plasticity processes (Noguchi et al., 2005; Hayashi
and Majewska, 2005). Also, larger spines are more successful than smaller
spines in both attracting and maintaining diffusing key proteins, as PSD-95 (Gray
et al., 2006; see section 1.6). For these reasons, larger and mushroom-shaped
spines can persist for long periods of time: they are less plastic, but more stable,
Amemoryo spines. By are mostly transignt, emergingrands pi n e
disappearing over a few days (Holtmaat et al., 2005); they maintain enough
structural flexibility to be able to widen and then stabilize, or to shrink and then be
dismantled. Containing many NMDArs, but few AMPARSs, they are ready for
potentiation via their addition, making them ideal candidates as "learning" spines
(Bourne and Harris, 2007).

By virtue of these features, changes in the formation, elimination, and
remodeling of spines have been extensively studied and manipulated with a large
variety of methods and behavioral paradigms as a marker of synapses formation
and activity-dependent connectivity (Runge et al., 2020). These studies gathered
information on spine dynamics in basal and specific experimental contexts, like
motor tasks (Xu et al., 2009) or sensory deprivations (Keck et al., 2008). Fear
conditioning, for example, induces spine elimination in the frontal association
cortex (Lai et al., 2012) and in the primary motor cortex (Xu et al., 2019), while an
increase in spine formation in the auditory cortex (Lai et al., 2018), in BLA
(Heinrichs et al., 2013), in the hippocampus and in the anterior cingulate cortex
(Restivo et al., 2009). In vivo imaging studies also revealed specific spatial rules
of dendritic spine disposition along the dendrites: Yang and colleagues (2014)
found that spine formation is branch-specific: rates of spine formation on sibling
dendritic branches (i.e., two branches split from the same branch) significantly
differed after a training. Also, a learning task led to a rapid spine formation in
clusters: a second new spine tends to form in close proximity to a first stable
neighbor, in contrast with a baseline activity condition in which new spines appear
to avoid existing stable spines on the same dendritic branch; in addition, within
the same cluster, formation of a second spine is accompanied by the head

enlargement of the first one (Fu et al., 2012). Further, clusters actively promote
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the survival of new spines, that is significantly lower in non-clustered spines even
4-6 weeks after (Frank et al., 2018).

It is now clear why most of the processes underlying plasticity have place at
these functional Sites. Now | etbds take a
located at the top of its head, which serves as both a signaling apparatus and a
protein scaffolding for neurotransmitter receptors: the postsynaptic density
(PSD).
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1.6 The postsynaptic density: a moving mosaic

Potentiating a synapse depends on a rapid increase in the levels of Ca?* and
Na* ions within the spine. This stimulation-dependent boost in the amount of
these ions, in turn, depends on increasing the number of AMPAR on the plasma
membrane via activity-dependent changes in AMPAR trafficking (Malenka and
Bear, 2004). Enhanced AMPAR exocytosis occurs during synaptic potentiation
around the postsynaptic membrane, but also in extrasynaptic membrane away
from synapses: extrasynaptic AMPARRS possesses a high mobility and, trough
their lateral movement, they can be trapped and translocated to postsynaptic
membrane (Hirano, 2018). Also, upon fast synaptic stimulation, lateral diffusion
of extrasynaptic AMPARs allows a fast exchange of desensitized receptors with
fresh functional ones, contributing to the fine regulation of synaptic efficacy
(Kopach and Voitenko, 2013).

The LTP-produced rearrangement results in as many immobilized AMPARS as
possible in the postsynaptic density (PSD), a membrane thickening that, under
the electron microscope, appears as «a dense lamina just beneath the

postsynaptic membrane» (Dosemeci et al., 2016. Figure 12a). This region

Figure 12. Outside and inside the postsynaptic density. a) This is how PSD looks under the electron
microscope; going towards the synaptic cleft, a PSD pallium and a PSD core region can be distinguished.
(From Dosemeci et al., 2016). b) Cartoon representing a fraction of PSD protein mosaic organization.
Listing a few from the base, the actin filaments of the spine (F -actin); in the middle, signaling and
scaffolding proteins (PSD-95, SHANK, Homer, SynGAP, CAMKII); at the membrane, neumansmitter
receptors and adhesion proteins (AMPAr, NMDAr, mGlur, Neuroligin).(From Kennedy, 2018).
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contains several hundreds of proteins that expose and align these glutamate
receptors with the presynaptic neurotransmitter release zone (Figure 12b),
representing both the best position to respond to incoming glutamate and the first
processing station once information converges on the dendrite. For these
reasons, the primary function of the PSD is to position proteins involved in
plasticity-related signaling close to glutamate receptors, in order to fine-tune the
strength of synaptic transmission. First of all Ca?*, acting as a second messenger
(Siegelbaum et al., 2000), plays a pivotal role in targeting these PSD proteins and
starting a series of intracellular signaling cascades; once entered through the
NMDAr, Ca?* first binds to the ryanodine receptors (RyRs), contained by the
smooth endoplasmic reticulum (ER) region that protrudes into the spine,
releasing additional Ca?* from the ER and amplifying the overall availability of
Ca?*in the spine (Berridge, 1998).

This increase in calcium activates the calcium/calmodulin dependent protein
kinase Il (CaMKII) which, in turn, changes the channel properties of the AMPAR:
phosphorylating the Ser 831 site of the GluA1 subunit, CAMKII allows AMPAR to
influx Ca?* as well as Na*. Calcium-permeable AMPARs (CP-AMPARS) mostly
consist of GIuAl-containing AMPA receptors and support acute synaptic
potentiation, but are less stable at the synapse; calcium-impermeable AMPARS
(CI-AMPARSs) make up for most of the basal synaptic transmission and are more
stable at the synapse, because of their interactions through the GIuA2 subunit
(Derkach et al.,, 2007). Accordingly, LTP involves early increases in GluAl-
containing AMPARSs, which are gradually replaced by GluA2-containing AMPARS
(Shi et al., 2001).

Other kinases can phosphorylate other AMPAR serine sites, to provoke other
effects: protein kinase A (PKA), activated by the second messenger Cyclic
adenosine monophosphate (cCAMP), phosphorylates the Ser 845 site, moving the
receptors contained in intracellular endosomes to the extrasynaptic region;
protein kinase C (PKC), activated by Ca?*, phosphorylates the Ser 818 site,
helping to anchor the receptor to the PSD (for a review, see Bredt and Nicoll,
2003). To ultimately immobilize the AMPA receptors in the PSD, CAMKII
phosphorylates the serine residues of the Stargazin protein, that forms a complex

with AMPAR: this releases Stargazin from the membrane and facilitates its
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binding with the PDZ domains of the Postsynaptic density protein of 95 kDa
(PSD-9 5) , which forms potenti al Asl otso fo
laterally diffusing through the PSD (Opazo et al., 2010; Figure 13a).
PSD-95 is a member of the membrane associated guanylate kinase (MAGUK)
family (which also includes PSD-93, SAP97 and SAP102); it is the most abundant
scaffold protein in the PSD of the excitatory neurons (Cheng et al., 2006) and one
of the most widespread throughout the brain. Its structure includes an SH3
domain, a guanylate kinase-like domain (GK) and three PDZ domains that bind
to the C-termini of a broad repertoire of partners beyond AMPAR, including the

aforementioned NMDATr, stargazin, and Neuroligin (Figure 13b). Dosemeci and
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Figure 13. PSD95: scaffolding function and protein domains. a) PSD95 PDZ domains (shown in b)
indirectly interact with  AMPARs through PDZ-ligands of AMPAR auxiliary proteins, such as
stargazin/transmembrane AMPAR regulatory proteins (TARPSs). LTP-inducing stimuli increase calcium
into the spine, that activates CAMKII; this kinase, in turn, phosphorylates serine residues on Stargazin
terminal (blue arrows), releasing terminal from the membrane and facilitates binding to PSD -95 complex.
This allows to trap laterally diffusing AMPArs in the PSD (black arrow). (Modified from Keith and Hel-
Husseini, 2008). b) PSD95 protein structure is organized in different protein domains: three PDZ
domains (PDZ1p PDZ3) followed by a Src homology 3 (SH3) domain and a guanylate kinaselike (GK)
domain, distinguishable in two supramodules. Under each domain, some relative direct PSD interactors.
(From Ugalde-Trivifio and Diaz-Guerra, 2021).
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colleagues (2007) tried to map the whole interactome of PSD: analyzing large,
affinity-purified PSD-95 complexes derived from the synapse, a subset of the
identified proteins were selected as likely to be consistent, integral components
of the complex.Let s bri efly describe some of
PSD proteins as Shank and Homer, that together form a mesh-like matrix
structure, which serves as a binding platform for other synaptic proteins (Hayashi
et al.,, 2009). The former, encoded by three genes SHANK1, SHANK2, and
SHANK3, is involved in different synaptic functions, including spine
morphogenesis, synapse formation, glutamate receptor trafficking and activity-
dependent neuronal signaling; mutations in these genes are strongly associated
with autism spectrum disorders (ASD; see Sala et al., 2015). The second ones
also have isoforms belonging to three gene families, Homer 1, 2, and 3; among
the different functions and implications in neurological disorders (see Szumlinski
et al.,, 2006), Homer proteins are responsible in regulating the activity of
metabotropic glutamate receptors (mGIuRs), equally included in the list provided
by Dosemeci (2007): along with AMPARs and NMDARs, mGIluRs also mediate
glutamatergic neurotransmission. mGluRs are G-protein coupled receptors that
transduce signals via the interaction of intracellular G proteins, after their large
extracellular N-terminal domain binds glutamate. Binding their C-terminus,
Homer bridges mGIluRs with inositol trisphosphate receptors (IP3Rs) to release
calcium from the ER in the dendritic compartment (Tu et al.,, 1998). That
represents an important second source of intracellular calcium recruited by an
LTP-inducing high-frequency stimulation (Raymond and Redman, 2002), in
addition to the aforementioned one mediated by the RyRs. Among the various
isoforms of Homer, Homerla is an IEG that is increased by synaptic activity
through the ERK1/2 pathway, while Homerlb/c are constitutively expressed. A
negative loop, in which Homerla activity-dependent increases inhibit the
scaffolding ability of Homerlb/c, diminishes synaptic strength by modulation of
dendritic spine morphology and AMPA/NMDA receptors activity (Stephens et al.,
2017).

Another critical protein of the complex, neuroligin, is a cell adhesion protein
involved in the initial establishment of synapses during development.
Phosphorylated by CAMKII (Bemben et al., 2014), it binds to neurexins on the
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presynaptic side, which are another family of cell adhesion molecules, promoting
the trans-synaptic connectivity of the pre- and postsynaptic components by the
Ca2+-dependent interaction of their alternatively spliced extracellular domain.
This ensures the proper alignment of neurotransmitter release sites and
receptors (Arag et al., 2007).

SynGAP is a GTPase-activating protein (GAP) which specifically targets Ras
G-proteins that, in turn, are essential for activation of the mitogen-activated
protein kinase (MAPK) cascade by growth factors or by intracellular Ca?*
(Fukunaga and Miyamoto, 1998). The first MAPK to be discovered is the
extracellular signal-regulated kinase (ERK) 1/2 cascade, that has strongly been
shown to be involved in the induction and maintenance of LTP (Thomas and
Huganir, 2004; Wortzel and Seger, 2011).

Finally, protein kinase M zeta (PKM-) is a constitutively active kinase that
facilitates the release of non-synaptic pools of GIluA2 AMPAR for insertion in the
PSD and disrupting the normal endocytosis that normally removes these
receptors from the synapse, maintaining the number of AMPAR required to
support a potentiated response to glutamate (Sacktor, 2011).

By organizing all these signaling and structural proteins into complexes and
trapping AMPARSs at the postsynaptic membrane, PSD-95 plays a key role in
synaptic transmission (Pedersen et al., 2017) and in stabilization of young
synaptic contacts (Taft and Turrigiano, 2013). A knockdown of PSD95 arrests the
morphological development of glutamatergic synapses: although early LTP is
unaffected, spine morphological changes are reduced and spines are less stable
over the time (Ehrlich, 2007); loss of PSD95 function also impairs learning,
formation and expression of fear conditioning memories (Fitzgerald et al. 2015).

Formation of late-phase LTP involves enduring structural changes, including
expansion of the PSD and enlargement of the dendritic spine head (Yang et al.,
2008; see also section 1.5). These structural changes, in turn, depend on actin
accumulation as well as new protein synthesis (Bramham et al., 2008):
concerning the former, one of the major regulators of actin dynamics in spines is
cofilin, an actin side-binding protein. At its normal, unphosphorylated state, cofilin
depolymerizes actin filaments; vice versa, phosphorylated cofilin no longer

interferes with actin polymerization, leading to elongation or stabilization of
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filaments, and this is strongly implicated in spine enlargement at a late phase of
LTP (Bosch et al., 2014). Concerning the latter, consolidation of synaptic changes
strictly depends on the generation of new proteins: protein synthesis inhibitors
(such as anisomycin) block the development of a long-lasting LTP (Frey et al.,
1988). These new proteins can derived from genomic signaling cascades
(synapse-to-nucleus and soma-to-nucleus signaling, see Adams and Dudek,
2005), in which second messengers or their kinase targets enter the nucleus to
phosphorylate transcription factors, such as the cAMP-responsive element-
binding (CREB) protein, which binds to the cAMP response element (CRE) of its
target gene promoters to initiate transcription. But new proteins also come from
local translation of mMRNAs that is already present in the dendritic spine region:
translation machinery (ER, Golgi elements, ribosomal assemblies) is also directly
present in the local dendritic region (Steward and Schuman, 2001). This process
involves the regulation of a class of MRNAs located in the dendritic spine region
called terminal oligopyrimidine tracts (TOP) mRNAs, that encode for proteins that
are part of the translational machinery. Synthesis of TOP mRNAs is regulated by
the mammalian target of rapamycin (mTOR) kinase: preventing the activation of
MTOR selectively impairs the late phase of LTP, without influencing the initial
induction (Tang et al., 2002). The brain-derived neurotrophic factor (BDNF), in
turn, plays a critical role in activating the mTOR-TOP pathway, binding to
Tropomyosin receptor kinase (TrkB) receptors, that are co-localized with NMDA
receptors in the PSD (Bramham and Messaoudi, 2005).

The synaptic tagging, or tag-and-capture theory (Frey and Morris, 1998), which
will be detailed in the next paragraph, effectively explains how all these products,
necessary for a late phase of LTP (L-LTP) and its maintenance, may be targeted
to a specific set of synapses; it also allows to understand why the synapse, rather
than the neuronal nucleus, is the truly fundamental unit of long-lasting neuronal
plasticity (Martin, 2009).
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1.7 Synaptic tagging and capture

It is now clear that allocation of memory to specific engram cells is anything
but random: the excitability of a cell is one of the key factors in determining
whether or not it will participate inthefien gr am ¢ aeut®o1.3). Blavever,
in the same way as neurons, not all synapses are recruited and respond
identically to a given stimulation pattern (Varga et a., 2011). Activation of
synapses that are proximal to the cell body has a relatively large effect on the
likelihood of a cell to generate an action potential; on the contrary, the activity of

single distal synapses, that is far from the cell body, has a small effect on somatic

excitability. I todés the synctlymapsaspawrangedct i v

in spatial proximity, that can lead to a significant and sustained depolarization of
the soma (Major et al., 2013).

In the sequence memory model described by Hawkins and Ahmad (2016),
neurons have unique benefits by assigning unique roles to the different synaptic
integration zones: their pyramidal neuron model is directly activated only by
patterns detected on proximal synapses, whereas it maintains longer lasting sub-
threshold depolarization for patterns detected on basal and apical synapses. So,
both neuronal and synaptic allocation, sharing also the same molecular
mechanisms (for example, CREB signaling), function hand-in-hand to determine
where memories are stored in neural circuits (Rogerson et al. 2014).

Within the same neuron, some subsets of synapses may appear more

-

C
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study with the Aplysia culture system (Martin et al., 1997), the group led by Eric
Kandel set up an in vitro preparation in which a single Aplysia sensory neuron
forms synaptic contacts with two separate motor neurons. Five pulses of
serotonin were applied to the connections made onto one of the motor neurons,
resulting in an increase in the EPSP at that connection, but no change at the
opposite connection. Microinjection of anti-CREB antibodies into the sensory
neuron blocked this branch-specific facilitation produced by local serotonin
application, showing that the EPSP increase was dependent on CREB-mediated
transcription in the nucleus, but also restricted to a single set of synapses: only

the latter, and not those at the opposite connection had used the neuronal
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plasticity-related products (PRPs). Moreover, even a single subthreshold

serotonin pulse, if administered to the opposite connection within a certain time

window (both before and after) from the five pulses, was able to generate a long-

lasting increase in EP S P,

Acapt ur i ng aepénteattincreaseam s c r i

synaptic strength. In contrast, long-term facilitation could not be captured if the

single pulse was administered 4h before or 4 h after the five pulses (Martin et al.,

1997; Casadio et al., 1999).

The

Ssame

Acaptureo

phenomenon

wa s

by Frey and Morris (1997, 1998), exploiting the fact that separate sets of Schaffer

collateral fibers synapse on different territories of the dendritic arbor of of CA1

neurons. They applied strong stimuli to one input (S1) to CA1, in order to produce

a sustained, protein synthesis-dependent L-LTP, then weak stimuli to a second
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Figure 14. A weakly stimulated pathway can dzd b q u v s L TB!fram & secdhd strongly stimulated
pathway. a) Two electrodes are placed in two independent inputs (S1 and s2) of an hippocampal slice,
converging on the same CA1 neuronal population. b, left* | B o ! -mfore-ssma f ! q b s b e jLTPn
inducing stimulation is administered 5 to 60 minutes before S1 L -LTP-inducing stimulation, S2 E-LTP is
transformed into L -LTP. right) This happens because a synaptic tag in S2 is able to sequester plasticity-
related macromolecules produced by SA1 L-LTP. (c) This effect diminishes if the interval between the
dzx f bl LY boe! uif! tuspoh! ufuboj{bujpo!jt! 3i<!jul]

Morris, 1998)
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input (S2) that normally would produce only an early phase LTP (E-LTP; Figure
14a). As long as the stimuli to S1 and S2 were delivered within a certain time
window (Figure 14c), L-LTP was observed both at S1 and S2: the weaker
stimul us Ahi | gendrated loy the $treng KiRWus (Figure 14b).

Together, these findings have led to the elaboration of the "synaptic tagging
and capture" hypothesis (Frey and Morris, 1998), according to which the PRPs
reach all of the synapses, both active and inactive, but they can only be captured
and used productively at those synapses that have been tagged by local activity
(Alarcon et al., 2006). The capability of weakly stimulated synapses to undergo
LTP, if a second pathway had been strongly stimulated, was interpreted by the
authors of the theory asasignoftaggi ng: that @Atago a
capture PRPs even though they had not been responsible for triggering their
synthesis (as strongly stimulated synapses had been able to do) (Frey and
Morris, 1998).

Strikingly, synaptic tagging and capture-like phenomena have been shown to
occur at individual dendritic spines: LTP induced at one spine can affect the LTP-
inducing probability at a nearby spine in response to subthreshold stimulation
(Harvey et al., 2008). This is inversely related to time between stimuli and inter-
spine distance, with no synaptic tagging if spines are located more than a certain
distance on the same dendritic branch or on different dendritic branches
(Govindarajan et al., 2011). Also, E-LTP at one spine can be converted to L-LTP:
this protein synthesis-dependent process can take place if L-LTP was previously
induced at a nearby spine (Govindarajan et al., 2011). These dynamics also
concern the clustering of spines, as a result of synaptic allocation mechanisms:
clustering of potentiated synapses happens in close proximity to previously
activated synapses (Fu et al., 2012; see also section 1.5). Finally, induction of
LTP at two nearby spines causes a reduction in spine growth rate (that indicates
synaptic potentiation), suggesting a competition between them for a limited
supply of PRPs (Govindarajan et al., 2011).

The CAMKII-CREB pathway is critical for the synthesis of the PRPs shared

bet ween tagged synapses. These protei

(see section 1.6). Due to its properties, the latter will now be discussed in detail.
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1.8 Arc

The immediate-early gene (IEG) Arc (also called Arg3.1; see also section 1.3)
is one of the most sensitive genes to sensory, learning and memory inputs
(Minatohara, 2016). Arc transcription is strongly induced by synaptic activity and
newly synthesized Arc mRNA tends to localize close to synapses that have been
subjected to a pattern of activity capable of activating NMDA receptors (Steward
et al., 2015). In CA1, for example, Arc RNA appears in neuronal nuclei within 2
minutes of a new experience (like exploring a novel context), and, within about
15-20 minutes, processed Arc mRNA translocates from the nucleus to the
cytoplasm (Guzowski et. al. 2001, Figure 15). Transport of Arc in dendrites can
reach the speed of 65 & m-frpmethe nudleasu the , t hi
synapses on the distalmost dendritic branches in just a handful of minutes (Dynes
and Steward, 2007).

Caged control A, immediate A, delay

CA1 .
.

Figure 15. CA1 and CA3 Arc RNA induction by exploration of a novekenvironment. Within 2 minutes of
activation (A, immediate), Arc RNA (stained with CY3 fluorochrome, in red) appears in the nuclei (stained
with DAPI, in blue). These intranuclear foci (yellow arrows) disappear after 16 min from the removal of
stimuli (A, delay), indicating that neural activation occurs during this interval (2 -16 min) before the
sacrifice of the animal. 20-45 min after the induction, processed ARC mRNA accumulates in the
cytoplasm (white arrows). (From Guzowski et al., 2001)
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Okuno and colleagues (2012) showed that Arc is also captured at inactive or
less active synapses, finding a specific accumulation of Arc at post-synapses that
were opposed to pre-synapses inhibited through tetanus toxin. During the late
phase of LTP, Arc protein transported into dendritic regions is initially delivered
into both the potentiated and non-potentiated synapses, then is gradually lost
from the active synapses and accumulates in the non-potentiated synapses: this
phenomenon, called inverse synaptic tagging, may serve to alter the inducibility
of synaptic plasticity at later periods (Okuno et al., 2018). This Arc accumulation
in the inactive synapses is mediated by selective interaction with the inactive form
of CaMKIl, and plays a key role in increasing AMPAR removal from the
postsynaptic membrane (Okuno et al., 2012).

Activation of NMDAr and ERK are necessary for Arc transcription following
LTP induction; Arc is also induced pharmacologically in hippocampal neurons by
BDNF (for a review, see Bramham et al., 2010). To get to their destination, Arc
MRNAs are packaged into messenger ribonucleoprotein (MRNP) complexes,
which are transported by the motor protein complex kinesin along dendritic
mi crotubul e tracks t o untrenslated recagon @ER) alss
contains two cis-acting dendritic targeting elements (DTE) required for a specific
dendritic localization (Kobayashi et al., 2005).

Giorgi and colleagues (2007) found that Arc is a natural target for a process
known as nonsense-mediated RNA decay (NMD), needed for rapidly
downregulating aberrant mMRNAs: an exon-junction complex (EJC), made by an

RNA-binding tetrameric core, can target Arc due to the presence of two introns in

ynap s

the 36UTR of the gene and then be remove

leading Arc mRNA to be destructed upon translation: following a BDNF treatment,
more than half of the Arc mRNA transport beads in dendrites colocalize with one
of the EJC proteins, suggesting that Arc is translationally silent prior to reaching
the dendrite.

Very interestingly, recent publications showed that Arc protein can bind Arc
MRNA forming virus-like capsids (closely matching those of Human
Immunodeficiency Virus, HIV) that can be transferred extracellularly between
neurons via extracellular vesicles. The transferred Arc mMRNA can undergo

activity-dependent translation in the target cells (Pastuzyn et al., 2018) and, if this
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trans-synaptic transport is disrupted, synaptic plasticity is blocked (Ashley et al.,
2018). Such a mechanism could complete or even make unnecessary a tagging
dynamic to direct the arc mRNAs to such activated sites (Budnik and Thomson,
2020).

The systematic work by Messaoudi and colleagues (2007) clearly highlights
how Arc behaves a multifunctional hub protein (Nikolaienko et al., 2018), showing
its dual role in the consolidation of the LTP: regulation of local actin
polymerization and activity-induced gene expression. Concerning the former, L-
LTP is associated with marked hyperphosphorylation of cofilin (see section 1.6)
and Arc is directly responsible for this: infusion of Arc antisense
oligodeoxynucleotides (AS-ODNs), 2 h after LTP induction, results in rapid
dephosphorylation of cofilin and a corresponding large loss of new actin filaments
available. Concerning the latter, a pretreatment with AS-ODNs reverses a well
established HFS inducing-LTP when applied up to 160 minutes, but not when
applied 280 minutes after the induction; the same happens with a BDNF inducing-
LTP, rapidly reversed by AS-ODNs treatment at 2 h (but not 4 h) after BDNF
infusion. This finding strongly I inks th
(see section 1.6) to the synthesis of Arc and to long-lasting synaptic changes that
support potentiated synapses (Bramham et al., 2010; Rudy, 2014): this pathway,
in turn, regulates postsynaptic localization of PSD-95 (Yoshii and Paton, 2014)
and translation of many dendritic spine mMRNAs (Bramham and Messaoudi,
2005), placing Arc as a central piece of the PSD mosaic. Cao and colleagues
(2013) found that even abnormal levels of Arc can disrupt BDNF signaling,
interfering with BDNF-induced recruitment of PSD-95, whose association with
TrkB - in turn - is critical for an intact BDNF signaling.
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1.9 Analyzing plasticity at the single-synapse resolution

We have seen in paragraph 1.3 that researchers, taking advantage of IEGs as
Arc, have devised creative ways to manipulate cellular engrams in vivo, up to
creating a false memory, or even an

Now, consider that the volume of a young adult mouse hippocampus is - on
average - 19 mm? (Peirce et al., 2003) and that there are more than 2 synapses
for each cubic micron of tissue (Santuy et al., 2020): only this microscopic region
of the central nervous system contains more than 4x101° synaptic connections
bet ween neurons, and each o fsectioh®?d andtd
its own (see section 1.4) synaptic plasticity events. Thus, shifting the study of
memory engrams from the cellular to the synaptic level becomes a crucial point
to extend our perspective of the @An
memory. Studying and manipulating synaptic engrams represents the starting
point of this conceptual and methodological change of perspective. In this regard,
investigating whether and how memory is allocated at specific subsets of
synapses of a given neuron has remained a major puzzle, owing to the lack of
fully appropriate methodologies for manipulating individual synapses in vivo
(Gobbo and Cattaneo, 2020; Ma and Zuo, 2022).

A first step to fill this gap has been the pioneering work by Hayashi-Takagi and
colleagues (2015), who created a genetically encoded tool for the manipulation
of dendritic spines activated by behavioral learning: an Activated Synapse-
targeting Photoactivatable Racl (AS-PaRacl). This fusion protein took
advantage of a photoactivatable version of Racl (PaRacl, Wu et al., 2009), a
small GTPase that normally induces phosphorylation of cofilin to promote actin
polymerization and spine remodeling (see section 1.6): an aberrantly increased
activity of Racl, on the opposite, inhibits cofilin and led to spine shrinkage and
elimination (Pyronneau, 2017). In this way, light stimulation could selectively
erase the AS-PaRacl-expressing spines in the primary motor cortex (M1), when
the construct was injected. Activity-dependent expression of this photoprobe was
regulated by Synaptic Activity Responsive Elements (SARE) in the Arc gene
promoter, whose activation is dependent on synaptic Ca2+ influx through

NMDARs (Inoue et al., 2010). Finally, localization specificity at the activated
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synapses (AS) was ensured by fusing this photoprobe to DTE of Arc mRNA, for
dendritic input specificity, and to a shortened PSD-95 (i.e., deletion of two PDZ
domains), which is known to concentrate at the PSD but cannot bind with the
major PDZ binding proteins (which it minimizes undesirable effects of PSD-95
overexpression. First, thanks to the presence of a yellow fluorescent protein
(Venus) in the construct (Figure 16a), spines that had recently been activated by
a motor skill test were labeled; then, a selective shrinkage of these spines
disrupted the acquired motor learning (Figure 16b). Very interestingly, this

acquired learning was not affected by an identical manipulation of spines evoked
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Figure 16. Selectively labeling and eliminating activated spines by AS-PaRacl. a) AS-PaRacl is
transcribed under control of the synaptic activity -responsive element (SARE) and the Arc minimal
promoter (Arc min); LOV2 domain binds the N-terminus of Racl constitutively active form (Racl-CA),
blocking Rac1l effector binding site until blu e light undocks LOV Ja helix (for a review on LOV systems,
seeD{ bqgj _ t I j !.fThisallows an dptical 2o@trol (by photoactivation, PA) of spine shrinkage. b)
Both two groups of mice, one infected with the experimental and a filler construct CAMKII:mRFP
(monomeric red fluorescent protein) and the other with the filler alone, show a better rotarod

performance after training (Post -training), but only AS-PaRac1 group fall much more (latency of falling)

after administration of light (after PA). ¢) M1 neurons are sparsely transduced with Arc::AS-PaRacl-
Venus and CAG::mRFP and mice undergo different training protocols: in the dual task protocol, they
sequentially learn a rotarod and a beam task in the first and the latter 2 days, respectively. Retraining
group is subjected to the rotarod task in the first 2 days, learning -potentiated spines are shrinkaded by
PA, then rotarod task is retrained. Finally, home cage group is subjected to the rotarod task and

subsequent PA, then mice are not manipulated for 2 days. d) Proportion of newly potentiated spines,

that have not undergone potentiation in the first 2 days, significantly increases only in the dual task

group. (Modified from Hoshiba et al., 2017)
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by a second, different motor task in the same cortical region; also, more than half
of the synaptic ensembles activated for the second task had not been potentiated
by the first task, strongly suggesting that distinct tasks induced potentiation of
distinct subsets of spine (Figure 16c and 16d).

This innovative approach was Ilimited by the fact that shrinking via
photoablation was an irreversible process that prevented subsequent
manipulation of potentiated spines, thus allowing to demonstrate only the
necessity of spine potentiation for motor learning, while the sufficiency of the
activation of potentiated spines for memory recall could not be addressed. With
this purpose in mind, the group led by Antonino Cattaneo designed an approach
to image and activate potentiated synapses, named SynActive (SA, Gobbo et al.,
2017), once again benefiting from the extraordinary advantages conferred by Arc
UTRs: they expressed a variant of the optogenetic probe Channelrhodopsin
(ChETA, Gunaydin et al., 2010), fused to the red fluorescent protein mCherry,
between Ar c- amal - UIRs (Sa-Ch). Also, they fused to the C-terminus of
ChETA-Cherry a short bipartite SYN tag, composed of the NMDAR C terminus
and the PSD95-PDZ-binding consensus, in order to confer synaptic retention of
SA-Ch protein (Figure 17a). To test a synapse-specific and protein-synthesis-
dependent SA-Ch expression, they first demonstrated in culture that the number
SA-Ch-positive spines dramatically increased with L-LTP-inducing treatments,
while it decreased with NMDAR inhibition via AP5; also, translation inhibition with
geneticin G418 blocked a BDNF effect on SA-Ch expression, demonstrating its
dependence on novel protein synthesis (Figure 17b). Furthermore, glutamate
uncaging induced SA-Ch expression at stimulated synapses, but not at
neighboring synapses or at other synapses on the same dendrite (Figure 17c),
paralleled by a long-lasting volume spine increase; both were blocked by a
translation inhibition with anisomycin. Finally, light activation of expressed SA-Ch
was sufficient to elicit calcium transients in most stimulated spines, but not when
light was omitted: this mimicked the physiological activity of synapses, with an
enrichment of CAMKII at Sa-Ch positive spines (Figure 17d).

Then, researchers expressed SA-Ch in vivo under the TRE promoter in the

hippocampus of electroporated mice. Taking advantage of rtTA and the Tet-on
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Figure 17. In vitro synapse-specific and protein synthesis -dependent SA-Ch expression. a) Expressed
SA-Ch construct and patterns of dendritic expression for ChETA-Cherry (on the left), EGFP filler (in the
centre) and merge (on the right). b) Fraction of SA-Ch-positive spines dramatically increases with L -LTP-
inducing treatments (KCI, BDNF, NMDAinduced LTP), while it decreases with NMDAR inhibition via AP5,
or blocking BDNF with geneticin G418 ¢) Glutamate uncaging induces SA-Ch expression only at
stimulated synapses (s), measured as the change of mCherry intensity, but not at neighboring synapses
(d); when MNI-glutamate is not present in the medium (fsk only), there is no Sa-Ch expression. d)
Following a 3h pretreatment with CNQX, AP5 and TTX to reduce CAMKII background activation, neurons
are light-stimulated, fixed and stained for phospho-CAMKII, that is significantly increased in Sa-Ch-
expressing spines. Neurons with no Cherry signal (Ch) are no different in expression respect to the
neurons kept in dark and those expressing only EGFP; an increase is present in untargeted ChETA
Cherry-expressing neurons, that remains lower than that in Sa-Ch-expressing neurons. (Modified from
Gobbo et al., 2017)

system (see Sun et al.,, 2007 for a review; see also section 1.3 for a Tet-off
system), they were able to express Sa-Ch in a doxycycline-dependent restricted
time window, almost exclusively at spines of electroporated neurons: an
exposure to a novel context increased the number of SA-Ch spines along the
dendrites of both CA1 and DG regions (Figure 18a), following a solid clustered
distribution that was significantly more likely to express SA-Ch than a random
one (Figure 18b and 18c).
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Together with other reporters (Gobbo and Cattaneo, 2020), both AS-PARacl
and SA-Ch provide live access to potentiated synapses in vivo. However, SA-Ch
appears to be more versatile, thanks to its non-destructive approach on
potentiated spines. Also, SA-Ch seems to exhibit a more pronounced
dependence on the translation control,
UTR, which employs an internal ribosome entry site (IRES)-dependent
translation initiation that considerably increases translation in dendrites (Gobbo
and Cattaneo, 2020; Pinkstaff et al., 2001). Finally, the SynActive system allows
to express virtually any reporter protein in a synaptic activity-dependent manner
by only modifying the cDNA sequence translated into protein. The project
illustrated below was built on these advantages and on the potential of this

synaptic tool.
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Figure 18. In vivo electroporation with TRE:SACh and hippocampal spines analysis. a) Electroporated
mice with TRE:SACh exposed to a novel context (CNT) show both in CA1 and DG a significantly higher
fraction of SA-Ch positive spines than mice kept in the home cage (HC). b) The distribution of first
neighbor spine distance (dPP) shows that two Sa-Ch-expressing spines (red lines for CA1 on the left,
green for DG on the right) are closer together than calculated if their position along the dendrite were
random (black lines). ¢) The probability to express SA-Ch for the first 20 neighboring spines of a
potentiated spine is higher with respect to a uniform (and random) distribution (CA1 on the left, DG on
the right). (Modified from Gobbo et al., 2017)
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2. Aims of the project

With the general goal of fully exploiting the capabilities of the SynActive

toolbox (see section 1.9), the first objective of this work focused on setting up

tools for imaging and proteomics of synapses undergoing activity-dependent

potentiation through the use of Adeno Associated Viral vectors (AAVS). The AAV-

SynActive toolbox was then exploited in two parallel directions:

0 SynActive-assisted mapping of potentiated synapses (SA-Map)

Only recently research on learning-driven neural activity moved from a
cellular (Josselyn et al., 2009; Liu et al., 2012; Ramirez et al., 2013) to
a synaptic level (Hayashi-Takagi et al., 2015; Gobbo et al., 2017). In
order to increase our knowledge on the synaptic ensembles activated
by learning tasks, this study exploited the advantages provided by the
SynActive toolbox (SA, Gobbo et al.,, 2017) to create an in vivo
hippocampal topography of synaptic potentiation in mice.

Goals: tagging, imaging and analyzing CA1 and DG dendritic spines
hosting the potentiated synapses (i.e., expressing a SA-controlled

reporter) that support the encoding of a contextual fear memory.

0 Initial testing of a SynActive-based tool for molecular characterization of

potentiated synapses (SA-Mol)

The postsynaptic density (PSD) plays a crucial role in synaptic function
by anchoring neurotransmitter receptors, signaling and scaffolding
proteins (Dosemeci et al., 2016); one of the most important is PSD-95,
whose interactors have been identified thanks to the proteomic analysis
(Dosemeci et al., 2007; Fernandez et al., 2009). However, there are
currently no studies describing PSD-95 interactome in response to
synapse potentiation. To fill this gap, this study employed the SA
toolbox to study PSD-95 interactome of in vivo potentiated hippocampal

synapses.
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- Goal: validating activity-dependent expression of SA-driven proteomic
probe in CA1 dendritic spines, following the encoding of a contextual

fear memory.

For both sets of experiments, SA-constructs were stereotaxically injected into
the hippocampus and, after a sufficient expression period, a contextual fear
conditioning protocol was performed.

For the SA-Map aim, doxycycline was administered to limit the expression of
construct to the time-window during the formation of contextual fear memory;
then, tissue was fixed, signal was boosted through immunofluorescence and
several factors were evaluated through confocal microscopy: fraction of SA-
positive spines, distribution within and between CAl and DG, spine head
dimensions, possible clusterization, correlational measurements with behavioral
responses.

For the SA-Mol first goal, tissue was fixed following CFC; signal was boosted
through immunofluorescence and rate of expression was assessed through

confocal microscopy.
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3. Materials and methods

3.1 Animals and surgical procedures

C57BL/6J male mice (2 months old) were used for all investigations.

Stereotaxic injection procedures were performed on anesthetized mice, by
intraperitoneally injecting a mixture of zoletil (100 mg/kg) and xylazine (10mg/kg).
Body temperature was kept constant throughout the procedures at 36°C by a
closed loop temperature control system (Harvard Apparatus). Before surgery, the
scalp was treated with topical anesthetic (Luan cream 2.5% lidocaine). Two holes
were opened in the skull using a microdrill (Silfradent® Falcon), in order to insert
heat-pulled micropipettes fabricated from calibrated glass capillaries
(BLAUBRAND intraMark) filled with a cocktail of adeno associated viral (AAV)
vectors stereotaxic microinjections were performed by adapting the procedures
described in Di Garbo et al. (2011) and in Marchetti et al. (2019).

Forthe SA-Map experi ment, 1 ¢l of a solution
SynActive AAV2/5 construct pTRE3g::Arc5'UTR-P S D 9 5 gniVeris-HA-
Arc3'UTR (4.8x10%* vg/ml) and (ii) neuronal filler AAV2/5 construct pSynapsin::
rTA - IRES i TdTomato (2.7x10! vg/ml) was injected into hippocampal CA1
(172.0 mm AP, N1.9 mm ML and 17T1.4 mm DV r
and hippocampal DG (172.0 mm AP, N1.55 mn
bregma; hemisphere 2) of mice belonging to both experimental groups (CFC,

N=7; home cage, N=5) usinga microinjector (CellTram® 4r Oil) at a rate of
0.1 ¢l / min.

For SA-Mol, two different AAV2/5 cocktails were injected: (i)
PESARE::Arc5'UTR-PSD95-HAT-TEV-FLAG-Arc3'UTR (5.4x10** vg/ml) and h-
Synapsin::iTA-IRESi TdTomato  (2.7x10'* vg/ml) (N=14), or (i) h-
Synapsin::PSD95 1 HAT i TEV i FLAG (4.7x10' vg/ml) and h-Synapsin::rtTA -

IRES 7 TdTomato (2.7x10% vg/ml) (N= 14). Injection was in the CA1 area using
the same procedure and total injection volume used for SA-Map

After the injection procedure, the mic
prevent spillover of the virus during subsequent retraction. Finally, the wound

was cleaned and sutured. Mice received Tramadol:Paracetamol in drinking water
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and 21 days were allowed to let the mice recover and to achieve steady-state

expression of the AAVs .
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3.2 Contextual fear conditioning and doxycycline injections

All behavioral experiments were performed using a computerized fear-
conditioning system (Ugo Basile ANYmaze). A testing chamber with electrified
grid floor, was placed into a white sound-attenuating box (48.5x38.5x48.5cm)
equipped with loudspeaker, a ventilation fan and a camera mounted on the
ceiling. A high-contrast pattern was attached to the walls of the chamber to
characterize the context (conditioning stimulus, CS) where the electric shock
(unconditioned stimulus, US) was to be delivered. On day 1 (habituation phase),
mice were acclimated to the behavioral testing room for 30 minutes. Then, they
were exposed to the conditioning context for 5 min, in order to avoid novelty
effects during the following phase. On day 2 (association phase), after habituation
to the room, mice were exposed to the same conditioning context, where they
were subjected to 5 foot shocks (0.5 mA, 1 sec; 25 sec inter-shock interval) during
the first 3 minutes; then, 2 minutes were allowed for further exploration of the
context. Three hours later, mice were subjected to histological fixation (please

see below, section 3.3) (Figure 19a).

5min 3min 2min
o (e] [e]
*
24h 3h
> + —
i 0.5 mA it
A t
b Habituation A ssociation

JUTIT

Omin Imin 2min 3min 4min S5min Omin 1min 2min 3min 4min Smin

Figure 19. Contextual fear conditioning protocol. a) On day 1,5 minutes of habituation to the context; On
day 2, 3 minutes of exposure to footshocks followed by 2 minutes for additional exploration of the
context. b) Representative plot showing the progressive increase in the time spent freezing during the
association phase.
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Freezing behavior, considered as the complete absence of voluntary
movements, was automatically scored by the AnyMaze software (CFC group, for
SA-Map N= 7 mice, for SA-Mol N=14 mice). During the last 2 minutes of testing,
freezing behavior dramatically increased, which can be used to qualitatively
assess the animal's capability to form a CS-US association (Figure 19b. See also
section 1.1). As a control group, mice were kept in their home cage (hoca group,
for SA-Map N=5 mice, for SA-Mol N=14 mice).

Only for SA-Map, 2 h after the habituation phase, mice received an i.p.
doxycycline injection (1.5 mg/mouse) to activate the Tet-ON system and the
transcription of the SA construct. An additional injection was performed 24 hours

after the end of the habituation phase.
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3.3 Histological fixation

Mice were overdosed with chloral hydrate (10% W/V), then the heart was
exposed and the left ventricle was cannulated using a 27G needle connected to
silicone tubing passing through a peristaltic pump (Gilson). After cutting the wall
of the right atrium, perfusion was started at a flow rate and were transcardially
perfused at a of 18.5 ml/min. First 30-35 ml of ice-cold phosphate-buffered saline
(PBS) pH 7.4 were passed to clear tissues from blood, followed by at least 25 ml
of paraformaldehyde solution (PFA) (4% W/V in 0.1 M, pH 7.4 phosphate buffer,
PB). Brains were extracted from the skull and postfixed in 4% paraformaldehyde
solution for 2-6 hours. Samples were finally transferred to 30% W/V sucrose in
0.1 M PB and maintained at 4°C for at least 3 days, or until they sank to the

bottom of the tube, for cryoprotection.
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3.4 Immunofluorescence and confocal imaging

Brains were quickly frozen in dry ice, then coronal sections were cut using a
sliding microtome (80 &M, wusing Leic
antigen retrieval, in citrate buffer (pH 6.0, 10 mM) for 12 minutes at 80°C.

For SA-Map, slices were treated with blocking solution (10% normal goat
serum and 0.3% Triton X-100 in PBS) for 2 hours at room temperature, then

incubated with primary antibody solution (1% normal goat serum, 0.3% Triton X-

100, 1: 5 0-@Cherrg bntibiotd yU AbCam ab167453-HA1:

antibody AbCam ab9111, in PBS 1x) overnight at 4°C. After washing 3 times, 10
min each (1 time with 0.3% Triton X-100 in PBS 1x, 2 times with PBS 1x), tissue
was stained with secondary antibody solution (1% normal goat serum, 0.1%
Triton X-1 0 0 , 1 : 4 @ldickeg dlexa Fludr 488 Invitrogen A-11039, 1:400
g o a frabbl Invitrogen Alexa Fluor 555 A-21428, in PBS 1x). Then, slices were
washed 3 times again, 10 min each (1 time with 0.1% Triton X-100 in PBS 1x, 2
times with PBS 1x).

For SA-Mol, slices were treated with blocking solution (10% normal goat serum
and 0.3% Triton X-100 in PBS 1x) for 2 hours at room temperature, then
incubated with primary antibody solution (1% normal goat serum, 0.3% Triton X-

100, 1: 1 0 0 6mCleelryi antibayy AbCOam ab205402, 1-:

FLAG antibody Sigma F7425 in PBS 1x) overnight at 4°C. After washing 3 times,
10 min each (1 time with 0.3% Triton X-100 in PBS 1x, 2 times with only PBS 1x),
tissue was stained with secondary antibody solution (1% normal goat serum,
0.1% Triton X-1 0 O, 1 : 4 ecliickeg dlaxa Fludr 555 Invitrogen A-21437,
1: 400 -mbiAlexdFluor 488 Invitrogen A-11008 in PBS 1x). Then, slices
were washed 3 times again, 10 min each (1 time with 0.1% Triton X-100 in PBS
1x, 2 times with PBS 1x). Finally sections mounted onto microscope slides using

an antifade medium (Vectashield H-1000, Vector Labs). In the postsynaptic

a

S M.

3 0

160040

contr ol triple i mmunofl uor esc ehomes SyGysee s

160 025 was added inthe primary anti body sol ut-gunea ( 1: 3

pig Alexa Fluor 647 Invitrogen A-21450 was added in the secondary antibody
solution (1:400).
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Images were acquired with a confocal microscope (Zeiss LSM 900), using
either a 40x objective with 1x zoom in confocal mode), or a 63x objective with

2.4x zoom in Airyscan mode).
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3.5 Image post-processing

To enhance the fluorescence signal-to-noise ratio, as well as the spatial
resolution of acquired images, a combination of two post-processing techniques
(2D image deconvolution and background subtraction) were performed using Fiji
software (Schindelin et al., 2012), version 1.53f and related plugins (Diffraction
PSF 3D, Dougherty 2005; DeconvolutionJ, Linnenbriigger 2002) for both SA-Map
and SA-Mol.

First, given the conditions of our specific acquisition hardware (microscope,
camera and associated light), a Point Spread Function (PSF) was generated to
calculate the target image in the absence of the distortion effects (Giannini and
Giannini, 2016). Then, based on the PSF, a deconvolution algorithm was
employed to process each image of the acquired confocal z-stacks. Finally, a
background correction was performed. This approach resulted in more detailed
and sharper images (Figure 20) and in better detection of dendritic spines
compared to the original raw image (Figure 21). The same software settings were

used for all conditions (see Figure 20).

DECONVOLUTED BACK. SUB. DECONVOLUTED BACK. SUB.

Figure 20. Representative images showing the workflow for image postprocessing. For both the DG @)
and CA1 (), deconvolution followed by background subtraction resulted in improved signal -to-noise
ratio of immunofluorescence signals. White arrows indicate SA -positive puncta (green) apposed to
TdTomato dendritic spines (red). Point-spread function (PSF) parameters: index of refraction of the
media = 1.510; numerical aperture, n*sin(theta) = 1.40; longitudinal spherical aberration = 0; image pixel
spacing = 64nm; w/h = 1024x1024; normalization = 1. Deconvolution parameters: resizing = no resizing;
complex number precision = single precision; regularization parameter (gamma) = 0.0001.
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Figure 21. Representative tracings for the same image before (a) and after (b) image postprocessing
showing the increase in the number of detected SA-positive puncta.
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3.6 Slice quantifications

All immunofluorescence counts were manually performed using Fiji software
(Schindelin et al., 2012), version 1.53f.

For SA-Map, a spine was considered SA-positive only if the signal
corresponding to the HA tag (i.e., emitted by AlexaFluor488, displayed as green)
colocalized with the TdTomato signal (i.e., emitted by AlexaFluor555, displayed
as red) corresponding to dendritic spines; green puncta that were apposed to but
did not overlap with the red head of the spine were not considered to belong to
that spine (Figure 22). Consequently, red spines with no colocalizing green signal

were considered to be SA-negative.

SynActive Filler MERGE

M HA
B TdTomato

4P SA-positive spines

Figure 22. SA-Map quantification . Scheme showing the criterion for counting an HA-immunoreactive
punctum as belonging to a given tdTomato-immunoreactive dendrite (black arrows).
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For SA-Mol, a spine was considered to be positive for the expression of the
SA-PSD95-FLAG protein (labeled by AlexaFluor488, displayed in green) only if
colocalization with the TdTomato signal (labeled by AlexaFluor555, displayed in
green) corresponding to dendritic spines was observed; green puncta dots that
were apposed to but did not overlap with close but not touching the red head of
the spine were not considered to belong to that spine (Figures 23a-b).
Consequently, red spines with no colocalized green signal were considered to be
FLAG-negative.

The number of FLAG-positive spines was normalized on the length of their

parent dendrite to obtain a linear density[ s pi nes/ ¢ m] .

SynActive Filler MERGE Constitutive Filler MERGE
*
. & Yo
- L L ]
. . al
» . . . e .
- »CH
. . »
. —& — )4
. . &
L L] .
. h
L ] L] .
a M HA b Il hSyn-FLAG
B TdTomato I TdTomato
4P SA-positive spines 4b hSyn-FLAG positive spines

Figure 23. SAMol quantification. a) SynActive (left), filler (center) and merged (right) configurations. b)
Constitutive (left), filler (center) and merged (right) configurations. For both, on merged, black arrows
indicate which spine is considered valid
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3.7 Statistical analyses

Dendritic spine properties were compared using two-way ANOVA or two-way
repeated measures ANOVA (Figure 24, factor 1 = spine response to the
SynActive tool (SA-positive/negative), factor 2 = dendritic branching order; Figure
25, factor 1 = hippocampal region (CA1/DG), factor 2 = spine response to the
SynActive tool (SA-positive/negative); Figure 26, factor 1 = behavioral treatment
(CFC/hoca), factor 2 = dendritic branching order; Figure 27, factor 1 =
hippocampal region (CA1/DG), factor 2 = dendritic branching order; Figure 28,
factor 1 = behavioral treatment (CFC/hoca), factor 2 = dendritic branching order;
Figure 29, factor 1 = hippocampal region (CA1/DG), factor 2 = dendritic branching
order; Figure 33, factor 1 = type of AAV construct (ESARE/hSyn), behavioral
treatment (CFC/hoca)) and all pairwise multiple comparison procedures
(Bonferroni post-hoc test or Holm-Sidak post-hoc test). All these tests were
performed using SigmaPIlot software, version 12.0; graphs were elaborated using
OriginPro software, version 2019b.

Dendritic spine cumulative distributions on the corresponding branching
dendritic orders (Figures 30-31) were compared using the Kolmogorov-Smirnov
test via OriginPro software, version 2019b.

Correlational measures between time spent by the animals in freezing and the
spine head volumes (R squared coefficient), together with the related graphs
(Figure 32), were performed using GraphPad Prism software, version 7.00.

62



4. Results

4.1 SA-Map: labeling and imaging of dendritic spines and translation-dependent

structural potentiation

The first objective of this thesis was to find the experimental conditions for the
best titer of AAVs, for imaging of the SA-signal, for balancing the whole dendrite
staining by the filler and the post-synaptic signaling, and for a quantification of
the SA-signal. This preparatory activity, fundamental to carry out the whole
project and also for the more general use of the AAV-SynActive toolbox by the
lab and by the scientific community at large, led to the experimental conditions
outlined in the methods section above.

Co-injection of the two AAVs coding for synapsin:tdTomato and

TRE3g::SynActive-P S D 9 5 gmiVeris-HA (see section 3.1) resulted in sparse
labeling of entire hippocampal neurons, including their dendritic arbor, along with
a punctate pattern that colocalized with dendritic spine heads.
Even before a quantification of HA-immunoreactive puncta was performed (see
section 4.3), it was readily apparent from visual inspection of images that brains
corresponding to mice exposed to contextual fear conditioning (CFC group)
showed an intense signal that colocalized with the spine heads for each dendrite
(Figure 24a, rows 1 and 3), indicated by the white arrows in hippocampal CAl
(Figure 24b, row 1) and DG (Figure 24b, row 3). In home cage (hoca group) mice,
the absence of exposure to a specific cognitive task was associated with a less
intense HA signal and fewer green dots colocalizing with spine heads (Figure
24a, rows 2 and 4), reflecting the intrinsic baseline rate of synaptic potentiation
in CAl (Figure 24b, row 2 ) and DG (Figure 24b, row 4).

If doxycycline was not injected to activate the transcription of
TRE3Qg::SynActive-P S D 9 5 gmiVenis-HA in CAl (Figure 24c, row 1) and in
DG (Figure 24c, row 2), no HA immunoreactivity could be detected upon
exposure to CFC, with only a few dots resulting from tissue autofluorescence.
Similarly, if the primary antibody against the filler protein TdTomato and HA was
omitted during the immunofluorescence procedure (see section 3.4), the
secondary antibodies did not show significant signal neither in CA1 (Figure 24d,
row 1) nor in DG (Figure 24d, row 2). Finally, if no AAVs had been injected before
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CFC, no significant signal appeared either in the red or green channels (CAL,
Figure 24e row 1; DG, Figure 24e row 2).

Of note, the presence of HA-immunoreactive dots that did not colocalize with
labeled dendritic spines can correspond to neurons expressing insufficient levels
of the tdTomato filler, while maintaining levels of the rtTA transactivator adequate
for triggering transcription of TRE3g-controlled SynActive-P S D 9 5 gniVerkis-
HA. This can be explained by the tdTomato coding sequence being cloned
downstream of an internal ribosome entry site (IRES), which may result in lower
translation with respect to the upstream coding sequence corresponding, in our
case, to rtTA. However, this had the advantage of achieving a sparse labeling of
hippocampal neurons, required to perform accurate mapping of individual
dendritic arbors. Moreover, the "no-doxycycline” and "no-AAV" controls
demonstrate that the green puncta labeling originated from TRE3g- and
Synactive-d e pendent expr essmuems-ldX PSD95@l. 2

These results show that the expression of TRE3g::SynActive-P S0 9 5 Dl . 2
mVenus-HA (i) can be controlled using the TetON doxycycline-dependent
system and (ii) correlated with hippocampal activation triggered by exposure to
CFC.
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Figure 24. SAMap representative images. Representative low- (A) and high-magnification ( B) images
from the hippocampi of mice expressing synapsin:rtTA -IREStdTomato and TRE3g::SynActive
QT E: 6 éam¥énBs-HA. Continued on next page.
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Figure 24. Continued from previous page. C) Omitting doxycycline injection results in undetectable
fygqsfttjpo! pmVerstHA: Oj Oritting the primary antibodies against tdTomato and HA
from the immunofluorescence procedure abolishes detection of both antigens, thus ruling out that
signals are generated by aspecific reactivity of the secondary antibodies. E) Omitting AAV injection
results in undetectable immunoreactivity for both tdTomato and HA . On the left low-magnification
panels, on the right high-magnification panels.



4.2 SA-Map: labeling spines showing structural potentiation

The volume of a dendritic spine is considered proportional to the size of its
postsynaptic density (PSD), glutamate receptors availability and, consequently,
synaptic strength (Matsuzaki et al., 2001; Holtmaat and Svoboda, 2009; see
sections 1.5 and 1.6). For these reasons, changes in the volume of dendritic
spines, before and after a potentiation-inducing event, are considered as a
structural proxy for functional synaptic potentiation. To observe whether our SA
tool was capable of selectively labeling potentiated spines showing a significant
increase in volume (compared to non-potentiated ones), SA-positive and SA-
negative spines head volumes were compared, focusing on the CA1 and dentate
gyrus. In addition, CFC and home cage mice were also compared. Finally, the
dendritic branching order was also considered from the first to the third order.

The volume of each spine was calculated approximating their shape as if it
were generated by the rotation of a perfect ellipsoid (we approximated two of the
dimensions as equal):
where ®is the semi-major axis of the ellipsoid and the semi-minor axis (also
eqgual to the third dimension).

Comparing SA-positive and SA-negative spines on the same dendritic order,
in the animals exposed to contextual fear conditioning (CFC group) CA1 SA-
positive spines had a larger volume than negative ones, but regardless of the
branching order (Figure 24a). A similar, statistically significant trend was
observed in the DG where, in addition, third-order spines showed a significantly
larger volume than first-order spines (Figure 24b).

Similarly, in mice kept in their home cage (hoca group), SA-positive spine head
volumes for both the CA1 (Figure 24c) and DG (Figure 24d) were significantly
larger than SA-negative spines.

Finally, if considered independently of their dendritic order, the head volumes
of both SA-positive and SA-negative spines were always larger in the dentate
gyrus than in CAl, whether the treatment was CFC (Figure 25a) or home cage
(Figure 25b).
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Taken together, these results show that i regardless of the behavioral
treatment and the hippocampal region i SynActive-cont r ol | ed - PSD9

mVenus-HA labels spines showing structural potentiation.
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Figure 24. SynactiveQ T E : 6 é&/énBs-HA labels structurally potentiated dendritic spines in the CA1 and DG.A) Exposure
to CFC results in CA1 SApositive dendritic spines showing a larger volume than SA-negative dendritic spines, regardless of
the branching order (repeated measures ANOVA2 with factor 1 = SA-positive/negative and factor 2 = branching order;
factor 1, F = 38.467; p = 0.002; factor 2, F = 0.503; p = 0.619; interaction, F = 1.695; p = 0.23R) Exposure to CFC results in
DG SApositive dendritic spines showing a larger volume than SA-negative dendritic spines, with a more pronounced effect
on third-order dendritic spines (repeated measures ANOVA2 with factor 1 = SA-positive/negative and factor 2 = branching
order; interaction, F = 4.412, p = 0.042; HolmSidak post-hoc test, SA-positive vs SA-negative first order, t = 3.128; *p = 0.015;
second order, t= 3.399; **p = 0.010; third order, t = 5.210, *p = 0.001; SAvositive, third order vs. first order, t = 2.777, *p =
0.035). (C, D A similar trend was observed for the home cage (hoca) condition, in both the CA1 (factor 1, F = 226.209, ***p
< 0.001; factor 2, F = 2.080; p = 0.187; interaction, F = 1.368, p = 0.368) and DG (factor 1, F = 73.759; ***p = 0.003; factor 2
F = 2.691, p = 0.146; interaction, F = 3.810, p =0.085). The analysis was conducted on the average value for each mouse;
CFC, N=7 mice, CAIN=12 neurons, DG N=15 neuronshoca, N=5 mice, CA1 N=6 neurons, DG N=6 neurons.

68



CFC hoca

A *kx B *kk
0.25 - Tk 0.25 1 *kk
*%kk
“E 0204 [ E 0204  Hkx
= =5
o U
E o151 § o151
g *kk g *k%
o l_l o
3 0.10- . I 3 0.104 I
< < ¢
o - (e
& 0.054 1 1 ] & 00517 | .
T ] .
0.00-— . ; : 0.00 L— . . .
CA1 DG CA1 DG CA1 DG CA1 DG
sa* SA” sa*t SA”

Figure 25 Comparison of SA-positive and SA-negative dendritic spine volumes between the CA1 and DG regions.
Both SApositive and SA-negative dendritic spines show a larger volume in DG than in CAL. This is true for both
behavioral treatments: (A) CFC (ANOVA2 with factor 1 = CA1/DG and factor 2 = SApositive/negative; interaction,

F =22.995, p < 0.001; Bonferroni posthoc test, DG SApositive spines vs CA1 SA-positive spines, t = 9.821, ***p <
0.001; DG SAnegative spines vs CA1 SAnegative spines, t = 7.815, **p < 0.001; SApositive spines vs SA-negative

spines within DG, t = 27.467, ***p < 0.001; SApositive spines vs SAnegative spines within CA1, t = 16.814, ***p <
0.001) and (B) home cage (hoca, interaction, F = 40.784, p < 0.001; Bonferroni poshoc test, DG SApositive spines

vs CAL SApositive spines, t = 13.286, ***p < 0.001; DG SAnegative spines vs CA1 SAnegative spines, t = 16.836,
***p < 0.001; SApositive spines vs SA-negative spines within DG, t = 29.884, ***p < 0.001; SApositive spines vs

SA-negative spines within CA1, t = 23.246, ***p < 0.001). The analysis was conducted on all the spine head
volumes, independently from branching order: CFC, DG S#Abositive N=801 spines, CA1 N=524 spines, DG SA
negative N=2173 spines, CA1 N=1953 spines; hoca, DG SAositive N=352 spines, CA1 N=440 spines, DG SA
negative N=2813 spines, CA1 N=2535 spines.
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4.3 SA-Map: detection of synaptic potentiation triggered in tha CA1 and dentate

gyrus by exposure to contextual fear conditioning

As seen in section 4.2, hippocampal dendritic spines that were SynActive-
positive showed a larger head volume than spines that did not express our
construct. It was therefore reasonable to expect that the number of potentiated
spines (and, possibly, their local density) increased in response to exposure to
a behavioral task known to trigger hippocampus-dependent learning and
memory, in our case CFC, as far as the spatial context component of the task is
concerned. To test this, the number of SA-positive spines was normalized on the
total number of spines and compared between CFC and home cage mice to
obtain the density of potentiated spines for the three dendritic orders considered.
In both CA1 (Figure 26a) and dentate gyrus (Figure 26b), the density of SA-
positive spines was significantly higher in conditioned (CFC) mice compared to

home cage (hoca) controls.
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Figure 26. Comparison of the fraction of structurally potentiated dendritic spines in the CA1 and DG. Significant
differences were observed for both the A) CA1 (factor 1, CFC othoca; factor 2, branching order; repeated measures
ANOVA2, factor 1, F = 52.246, ***p < 0.001; factor 2, F = 1.429, p = 0.246; interaction, F = 1.177, p = 0.330) arB)
DG (factor 1, F = 22.768, ***p = 0.001; factor 2, F = 0.0188, p = 0.981; interaction, F = 2.437, p = 0.119 for each
group are the same as for figure 24.
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Comparing the SA-positive spines fraction between the two hippocampal regions
did not show any differences in CFC mice (Figure 27a); however, in home cage
mice, CA1l showed a higher overall density of SA-positive spines than the DG
(Figure 27b).

Taken together, these results show that in both CA1 and DG the number of
SA-positive spines, relative to the number of SA-negative spines, increases in an
learning-dependent manner; after exposure to CFC, there are no significant
differences between the fraction of SA-positive spines between the two regions,
while the CA1 shows a higher baseline (home cage) fraction of potentiated spines
than the DG.
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Figure 27. Comparison of the fraction of structurally potentiated dendritic spines in CFC and hoca mice between
CAl and DG.A) No significant difference was observed in CFC-exposed mice (factor 1, CA1 or DG; factor 2,
branching order; repeated measures ANOVA2, factor 1, F = 1.339, p = 0.297; factor 2, F = 2.516, p = 0.125;
interaction, F = 0.756, p = 0.497)B) In the home cage (hoca) condition, the fraction of structurally potentiated
spines was larger in the CA1 compared to the DG for all branching orders(factor 1, F = 14.860, *p = 0.031; factor
2, F =8.553#p = 0.018; interaction, F = 4.287, p = 0.070)N for each group are the same as for figure 24.
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4.4 SA-Map: calculation of nearest neighbor distance

Modeling studies have shown that potentiated synapses may show a tendency
to group in clusters along the dendrites (Kastellakis and Poirazi, 2019; see
sections 1.5 and 1.7). Since the SynActive tool allows to label synapses that have
been potentiated following the learning phase of a CFC task, it was of interest to
investigate the spatial arrangement of SA-positive synapses.

To investigate this aspect, the nearest neighbor distance (NND) was
calculated for SA-positive spines as a measure of spine clusterization.

No significant differences were detected in NND for SA-positive spines in the
CAl between CFC and home cage (hoca) groups (Figure 28a). On the contrary,
in the DG, SA-positive spines, in third order dendritic branches, were found to be
closer to each other, than SA-negative spines (Figure 28b).

Vice versa, SA-negative spines showed a significantly shorter NND in the home
cage condition, both in the CA1 (Figure 28c) and the DG (Fig 28d).

When NND was compared between the CAl and the DG, no statistically
significant difference emerged for SA-positive spines in the CFC group. On the
other hand (Figure 29a), SA-positive spines showed a significantly shorter NND
in the CA1 than in the DG for home cage mice (Figure 29b). For SA-negative
spines, no significant differences were observed when comparing the CAl1 and
DG of CFC mice, but spines located on second-order dendrites of the CA1 had a
significantly shorter NND than first- and third-order spines (Figure 29c). Finally,
SA-negative spines in the DG show a significantly shorter NND in home cage
than in CFC groups (Figure 29d).

The above described NND analysis indicates that in the DG (in distal dendritic
branches), but not in the CA1, SA-positive dendritic spines tend to group together
in response to a behavioral task triggering associative learning. Moreover,
structurally potentiated spines tended to be closer in DG than in CAl in a baseline
behavioral condition.
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Figure 28. Nearest neighbor analysis for SApositive and SA-negative dendritic spines in the CA1 and DG.A) No
significant difference in the nearest neighbor distance (NND) of SA -positive dendritic spines was detected for the
CAl in CFC vs.hoca mice (repeated-measures ANOVA2, factor 1, CFC orhoca; factor 2, branching order; factor
1, F = 0.110, p = 0.747; factor 2, F = 0.277, p = 0.761; interaction, F = 0.830, p = 0.45B) In the DG, NND was
significantly shorter in CFC mice compared to hoca controls (factor 1, F = 15.475, **p = 0.004; factor 2, F = 3.045,
p = 0.076; interaction, F = 2.726, p = 0.096)C-D) For both the CA1 (factor 1, F = 7.875, **p = 0.019; factor 2, F =
2.661, p = 0.096; interaction, F = 2.804, p = 0.086) and DG (factor 1, F = 10.626, **p = 0.01; factor 2, F = 0.484, p
0.624; interaction, F = 0.827, p = 0.454), the NND of SAegative dendritic spines was significantly higher in CFC
mice compared to hoca controls. N for each group are the same as for figure 24.
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Figure 29. Comparison of nearest neighbor distances between CAl1 and DG for SApositive and SA-negative
dendritic spines in CFC and hoca mice.A) No significant difference in the nearest neighbor distance (NND) of SA-
positive dendritic spines was detected for the CFC mice in CAl vs. DG (repeatedmeasures ANOVA2, factor 1,
CAlor DG,; factor 2, branching order; factor 1,F = 0.248; p = 0.639 factor 2, F = 0.929; p = 0.248 interaction, F =
0.0235; p = 0.977). B) For hoca mice, NND for SApositive dendritic sp ines was significantly shorter in the CA1 vs.
DG (factor 1,F = 36.760; p = **0.009 factor 2, F = 6.315; p = 0.033 interaction, F = 2.666; p = 0.149. C) SA-negative
dendritic spines of CFC mice showed in the CA1 a significant difference among branching orders (interaction, F =
5.606; p = 0.023 followed by Holm-Sidak post hoc test, first order vs. second order, t = 2.760; *p = 0.026; third
order vs. second order,t = 2.818, *p = 0.034). D) For hoca mice, no significant differences were detected for SA-
negative spines between the CAl and DG (factor 1,F = 1.625; p = 0.292 factor 2, F = 0.865; p = 0.468 interaction,
F =0.300; p = 0.753. N for each group are the same as for figure 24.

74



4.5 SA-Map: mapping of dendritic spine density along the dendritic arbor

To investigate whether the position of SA-positive and SA-negative spines
varies along the apical dendritic tree of CA1 and DG neurons, the cumulative
distributions of distances between dendritic spines and their corresponding
dendritic branching points were compared, in the different experimental groups.

No statistically significant differences in the distribution of SA-positive versus
SA-negative dendritic spines were detected for the first branching order of apical
dendrites in both the CA1 and DG of CFC mice.

At the level of the second branching order, SA-positive spines showed a
statistically significant shift toward more distal positions compared to SA-negative
spines (Figure 30b). A statistically significant, opposite trend was observed in the
CALl for second branching-order SA-positive spines in the CAl, which were
located at more proximal locations than SA-negative spines (Figure 30e).
Concerning the third branching order, no significant differences were observed in
the DG (Figure 30c), while in the CA1 a both-ends shift emerged (Figure 30f), i.e.
SA-positive spines were localized preferentially closer to the branching point or
far from it.

When a similar analysis was conducted on the home cage group, no significant
differences were detected except for the 3 order of CA1 apical dendrites (Figure
31f), where SA-positive spines were shifted proximally respect to SA-negative
spines.

Taken together, these results show that SA-positive synapses are not
distributed uniformly along the different dendrite sections of the same neuron.
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Figure 30. Comparison of the spatial distribution of SA -positive and SA-negative dendritic spines along the
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Figure 31. Comparison of the spatial distribution of SA-positive and SA-negative dendritic spines along the
dendritic tree of CA1 and DG neurons in hoca mice.In the DG ,A-C) No significant differences were detected in any

branching order for the first branching order (Kolmogorov -Smirnov two-sample test, first order, D = 0.13077, p =
0.17917; second order, D = 0.15385, p = 0.07389; third order, D = 0.13846, p = 0.13545). Ithé CAL, no significant
differences were detected for c) first- and D) second-order dendrites (first order, D = 0.1, p = 0.4652; second ader,
D =0.06154, p = 0.93251) E) For the third branching order, for SApositive spines a small, but significant proximal

shift was detected in comparison to SA -negative spines (D = 0.19231; * p = 0.0124). N are the same as figure 30.
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4.6 SA-Map: correlation of synaptic structural potentiation labeling with the

expression of CFC-related behavior

The amount of time each mice spent in freezing behavior can be considered
as an indicator of the intensity of learning during exposure to the association
phase of CFC (see section 1.1). On the other hand, potentiated spine volume can
be considered as an index of the strength of synaptic structural potentiation (see
sections 1.5 and 1.6). To establish a relationship between these measures, a
linear regression analysis was performed.

For both CAl (Figure 32a) and DG (Figure 32b) we found a statistically
significant correlation between the time spent in freezing and the average volume
of SA-positive spines; on the opposite, no significant correlation existed for SA-
negative spines (Figure 32c, Figure 32d).

These data point to a direct relationship between the degree of physical
synaptic potentiation in the CA1 and DG and the strength of expression of a

hippocampus-dependent behavior, based on associative learning.
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Figure 32. Direct relationship between the time spent in freezing and the strength of structural potentiation . A-B)
Significant correlation between the time spent in freezing and the volume of SA -positive dendritic spines in the
CAL1 (linear regression analysis, R = 0.6346, *p = 0.0320) and DG (R= 0.6395, *p = 0.0309).C-D) No significant
correlation could be detected between the time spent freezing and the volume of SA-negative dendritic spines for
either the CAl (R = 0.007611, p = 0.8525) and the DG (R= 0.4066, p = 0.1234). CFC, N = 7 mice, CAl, N=15
neurons, DG, N=12 neuronshoca, N = 5 mice) For CFC condition, CA1, N=6 neurons, DG, N=6 neurons.
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4.7 SA-Mol: validation of the in vivo expression pattern of constructs for the

analysis of the PSD-95 interactome at potentiated synapses

The results obtained from the SA-Map set of experiments sparked the question
of determining the changes in the synaptic proteome associated with synaptic
potentiation induced by a specific learning task. To this end, we took inspiration
from the PSD-95 proteomic bait described by Férnandez et al. (2009), and
expressed specifically at potentiated synapses, under SynActive control, a
construct for the isolation of the interactome of the postsynaptic hub protein PSD-
95 via co-immunoprecipitation.

More in detail, PSD-95 was fused to a sequence allowing for tandem affinity
purification using sequential immunoprecipitation against the FLAG and 6n His
tags, separated by the consensus sequence for cleavage by the tobacco etch
virus (TEV) protease (Férnandez et al., 2009). This coding region was flanked by
5'"and 3' UTR regions of the Arc mRNA, and controlled by the synthetic activity-
dependent promoter ESARE (Kawashima et al., 2013), to obtain ESARE::SA-
PSD95-6n His-TEV-FLAG. As a control construct, the same PSD95-6n His-TEV-
FLAG coding region was placed under the control of the constitutive synapsin
promoter to obtain hSyn::PSD95-6n His-TEV-FLAG (see also section 3.1). The
DNA constructs were delivered to the brain via Adeno Associated Vectors and
used for the co-immunoprecipitation of the SA-PSD-95 proteomic bait with the
synaptic proteins interacting, directly or indirectly, with the endogenous PSD-95
(PSD-95 interactome) and their subsequent identification via mass spectrometry.

Before embarking in the co-immunoprecipitation of the SA-PSD-95 proteomic

bait with thePSD-95 interactome and in its subsequent identification via mass
spectrometry, the pattern of expression of the two constructs was verified, by
injection of AAVs coding for either one of them, along with hSyn-driven tdTomato
filler, to visualize the neuronal morphology. Imaging of sections stained for
immunofluorescence against FLAG and tdTomato showed a sparse labeling of
neurons (TdTomato signal), surrounded by green puncta (FLAG signal, Figures
33 a-b). A further immunofluorescence was done also against Homer 1b/c, to

control for FLAG colocalizing with postsynaptic elements (Homer-1 signal, Figure
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33d). Finally, if primary antibodies were omitted during the immunofluorescence
procedure (Figure 33e), or no AAVs were injected (Figure 33f), no significant
signal appeared neither from the red nor from the green channel.

For both ESARE::SA-PSD95-6n His-TEV-FLAG and hSyn::PSD95-6n His-
TEV-FLAG conditions, mice exposed to CFC and home cage (hoca) controls
were analyzed. Quantification of FLAG-positive synaptic puncta along apical
dendrites of CA1l neurons showed that, for ESARE::SA-PSD95-6n His-TEV-

FLAG-expressing mice, exposure to CFC was accompanied by a significant

increase in their | inear hbmecagemige.Qnpha
contrary, hSyn::PSD95-6n His-TEV-FLAG-expressing mice did not show any
significant differences between the CFC and home cage conditions (Figure 33c).

These results show that only SynActive-controlled PSD95-6n His-TEV-FLAG

responds to behavioral induction of learning and to the ensuing synaptic structural

potentiation with a rise in its expression. This supports the use of ESARE::SA-
PSD95-6n His-TEV-FLAG for identifying the potentiation-specific PSD-95

interactome using a comparative approach.
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Figure 33. Representative images and quantification of the density of PSD95-FLAGpositive puncta in mice
expressing ESARE::SAPSD956n His-TEV.FLAG or hSyn::PSD98n His-TEV-FLAG in the CA1.Representative low-
(A) and high-magnification (B) images from the CA1 of mice expressing ESARE::SAPSD956n His-TEV-FLAG or
hSyn::PSD956n His-TEV-FLAG.C) Exposure to CFC resulted in increased density of PSD9SFLAG-positive puncta
in comparison to hoca only for mice expressing the SA-controlled version of the construct (ESARE), while
constitutive expression of the construct (hSyn) resulted in lack of responsiveness to learning activity, in addition
to labeling a significantly higher number of dendrit ic spines (ANOVA:2, factor 1 = type of construct, factor 2 = CFC
or hoca; interaction, F = 24.369, ***p<0.001, followed by Bonferroni post hoc test, ESARECFC vs. ESARHoca, t =
5.935, ***p < 0.001; hSynCFC vs. ESARECFC, t = 23.211, ***p < 0.001; ESAREoca vs. hSynhoca, t = 30.192, ***p
< 0.001; hSyRCFC \s. hSynthoca, t = 1.046, p = 0.306). ESAREFC, N=7 mice and 15 neurons; ESARBEoca, N=7
mice and 15 neurons; hSynCFC, N=7 mice and 15 neurons; hSyoca, N=7 mice and 15 neurons.
Continued on next page.
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Figure 33. Continued from previous page. D) High magnification of CA1l dendrites signal colocalizing with
postsynaptic Homer 1b/c. E) Omitting the primary antibodies against tdTomato and FLAG from the
immunofluorescence procedure abolishes detection of both antigens; F) omitting AAV injection results in
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5. Discussion

Despite a strong consensus has been reached about the existence of engram
cells in a variety of brain areas (Han et al., 2007; Han et al., 2009; Liu et al., 2012;
Ramirez et al., 2013; Vetere et al., 2019), an additional aspect to be taken into
account is that each of these engram neurons have thousands of synaptic
contacts able to modify their proteic repertoire and structure to bidirectionally
adapt to the strength of incoming stimuli. In order to address these questions, we
have extended txpaimeatd wtratdgy ttoi facktdte the in vivo
expression of SynActive reporters or effectors from the transgenic in utero
electroporation approach, as in (SA, Gobbo et al., 2017) to the more flexible and
versatile use of viral vectors. Thus, the first aim and achievement of my thesis
was to exploit a set of Adeno Associated Viral vectors harboring SynActive-
regulated reporter constructs. This SynActive AAV toolbox was then used to
detect and characterize hippocampal potentiated spines (Sa-Map) and to validate
a synaptic proteomic probe (Sa-Mol), after extensive optimization of the
conditions for expression sparsity and imaging of the SA-reportes against the

background of the filler staining.

For SA-Map, delivery via adeno-associated viral vectors (AAVs) of SA-based
genetically encoded tools was conducted according to an experimental design
that guaranteed both a spatial confinement (hippocampal injection site) and a
temporal confinement of the expression of the construct (Tet-On doxycycline-
dependent system), limited to a time window during which a given memory
formation occurs. SA-Map imaging results confirmed these two properties of
SynActive-P S D 9 5 gmiVenis-HA fear-driven expression both in DG and CAl
(see section 4.1). Consistently with our knowledge about the activity-dependent
increase of the volume of dendritic spines undergoing synaptic plasticity
(Matsuzaki et al., 2001; Matsuzaki et al., 2004; Holtmaat and Svoboda, 2009),
the volumes of hippocampal DG and CAL1 spine heads expressing the SynActive
construct were significantly larger than those of the spines that were not
expressing the SynActive reporter (SA-negative), further validating that the

SynActive construct was preferentially expressed at potentiated spines also via
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AAV vectors (see section 4.2). Coherently, the number of SA-positive spines was
greater in CFC conditioned animals compared to their mates left in their home
cage (see section 4.3); also, with a view to a possible in-depth study on the basal
activity of the hippocampus, it could be an interesting fact that more SA-positive
spines were present in CAl than in DG of non-conditioned mice (see section 4.3).
On the other hand, the spine head volumes in DG were larger than those of CAL,
regardless of the behavioral treatment and the response to the SynActive, and
this already has evidence in the hippocampal microanatomy literature (Paulin et
al., 2016; see section 4.2).

Regarding possible synaptic patterns of clustering, only in DG SA-positive
spines tended to be closer in CFC than in resting state, while there was no
difference in the nearest neighbor distance between potentiated spines in CAL.
While offering important and long-waited experimental evidence for learning-
dependent clustering of potentiated synapses, the finding of clustering in DG but
not in CA1 may indicate subregion-specific plasticity rules which certainly deserve
further investigation. Vice versa, in both regions of the hippocampus SA-negative
spines tended to be closer to their neighbor in resting state (home cage) than in
CFC (see section 4.4).

An important difference in the distribution of SA-positive dendritic spines, for
the CFC (but not in home cage) group, regarded the 2° order dendritic branches:
in DG neurons, the SA-positive spines tended to be shifted distally, respect to the
SA-negative spines (so, further from the branching point of that segment and,
consequently, from the soma of the neuron) while in CAl they were distributed
proximally (so, closer to the branching point of that segment and, consequently,
to the soma of the neuron. See section 4.5). In terms of hippocampal connectivity
(see section 1.2), even though we know that hippocampal information does not
travel solely and unidirectionally through the trisynaptic loop (Yeckel and Berger,
1990), dentate gyrus first receives sensory informations from the associative area

of the entorhinal cortex, and that is essential for pattern-separation and encoding

of a fear memory for a new conditioned context (Hainmueller and Bartos, 2020).
DG SA-positive spines further away from the soma could reflect synaptic plasticity
facilitating the integration of sensory information with the emotion associated with

fear, modulated by connections with the entorhinal cortex's associative area,
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basolateral amygdala and CA3 (Yousuf et al., 2021), towards which efferent
connections from the dentate gyrus are mainly directed. In CAL, arrival station of
trisynaptic information and hippocampal data integrator (Tigerholm et al., 2013;
Barrientos and Tiznado, 2016), potentiated spines closer to the soma could
reflect instead the strengthening of pre-existing synapses and the storage of fear-
related memories. Finally, time spent by the animals in the freezing mode
positively correlated with the increase of head volumes of SA-positive spines, but
not of SA-negative spines (see section 4.6), in keeping with the well-established
relation between functional (potentiation) and structural (spine volume increase)
synaptic plasticity.

All these results, together, demonstrate that the AAV-based SynActive toolbox
is able to direct the expression of virtually any reporter protein in a synaptic
activity-dependent manner. Unlike most sector studies, which have long reported
changes in the shape, number and distribution of entire and undifferentiated
populations of dendritic spines following induced enhancement (see Runge et al.,
2020 for a review), this method enables us to detect and to characterize
selectively synapses undergoing potentiation in response of a behaviorally
relevant, learning task, during a well defined temporal window, highlighting
differences not only between different regions, but also between different
sections of the same neuron.

The virally based SynActive toolbox constructed and validated in my thesis
also proved to be much more flexible and versatile than the procedure exposed
in Gobbo et al. (2017), whose strict dependence on in utero electroporation made
it more invasive for the animal and more limited in terms of brain targeting. On
the other hand, the use of intraparenchymal AAV microinjections allowed us to
easily target the hippocampus, but also limited the volume of transduced neural
tissue. This limitation can be overcome by packaging the SA constructs in
PHP.eB serotype capsids (Chan et al., 2017), which allows easy crossing of the
blood-brain barrier and, thus, could be systemically administered to transduce
virtually the entire brain. This could pave the way to the creation of a brain-wide
atlas of synaptic potentiation in response to the behavioral task of choice, in both
physiological conditions and in pathological models of neurodevelopmental and

neurodegenerative diseases.
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An additional limitation of the constructs used is the need to use
immunofluorescence for enhancing the signal from both fluorescent reporters, the
tdTomato neuronal "filler" and mVenus-HA, localized at synapses. We will solve
this problem by (i) testing the ihSyn self-reinforcing hybrid promoter (Chan et al.,
2017) to drive the expression of rtTA and tdTomato and to transiently potentiate
their own synthesis in response to doxycycline injection, (ii) substituting mVenus
with a more stable green fluorescent protein variant. This should allow a direct
visualization of the fluorescence by the SA-expressed reporters.

For SA-Mol, PSD-95-FLAG was selectively expressed at CAl potentiated
synapses: unlike the Synapsin::PSD951 HATi TEVi FLAG construct, which
expressed in a transcriptionally constitutive way by a large amount of dendritic
spines and in a manner independent of the specific behavioral treatment applied,
the pESARE::PSD95-HAT-TEV-FLAG construct was expressed by a limited
subset of spines and in a manner strongly dependent on the behavioral treatment
(see section 4.7). This enabled us to conduct with exquisite functional subcellular
precision an immunoprecipitation of PSD95 and its protein-protein interactors
from the hippocampal tissues of these animals following a specific behavioral
learning task, using anti-flag coated paramagnetic beads; the analysis (currently
in progress, Mainardi et al., 2019) of SynActive-PSD95-FLAG affinity purified
proteins via mass spectrometry and comparative bioinformatics can provide a
molecular fingerprint specifically of potentiated spines under learning, unlike
previous proteomic approaches which have identified a variety of up and down-
regulated proteins but examining mixed heterogeneous pools of synapses, not
all enhanced by a specific learning task (see Dosemeci et al., 2006; Fernandez
et al., 2009).

In conclusion, this study provides a validation of a viral-based toolbox for the
expression of SynActive reporters and takes a small step forward in the direction
takeninr ecent years to identify the Semonoés
to a higher degree of resolution. The aim is to narrow the field to units that are
truly sufficient and necessary for the encoding and storage of memories: from the

cell to its own synapses.
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