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Abstract

Activity-dependent remodeling of synapses or synaptic plasticity is considered the cellular basis of
several brain physiological processes, including learning and memory. A balanced proteome is
essential for efficient synaptic transmission and its deregulation is a hallmark of neurodegenerative
diseases such as Alzheimer’s disease (AD). The synaptonuclear factor CREB-regulated transcription
coactivator-1 (CRTC1) links glutamate receptor activation to CREB-dependent gene programs at the
nucleus, contributing to neuronal development, survival, and plasticity. However, the CRTC1-
dependent molecular mechanisms regulating synaptic proteome in physiological and pathological
conditions remain poorly understood. The hypotheses of this doctoral thesis are: (1) that CRTC1
mediates synaptic plasticity locally at synapses by regulating its proteome, and distally at the
nucleus by modulating the expression of neuroplasticity genes; and (2) that CRTC1 deregulation is
associated with neuropathological changes in tauopathy dementias. The objectives of this doctoral
thesis are to investigate the synaptic CRTC1-dependent molecular mechanisms involved in synaptic
plasticity, and to study the link of CRTC1 and presenilin (PS) in pathological tau at synapses. Our
results show that CRTC1 is essential for long-term associative memory and modulates N-methyl-D-
aspartate receptors (NMDARs; GluN)-mediated neurotransmission. CRTC1 regulates NMDARs
subunit composition, protein kinase C (PKC)-dependent GIuN1 phosphorylation and synaptic
localization. Remarkably, by using a constitutively cytosolic CRTC1 mutant harboring triple
S$64/151/245A mutation, | demonstrate that GIuN1 phosphorylation and synaptic localization are
independent of CRTC1 nuclear activity. In addition, CRTC1 contributes to maintain neuronal
proteome by promoting mRNA transport and protein synthesis at dendritic compartments.
Biochemical analyses of purified synaptosomes from PS1 conditional knockout (PS1 cKO);Tau
mouse model reveal increased pathological tau and reduced CRTC1 at synapses. Analysis of
autophagy in PS1 cKO;Tau mouse model and human samples show that PS1 negatively regulates
autophagy induction and maintains autolysosomes clearance, and its loss likely contributes to
accumulation and aggregation of pathological tau. In conclusion, our findings indicate that synaptic
CRTC1 locally modulates NMDAR-mediated neurotransmission and that increased pathological tau

accumulation due to PS1 loss of function leads to CRTC1 deregulation and synapse pathology.
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Introduction

1. Brain plasticity

The brain perceives, adapts and responds to environmental and internal body changes throughout
the complex interaction of neurons and non-neuronal cells in neural circuits. The Nobel laureate
Santiago Ramdn y Cajal postulated a century ago that the strengthening and modification of neural
circuits could contribute to the storage of new information (Ramén y Cajal, 1894). This theory was
further developed by Donald O. Hebb, who proposed that memories are formed by the
strengthening of synaptic connections between a presynaptic terminal and a postsynaptic neuron
(Hebb, 1949). But it was not until the 1970s that the first experimental evidence of changes in
synaptic strength was revealed (Bliss and Gardner-Medwin, 1973). Since then, activity-dependent
remodeling of synapses, known as synaptic plasticity, has been extensively studied as it is
considered the basis of several brain physiological processes, including learning and memory.
Despite the ~71,000 scientific articles that include the words ‘synaptic plasticity’ in the U.S. National
Library of Medicine (PubMed), the molecular mechanisms linking synapse activation and synapse

remodeling that underlie memory are still largely unclear.

1.1. Hippocampal-dependent learning and memory

Several brain regions play a role in the consolidation of different forms of learning and memory,
whereas the hippocampus is considered essential for storing and retrieving memories related to
declarative memory of life experiences (Lynch, 2004, Neves et al., 2008). It was in 1957 when
Scoville and Milner observed that the removal of part of the medial temporal lobe, including the
hippocampus, to treat epilepsy induced anterograde amnesia in Henry Molaison (Scoville and
Milner, 1957). Defective hippocampal-dependent memory is observed in animal studies in which
controlled lesions were induced in the hippocampus (Martin et al., 2005) or when hippocampal
synaptic plasticity was altered by pharmacological treatments (Morris et al., 1986). Therefore, it is
widely accepted that the hippocampus is key in the consolidation of declarative memories and
context-dependent spatial learning, as well as the regulation of emotional behaviors (El-Falougy

and Benuska, 2006).

The hippocampus receives most inputs through the perforant pathway that are axons projecting
from the entorhinal cortex. Medial and lateral layer Il from the entorhinal cortex receive spatial and
visual object information, respectively, and innervate granule cells of the dentate gyrus (DG).
Granule cells axons, known as mossy fibers, project to the proximal apical dendrites of CA3
pyramidal cells, which innervate ipsilateral CA1 pyramidal cells, through Schaffer collaterals, and

contralateral CA3 and CA1l pyramidal cells, through commissural fibers. There are also other
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pathways in addition to this trisynaptic circuit. Layer Il also innervates CA3 through the perforant
pathway; CA1 pyramidal cells also receive inputs from layer Ill; and some excitatory and inhibitory
interneurons contribute to the modulation of this circuit [(Neves et al., 2008, Lazarov and Hollands,
2016), Figure 1]. The subiculum and the CA1l subregions contribute to the outflow of the
hippocampal circuit. These two regions innervate the entorhinal cortex, which in turn, re-connects
with the neocortical regions that provide the original input. Additionally, the subiculum and CA1
monosynaptically contact with other brain areas, including the amygdala, the medial prefrontal and
orbitofrontal cortices, the nucleus acumbens, and the anterior and posterior cingulate cortex (Small
etal., 2011). Consequently, the complexity of the hippocampal circuitry extends beyond its internal

circuit organization.
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Figure 1. Mouse hippocampal circuitry. The hippocampus located in the temporal lobe is critical for learning
and memory storage. The three regions of the hippocampus (CA1, green; CA3, blue; and dentate gyrus,
orange) receive excitatory inputs from the entorhinal cortex, which is the brain region responsible of
processing sensory stimuli. This excitatory synaptic network is also modulated by excitatory and inhibitory
interneurons and it receives modulatory inputs from other brain areas. Image from (Neves et al., 2008).

1.2.  Neuropathology and hippocampal dysfunction in tauopathies

Altered activity of the hippocampus is associated with memory deficits in aging and
neurodegenerative diseases. Tauopathies are age-dependent heterogeneous dementias that are
neuropathologically characterized by intracellular accumulation of the microtubule-associated
protein tau (Figure 2A). The neuropathological hallmarks of tauopathies are neuronal loss, gliosis
and spongiosis, which contribute to motor, sensory, behavioral and cognitive alterations (Lee et al.,
2001). Primary tauopathies, a subgroup of frontotemporal lobar degeneration (FTLD), are mainly
characterized by tau depositions. Among others, Pick’s disease (PiD) and corticobasal degeneration

(CBD) are primary tauopathies that differ in the affected cell types and brain regions, as well as the
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accumulated tau isoforms (3R or 4R isoforms) [for a review (Go6tz et al., 2019, Chung et al., 2021)].
Thus, PiD is characterized by intracellular deposits of 3R tau, aslo known as Pick bodies,
predominantly in neurons and with less extent to glial cells of the hippocampus and frontal and
temporal cortices (Murayama et al., 1990, Probst et al., 1996, Ferrer et al., 2014, Falcon et al., 2018).
In CBD, cerebral atrophy due to 4R tau inclusions occurs in the frontoparietal cortex and some

subcortical areas affecting prominently the substantia nigra (Kouri et al., 2011, Zhang et al., 2020).
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Figure 2. Neuropathological tau deposits and in vivo imaging of tauopathies. (A) Tau pathology in PiD (a-c),
CBD (d-f) and AD (g-i). PiD is characterized by neuronal Pick bodies positive for 3R tau (a) but not for 4R tau
(b), as well as for tau inclusion in oligodendrocytes (c). In CBD, tau-positive ballooned neurons (d), astrocytic
(e) and neuropil tau threads (f) are observed. AD is characterized by neurofibrillary tangles (g), neuropil tau
threads (t) and dystrophic neurites associated with a neurotic plaque (i). Image modified from (Chung et al.,
2021) (B) Amyloid positron emission tomography (amyloid-PET), fluorodeoxyglucose PET (FDG-PET) and
magnetic resonance imaging (MRI) in a cognitively normal (CN), AD and FTD individual. AD and FTD patients
show significant hypometabolisms and brain atrophy compared to CN, whereas only AD patient shows (-
amyloid pathology. Image from (Murray et al., 2014).

On the other hand, Alzheimer’s disease (AD) which is the most prevalent form of dementia, is
considered a secondary tauopathy as the extracellular accumulation of insoluble B-amyloid (AB)
peptides also plays a central role in the pathogenesis (Hyman et al., 2012, G6tz et al., 2019). In AD,
neuropathology initially develops in the transentorhinal cortex and spreads to the entorhinal
cortex, the hippocampus, and finally to the neocortex (Braak and Braak, 1991). The hippocampal
regions most affected by AD are the subiculum and CA1 area, where the deposits of amyloid
plaques and neurofibrillary tangles are particularly abundant (Frisoni et al., 2006). Loss of afferent
inputs from the entorhinal cortex leads to a decline in the DG volume and in the total number of

synaptic contacts (Scheff et al., 2006). This hippocampal damage disrupts the communication
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between the hippocampus and the limbic and neocortical areas, which are required for the correct
cognitive function (Hyman et al., 1984). Indeed, positron emission tomography (PET) and magnetic
resonance imaging (MRI) have revealed metabolic and morphometric brain patterns underlying

these diseases [(Pennanen et al., 2004, Li et al., 2011b, Murray et al., 2014), Figure 2B].

1.3.  Short-term and long-term synaptic plasticity

Synaptic plasticity is an important event during developing and adult brain since mediates, among
others, sensory inputs processing, and learning and memory. Excitatory neurotransmission
mediated by the neurotransmitter glutamate and the ionotropic (iGIuRs) and metabotropic
glutamate receptors (mGIuRs) contribute to different forms of synaptic plasticity (Traynelis et al.,
2010, Reiner and Levitz, 2018, Mukherjee and Manahan-Vaughan, 2013). Synaptic activity can be
enhanced or depressed, and last from milliseconds to hours leading to different forms of synaptic

plasticity (Citri and Malenka, 2008).

Short-term synaptic plasticity (STP) refers to transient changes in synaptic strength that lasts from
milliseconds to several minutes and that do not require persistent changes in the signaling
machinery (Zucker and Regehr, 2002). During short-term facilitation (STF) there is an enhancement
of the synaptic strength, whereas during short-term depression (STD), the synaptic efficacy of
presynaptic terminals decreases in time due to less neurotransmitter release or less activation of
postsynaptic receptors (Barroso-Flores et al., 2015). STP has an important role in sensory
adaptation and habituation since it allows strong responses to novel stimuli and diminishes the

responses to repeated inputs (Chung et al., 2002).

Long-term potentiation (LTP) is the most studied form of synaptic plasticity, particularly in the
hippocampus, and is considered the cellular mechanism underlying learning and memory. LTP is
divided into an early phase (E-LTP) and a late phase (L-LTP). E-LTP is caused by a single train of
stimuli and lasts maximum a couple of hours. E-LTP does not require protein synthesis to induce a
change in potentiation of synaptic transmission (Kandel, 2001). The activation of glutamate
receptors in the postsynaptic neurons raises intracellular calcium levels leading to the activation of
different cellular effectors such as kinases and phosphatases. These effectors induce covalent
modifications of already synthesized proteins at synapses, potentiating preexisting synaptic
connections (Malenka and Nicoll, 1999). On the contrary, L-LTP is caused by repeated trains of
stimuli, lasts for about 24 hours, and requires gene transcription and protein synthesis (Kandel,
2001). LTP displays three physiological properties that makes it a plausible cellular mechanism

underlying learning and memory: cooperativity, associativity and input specificity (Nicoll et al.,
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1988). Cooperativity means that LTP can be produced by the coordinate activation of a certain
number of synapses. Associativity refers to the ability to potentiate a weak stimulus when is
associated with a strong stimulus. Input specificity implies that LTP is evoked only at activated
synapses and not at inactive synapses from the same postsynaptic neuron. Importantly, this last

feature increases the capacity of neurons to selectively store information (Citri and Malenka, 2008).

Long-term depression (LTD) is the complementary process of LTP and selectively weakens synaptic
transmission when synaptic connectivity reaches the maximum level of efficacy. Therefore, LTP as
well as LTD mediate learning and memory along with other forms of experience-dependent

plasticity (Malenka and Bear, 2004).

1.4. Neuronal proteostasis and synaptic activity and plasticity

A balanced functional proteome is necessary for synapse maintenance and remodeling, and its
deregulation is a hallmark of several age-related diseases (Cohen et al., 2013, Hipp et al., 2019).
Protein homeostasis, or proteostasis, is the process by which cells adjust their protein content in
response to intracellular or extracellular stimuli. This dynamic process relies on the accurate control
of protein synthesis, conformation, post-translational modifications, localization, and degradation

(Giandomenico et al., 2022).

1.4.1. Local protein synthesis in neurons

Long-lasting forms of synaptic plasticity require mRNAs and protein synthesis (Kandel, 2001).
Increasing evidence demonstrate that mRNAs localize in axons and dendrites, where are locally
translated into proteins [for recent reviews, (Holt et al., 2019, Biever et al., 2019)]. Local protein
synthesis provides a strategy to rapidly fulfill local protein demand upon a certain stimuli,
contributing to neuronal development, synaptogenesis, survival and synaptic plasticity (Holt et al.,
2019). Transcripts are delivered to distal compartments in a microtubule-dependent manner
through the interaction with RNA binding proteins (RBPs) (Bassell et al., 1998, Eom et al., 2003).
Although no canonical sequence that drives mRNA trafficking has been found, the 3’ and 5’
untranslated (UTR) regions play a key role in the transport and localization of the mRNAs (Meer et
al., 2012, Tushev et al., 2018, Ciolli Mattioli et al., 2019). Most hippocampal transcripts contain
more than one 3’ UTR isoform, and the regulation of these particular isoforms upon synaptic
plasticity may change transcript localization and translation (Tushev et al., 2018). Experiments in
Aplysia have shown that while the 3" UTR drives translocation of mRNAs to dendrites, the 5’ UTR is
specifically required for synaptic localization (Meer et al., 2012). Epitranscriptomic modifications of

MRNAs may also be involved in regulating the transport and local translation of transcripts
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(Merkurjev et al., 2018). Additionally, the presence of the transcriptional machinery is
indispensable for local protein synthesis. Electron microscopy experiments have visualized pools of

ribosomes in dendritic shafts as well as in the base of dendritic spines (Steward and Levy, 1982).

More than 2,500 transcripts localized at axons and/or dendrites in hippocampal neurons have been
identified, most encoding for synaptic receptors, scaffolds and signaling proteins (Cajigas et al.,
2012). Several proteins have been detected to be locally synthesized in dendritic compartments,
such as CaMKlla, B-actin and Arc (tom Dieck et al., 2015, Yoon et al., 2016, Na et al., 2016). LTP
induction is associated with enhanced polyribosome detection in dendritic spines to potentiate
local protein synthesis (Ostroff et al., 2002, Ostroff et al., 2018). Under basal conditions, some
transcripts, such as Bdnf, localize mainly at the soma but, upon synaptic activity, mRNA levels are
upregulated and migrate to distal dendrites (Baj et al., 2011). Consequently, disruption of local
protein synthesis leads to impairments in stabilization of synaptic plasticity and memory
consolidation (Miller et al., 2002, Bradshaw et al., 2003, Younts et al., 2016). These observations
suggest that local protein synthesis is crucial for synaptic plasticity and learning/memory processes

(Huber et al., 2000, Miller et al., 2002, Bradshaw et al., 2003).

1.4.2. Local protein degradation in neurons

Besides local protein synthesis, regulation of synaptic protein degradation is necessary for adjusting
the levels of functional proteins and controlling cellular accumulation of misfolded and/or damaged
proteins. Two main proteolytic pathways regulate protein degradation in the cell: the ubiquitin-
proteasome system and the autophagosomal-lysosomal pathway. Small, short-lived, and misfolded
proteins are degraded by the proteasome, whereas large, long-lived molecules, protein aggregates

and organelles are degraded through the autophagy pathway (Dikic, 2017).

Autophagy is a catabolic cellular process in which proteins and organelles are delivered to
lysosomes for degradation. Depending on how cargoes are delivered to the lysosome, autophagy
pathways are classified as: chaperone-mediated autophagy, microautophagy and macroautophagy
(Mizushima et al., 2010, Hansen et al., 2018). In chaperone-mediated autophagy, proteins are
unfolded and transported into the lysosome by a chaperone complex (Kanno et al., 2022); in
microautophagy, lysosomes directly engulf cytosolic components through invaginations in their
membrane (Schuck, 2020); and in macroautophagy, hereafter simply referred as autophagy,
cargoes are delivered to the lysosomes inside a double-membraned organelle called
autophagosome (Levine and Kroemer, 2008, Mizushima et al., 2010). Autophagy is a conserved
cellular mechanism that follows into five steps: (1) initiation triggered by Unc-51-like kinase 1

(ULK1) phosphorylation; (2) formation and expansion of an isolation membrane (phagophore); (3)
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phagophore elongation and enclosure of the cytosolic cargo that results in the formation of the
autophagosome; (4) fusion of the autophagosome with the lysosome to form an autolysosome; and
(5) degradation of the captured materials together with the inner autophagosomal membrane
[(Levine and Kroemer, 2008, Mizushima et al., 2010, Egan et al., 2011, Hansen et al., 2018), Figure
3].
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Figure 3. Diagram of autophagy flux. Autophagy is initiated by ULK1 phosphorylation, which is regulated by
the sensors mTOR and AMPK. Then, the phagophore elongates to engulf the cargoes, including a portion of
cytoplasm. When the edges of the phagophore fuse, the autophagosome is formed. Finally, the
autophagosome fuses with the lysosome to form an autolysosome, leading to the degradation of the
autophagic cargoes by lysosomal hydrolases. Degradation products, such as amino acids and other small
molecules, are delivered back to the cytoplasm for new biosynthetic reactions. mTOR: mammalian target of
rapamycin; AMPK: AMP-activated kinase; ULK1: Unc-51-like kinase 1. Image modified from (Hansen et al.,
2018).

Synapses are plastic structures whose proteome change constantly in response to neuronal activity.
Interestingly, autophagosomes are localized in pre- and postsynaptic compartments, and along the
axon (Maday and Holzbaur, 2016, Kallergi et al., 2022). Although postsynaptic scaffolding proteins
PSD95, PICK1 and Shank3 are found inside autophagosomes (Nikoletopoulou et al., 2017), it is still
controversial whether degradation of synaptic proteins via autophagy occurs locally at synaptic
compartments or exclusively in the soma (Hollenbeck, 1993, Goo et al., 2017, Kulkarni et al., 2021,
Yap et al., 2022). Axonal and dendritic autophagosomes can be retrogradely transported to the
soma for degradation (Hollenbeck, 1993, Yap et al., 2022). But the recruitment of lysosomes and
formation of autolysosomes in synapses has also been reported, suggesting that synaptic cargoes
can be locally degraded (Goo et al., 2017, Ji et al., 2019, Kulkarni et al., 2021). Moreover, autophagy
can be activated or inhibited in an activity-dependent manner, indicating its important role in
synaptic strength regulation (Ehlers, 2000, Shehata et al., 2012, Nikoletopoulou et al., 2017). While
chemical-LTD induces autophagy and contributes to AMPARs degradation (Ehlers, 2000, Shehata et
al., 2012, Pan et al., 2021), BDNF-mediated LTP inhibits autophagy (Nikoletopoulou et al., 2017).

Perturbances in autophagy are associated with pathological protein accumulation and aggregation

in age-related neurodegenerative diseases (Wong and Cuervo, 2010). Failure in different steps of
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autophagy flux can lead to the accumulation of intracellular hyperphosphorylated tau, which is the
common hallmark of tauopathies (Boland et al.,, 2018). Accumulation of autophagosomes in
dystrophic neurites in AD samples and mouse models of neurodegeneration suggests that
accumulation of pathological tau originates from alterations in autophagosomes clearance rather
than in a deficient autophagy induction (Nixon et al., 2005, Lee et al., 2007, Boland et al., 2008).
This accumulation of autophagosomes indicates decreased degradative activity of lysosomes. In
fact, PS1 mutations associated with early-onset familial Alzheimer’s disease (FAD) disrupt
lysosomes acidification and function (Lee et al., 2010, Neely et al., 2011, Hung and Livesey, 2018).
Different pharmacological approaches to enhance autophagy initiation, autophagosomes transport
and lysosomal degradative activity reduce aggregated hyperphosphorylated tau [for a detailed
review see (Boland et al., 2018). However, for the success of the autophagy-based therapy in
neurodegenerative diseases it is still necessary the identification of the specific altered autophagy

steps.

2. Glutamatergic neurotransmission

Hippocampal activity is dependent on glutamatergic neurotransmission, which modulates synaptic
plasticity and, therefore, learning and memory. Glutamatergic neurotransmission is mediated by
glutamate, an aminoacidic neurotransmitter that acts as the major excitatory neurotransmitter in

the mammalian central nervous system (CNS).

Glutamate is released in a calcium and soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE)-dependent manner from the presynaptic neuron (Pang and Sidhof,
2010). The postsynaptic effect of glutamate can be mediated by two types of glutamate receptors:
metabotropic glutamate receptors (mGIuRs) and ionotropic glutamate receptors (iGIuRs)
(Scheefhals and MacGillavry, 2018). mGIuRs are G protein-coupled receptors that are divided into
three subfamilies depending on their sequence homology, second messenger coupling and
pharmacological properties. Group | (mGIuR1 and mGIuR5) are mainly localized at postsynaptic
sites and are coupled to Gqq, Which stimulates phospholipase C (PLC) leading to an increase of
intracellular Ca?* and protein kinase C (PKC) activation. Group Il (mGIuR2 and mGIuR3) and group
Il (mGluR4, mGIluR6, mGluR7 and mGIuR8) localized in axonal terminals and are coupled to Gi/Go
proteins that inhibit adenylate cyclase (AC), reducing the levels of cAMP and inhibiting protein
kinase A (PKA) [for a review, (Suh et al., 2018)]. iGIuRs are tetrameric channels that allow sodium
and calcium influx upon glutamate binding to the extracellular ligand-binding domain. Depending

on their pharmacological properties, iGIuRs can be subdivided into: a-amino-3-hydroxy-5-methyl-
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4-isoxazole (AMPA), N-methyl-D-aspartate (NMDA) and kainite receptors (Traynelis et al., 2010).
iGIuRs are enriched in the PSD core near glutamate release sites, whereas mGluRs are localized
further from the presynaptic release site at perisynaptic domains. The spatial distribution of mGIuRs
and iGluRs varies among the postsynaptic density (PSD) and has functional implications on the

activation of these receptors (Scheefhals and MacGillavry, 2018).

2.1.  AMPA receptors

AMPA receptors (AMPARs) are the principal transducers of fast excitatory neurotransmission in the
CNS. Developmental and activity-dependent changes in the number and composition of AMPARs
are fundamental for neural circuit formation and maturation, excitatory synapse formation and
stabilization, and synaptic plasticity. On the contrary, disruption of AMPAR function, expression
and/or trafficking at PSD are linked to neurological disorders (Henley and Wilkinson, 2013, Diering
and Huganir, 2018).

2.1.1. AMPA receptor subunit composition

AMPARs are heterotetrameric complexes composed by different combination of four subunits
(GluA1-GluA4) that are encoded by four closely related genes (Grial-4) (Traynelis et al., 2010). Each
subunit has a highly conserved ligand binding domain and transmembrane domain that allow
glutamate binding and channel pore assembly, and a variable extracellular amino-terminal and
intracellular carboxy-terminal (Diering and Huganir, 2018). GluA1, GluA2 and GIuA3 are extensively
expressed in the CNS; whereas GluA4 is expressed during brain development and it is barely
expressed in the adult brain, where it is mainly found in the cerebellum (Schwenk et al., 2014, Zhu
et al., 2000). In the hippocampus, AMPARs are GluA1/GIluA2 or GluA2/GluA3 heteromers, but also
a small amount of GluA1/GluA3 heteromers have been found (Wenthold et al., 1996, Lu et al.,

2009).

2.1.2. AMPA receptor trafficking

Several molecular and cellular mechanisms controlling AMPARs delivery to synapses are critical for
induction and maintenance of LTP. At early development, GluA4-containing AMPARs are delivered
to synapses by spontaneous activity (Zhu et al., 2000). But, in the adult brain, there are two types
of synaptic delivery depending on the subunit composition of AMPARs. On the one hand,
GluA1/GIuA2 heteromers are transported to synapses in an activity-dependent manner, and once
in the PSD they enhance synaptic transmission. On the other hand, GluA2/GIuA3 heteromers are

continuously being delivered to the synapse in an activity-independent manner. This process might
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be involved in the preservation of stable transmission for longer periods of time or in the absence

of neuronal activity (Hayashi et al., 2000, Shi et al., 2001).

Other hypothetical models postulate that AMPARs trafficking is independent of subunit
composition and that ultrastructural rearrangements are required to recruit, anchor and remove
glutamate receptors at PSD. Thus, in the absence of neuronal activity, AMPARs are constitutively
recycled between the cell surface and cytosolic endosomes. But during LTP induction, AMPAR
exocytosis is enhanced and they laterally diffuse from extrasynaptic to synaptic sites to potentiate
synaptic plasticity. In this activity-dependent recruitment of AMPARs, different structural proteins
such as A-kinase anchoring proteins (AKAPs), or transmembrane AMPAR regulatory proteins

(TARPs) are key players [(Cheng et al., 2020, Chen et al., 2000), Figure 4].

Phosphorylation of the carboxy-terminal region also regulates the subcellular localization and
trafficking of AMPARs. PKA-dependent phosphorylation of GIuAl at Ser845 promotes GIuAl-
containing receptors retention at the cell surface, hence priming the synapse for future
potentiation (Roche et al., 1996, Diering et al., 2016). Additional phosphorylation of GIuA1 at Ser831
by PKC and Ca%*/calmodulin-dependent protein kinase Il (CaMKIl) promotes GIuA1 targeting to PSD
as well as channel conductance to potentiate synaptic transmission [(Barria et al., 1997, Mammen

et al., 1997, Diering et al., 2016), Figure 4].
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Figure 4. AMPA receptors delivery to synapses. In basal conditions, AMPARs constitutively recycle between
endosomes and the cell surface. GIuAl subunit phosphorylation by PKA at Ser 845 facilitates the
incorporation of AMPARs to extrasynaptic sites, priming the synapse for future potentiation. Ca?* influx
through NMDAR activates PKC and CaMKII, triggering AMPARs stabilization at the PSD through GluAl
phosphorylation at Ser 831. This process is also regulated by TARPs, scaffolding proteins such as PSD95 and
the actin cytoskeleton reorganization. Image from (Derkach et al., 2007).

By contrast, GIUA2 subunit is important in AMPARs removal from the PSD during LTD. PKC-

dependent phosphorylation of GIuA2 at Ser880 destabilizes GIuA2 interaction with PSD scaffolding
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proteins, promoting receptor endocytosis (Steinberg et al., 2006). Interestingly, when GIuA2 C-
terminal is replaced with GIuAl C-terminal, NMDAR-LTD is suppressed in the hippocampus,
indicating that GIuA2 is essential for AMPARs endocytosis (Zhou et al., 2018b).

2.1.3. AMPA receptor dysregulation in Alzheimer’s disease

Deregulation of synaptic transmission and plasticity is present at early stages of AD, and eventually
leads to cognitive decline and memory loss (Selkoe, 2002). Alterations in AMPARs synaptic
localization and/or turnover are, to a certain extent, responsible of these neuropathological
symptoms. Synaptic degeneration induced by AB has been associated with the synaptic removal
and endocytosis of AMPARs (Hsieh et al., 2006, Zhao et al., 2010, Mifiano-Molina et al., 2011, Zhang
et al., 2018). AB-treated neuronal cultures as well as APP transgenic mouse model showed a
decrease in GluAl subunit levels at the cell surface and impaired AMPAR-mediated currents
(Almeida et al., 2005, Hsieh et al., 2006, Gu et al., 2009, Mifiano-Molina et al., 2011). Increased
calcineurin-dependent dephosphorylation of GluAl Ser 845 along with a reduction in CaMKII
synaptic pools contribute to the AB-dependent downregulation of AMPARs cell surface localization
(Mifiano-Molina et al., 2011, Gu et al., 2009). Additionally, AB interaction with GluA2-containing
AMPARs induce receptor internalization and degradation, which is mediated by ubiquitination
(Zhao et al., 2010, Guntupalli et al., 2017, Zhang et al., 2018). Neuronal cultures incubated with AB
and brain tissue from AD patients showed an increase in AMPARSs ubiquitination and, consequently,
a reduction in total AMPARs levels (Guntupalli et al., 2017, Zhang et al., 2018). Consequently, the
removal of AMPARs from PSD sites leads to LTD and changes in the number and morphology of
dendritic spines (Baglietto-Vargas et al., 2018). Moreover, pathological hyperphosphorylated tau
accumulation at dendritic spines suppressed AMPAR-mediated synaptic responses prior to synapse
loss through the disruption of AMPARs trafficking or anchoring at postsynaptic sites (Hoover et al.,
2010). In contrast, Whitcomb and collaborators reported that AB oligomers can facilitate synaptic
transmission by the insertion of GluA1 homomeric AMPARs, which are highly permeable to calcium,
via the PKA-dependent phosphorylation of Ser 845. This potentiation in AMPAR-mediated synaptic
currents occurs as a first response to the presence of AB and could prime the subsequent

dysfunction in synaptic transmission (Whitcomb et al., 2015).

2.2. NMDA receptors
NMDA receptors (NMDARs) are high Ca**-permeable ion channels that mediate slow glutamatergic
neurotransmission since they are blocked by extracellular Mg?* in basal conditions, and they need

a previous depolarization of the membrane to become active (Nowak et al., 1984). Additionally, the
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co-agonist glycine or D-serine are required together with glutamate for their activation (Paoletti et
al., 2013). Like AMPARs, NMDARs can transform neuronal activity patterns into long-term changes

and, therefore, their dysregulation is related to neurological and psychiatric disorders.

2.2.1. NMDA receptor subunit composition

NMDARs subunits are classified into three subfamilies depending on their sequence homology
(GluN1, GIuN2 and GIuN3). GIuN1 subunit is encoded by a single gene (Grin1) but has eight different
splice variants with variable length of the C-terminal domain that confer to these subunits different
pharmacological and trafficking properties (Winkler et al., 1999, Horak and Wenthold, 2009). GIuN2
subunits are encoded by four different genes (Grin2a, Grin2b, Grin2c and Grin2d), whereas two
genes encode two different GIuN3 subunits (Grin3a and Grin3b) [(Monyer et al., 1994, Pachernegg
et al., 2012), Figure 5A]. This subunit heterogeneity generates a wide array of receptors that show
a different spatiotemporal expression pattern (Figure 5C). Although there are some differences in
GluN1 isoforms expression profile, GIuN1 is ubiquitously expressed in the brain from embryonic
stages to adulthood (Laurie and Seeburg, 1994). In early development, GIuN2B, GIuN2D and GIuN3A
are the subunits mainly expressed but, then, their expression progressively declines and is
restricted to certain brain areas (Monyer et al., 1994). This suggests that these subunits are
important for synaptogenesis and synaptic maturation (Pachernegg et al., 2012). GIuN2A and
GIuN2C are also expressed early after birth, but while GIuUN2A becomes widely expressed in every
area of the adult brain, GIuUN2C expression is restricted to the cerebellum and the olfactory bulb
(Monyer et al., 1994). In the adult brain, especially in the cortex and hippocampus, GIuN2A and
GIuN2B are the most abundant subunits suggesting that they have a relevant role in synaptic

plasticity (Monyer et al., 1994).
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Figure 5. NMDARs subunits heterogeneity and expression in the CNS. (A) Seven independent genes (Grinl,
Grin2a, Grin2b, Grin2c, Grin2d, Grin3a and Grin3b) encode the NMDAR subunits (GluN1, GIuN2A-GIuN2D and
GIuN3A-GIuN3B), and alternative splicing leads to a higher diversity of subunits. NTD: N-terminal domain;
ABD: agonist binding domain; CTD: C-terminal domain; M1-M4: transmembrane domains. (B) These subunits
are assembled into heterotetramers constituted always by two GluN1 subunits plus two GIuN2 and/or GIuN3
subunits that can be identical (diheteromeric receptors) or different (triheteromeric receptors). (C) NMDAR
subunit distribution and expression in the mouse brain at postnatal day 0 (PO) and 14 (P14), and in the adult
stage. Image modified from (Paoletti et al., 2013).

NMDARs subunits share a similar structure with AMPARs consisting on four domains: (1) a N-
terminal domain (NTD); (2) an agonist binding domain (ABD) that binds glycine or D-serine in GIuN1
and GIuN3 or glutamate in GIuN2; (3) a transmembrane domain (TMD) that forms the channel pore;
and (4) an intracellular C-terminal domain (CTD). The NTD and CTD are the most variable regions
and, consequently, confer specific properties to the subunits (Paoletti et al., 2013). NMDARs usually
combine two copies of the obligatory subunit GIuN1 and two copies of GIUN2 and/or GIuN3

subunits forming di- or triheteromeric receptors [(Sheng et al., 1994), Figure5B].

Channel conductance and Ca?* permeability are potentiated by GIuN1/GIuN2A and GluN1/GIuN2B
heteromers, whereas these properties are decreased in GIuN2C- and GluN2D-containing NMDARs.
These observations suggest that GIuN2 subunit is critical for determining channel conductance,
including maximal channel open probability, agonist sensitivity, Ca?* permeability and deactivation

kinetics (Paoletti, 2011).
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2.2.2. NMDA receptor trafficking

NMDARs localize at the PSD as part of a macromolecular complex composed by scaffolding and
adaptor proteins, which links NMDAR activation to downstream signaling proteins (Scannevin and
Huganir, 2000). However, NMDARs composition and number at synapses is not static and varies
during development and in response to synaptic activity. GIuN1 subunit drives NMDARs trafficking
from the endoplasmic reticulum (ER) to the postsynaptic membrane. GIuN1 subunit C-terminal has
an ER retention motif (ER) as well as phosphorylation sites that drive NMDARs delivery.
Unassembled GIuN1 subunits are retained in the ER, but, once they are assembled with GIuN2
subunits, the retention motif is masked and the heteromeric receptor is inserted in the cell surface
through SNARE-dependent exocytosis (Mcllhinney et al.,, 1998, Lan et al.,, 2001). Furthermore,
phosphorylation of GIuN1 subunit near its ER retention motif by PKA (Ser897) and PKC (Ser890 and
Ser896) potentiates NMDARs delivery to the cell surface [(Scott et al., 2003), Figure 6]. The
interaction between GluN2 subunits PDZ-binding motif with scaffolding proteins such as PSD95
ensures synaptic localization of NMDARs and, also, contributes to channel gating and conductance
(Roche et al., 2001, Lin et al., 2004, Prybylowski et al., 2005, Lin et al., 2006, Kim et al., 2007). Indeed,
tyrosine dephosphorylation within the internalization domain of GIuN2A and GIuN2B subunits leads
to receptor destabilization at the PSD and the consequent internalization and degradation of

NMDARs (Roche et al., 2001, Vissel et al., 2001, Groc et al., 2006).
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Figure 6. Activity-dependent synaptic delivery of NMDA receptors. In the endoplasmic reticulum (ER) there
is a pool of NMDARs that are ready to be delivered to the postsynaptic membrane upon synaptic activity.
Activity-dependent activation of PKA and PKC regulate NMDAR trafficking by different mechanisms. First,
phosphorylation of GIuN1 at Ser 896 and Ser 897 by PKC and PKA, respectively, induce a slow exocytosis from
the ER through the secretory pathway. Second, PKC-mediated GIuN1 phosphorylation at Ser 890 induces a
rapid exocytosis that ends with the docking of the receptor at the cell surface. Imaged modified from (Carroll
and Zukin, 2002).
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2.2.3. NMDA receptor in aging and Alzheimer’s disease

In aging, cognitive abilities are compromised as a result of altered function of the hippocampus and
synapse dysfunction and loss (Henley and Wilkinson, 2013). Among the glutamate receptors,
NMDARs are particularly vulnerable to aging. Some studies show that mRNA and protein levels of
GluN1 subunits are decreased in old mice compared with young adults (Magnusson et al., 2002,
Magnusson, 2000). Although, this effect has also been observed in other species, there is still
controversy about GIuN1 subunit decline in different brain region during aging (Magnusson et al.,
2010). For this reason, it has been proposed that GIuN1 decline could be due to environmental
factor and experiences during aging (Magnusson et al., 2010). While there is no effect of aging on
GIuN2A expression, GIuN2B mRNA and protein levels are reduced (Magnusson, 2000, Clayton and
Browning, 2001, Bai et al., 2004, Ontl et al., 2004). Because of these subunit expression alterations,
GIUN2A/GIuN2B ratio is increased in aged animals, leading to NMDARs that have decreased agonist
affinity and reduced LTP (Magnusson, 2000, Billard and Rouaud, 2007). Moreover, GIUN2B protein
levels at synaptic fraction are highly reduced compared with total tissue, suggesting that there is
also a defect in subunit localization in old mice (Zhao et al., 2009). Interestingly, overexpression of
GIuN2B subunit in the forebrain or the hippocampus improves learning and memory of aged mice
(Cao et al., 2007, Brim et al., 2013). It has also been reported that age-related changes in the
neuronal redox state contributes to a decrease in CaMKIl activity and, consequently, impairs
NMDAR-mediated synaptic responses and LTP induction in the hippocampus (Bodhinathan et al.,
2010).

Besides alterations in AMPARs trafficking and degradation, changes in NMDAR subunit expression,
localization and internalization was associated with neuropathological stages in AD. Analyses of
brain samples from AD patients revealed that GIuN2A and GIuN2B mRNA and protein levels are
reduced in the hippocampus and the entorhinal cortex, as well as phosphorylated GIuN2B (Bi and
Sze, 2002, Sze et al., 2001). However, it is still unknown whether these declines are due to synaptic
or neuronal loss. The proportion of GIuN1 subunit transcripts containing the N-terminal cassette is
also lowered in brain regions of AD patient, which could affect the responsiveness of neurons (Hynd
et al., 2001). Interestingly, several single nucleotide polymorphisms (SNPs) in the coding regions of
GRIN2B and GRIN3A genes are linked to AD (Stein et al., 2010, Andreoli et al., 2014, Liu et al., 2009).
Experiments with AB-treated cultured neurons or neuronal cultures of APPsy. mice demonstrated
that AB promoted a reduction in GIuN1 and GIuN2B subunit expression at the cell surface that may
contribute to synaptic dysfunction (Snyder et al., 2005, Goto et al., 2006). Further experiments have

confirmed that AP specifically reduced the expression of GIuN2B subunit at synaptic and not at
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extrasynaptic sites (Li et al., 2011a). The excessive activation of GIuUN2B-containing extrasynaptic
NMDARs by AB leaded to hippocampal LTP inhibition and LTD facilitation (Li et al., 2009, Li et al.,
2011a, Ronicke et al., 2011, Ferreira et al., 2012). These studies suggest that aberrant activation of
extrasynaptic NMDARs may be responsible of glutamate excitotoxicity and neurodegeneration in
AD. Indeed, the activation of GIuN2B-containing NMDARs in cultured neurons evoked an
immediately increase in calcium that disturbed intracellular calcium homeostasis (Ferreira et al.,
2012). So, the internalization of synaptic but not extrasynaptic NMDARs may alter the balance
between the pro-survival synaptic and the pro-death extrasynaptic signaling leading to neuronal

death (Hardingham, 2006, Hardingham et al., 2002, Li et al., 20113, Ferreira et al., 2012).

3. cAMP-response element-binding protein (CREB) signaling

The cAMP-response element binding protein (CREB) is a transcription factor ubiquitously expressed
in the nervous system that belongs to the bZIP superfamily of transcription factors. The CREB
structure consists of a central kinase-inducible domain (KID) flanked by two glutamine rich domains,
and a C-terminal basic leucine zipper (bZIP) domain (Altarejos and Montminy, 2011). In response to
cAMP levels, calcium influx or growth factors, CREB is phosphorylated at Ser133, localized in the
KID domain, by several activity-inducible kinases (PKA, PKC, CaMKIl, CaMKIV and MAPK) [(Brindle
et al., 1995, West et al., 2001), Figure 8B]. Phosphorylated CREB at Ser 133 (pCREB) results in the
recruitment of transcription coactivators such as CREB-binding protein (CBP) and p300, allowing
CREB-dependent gene expression by acetylating histones and recruiting RNA polymerase Il
complexes (Goodman and Smolik, 2000, Ogryzko et al.,, 1996, Kee et al., 1996). CREB
dephosphorylation and inactivation is also regulated in an activity-dependent manner by the
protein phosphatase type 1 (PP1) and 2A (PP2A) [(Alberts et al., 1994, Wadzinski et al., 1993), Figure
8B]. CREB activity is also controlled by other posttranslational modifications (glycosylation,
ubiquitination and acetylation), indicating that CREB-dependent transcription is finely regulated
(Rexach et al., 2012, Comerford et al., 2003, Lu et al., 2003). CREB specifically binds to DNA through
its bZIP domain to the highly conserved palindromic CRE sequence (5’-TGACGTCA-3’) present in
promoter regions of hundreds of genes (Impey et al., 2004). These genes codify for
neurotransmitters, growth factors, transcription factors, signal transduction factors and metabolic
enzymes, which have a role in neuronal development, plasticity and neuroprotection (Impey et al.,

2004).

De novo mRNA and protein synthesis are required for memory consolidation (Kandel, 2001). CREB

is indispensable for the regulation of gene transcription involved in the formation of long-term
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memories in different species (Yin et al., 1994, Bourtchuladze et al., 1994, Josselyn et al., 2001). In
addition, CREB is essential for the stability of memories after retrieval, known as reconsolidation
(Kida et al., 2002). Memory acquisition is thought to be achieved by the coordinated activity of
subsets of neurons referred as engram cells (Tonegawa et al., 2015), and indeed CREB activity is
critical for memory consolidation and retrieval engrams (Zhou et al., 2009, Matos et al., 2019).
Alternatively, CREB deregulation results in memory impairments and degeneration in aging and

neurodegenerative disorders [for a review, (Saura and Valero, 2011)].

In non-pathological aging there is a downregulation of neuronal genes associated with synaptic
function that contribute to cognitive impairments (Loerch et al., 2008). Reduced levels of total or
pCREB are associated with memory deficits in old animals, suggesting that this transcriptional factor
is critical for the transcription of neuroplasticity genes (Brightwell et al., 2004, Kudo et al., 2005,
Porte et al., 2008). In Huntington’s disease (HD), a neurodegenerative disease characterized by
motor and cognitive deficits, CREB phosphorylation is repressed, CBP expression and function is
reduced and, consequently, CREB-dependent gene transcription is inhibited (Wyttenbach et al.,
2001, Gines et al., 2003, Choi et al., 2009, Giralt et al., 2012). On the other hand, in postmortem
brain samples of AD patients, pCREB levels are reduced whereas total CREB levels remain constant
(Yamamoto-Sasaki et al., 1999). This decline in pCREB levels has also been observed in AB-treated
neurons and neurons from APP/PS1 mouse model prior to neurodegeneration, indicating that there
is a failure in the cAMP/PKA/CREB signaling pathway in early phases of AD (Tong et al., 2001, Vitolo
et al., 2002, Gong et al., 2004, Liang et al., 2007, Ma et al., 2007). Although under basal or FSK-
stimulated conditions AP does not affect pCREB levels in cultured neurons, NMDA-dependent CREB
phosphorylation is inhibited by AB supporting the hypothesis of a deregulation in the
cAMP/PKA/CREB signaling pathway (Snyder et al., 2005, Espaiia et al., 2010). Interestingly, the
potentiation of this signaling pathway with the phosphodiesterase inhibitor type 4, Rolipram,

restored the hippocampal function in mouse models of AD (Vitolo et al., 2002, Gong et al., 2004).

4. Synapse-to-nucleus signaling

Learning and memory rely on the coordinated communication between neurons and among the
different neuronal compartments. Glutamate binding to postsynaptic receptors, specifically to
NMDARs, leads to an increase in intracellular Ca?* that produces short- and long-term changes in
synaptic function. On the one hand, rises in synaptic Ca®* leads to local changes such as insertion
and removal of glutamate receptors, posttranslational modifications of synaptic proteins, and

stimulation of protein translation or degradation. On the other hand, Ca?* influx at synapses or
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cytosol also has distal effects at the nucleus by activating signaling pathways that end up in the
expression of genes involved in long-term synaptic responses (Greer and Greenberg, 2008). So,
synapse-to-nucleus signaling is essential for neuronal development, plasticity and repair. Signals
can be transmitted rapidly through electrochemical signals or calcium waves (Markram et al., 1995,
Watanabe et al., 2006), which induce the immediate early gene expression (Murphy et al., 1991);
or slowly via synaptonuclear factors that regulate more specific genetic programs involved in
neuronal development, repair and plasticity [for a recent review, (Parra-Damas and Saura, 2019),

Figure 8].

4.1. Synaptonuclear factors

Synaptonuclear factors are synaptic proteins that contain a nuclear localization sequence (NLS) that
allows their translocation from synapses to the nucleus upon an increase in intracellular Ca%
[(Kaushik et al., 2014), Figure 7). There are a dozen of characterized synaptonuclear factors,
including: cAMP-response element binding protein 2 (CREB2), CREB-regulated transcriptional
coactivator 1 (CRTC1), Jacob, amyloid beta protein precursor intracellular domain associated
protein-1 (AIDA1), nuclear factor kappa-light-chain-enhancer of active B cells (NF-kB), SH3 and
multiple ankyrin repeat domains 3 (Shank3), RING finger protein 10 (RNF10), extracellular signal-
regulated kinase (ERK), and Ca?*/calmodulin dependent protein kinase Il gamma (yCaMKIl) [(Parra-
Damas and Saura, 2019), Figure 7]. Translocation of these factors to the nucleus is a highly
regulated process and can occur through an energy-dependent retrograde transport along
microtubules or through protein diffusion [(Jordan and Kreutz, 2009, Ch'ng and Martin, 2011),
Figure 7]. These synaptonuclear factors are essential for synaptic plasticity, learning and memory,
and neuronal survival. In contrast, dysregulation or mutations of some of these factors lead to
synaptic dysfunction, dendritic degeneration, and memory loss observed in neurodegenerative and
neuropsychiatric disorders (Parra-Damas and Saura, 2019). Importantly, the mechanisms
modulated by synaptonuclear factors at synapses during synaptic plasticity and learning and

memory remain poorly understood.
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Figure 7. Synaptonuclear factors shuttle from synapse to nucleus in an activity-dependent manner.
Activation of NMDARs and the consequent increase in intracellular Ca?* triggers the activation of synaptic
factors localizing at synapses and dendritic shafts, such as CRTC1, ERK1/2 or Jacob. These factors are
retrogradely transport to the nucleus by diffusion or active transport, where they regulate gene programs
essential for long-term synaptic plasticity. Abil: Abelson interacting protein 1; AIDA1: amyloid beta protein
precursor intracellular domain associated protein-1; CRTC1: CREB-regulated transcription coactivator 1;
ERK1/2: extracellular signal-regulated kinase 1/2; LTD: long-term depression; LTP: long-term potentiation;
NMDAR: N-methyl-D-aspartate receptor. Image modified from (Kaushik et al., 2014).

4.1.1. CREB-regulated transcription coactivator 1 (CRTC1)

The family of CREB-regulated transcription coactivators (CRTCs) are composed of three isoforms:
CRTC1, CRTC2 and CRTC3 (Altarejos and Montminy, 2011). CRTC1 is the most abundant CRTC
isoform found in the brain, being mainly detected in neurons of the hippocampus, cerebral cortex
and cerebellum (Zhou et al., 2006). As a synaptonuclear factor, CRTC1 connects synaptic activity to
CREB-dependent genetic programs at the nucleus, contributing to neuronal development, plasticity
and survival (Cohen and Greenberg, 2008, Saura and Cardinaux, 2017, Parra-Damas and Saura,
2019). CRTC1 structure consists of: a coiled-coil N-terminal CREB binding domain (CBD), a central
regulatory domain, a splicing domain (SD) and a C-terminal transactivation domain (TAD) [(Altarejos
and Montminy, 2011), Figure 8A]. In the regulatory domain are located an arginine-rich NLS as well
as the nuclear export sequences (NES1 and NES2) (Ch'ng et al., 2015). Mass spectrometry
experiments have shown that CRTC1 has 11 Ser/Thr phosphorylation sites, indicating that CRTC1 is
finely regulated by phosphorylation (Nonaka et al., 2014). Among these phosphorylation sites,
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Ser64, Serl51, Ser145 and Ser245 have been reported to be responsible of CRTC1 subcellular
localization [(Nonaka et al., 2014, Ch'ng et al., 2015), Figure 8A].

In basal conditions, CRTC1 is phosphorylated and sequestered at the cytoplasm and dendritic
compartments by 14-3-3 proteins [(Ch'ng et al., 2012), Figure 8B]. NMDARs and L-type voltage-
gated calcium channels activation upon synaptic activity leads to an increase in intracellular calcium
and, consequently, CRTC1 dephosphorylates, dissociates from 14-3-3 proteins and shuttles to the
nucleus. The Ca?-dependent phosphatase calcineurin is in charge of this activity-dependent
dephosphorylation of CRTC1 (Ch'ng et al., 2012). Furthermore, rises in intracellular cyclic adenosine
monophosphate (cCAMP) inhibits AMP kinases (AMPKs) and salt-inducible kinases (SIKs), preventing
CRTC1 rephosphorylation and prolonging its nuclear localization (Ch'ng et al., 2012, Nonaka et al.,
2014). The motor protein dynein drives CRTC1 translocation from active synapses to the nucleus
along microtubules (Ch'ng et al., 2015). Once at the nucleus, CRTC1 binds to the bZIP domain of
CREB, facilitating the recruitment of the transcriptional machinery (Conkright et al., 2003, Bittinger
et al., 2004). Thus, following neuronal activity, the complex CREB/CREB binding protein
(CBP)/CRTC1 is recruited to the cAMP-response element (CRE)-containing promoters and along
with histone acetylation induces the transcription of neuroplasticity genes, such as Arc, Bdnf, Fgflb

or Fos among others (Nonaka et al., 2014, Parra-Damas et al., 2017b, Uchida et al., 2017).
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Figure 8. Structural domains and activity-dependent nuclear shuttling of CRTC1. (A) CRTC1 contains a N-
terminal CBD followed by the NLS and NES sequences, which comprise the regulatory domain of CRTC1, a SD
and a C-terminal TAD. CRTC1 dephosphorylation at one or several Ser residues (Ser 64, 151, 145 and 245)
mediates CRTC1 dissociation from 14-3-3 proteins and translocation to the nucleus. CBD: CREB binding
domain; NLS: nuclear localization sequence; NES: nuclear export sequence; SD: splicing domain; TAD:
transactivation domain. (B) Stimulation of VGCC and NMDAR increase intracellular Ca?* levels, which activates
the phosphatase calcineurin (CaN) responsible of CRTC1 dephosphorylation. In addition, activation of GPCRs
increases cAMP levels and primes PKA activation, which inhibits SIK, the CRTC1 kinase. Dephosphorylated
CRTC1 is delivered to the nucleus along microtubules by the motor protein dynein. At the nucleus CRTC1
interacts with the CREB/CBP complex to potentiate the transcription of neuroplasticity genes. AC: adenylate
cyclase; CaMKIl and IV: Ca?*/calmodulin-dependent protein kinase Il and IV; CaN: calcineurin; CREB: cAMP-
response element-binding protein; CBP: CREB binding protein; GPCR: G protein-coupled receptor; MAPK:
mitogen-activated protein kinase; PKA: protein kinase A; PKC: protein kinase C; PP1 and PP2A: protein
phosphatase type 1 and 2A; SIK: salt-inducible kinase; VGCC: voltage-gated calcium channels. Created with
BioRender.

4.1.2. Physiological function of CRTC1 in the brain

CRTC1 plays important roles in neuronal development, function and plasticity. CRTC1 mRNA and
protein are enriched in developing cortical neurons, suggesting that it may have a role in dendrite
morphology and branching, which is important for the establishment of a functional neuronal
network (Li et al., 2009). In agreement, CRTC1 is involved in BDNF-induced dendritic growth in
developing neurons in vitro and in vivo (Li et al., 2009, Finsterwald et al., 2010). Furthermore,
dendritic and axonal growth is negatively affected when the CRTC1/CREB interaction is disrupted
(Rexach et al., 2012).
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During L-LTP gene transcription and protein translation are needed for transforming transient
stimuli into long-lasting effects that contribute to memory consolidation (Kandel, 2001). CRTC1
contributes to L-LTP maintenance at the Schaffer collateral-CA1l synapses in the hippocampus,
whereas a dominant negative form of CRTC1 suppresses L-LTP (Zhou et al., 2006, Kovacs et al.,
2007). On the contrary, CRTC1 inactivation in the hippocampus leads to long-term memory deficits
that are rescued when overexpressing CRTC1 but not when a cytosolic CRTC1 is overexpressed
(Uchida et al.,, 2017). This indicates that CRTC1 nuclear translocation and CRTC1-mediated
transcription is essential for long-term synaptic plasticity. Overall, spatial and context associative
learning paradigms as well as LTP-eliciting stimuli, triggers CRTC1 shuttling to the nucleus enhancing
the transcription of synaptic and memory-related genes (Zhou et al., 2006, Nonaka et al., 2014,

Parra-Damas et al., 2014, Uchida et al., 2017).

CRTC1 has recently emerged as a central brain-body regulator by modulating brain physiology,
including metabolism, circadian rhythms, synaptic plasticity, memory and behavior (Saura and
Cardinaux, 2017). In the hypothalamus, leptin acting through its receptor promotes CRTC1
dephosphorylation and the transcription of the CREB-dependent genes Cartpt and Kiss1, which
encode neuropeptides that mediate satiety and fertility respectively (Altarejos et al., 2008, Rossetti
et al., 2017). Mice lacking CRTC1 in the hypothalamus are sensitive to high-fat diet and exhibit
hyperphagia and increased body weight (Matsumura et al., 2021). In Drosophila, CRTC also plays a
crucial role in energy homeostasis by regulating lipid and glycogen metabolism (Choi et al., 2011,
Shen et al., 2016). Fasting induces CRTC dephosphorylation and translocation to the nucleus in
Drosophila neurons, mediating appetitive long-term memory (Hirano et al., 2013). In Drosophila,
CRTC coordinates molecular rhythms with circadian behavior by regulating the transcription of
timeless (tim) gene in a light-independent manner (Kim et al., 2016). In mammals, CRTC1 is highly
expressed in the suprachiasmatic nucleus (SCN) of the hypothalamus, which is the brain region
acting as the master circadian clock (Sakamoto et al., 2013). In the SCN, CRTC1 levels are increased
during daytime contributing to the expression of the CREB-dependent genes Sik1 and Perl, being
the last one a clock gene (Sakamoto et al., 2013, Jagannath et al., 2013). SIK1 suppresses the effect
of light by phosphorylating CRTC1 and repressing further expression of Perl (Jagannath et al.,
2013). Therefore, the SIK1-CRTC1 pathway adjusts the light/dark cycle by regulating the expression
of CREB-dependent genes, a transcriptional program conserved along evolution (Sakamoto et al.,

2013, Jagannath et al., 2013, Kim et al., 2016).
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4.1.3. CRTC1 dysfunction in brain pathologies

CRTC1 dysregulation leads to altered neuronal plasticity and cognitive impairments, which are
common features of neuropsychiatric and neurodegenerative disorders (Espafia et al., 2010,
Breuillaud et al., 2012, Chaturvedi et al., 2012, Parra-Damas et al., 2014, Won et al., 2016).
Depression-like behavior induced by prenatal stress in rats is accompanied by a reduction in total
CRTC1 levels and consequently a decrease in the expression of downstream-dependent genes (Si
et al., 2021). Mice lacking CRTC1 (Crtc1”) exhibit altered social-related behaviors and depressive-
like symptoms associated with depression and bipolar disorder (Breuillaud et al., 2012). These
mutant mice have reduced levels of several CREB-regulated neuroplasticity genes in different
regions of the limbic system, which has been shown to be critical for mood regulation (Price and
Drevets, 2010, Breuillaud et al., 2012, Ni et al., 2019). These results suggest that CRTC1 has an
important role modulating expression of genes involved in emotional responses (Breuillaud et al.,
2012, Ni et al., 2019). Interestingly, lipopolysaccharide-induced depressive-like behaviors can be

reverted by the overexpression of CRTC1 in the dentate gyrus (Ni et al., 2019).

CRTC1 has been shown to be deregulated in Alzheimer’s disease (AD), Huntington’s disease (HD)
and Parkinson’s disease (PD). Deficient CRTC1 dephosphorylation, nuclear translocation and
transcription of CREB-dependent genes are observed in APPsye,ing and presenilin conditional double
knockout (PS cDKO) mice and APP transgenic rats at early pathological stages (Espafia et al., 2010,
Parra-Damas et al., 2014, Parra-Damas et al., 2017a, Wilson et al., 2017). CRTC1 dysfunction occurs
in response to intraneuronal AP accumulation that impairs calcineurin-mediated CRTC1
dephosphorylation (Espafia et al., 2010, Wilson et al., 2017). Also, CRTC1-BDNF signaling pathway
is affected by soluble oligomeric AB42 leading to L-LTP and memory impairments (Yan et al., 2021).
Interestingly, a gene therapy approach based on CRTC1 overexpression in the hippocampus
ameliorates transcriptional deficits, memory impairments and dendritic degeneration in the
aforementioned mouse models, indicating that increasing CRTC1 mitigates cognitive decline (Parra-
Damas et al., 2014, Parra-Damas et al., 20174, Yan et al., 2021). In agreement with these findings,
CRTC1 levels and CRTC1-dependent gene transcription are reduced in the human hippocampus at
intermediate AD stages (Parra-Damas et al., 2014). Altered CRTC1 gene expression can be due to a
decrease in the methylation of CRTC1 promoter regions, which correlate with phospho-tau
deposition in the hippocampus of AD patients (Mendioroz et al., 2016). CRTC1 expression levels are
also reduced in the striatum of transgenic HD mouse models as well as in postmortem tissue from
HD patients (Chaturvedi et al.,, 2012). CRTC1 inactivation in HD results in a repression of

neuroplasticity genes such as Bdnf that can contribute to neurodegeneration (Jeong et al., 2011,
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Giralt et al., 2012). CRTC1 also has a neuroprotective role in PD. In the substantia nigra of PD
patients, p21-activated kinase 4 (PAK4) activity is decreased and, consequently, the levels of the
phosphorylated active form of CRTC1 (pCRTC1 Ser215) is decreased leading to a reduction in the
expression of CRTC1-dependent genes (Won et al., 2016).

Despite the strong evidence of CRTC1 deregulation in neuropsychiatric and neurodegenerative
disorders, further studies are needed to better understand the CRTC1l-dependent molecular

mechanisms modulating neuronal function and plasticity.
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Hypothesis and objectives

The general hypothesis of this doctoral thesis is that synaptic proteome is essential for synaptic
plasticity and its deregulation contributes to synapse dysfunction and cognitive decline in dementia.
We first hypothesize that synaptonuclear factors, such as CRTC1 that shuttles from synapses to the
nucleus to regulate gene expression, mediate synaptic plasticity acting locally at synapses and
distally at the nucleus. The second hypothesis is that CRTC1 deregulation is associated with
neuropathological changes in tauopathy dementias. Therefore, the main goals and their specific

objectives of this doctoral thesis are:

Aim 1: To investigate the synaptic CRTC1-dependent molecular mechanisms involved in synaptic

plasticity.

1.1. To investigate the role of CRTC1 in glutamatergic neurotransmission.
1.2. To examine the function of CRTC1 in neuronal proteostasis, including mRNA localization,

local protein synthesis and protein degradation.

Aim 2: To study the function of presenilins (PS) in CRTC1 deregulation and pathological tau

accumulation at synapses during neurodegeneration.

2.1.To study the link between abnormal synaptic accumulation of tau and autophagy
deregulation in tauopathies.

2.2.To analyze synapse pathology caused by hyperphosphorylated and aggregated tau protein.
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1. Animal model and cell culture

1.1. Mouse models

PS1 conditional knockout (cKO) mice, lacking PS1 specifically in forebrain glutamatergic neurons,
were previously generated in Dr Jie Shen laboratory at Harvard Medical School (Yu et al., 2001).
Briefly, to overpass embryonic lethality due to PS1 deficiency, floxed PS1 (PS1 f/f) mice were
crossed with CaM-Cre transgenic mice. PS1 inactivation starts at postnatal day 18 (P18) when Cre-
recombinase is expressed. We generated PS1 cKO;Tau mice by crossing PS1 cKO mice with tau
transgenic mice expressing FTD-linked P301S tau (isoform 4R) under the neuron-specific prion
protein promoter (Soto-Faguas et al., 2021). The genetic background of all mice is C57BL6/129
hybrid. Mice were maintained in standard conditions at the Animal Core facility of the Universitat
Autonoma de Barcelona, on a 12 h light/dark cycle with available food and water. Animal
experimental procedures were conducted according to the approved Animal and Human Ethical
Committee of the Universitat Autonoma de Barcelona (protocol CEEAH 2896, Generalitat de

Catalunya DMAH 8787) following the European Union guidelines (2010/63/EU).

1.1.1. Genotyping

A small portion of mouse tail was incubated with 50 mM NaOH at 952C for 30 min to extract
genomic DNA. For genotyping, 2 ul of the extracted DNA were added to the polymerase chain
reaction (PCR) mix containing: 2 mM MgCl,, 0.2 mM dNTPs mix, 0.5 uM of each primer (Table 4)
and 1U of DNA polymerase in PCR buffer. PCR products were resolved in a 2% agarose gel containing
1X SYBR® Safe at 110 V for 40 min, and DNA bands were visualized in a UV transilluminator

(GeneGenius, Syngene).

1.1.2. Stereotaxic injections

For in vivo overexpression or silencing of murine Crtcl, adeno-associated virus (AAVrh.2/10)
containing Crtc1-myc under the cytomegalovirus promoter (AAV-CRTC1) or a CRTC1 short hairpin
(Sh) RNA under the histone 1 promoter (AAV-ShCRTC1) were used, respectively. As controls AAVs
expressing GFP or an ShScramble RNA were injected. 4.5-5 month-old C57BL/6 mice were
anesthetized with isofluorane and bilaterally injected in the dorsal hippocampus with AAV-GFP,
AAV-CRTC1, AAV-ShScramble or AAV-ShCRTC1 (3 pl; 5.1-10% gc/ml; 0.5 pl/min). The stereotaxic
injection coordinates, according to Paxinos and Franklin’s brain atlas, were (in mm) as follows:
anteroposterior: -2.0 from Bregma; mediolateral: +1.8 from Bregma; ventral: -1.8 from dural

surface. Mice were analyzed 1.5 months after injection.
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1.1.3. Behavioral test: contextual fear conditioning

Mice were handled for three consecutive days (3 min/day) prior to the beginning of the test. Mice
were placed in a conditioning chamber (15.9 x 14 x 12.7 cm) for 3 min, foot-shocked (1 s/1 mA) and
retained in the chamber for 2 min (immediate freezing). For assessing long-term memory, 24 h after
training mice were placed again in the conditioning chamber for 4 min and memory was tested as
freezing behavior, defined as a complete cessation of movement except for respiration, using Video

Freeze® Software.

1.2.  Primary neurons

Cortical and hippocampal neurons were obtained from E15.5 mouse embryos from PS1 f/f; PS2*/*
and PS1 f/f; PS2*/* crossings (control neurons), or PS1 f/f; PS2*/;Tau and PS1 f/f; PS27" crossings.
Embryos were extracted and placed in a 100 mm dish containing cold phosphate buffer saline (PBS)
supplemented with 30 mM glucose. After extracting the brains, the hemispheres were separated,
the meninges were removed, and the cortices and hippocampi were dissected. Cortices or
hippocampi were transferred to a sterile Falcon tube containing Solution 1 and centrifuge 1 min at
1,500 rpm. The supernatant was discarded and a trypsin solution (Solution 2) was added. Then, the
tissue was incubated at 372C during 10 min, stirring the tube every 2 min. To stop the reaction,
Solution 3, which contains trypsin inhibitor, was added. The digested tissue was centrifuge 1 min at
1,500 rpm and the supernatant was discarded. The pellet was resuspended in Solution 4,
mechanically dissociated using a Pasteur pipette and filtered using a nylon mesh (40 um pore size).
The filtered cell suspension was transferred to a Falcon tube containing Solution 5, and centrifuge
5 min at 1,000 rpm. The supernatant was discarded, and the pellet resuspended in complete
Neurobasal. The number of cells per milliliter was determined using Trypan Blue and a Neubauer
chamber. Cortical and hippocampal neurons were seeded in poly-D-lysine coated plates or
coverslips, respectively. Neurons were maintained in a humidified incubator at 372C and 5% CO,,
and half of de medium was changed every 4-5 days. All solutions and culture mediums composition

is detailed in Table 1.

1.3.  Primary fibroblasts

Primary human skin fibroblasts from FAD patients and healthy controls were kindly provided by Dr
Carlos Vicario (Instituto Cajal, Madrid). Fibroblasts were maintained in complete Dulbecco’s
Modified Eagle’s Medium (DMEM) at 372C in a humidified 5% CO; incubator. For subculturing,

fibroblasts were washed with PBS1X and trypsinized for 5-7 min at 372C. Complete DMEM was
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added to inactivate trypsin and cells were centrifuged 5 min at 1,000 rpm. Cells were resuspended,

counted and plated at 4,000-5,000 cells/cm?.

1.4. iPSC-derived neurons

iPSC-derived neurons lysates from control or FAD patient carrying PSEN1 G206D mutation were
kindly provided by Dr Carlos Vicario (Instituto Cajal, Madrid) (Diaz-Guerra et al., 2019).
Differentiated iPSC-derived neurons at 50 days in vitro (DIV) were treated and lysed for biochemical

analysis.

1.5. Celllines

Human embryonic kidney 293T cells (HEK293T) were maintained in complete DMEM at 372C in a
humidified 5% CO, incubator. Cells were washed with PBS1X and trypsinized for 3 min at 372C.
Trypsinization was stopped by adding complete DMEM and cells were centrifuged 5 min at 1,000

rpm. Cells were resuspended, counted, and plated at the required density.

1.6.  Cellular transduction
Cultured neurons at 3, 4 or 15 DIV were kept with half of the medium and transduced with 1-2

lentiviral particles (LV) per cell. The following day, fresh medium was added.

1.7.  Cellular transfection

1.7.1. Transfection of primary neuron culture

Cultured neurons plated in 24-well plates at a cell density of 150,000 cells/well were transfected at
7 DIV using Lipofectamine 2000 reagent. To form DNA-liposome complexes, DNA was incubated
with Lipofectamine 2000 (ratio 1:0.7; for each pg of DNA, 0.7 ug of Lipofectamine 2000 were used)
for 20 min at RT. Half of the culture medium was removed and DNA-Lipofectamine mix was added
to the neuronal culture. The mixture was incubated for 50 min and, afterwards, the medium was
completely replaced with conditioned medium diluted in fresh medium (ratio 1:1). Experiments

were performed 24 h after transfection.

1.7.2. Transfection of primary fibroblasts and cell lines

Primary human fibroblasts and HEK293T plated in 24-well dishes (18,000 cells/well) or 60 mm
dishes (1.2-10° cells), respectively, were transfected with Lipofectamine 2000 reagent 24 h after
plating following the manufacturer’s protocol. Briefly, DNA was incubated with Lipofectamine 2000

(ratio 1:2; for each pg of DNA; 2 ug of Lipofectamine 2000) for 20 min at RT. The total amount of
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DNA transfected was 0.5 pg for primary fibroblasts and 2 pg for HEK293T cells. Culture medium was
replaced with OptiMEM supplemented with 2 mM glutamine, and transfection mix was added to
each well in a dropwise manner. 2-3 h later medium was changed to complete DMEM without

antibiotics. Cells were analyzed 24-48 h after transfection.

1.8. Pharmacological treatments
Cultured neurons or primary fibroblasts were kept with half of the medium and incubated with the
pharmacological reagents. Drugs working concentrations are summarized in Table 2, and

timepoints and duration of the treatments are specified in the results section.

2. Molecular biology

2.1.  Plasmid DNA amplification and purification

To amplify plasmid DNA, 25 ul of DH5a competent cells were transformed with 1 pl of purified DNA.
Competent cells were kept on ice for 30 min and heat shocked at 42°C for 45 s to facilitate the entry
of the DNA. Cells were kept on ice for another 5 min, resuspended in S.0.C medium and incubated
for 1 h at 372C in agitation. Transformed cells were plated in LB agar plates with the corresponding

selection antibiotic (100 pug/ml) and incubated O/N at 37°C.

2.1.1. Maxiprep

For high plasmid DNA yields a maxiprep was done. A positive colony was selected and grown for 8-
9 h in 5 ml of LB with the corresponding selection antibiotic (100 pg/ml) and then, transferred to
250 ml of LB supplemented with the antibiotic (100 pg/ml). Bacteria were grown O/N at 372C in
agitation. The next day, bacterial culture was harvested by centrifuging at 4,000 g for 10 min
(Beckman J2-21 centrifuge, JA-14 rotor) and plasmid DNA was purified using the PureLink™ HiPure
Plasmid Filter Maxiprep Kit following the manufacturer’s procedure. Purified DNA was eluted in

miliQ H,0, quantified using NanoDrop™ 2000 (Thermo Scientific) and stored at -202C.

2.1.2. Miniprep

For lower plasmid DNA yields miniprep procedure was done. A transformed colony was selected
and grown in 5 ml of LB containing the selection antibiotic (100 ug/ml) O/N at 372C and in agitation.
3 ml of bacterial culture was harvested, and plasmid DNA was isolated using the QlAprep® Spin
Miniprep Kit according to the manufacturer’s instructions. Purified DNA was eluted in miliQ H-0,

quantified using NanoDrop™ 2000 (Thermo Scientific) and stored at -202C.
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2.2.  Cloning of mutant genes

Mouse Crtcl-myc and Crtcl S64/151/245A-myc cDNAs were subcloned into the pWPI lentiviral
vector using the In-Fusion® HD Cloning Kit according to the manufacturer’s instructions. First, pWPI
vector was linearized by restriction enzyme digestion with Pmel. Then, the insert was amplified by
PCR using a high-fidelity DNA polymerase (Platinum Pfx) and specific primers with 15 bp extensions
at the 5’ end that were complementary to the ends of the linearized vector. Digested vector and
amplified insert were verified on an agarose gel electrophoresis and purified with QlAquick Gel
Extraction kit. 100 ng of insert and 100 ng of linearized vector were incubated with In-Fusion HD
Enzyme Premix for 15 min at 502C. Finally, stellar competent cells were transformed with 2.5 ul of
In-Fusion reaction mixture. The incorporation of the insert into the vector was verified by screening

several positive colonies by PCR and sequencing.

2.3.  Lentiviral particles generation

HEK 293T at 60-70% of confluency were transfected using the calcium phosphate transfection
protocol (Jiang and Chen, 2006). Briefly, 30 ug of the lentiviral plasmid of interest, 15 ug of psPAX2
lentiviral packaging plasmid, and 10 pg of psMD2.G envelope expressing plasmid were mixed with
HEPES buffered saline (HBS) containing CaCl, and incubated for 20 min at RT. HEK293T medium was
replaced with DMEM supplemented with 25 uM chloroquine and transfection mixture was
incubated for 7-8 h. Then, the transfection medium was replaced with complete DMEM. Medium
was harvested 24 h, 36 h and 48 h after transfection, centrifuged 5 min at 1,000 rpm to discard cell
debris, and filtered into an ultracentrifuge tube. The filtered medium was then centrifuged 2 h at
25,000 rpm and 429C (Sorvall Discovery 90SE ultracentrifuge, rotor SW28). Next, the supernatant
was discarded, and the pellet was resuspended in 100 pl of cold PBS 1X and left O/N at 42C in

agitation. The next day, lentiviruses were aliquoted and stored at -80°C.

2.4.  Lentivirus titration

HEK 293T cells plated in 24-well plates at an initial density of 30,000 cells/well were transduced
with serial dilutions of the lentivirus. 72 h after transduction, cells were trypsinized and the
percentage of green fluorescent protein (GFP) positive cells for each lentiviral dilution was
determined by flow cytometry (Cytomics FC500, Beckman Coulter). The lentivirus titer (infective

particles/ul) was determined using the following formula:

% of infected cells - 0.01 - n? of cells the day of transfection

IP/ul =
/n virus dilution
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2.5. Bioluminescence resonance energy transfer (BRET)

HEK293 cells were transiently transfected using polyethylenimine (PEI) with a constant amount of
donor protein fused to Renilla luciferase (RLuc) and increasing amounts of acceptor protein fused
to yellow fluorescent protein (YFP). 48 h after transfection, cells were detached from the culture
plate using HBSS buffer supplemented with 0.1% glucose, centrifuged 5 min at 3,200 rpm and
resuspended in the same buffer. Protein concentration was adjusted to 0.2 mg/ml before BRET
measurements. First, to quantify BRET-acceptor expression, cells (20 ug of protein) were distributed
in 96-well microplates (Porvair Sciences, 205003) and fluorescence was measured in Mithras LB 940
(Berthold, Germany) using an excitation filter of 485 nm. BRET-acceptor fluorescence was
determined as fluorescence of the sample minus the fluorescence of cells expressing BRET-donor
alone. For BRET measurement, cells (20 pg of protein) were distributed in 96-well microplates
(Porvair Sciences, 204003) and 5 uM Coelenterazine H was added. BRET measurement readings
were collected 1 min after the addition of Coelenterazine H, which allowed the integration of the
signal detected in the short-wavelength filter at 485 nm and the long-wavelength filter at 530 nm.
To measure BRET-donor expression luminescence, readings were performed 10 min after adding
Coelenterazine H. Net BRET ratio was defined as [(long-wavelength emission)/(short-wavelength
emission)]-Cf, where Cf corresponds to [(long-wavelength emission)/(short-wavelength emission)]
in the condition where BRET-donor was expressed alone. BRET values were expressed as mili BRET
units (mBU: 1000 x net BRET), and BRET curves were fitted by using a non-linear regression

equation.

2.6. CRE-promoter activity assay

CRE-promoter activity in cultured cortical neurons was analyzed using the commercial kit Dual-
Luciferase Reporter Assay System. Neurons plated in 24-well dishes at a cell density of 150,000
cells/well were transfected using Lipofectamine 2000 with: pCRE-Luc (0.5 pg/well), which encodes
the firefly (Photinus pyralis) luciferase gene under the control of three CRE sites; pRL-TK (0.1
ug/well), which constitutively express Renilla reniformis luciferase and it is used as an internal
control of the technique; and the plasmid of interest (0.5 ug/well). 24 h after the transfection,
neurons were treated with FSK/KCl (20 puM, 30 mM) or Bic/4-AP (50 uM, 2.5 mM) for 4 h. Next,
neurons were lysed with 100 pl of Passive Lysis Buffer and lysates (20 ul) were loaded into a 96-
well opaque plaque. Firefly luciferase luminescence was measured by adding 25 ul of Luciferase
Assay Reagent Il (LARII). Then, 25 pl of Stop & Glo® Reagent was added to quench the reaction and

to simultaneously initiate Renilla luciferase reaction. Luminescence was measured in Varioskan™
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Lux reader (Thermo Scientific) and values were represented as firefly luciferase readings normalized

to Renilla luciferase reading.

3. Biochemical analyses

3.1. Brain and cell lysis
Mouse hippocampi were homogenized in ice-cold RIPA-DOC lysis buffer (Table 5) supplemented
with protease and phosphatase inhibitors, using a potter homogenizer. After the dissociation,

samples were kept in ice during 1 h, sonicated and stored at -802C.

Human hippocampi were homogenized in ice-cold O lysis buffer (Table 5) containing protease and
phosphatase inhibitors, using a potter homogenizer. After tissue dissociation, samples were boiled
5 min at 959C, sonicated, and centrifuged 15 min 14,000 rpm. The supernatant was stored at -202C

for protein analysis.

Cell cultures were washed three times with ice-cold PBS 1X and lysed with a scraper in ice-cold
RIPA-DOC buffer supplemented with protease and phosphatase inhibitors. The lysates were

sonicated and stored at -20°C.

3.2. Synaptosomes fractionation

Individual mouse hippocampus was homogenized with a glass homogenizer in ice-cold buffer A.
The homogenate was centrifuged 10 min at 1,400 x g and the pellet was re-extracted with buffer A
and centrifuge 10 min at 710 x g. The supernatants were combined and centrifuge 10 min at 13,800
x g. The pellet was resuspended in ice-cold buffer B and loaded at the topofa 0.85M, 1 M, 1.2 M
discontinuous sucrose gradient and centrifuge 2 h at 82,500 x g. The synaptosome fraction was
collected from the 1 M-1.2 M sucrose interphase and diluted with an equal amount of buffer C.
Purified synaptosomes were centrifuged 1 h at 32,800 x g to obtain the presynaptic (supernatant)
and the postsynaptic (pellet) fraction. The postsynaptic fraction was resuspended in ice-cold buffer
D. Samples were sonicated and stored at -802C. All buffers were supplemented with phosphatase

and protease inhibitor, and its composition is detailed in Table 5.

3.3.  Protein quantification
Protein concentration of tissue and cell lysates was determined using the BCA protein assay kit. In
a 96-well plate, 10 pl of each sample and of the standard curve samples were loaded. Then, 100 pl

of working reagents (50 parts of BCA Reagent A and 1 part of BCA Reagent B) was added. The plate
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was incubated at room temperature (RT) for 15 min in agitation, and finally the absorbance at 526

nm was measured in Varioskan™ LUX reader (Thermo Scientific).

Protein concentration of human samples was quantified with Coomassie (Bradford) protein assay
kit. In a 96-well plate, 5 ul of each sample and of the standard curve were loaded. Then, 250 ul of
Coomassie reagent was added and incubated for 10 min at RT in agitation. Absorbance at 595 nm

was measured in Varioskan™ LUX reader (Thermo Scientific).

3.4. Western blotting

The same amount of protein for each sample was diluted with loading buffer and heated at 952C
for 5 min. Samples were loaded in acrylamide gels and electrophoresis was performed at 25 mA in
running buffer. Proteins were transferred to PVDF membranes, previously activated with methanol,
during 75 min at a constant voltage of 120 V in cold transfer buffer. Membranes were stained with
Ponceau S to verify protein transference and, after eliminating the Ponceau stain with Tris-buffered
saline-Tween (TBS-T), PVDF membranes were incubated with blocking solution for 1 h at RT. Then,
the membranes were washed twice (10 min) with TBS-T and incubated with the primary antibody
overnight at 42C or 1 h at RT (Table 7). Next, membranes were washed three times (10 min) with
TBS-T and incubated with the secondary antibody conjugated to the horseradish peroxidase (HRP)
for 1 h at RT (Table 7). Finally, membranes were washed twice (10 min) with TBS-T and one time
(10 min) with TBS before detecting the protein bands by a chemiluminescence reaction using ECL
substrate (ECL1:ECL2 1:1 ratio). Protein bands were detected on ChemiDoc MP System (Bio-Rad)
and quantified with Image Lab 5.2.1 software (Bio-Rad). When needed, membranes were stripped
in stripping buffer at 562C and agitation for 20 min. Then, membranes were washed three times
with distilled water and three times (10 min) with TBS-T before blocking and reincubating with a

primary antibody.

4. Immunostainings

4.1. Immunocytochemistry

For immunostaining, mouse hippocampal neurons or primary human fibroblasts were seeded in
24-well plates with coverslips at a cell density of 30,000 cells/well or 18,000 cells/well, respectively.
Cells were washed with PBS 1X and fixed with 4% PFA for 15 min at RT. Then, cells were
permeabilized and blocked with blocking solution for 30 min at RT and incubated with the primary
antibody O/N at 4°C (Table 7) in a humidified chamber. Next, neurons were incubated with the

secondary antibody for 1 h at RT in a humidified chamber (Table 7). Finally, nuclei were stained
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with Hoechst (1 pg/ml) for 10 min at RT and coverslips were mounted using FluorSave™ Reagent
or Mowiol. Images were acquired on a Zeiss LSM 700 confocal microscope and analyzed using

Imagel (NIH) and Imaris 8.3.4 (Bitplane) software.

4.1.1. Colocalization analysis

41.1.1. GluN1/PSD95 colocalization

GluN1 and PSD95 colocalization analysis in primary and secondary dendrites was performed using
the spots and ImarisColoc tool from Imaris software. GluN1 and PSD95 puncta were considered
positive when the spot diameter was 2 0.4 um or > 0.7 um, respectively. Dendrite length was also
measured using the filament tool. Results are represented as total puncta number relative to

dendrite length, or as percentage of GIuN1/PSD95 colocalized spots relative to total GIuN1 spots.

4.1.1.2. Autophagic flux analysis

Autophagic flux was monitored with the use of the mCherry-EGFP-LC3B vector. mCherry and EGFP
puncta were defined using the spots tool from Imaris software and considered positive when the
spot diameter was > 0.5 um. To discriminate between autophagosomes (mCherry- and EGFP-
positive) from autolysosomes (mCherry-positive and EGFP-negative), mCherry and EGFP
colocalization was calculated with the ImarisColoc tool. Autophagosomes corresponded to mCherry
puncta colocalizing with EGFP, and autolysosomes to mCherry puncta that did not colocalized with

EGFP. Data are represented as autophagosomes or autolysosomes per cell.

4.1.2. CRTC1 subcellular localization analysis
CRTC1 subcellular localization was quantified with Imagel) software. Nuclear and cytosolic regions
of interest (ROIs) were established, and CRTC1 intensity was calculated as integrated density

(IntDen). Data are represented as nuclear to cytoplasmic ratio of CRTC1 intensity.

4.2. Fluorescence in situ hybridization (FISH)

For FISH experiments, neurons were fixed with 4% PFA and permeabilized with 0.2% Tx-100 in
RNAse free PBS for 5 min at RT. Then, the coverslips were washed with RNAse free PBS and Wash
buffer A, and incubated O/N at 372C in a humidified chamber with the hybridization solution
containing the Fluo®Red 590 Oligo-dT probe (1:100) and a chicken anti-MAP2 antibody (Table 7).
Next, the coverslips were rinsed with Wash buffer A and incubated with Wash buffer A plus the
secondary antibody AMCA anti-chicken (Table 7) 30 min at 372C. Finally, the coverslips were

washed with Wash buffer B and RNAse free PBS, and mounted with Mowiol. Images were acquired
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on a Zeiss AxioObserver microscope at 63x. Dendrites of GFP positive neurons were straightened

and the intensity of total mRNA levels were measured using ImagelJ software (NIH).

4.3.  Puromycylation

Neurons were incubated with 10 uM puromycin for 10 min prior to fixation. As a negative control,
neurons were pretreated with 200 uM cycloheximide for 1 h. Before cell fixation with 4% PFA,
coverslips were washed with 0.01% Tx-100 in PBS to remove the excess of puromycin. Neurons
were permeabilized with 0.15% Tx-100 in PBS for 5 min at RT and blocked with 5% BSA in PBS for 1
h at RT. Neurons were incubated with mouse anti-puromycin antibody and chicken anti-MAP2
antibody (Table 7) O/N at 42C in a humidified chamber. Lastly, the coverslips were incubated 1 h at
372C with the corresponding secondary antibodies (Table 7) and mounted with Mowiol. Images
were acquired on a Zeiss AxioObserver microscope at 63x. Dendrites of GFP positive neurons were
straightened and the intensity of total puromycin levels were measured using Imagel software

(NIH).

5. Statistical analysis

GraphPad Prism 8 software was used to perform the statistical analyses. For multiple comparison,
data was analyzed by one- or two-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test or by Dunnett’s post hoc when comparing to control group. Two-tailed unpaired Student t test
was used for analyzing differences between two groups. When values were not normally
distributed, the non-parametric Kruskal-Wallis’ test was used. Values identified as outliers by
Grubbs’ test were not included in the analysis. Data is represented as the mean # standard error of

the mean (SEM). Significant differences were considered when the P < 0.05.
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6. List of materials

Table 1. List of reagents, buffers and culture mediums used in cell cultures.

Reagent Source Identifier
B27 Thermo Fisher Scientific 17504-044
Bovine serum albumin (BSA) Sigma-Aldrich A7906
Deoxyribonuclease | from bovine pancreas (DNAse) Sigma-Aldrich D5025
Dulbecco’s Modified Eagle’s Medium (DMEM) Thermo Fisher Scientific 41965-039
Dulbecco’s phosphate buffered saline (PBS) 10X Sigma-Aldrich D1408
Fetal bovine serum (FBS) Thermo Fisher Scientific 10270-106
Lipofectamine 2000 reagent Thermo Fisher Scientific 11668-027
L-Glutamine (200 mM) Thermo Fisher Scientific 25030-081
Neurobasal medium Thermo Fisher Scientific 21103-049
OptiMEM medium Thermo Fisher Scientific 31985-070
Penicillin/Streptomycin (500 U/ml) Thermo Fisher Scientific 15140-122
Poly-D-lysine (PDL) Sigma-Aldrich P7658
Trypsin Sigma-Aldrich 79201
Trypsin inhibitor Thermo Fisher Scientific 17075-029
Trypsin/EDTA Thermo Fisher Scientific 5200-056
X-tremeGENE 9 DNA transfection reagent Roche XTG9-RO
Commercial kit Source Identifier
CalPhos™ mammalian transfection kit Takara Bio 631312
Buffer Composition
Krebs-Ringer buffer (1X) 120 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 25 mM NaHCOs and 14.3
mM glucose, pH 7.4
Solution 1 Krebs-Ringer buffer, 0.3% BSA, 0.03% MgS0a4
Solution 2 Solution 1, 0.025% trypsin
Solution 3 Solution 1, 0.052% trypsin inhibitor, 0.008% DNAse and 0.03% MgS0Oa4
Solution 4 Solution 1 and 16% solution 3
Solution 5 Solution 1, 0.03% MgS0a4, 0.0014% CaCl>
Culture medium Composition
Complete DMEM medium DMEM, 1% Penicillin/Streptomycin and 10% FBS
Complete Neurobasal Neurobasal medium, 2% B27, 0.5% Penicillin/Streptomycin, 1%
medium glutamine

Table 2. List of pharmacological treatments and their working concentration used in primary neuronal
cultures.

Reagent Source Identifier Dose
4-aminopyridine (4-AP) Sigma-Aldrich 275875 2.5mM
Actinomycin D (ActD) Thermo Fisher Scientific 11805-017 2 pg/mi
1(S),9(R)-(-)-Bicuculline methiodide (Bic) Sigma-Aldrich 14343 50 uM
Chloroquine (CQ) Sigma-Aldrich 6628 10-20
uM

Cycloheximide Sigma-Aldrich 01810 200 uMm
Forskolin (FSK) Sigma-Aldrich F6886 20 uM
GF-109203X hydrochloride (GF) Sigma-Aldrich B6292 10 uMm
L-Glutamic acid (Glut) Sigma-Aldrich G1626 100 pM
MG132 Tocris 1748 1uMm
Potassium chloride (KCl) Sigma-Aldrich P9333 30 mM
Phorbol-12-myristate 13-acetate (PMA) Sigma-Aldrich P1585 5uM
Puromycin dihydrochloride Santa Cruz 58-58-2 10 uM
Tetrodotoxin citrate (TTX) Tocris 1069 1uM
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Table 3. AAVs, bacterial strains, reagents, commercial kits and recombinant DNA used in molecular

biology experiments.

AAVs Source

AAV2/10-CMV-GFP UPV CBATEG
AAV2/10-CMV-CRTC1-myc-IRES-GFP UPV CBATEG
AAV2/10-H1-Scramble-RSV-GFP UPV CBATEG
AAV2/10-H1-ShCRTC1-RSV-GFP UPV CBATEG

Bacterial strains Source Identifier
DH5a competent cells Invitrogen 18265-017
Stellar competent cells Takara Bio 636766
Reagents Source Identifier
1 Kb Plus DNA Ladder Invitrogen 10787-018
Agarose Condalab 8019
Ampicillin sodium salt Sigma-Aldrich A0166
Coelenterazine H Invitrogen C6780
DNA polymerase 5U/ul Biotools 10049-4111
dNTPs mix 10 mM Biotools 20038
Kanamycin Sigma-Aldrich K1876
Luria Broth base (LB) Invitrogen 12795-027
Luria Broth agar Invitrogen 22700-025
Polyethylenimine (PEI) Sigma 408727
Platinum Pfx DNA Polymerase Invitrogen 11708-013
S.0.C. medium Invitrogen 15544-034
SYBR® Safe DNA gel stain Invitrogen $33102
Commercial kit Source Identifier
Dual-Luciferase Reporter Assay System Promega E1910
In-Fusion® HD Cloning Kit Clontech 011614
PureLink™ HiPure Plasmid Filter Maxiprep Kit Thermo Fisher Scientific K210017
PureLink™ HiPure Precipitator Module Thermo Fisher Scientific K210022
QlAprep® Spin Miniprep Kit Qiagen 27104
QlAquick® Gel Extraction Kit Qiagen 28704
Recombinant DNA Source Identifier
pCDH-EF1a-mCherry-EGFP-LC3B Addgene 170446
pcDNA3.1-CRTC1-myc Dr. Jean-René Cardinaux
pcDNA3.1-CRTC1S64/151/245A-myc Saura Lab

pcDNA3.1-GluN2B Dr. Rafael Franco

pCre-Luc Stratagene

pEYFP-N1-Cald Dr. Rafael Franco

pEYFP-N1-Caln Dr. Rafael Franco

pPEYFP-N1-CaM Dr. Rafael Franco

pHA-CRTC1 Dr. Toh Hean Ch’ng

pHA-CRTC1mNLS1 Dr. Toh Hean Ch’ng

pHA-CRTC1mNLS2 Dr. Toh Hean Ch’ng

pRL-TK control reporter vector Promega E2241
pRLuc-N1-GIluN1 Dr. Rafael Franco

psMD2.G Addgene 12259
psPAX2 Addgene 12260
pWPI Addgene 12254
pWPI-CRTC1-my This thesis
pWPI-CRTC1(S64,151,245A)-myc This thesis

Restriction enzymes Source Identifier
Pmel NEB RO560S

66



Materials and methods

Primers used for cloning Sequence (5’ to 3’)

Fw_CRTC1_pWPI CTAGCCTCGAGGTTTGGATCCACCATGGCGACTTC

RV_CRTC1-myc_pWPI TGCAGCCCGTAGTTTTCACAGATCTTCCTCGCTGA

Buffer Composition

HBSS 137 mM NacCl, 5 mM KCl, 0.34 mM NazHPO4x12H20, 0.44 mM KH2PQOas,

1.26 mM CaCl2x2 H,0, 0.4 mM MgS04x7H:0, 0.5 mM MgCl,

Table 4. Primers used for genotyping.

Gene Primer Sequence (5’ to 3’)

e P156 GCCTGCATTACCGGTCGATGCAACGA
P157 GTGGCAGATGGCGCGGCAACACCATT
P139 GGTTTCCCTCCATCTTGGTTG

Ps1 P140 TCAACTCCTCCAGAGTCAGG
P158 TGCCCCCTCTCCATTTTCTC
P162 CATCTACACGCCCTTCACGG

PS2 P163 CACACAGAGAGGCTCAAGATC
P164 AAGGGCCAGCTCATTCCTCC
P16134 GGCATCTCAGCAATGTCTCC
P12473 GGTATTAGCCTATGGGGGACAC

Tau OIMR8744 CAAATGTTGCTTGTCTGGTG
OIMR8745 GTCAGTCGAGTGCACAGTTT

Table 5. Reagents, commercial kits and buffers used for biochemical experiments.

Reagents Source Identifier

30% Acrylamide/Bis Solution 37.5:1 Bio-Rad 1610158

Ammonium persulfate Sigma-Aldrich A3678

cOmplete™ Protease Inhibitor Cocktail Roche 11697498001

Immuno-Blot® PVDF membrane Bio-Rad 1620177

Luminol Sigma-Aldrich 09253

p-Coumaric acid Sigma-Aldrich 28200

PhosSTOP™ Phosphatase Inhibitor Cocktail Roche 04906837001

Ponceau S Sigma-Aldrich 81462

Precision Plus Protein All Blue Standards Bio-Rad 1610373

TEMED Sigma-Aldrich T9281

Tween® 20 Sigma-Aldrich P2287

Commercial kit Source Identifier

Coomassie Protein Assay Kit Thermo Fisher Scientific 1856209

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 23225

Buffer Composition

Blocking solution 10% nonfat powdered milk, 0.1% BSA in TBS 1X

Buffer A 5 mM HEPES pH 7.4, 0.32 M sucrose, 1 mM NaHCOs, 1 mM MgClz, 0.5
mM CaCl

Buffer B 6 mM Tris-HCl pH 8, 0.32 M sucrose, 1 mM NaHCOs

Buffer C 12 mM Tris-HCl pH 8, 1% Triton X-100

Buffer D 40 mM Tris-HCl, 1% NP-40

ECL1 1 M Tris-HCI pH 8.5, 0.5 M luminol, 79.2 mM p-Coumaric acid

ECL2 1 M Tris-HCl pH 8.5, 8.8 M H202

Loading buffer 1X 0.5 M Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 0.01% bromophenol blue,
5% B-mercaptoethanol
62.5 mM Tris-HCl pH 6.8, 5% B-mercaptoethanol, 10% glycerol, 2.3%

SDS, 5 mM NaF, 100 uM NaszVOs, 1 mM EDTA, 1 mM EGTA

O* lysis buffer
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Primary antibody solution
RIPA-DOC lysis buffer

Running buffer 1X
Separating buffer 4X
Stacking buffer 4X
Stripping buffer
Transfer buffer 1X

Tris-buffered saline 1X (TBS

1X)
TBS-Tween (TBS-T)

0.1% BSA, 0.02% thimerosal in TBS 1X
50 mM Tris-HCl pH 7.4, 150 mM Nacl, 2.5 mM EDTA, 1 mM NaszVQs, 25
mM NaF, 0.1% SDS, 1% NP-40, 0.5% Na-deoxycholate
25 mM Tris base, 200 mM glycine, 0.1% SDS
1.5 M Tris base pH 8.8, 0.4% SDS

0.5 M Tris base pH 6.8, 0.4% SDS

0.5 M Tris-HCl pH 6.8, 10% SDS and 0.7% B-mercaptoethanol
10 mM Tris base, 100 mM glycine

20 mM Tris base, 137 mM NaCl, pH 7.6

TBS 1X, 0.1% Tween-20

Table 6. List of reagents and buffers required for immunostaining experiments.

Reagents Source Identifier
Cy™3 Streptavidin Jackson ImmunoResearch 016-160-084
FluorSave™ Reagent Calbiochem 345789
Hoechst 34580 Invitrogen H21486
Mowiol 4-88 Sigma-Aldrich 81381
Normal Goat Serum (NGS) Sigma-Aldrich S26-M
Paraformaldehyde (PFA) 16% Thermo Fisher Scientific 28908
Stellaris® Fluo®Red 590 Oligo-dT probe Biosearch Technologies

Stellaris® RNA FISH Hybridization Buffer Biosearch Technologies SMF-HB1-10
Stellaris® RNA FISH Wash Buffer A Biosearch Technologies SMF-WA1-60
Stellaris® RNA FISH Wash Buffer B Biosearch Technologies SMF-WB1-20
Triton X-100 VWR 0694

Buffer Composition

Blocking solution

2% NGS, 2% BSA, 0.2% Tx-100 in TBS 1X

Table 7. List of antibodies and working dilutions used for western blot (WB) and immunocytochemistry

(1cC).
Antibody Host Source Identifier Application and dilution
WB ICC
AMCA anti-chicken Donkey | Jackson 703-155- 1:1,000
ImmunoResearch = 155
Anti-chicken IgY Goat Invitrogen A11039 1:300
Alexa Fluor® 488
Anti-mouse IgG Goat Invitrogen A11001 1:300
Alexa Fluor® 488
Anti-mouse IgG Goat Invitrogen Al11031
Alexa Fluor® 568
Anti-mouse 1gG Goat Invitrogen A32728 1:300
Alexa Fluor® 647
Anti-rabbit IgG Goat Invitrogen A11036 1:300
Alexa Fluor® 568
Biotin-SP Fab anti- Goat Jackson 115-067- 1:300
mouse IgG ImmunoResearch = 003
B-tubulin Mouse Sigma Aldrich T7816 1:20,000
c-myc Rabbit Santa Cruz sc-789 A-14 1:1,000
CP13 Mouse P. Davies 1:250
[pTau(Ser202)]
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Video Freeze®Software

Med Associates
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CRTC1 Rabbit Cell Signaling 2587 1:10,000
D1M9X (Tau) Rabbit Cell Signaling 46687 1:1,000
DyLight™ 405 anti-  Goat Jackson 115-475- 1:300
mouse IgG ImmunoResearch = 003
GAPDH Mouse Ambion AM4300 1:100,000
GFP Chicken | Abcam ab13970 1:1,000
GluAl Rabbit Chemicon AB1504 1:2,000
GluA2 Mouse Merck Millipore MABN1189 1:1,000
GIluN1 Mouse Sigma MAB363 1:1,000 1:200
GIuN2A Rabbit Merck Millipore AB1555 1:2,500
GIuN2B Rabbit Merck Millipore AB1557 1:1,000
HA-tag Mouse Santa Cruz sc-7392 1:1,500 1:500
Homer 1 Rabbit Synaptic Systems = 160 003 1:1,000
HRP anti-mouse Goat Bio-Rad 1706516 1:3,000
HRP anti-rabbit Goat Bio-Rad 1706515 1:3,000
LC3B Rabbit Abcam ab48394 1:1,000
MAP2 Chicken  EnCor CPCA- 1:1,000
Biotechnology MAP2

Myc-tag Mouse Abcam ab32 1:200
p62/SQSTM1 Mouse Abcam ab56416 1:1,000
pGluA1(Ser831) Rabbit Santa Cruz sc-16313-R 1:1,000
pGluA1(Ser845) Rabbit Merck Millipore 04-1073
pGIuN1(Ser890) Rabbit Cell Signaling 3381 1:1,000
pGIluN1(Ser897) Rabbit Cell Signaling 3385 1:1,000
pGIuN2B(Ser1303) Rabbit Merck Millipore 07-398 1:500
PHF1 Mouse P. Davies 1:250
[pTau(Ser396/404)]
pPSD95(Ser295) Rabbit Abcam ab76108 1:20,000
PSD95 Rabbit Cell Signaling 3450 1:1,000 1:200
Puromycin Mouse Kerafast EQO0001 1:10,000
Synaptophysin Mouse Sigma S5768 1:1,000,000
Syntaxin-1 Mouse Santa Cruz sc-12736 1:3,000
TG5 (Tau) Mouse P. Davies 1:500

Table 8. Software used for data analysis.
Software Source
GraphPad Prism 8 GraphPad Software
Image) Software NIH
Image Lab 5.2.1 Bio-Rad
Imaris 8.3.4 Software Bitplane
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Chapter 1: CRTC1-dependent molecular mechanisms involved in synaptic plasticity

1. CRTC1 is essential for hippocampal-dependent memory

CRTC1 is required for induction and/or maintenance of LTP (Zhou et al., 2006, Kovacs et al., 2007,
Uchida et al., 2017), but the underlying mechanisms are still unclear. To better understand the role
of CRTC1 in hippocampal-dependent synaptic plasticity and memory, we investigated the effect of
CRTC1 inactivation and overexpression in contextual fear memory and glutamatergic

neurotransmission.

We injected intrahippocampally 6 month-old mice (C57BL/6 background) with adeno-associated
viral (AAV) vectors containing empty vector (GFP or scramble) or that overexpress (AAV-CRTC1-
myc) or inactivate (AAV-ShCRTC1) Crtc1 specifically in neurons. One month later, mice were trained
in the contextual fear conditioning (CFC) and hippocampi were analyzed biochemically (Figure
9A,B). In CFC, mice learn to associate a specific context (chamber) with an aversive stimulus
(footshock). During training, mice were exposed to the context for 3 min and freezing behavior was
considered a measurement of neophobia. Mice were then foot-shocked (1 sec/1 mA) and kept in
the conditioning chamber for 2 min (immediate freezing). Long-term associative memory was
assessed, 24 h later by exposing the mice to the chamber (4 min) without shock (Figure 9A). All
experimental groups showed a freezing time effect (P < 0.0001) with no significant group
differences in basal (context) and immediate freezing (P > 0.05). However, compared to GFP- or
scramble-injected mice, freezing responses at 24 h were significantly increased and reduced by
CRTC1 overexpression or silencing, respectively (P < 0.05, Figure 9C). AAVs transduction was
efficient as tested by measuring total CRTC1 and myc-tag protein levels. Total CRTC1 levels were
slightly increased but not significantly (P = 0.113), but there was a significant increase in myc-tag
levels in AAV-CRTC1-myc injected mice (P = 0.02, Figure 9D). In addition, endogenous CRTC1 levels
were significantly reduced (~ 45%) in mice injected with AAV-ShCRTC1 (P = 0.004, Figure 9E). These

behavioral results indicate that CRTC1 is critical for long-term associative memory.
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Figure 9. CRTC1 is required for associative memory. (A) CFC behavioral paradigm used to assess associative
memory. C57BL/6 adult mice (6 month-old) were bilaterally injected in the dorsal hippocampus and tested
before (context), immediately and 24 h after contextual fear conditioning. (B) Schematic representation of
AAV2/10 vectors engineered to overexpress (AAV-CRTC1) or silence (AAV-ShCRTC1) CRTC1 and the respective
controls (AAV-GFP or AAV-ShScramble). ITR: inverted terminal repeat; CMV: cytomegalovirus promoter; IRES:
internal ribosome entry site; GFP: green fluorescent protein, H1: histone 1 promoter; RSV: Rous sarcoma virus
promoter. (C) Percentage of time freezing in AAV-GFP- and AAV-CRTCl-injected mice (left) or AAV-
ShScramble- and AAV-ShCRTC1-injected mice (right). Values represent mean percentage of freezing + SEM of
multiple mice (n = 6-12) per group. (D,E) Western blot images and quantification analysis of CRTC1 and myc-
tag protein levels. Protein levels were normalized to GAPDH. Data represent mean + SEM of multiple mice (n
= 4-6) per group. Two-way ANOVA followed by Scheffé’s post hoc test or unpaired Student t test were used
as a statistical test. *P < 0.05, **P < 0.01, ***P < 0.001.
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2. CRTC1 regulates glutamate receptors in neurons

2.1. CRTC1 does not affect AMPAR levels or phosphorylation

To investigate the CRTC1-dependent molecular mechanisms underlying associative memory, we
first examined whether CRTC1 regulated expression and/or activation of AMPA receptors
(AMPARs), which are key players in fast excitatory neurotransmission. We biochemically analyzed
GluAl and GIuA2 subunits of AMPARs in hippocampal lysates from AAV-GFP or AAV-CRTC1-injected
mice tested in the CFC (Figure 9A,C). As controls, naive non-injected mice were used. Total GluAl
and GIuA2 levels were unchanged after CRTC1 overexpression (GIuAl: P=0.774; GluA2: P = 0.069),
whereas phosphorylated GluAl at Ser 831 and Ser 845 relative to total GluAl levels were not
affected (pGluA1(Ser831)/GluAl: P = 0.42; pGluA1(Ser845)/GluAl: P = 0.968, Figure 10A). To
further confirm these results, hippocampal lysates from mice stereotaxically injected with AAV-
ShScr or AAV-ShCRTC1 were analyzed (Figure 10B). Only a statistically significant difference among
groups was observed in phosphorylated GIuAl at Ser 831 relative to total GIuAl
(pGluA1(Ser831)/GluAl: P = 0.013; pGluA1(Ser845)/GluAl: P = 0.132; GIuAl: P = 0.1; GIuA2: P =
0.076, Figure 10B).
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Figure 10. CRTC1 overexpression or inactivation do not affect total and phosphorylated AMPARs in the
mouse hippocampus. Western blot images and quantification analysis of phosphorylated (p) and/or total
GluAl and GIuAz2 levels in hippocampal lysates of naive (control) and GFP- or CRTC1-injected mice (A), and
ShScr- or ShCRTC1-injected mice (B). Protein levels were normalized to GAPDH or total GluA1l. Data represent
mean = SEM of multiple mice (n = 4-6) per group. One-way ANOVA followed by Tukey’s post hoc test or wo-
tailed unpaired Student t test were used as a statistical test. *P < 0.05.

2.2. CRTC1 modulates NMDAR levels and phosphorylation
To examine whether CRTC1 regulates NMDARs subunit composition and/or phosphorylation, | next
analyzed total and phosphorylated NMDARs subunits levels in the above lysates. Western blot and

quantification analyses showed that GIuN1 subunit levels remained constant between groups (P =
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0.605). However, CRTC1 overexpression increased phosphorylated GluN1 at two different residues,
Ser 890 (P = 0.05) and Ser 897 (P = 0.009), reported to be phosphorylated by PKCy and PKA,
respectively [(Sanchez-Pérez and Felipo, 2005, Zou et al., 2002), Figure 11A]. Considering that
phosphorylated GIuN1 (Ser 890) levels are similar in naive (control) and AAV-GFP-injected mice (P
= 0.591), memory-induced GIuN1 phosphorylation at Ser 890 seems to be dependent on CRTC1
(Figure 11A). Conversely, increased pGluN1 at Ser 897 is like due to CFC training as revealed by a
significant increase in both AAV-GFP- (P = 0.021) and AAV-CRTC1-injected mice (P = 0.008, Figure
11A). To further corroborate whether CRTC1 regulates GluN1 levels and phosphorylation,
hippocampus of mice stereotaxically injected with AAV-ShScr or AAV-ShCRTC1 were analyzed.
Notably, AAV-ShCRTC1-mediated CRTC1 inactivation reduced significantly total GluN1 (P = 0.015),
without significant changes in phosphorylated GIuN1 normalized to total GIluN1

(pGIuN1(Ser890)/GIuN1: P =0.209; pGluN1(Ser897)/GIuN1: P = 0.162, Figure 11B).

Next, | analyzed total and phosphorylated GIuN2 subunits in control and AAV-injected groups. Mice
overexpressing CRTC1 showed a slight non-significant reduction of GIuN2A and increase of GIuN2B
levels (GIUN2A: P = 0.069; GIuN2B: P = 0.099, Figure 12A). Interestingly, CRTC1-injected mice
showed an increase of GIUN2B/GIuN2A levels (P = 0.002) without significant changes in PKC-
dependent GIuN2B phosphorylation (Ser 1303) (pGluN2B(Ser1303)/GIuN2B: P = 0.979, Figure 12A).
In AAV-ShCRTC1-injected mice, there was not any change in GIuN2 subunit expression levels
(GIuN2A: P=0.404; GIuN2B: P=0.722; pGluN2B(Ser1303)/GIuN2B: P = 0.14, Figure 12B). This result
is interesting because it suggests that CRTC1 could mediate a shift in GIuN2 subunits of NMDARs
favoring GIuN2B instead of GIuUN2A subunits. Our biochemical analyses suggest that CRTC1 may be
critical for glutamatergic neurotransmission by regulating GIuN1 levels and promoting PKCy-

mediated GluN1 phosphorylation at Ser 890.
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Figure 11. CRTC1 potentiates total and phosphorylated GIuN1 in the mouse hippocampus. Western blot
images and quantification analysis of phosphorylated (p) and total GIuN1 levels in hippocampal lysates of
naive (control) or AAV-GFP- or AAV-CRTC1-injected mice (A), and AAV-ShScr- or AAV-ShCRTC1-injected mice
(B). Protein levels were normalized to GAPDH or total GIuN1. Data is represented as mean + SEM of multiple
mice (n = 4-6) per group. One-way ANOVA followed by Tukey’s post hoc test or two-tailed unpaired Student

t test were used as st

atistical tests. *P < 0.05, **P < 0.01.
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Figure 12. Effect of CRTC1 overexpression on GluN2 subunits in the mouse hippocampus. Western blot and
quantitative analyses of phosphorylated (p) and/or total GIuN2A and GIuN2B levels in hippocampal lysates of
naive (control) or AAV-GFP- or AAV-CRTC1-injected mice (A), and AAV-ShScr- or AAV-ShCRTC1-injected mice
(B). Protein levels were normalized to GAPDH or total GIuN2B. Data represent mean + SEM of multiple mice
(n = 4-6) per group. One-way ANOVA followed by Tukey’s post hoc test or two-tailed unpaired Student t test
were used as statistical tests. *P < 0.05, **P < 0.01.

2.3. PKC-mediated GluN1 phosphorylation at Ser 890 enhances GluN1 synaptic
localization

Protein phosphorylation is a reversal post-translational modification that regulates a wide range of

biological processes, including glutamate ionotropic receptor cell surface localization and gating

(Lee, 2006, Salter et al., 2009). To evaluate whether CRTC1 was potentiating GIuN1 phosphorylation

at Ser 890 through PKC activation, cultured cortical neurons (20 DIV) were pharmacologically
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treated with phorbol-12-myristate 13-acetate (PMA) and GF-109203X hydrochloride (GF), which
activates and inhibits PKC, respectively. Biochemical analyses revealed that PMA increases GluN1
phosphorylation (Ser 890), which was decreased by the presence of GF (P = 0.024), indicating that
GluN1 phosphorylation at Ser 890 is PKC-dependent (Figure 13). Total GluN1 levels were unaffected
by PMA in the presence or absence of GF (Figure 13). Interestingly, induction of synaptic activity via
network disinhibition through the stimulation with Bicuculline methiodide (Bic), a GABAA receptor
antagonist, and 4-aminopyridine (4-AP), a K" channel blocker, also potentiated GIuN1

phosphorylation at Ser890 (P = 0.019, Figure 13).
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Figure 13. GluN1 phosphorylation at Ser 890 is dependent on PKC and synaptic activity. Western blot and
quantification analysis of phosphorylated (p) and total GIuN1 in cultured cortical neurons (20 DIV). Neurons
were pretreated with 1 uM tetrodotoxin (TTX; 16 h) and treated with phorbol-12-myristate 13-acetate (PMA,
5 uM; 15 min) in the presence or absence of GF-109203X hydrochloride (GF, 10 uM; 30 min), or Bic/4-AP (50
UM, 2.5 mM; 15 min). Protein levels were normalized to B-tubulin or total GIuN1. Data represent mean = SEM
of independent cultures (n = 6). One-way ANOVA followed by Tukey’s post hoc test was used as a statistical
test. *P < 0.05.

To investigate if under our experimental conditions, PKC activation increases GIuN1 synaptic
localization, mature hippocampal neurons (20 DIV) were treated with the PKC activator PMA for 15
min. Hippocampal neurons were then fixed and immunostained for GIuN1 and the postsynaptic
scaffolding protein PSD95. After confocal microscope imaging, GluN1/PSD95 colocalization was
quantified using the Imaris 8 software. In primary dendrites, PMA treatment did not affect GIuN1
synaptic colocalization as not significant differences were observed in GIuN1/PSD95 puncta (P =
0.325, Figure 14A). By contrast, PKC activation increased the number of PSD95 puncta (P = 0.041)
and the percentage of GIuN1/PSD95 puncta (P = 0.014) in secondary dendrites (Figure 14B). These
results indicate that PKC activation potentiates PSD95 accumulation at postsynapses in secondary

dendrites and, consequently, the recruitment of NMDAR:s.
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Figure 14. PKC activation potentiates GIuN1/PSD95 colocalization in secondary dendrites of hippocampal
neurons. Confocal images of primary (A) and secondary (B) dendrites of hippocampal neurons (20 DIV)
treated with vehicle (Veh) or PMA (5 uM, 15 min). Neurons were imaged for GIuN1 (green) and PSD95 (red).
Total GIuN1 (green spots) and PSD95 (red spots) puncta per um, and GIuN1/PSD95 colocalization
(arrowheads/yellow spots) were quantified. Data represent mean + SEM (n = 19-28 dendrites from two
biological replicates). Statistical analysis was determined by two-tailed t-test. *P < 0.05. Scale bar: 5 um.

2.4.  GIuN1 phosphorylation is independent of transcription
As protein kinase activity is a reversible and dynamic process (Gelens and Saurin, 2018), we

investigated whether GIuN1 phosphorylation at Ser 890 was dependent on transcriptional activity.
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Transcriptional blockade with actinomycin D (ActD) did not prevent GIuN1 phosphorylation at Ser
890 upon synaptic stimulation with Bic/4-AP (P = 0.002) in cultured cortical neurons (Figure 15).
This pharmacological treatment did not significantly affect total GIuN1 levels (Figure 15). This
suggests that PKC-dependent GIuN1l phosphorylation at Ser 890 is independent of gene

transcription.

w

ActD
- + + + +
kDa Veh 15min 1h 15min 1h Bic/4-AP

G e e B | pGIUN1(Ser890)

N

pGIluN1(Ser890)/GIuN1
levels (fold change)

3

100 - Veh 15min 1h 15min 1h

ActD
(2]
)

Veh 15min 1h 15min 1h
ActD

2

oo | — S S S . GuN 1

50— w-.d B-tubulin

=)

GIluN1/GAPDH
levels (fold change)
o
5

o
=)

Figure 15. GluN1 phosphorylation at Ser 890 is independent of transcription. Western blot and
quantification analyses of phosphorylated (p) GIuN1 and total GIuN1 protein levels of cultured cortical
neurons (20 DIV). Neurons were treated with Actinomycin D (2 pug/ml; 1 h) to block gene transcription before
synaptic stimulation with Bic/4-AP (50 uM, 2.5 mM; 15 min or 1 h). Protein levels are normalized to B-tubulin
or total GIuN1. Data represent mean + SEM of independent cultures (n = 3). One-way ANOVA followed by
Tukey’s post hoc test was used as a statistical test. *P < 0.05, **P < 0.01.

2.5.  CRTC1 locally regulates GIuN1 synaptic localization

CRTC1 is critical for activity-dependent expression of neuronal gene programs (Parra-Damas et al.,
2014, Parra-Damas et al., 2017b), but whether CRTC1 plays additional roles in neurons independent
of transcription is still unclear. Since the above biochemical analyses suggest that CRTC1 could be
mediating PKC-induced GIuN1 Ser 890 phosphorylation independent of gene transcription, we next

investigated whether CRTC1 could regulate GluN1 localization at synapses.

2.5.1. Effect of Ser phosphorylation-deficient CRTC1 mutants on CRTC1-mediated
transcription and nuclear translocation

To gain insights into the mechanisms regulating CRTC1 expression, nuclear translocation and
synaptic and transcriptional functions, expression, and nuclear translocation, | characterized
distinct CRTC1 mutants (Figure 16A). The triple CRTC1 S64/151/245A mutant contains three serine
to alanine mutations in conserved serine residues localized in the N-terminal and NES domains that
are dephosphorylated by calcineurin/PP2B leading to CRTC1 nuclear localization [(Ch'ng et al.,
2012, Nonaka et al., 2014, Ch'ng et al., 2015), Figure 8A,16A]. In addition, the CRTC1 nuclear
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localization sequence (NLS) mutants mNLS1 (R103A, R106A, R108A and R110A) and mNLS2 (P114A,
R116A and R117A) showed impaired activity-dependent nuclear translocation (Ch'ng et al., 2015).
| first, evaluated expression of CRTC1 mutants in transiently transfected HEK293T cells.
Immunoblotting against HA-tag and myc-tag showed a specific band corresponding to CRTC1
molecular weight (75 kDa), indicating that all mutants are properly expressed (Figure 16B).
Compared to CRTC1, which was translocated to the nucleus after FSK/KCI treatment, either the
triple CRTC1 S64/151/245A and NLS mutants did not translocate to the nucleus after FSK/KCI
treatment (Figure 16C,D). NLS mutants translocation results agreed with previous studies (Ch'ng et

al., 2015).

CRTC1 interacts with CREB/CBP complex to induce CRE-dependent transcription (Conkright et al.,
2003, Bittinger et al., 2004). By using a CRE-dependent luciferase assay, we found that neuronal
activity induced 2-fold increase in CREB-mediated transcription in control (P < 0.001) but not in
CRTC1 inactivation (ShCRTC1) conditions (P > 0.999, Figure 16E). In LV-ShCRTC1 conditions,
expression of wild-type CRTC1, but not CRTC1 S64/151/245A-myc mutant, was able to increase
CREB transcriptional activity in basal and synaptic and neuronal activities conditions (Figure 16E).
Surprisingly, although both CRTC1 mNLS mutants were unable to translocate to the nucleus in basal
or neuronal activity conditions, they induced CREB-mediated transcription upon Bic/4-AP (mNLS2:
P =0.013) and/or FSK/KCl stimulation (mNLS1: P = 0.004; mNLS2: P = 0.044; Figure 16E). Considering
that CREB is regulated by a wide range of signaling pathways (Alberini, 2009), it is possible that

these mutants are potentiating some of these intracellular signals that lead to CREB activation.

Therefore, the phosphorylation-defective CRTC1 S64/151/245A mutant is not able to translocate

to the nucleus to promote CREB-mediated transcription in response to neuronal activity.
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Figure 16. Point mutations in CRTC1 conserved domains impair activity-dependent CRTC1 nuclear
translocation and transcriptional activity. (A) Schematic representation of mouse CRTC1 (top) and CRTC1
S64/151/245A, CRTCImNLS1 and CRTCImNLS2 mutants. (B) Western blot images of HEK293T cells
transfected with wild-type and mutant CRTC1. (C) Confocal images of transfected hippocampal neurons (7
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DIV) with HA-CRTC1, CRTC1 S64/151/245A-myc, HA-CRTC1mNLS1 or HA-CRTC1mNLS2 (in red) treated with
vehicle or FSK/KCI (20 uM, 30 mM) for 15 min. Scale bar: 40 um. (D) Quantification of nuclear/cytoplasmic
CRTC1 intensity (n = 10-16 neurons from two independent cultures). Two-way ANOVA followed by Tukey’s
post hoc test was used. **P < 0.01 and ***P < 0.001 compared to HA-CRTC1 FSK/KCI; ##p < 0.001 compared
to HA-CRTC1 Veh. (E) CREB transcriptional activity analysis in cortical neurons (8 DIV) transduced with LV-
ShScr or ShCRTC1 and transfected with the wild-type or mutatnt CRTC1. Neurons were treated with vehicle,
Bic/4-AP (50 uM, 2.5 mM) or FSK/KCI (20 uM, 30 mM) for 4 h before analyzing the CRE-promoter luciferase
activity. Data represent mean + SEM of three independent experiments. Two-way ANOVA followed by Tukey’s
post hoc test was used as a statistical test. ***P < 0.001; #P < 0.05 and #P < 0.01 compared with ShCRTC1
FSK/KCI.

2.5.2. Synaptic CRTC1 modulates activity-dependent GIuN1 localization at synapses

We next analyzed the role of endogenous CRTC1 and phosphodeficient CRTC1 S64/151/245A
mutant on synaptic GIuN1 localization. Cultured hippocampal neurons (20 DIV) transduced with
lentivirus expressing control (ShScr-GFP) or Crtc1 (ShCRTC1-GFP) shRNA alone or in combination
with CRTC1 S64/151/245A-myc mutant were analyzed for GIuN1/PSD95 colocalization. Only GFP-
positive or GFP- and myc-positive neurons were considered for the confocal imaging analyses. In
basal vehicle (TTX) or synaptic activity (TTX plus Bic/4-AP for 1 h) conditions, CRTC1 inactivation or
CRTC1 S64/151/245A overexpression did not affect GIuUN1 puncta number (treatment effect: P =
0.114; transduction effect: P = 0.376, Figure 17A,B). Interestingly, in basal conditions, CRTC1
S64/151/245A increased significantly total PSD95 puncta (P = 0.006) and GIluN1/PSD95
colocalization (P = 0.017) compared to control and CRTC1-silenced neurons (PSD95 puncta: P =
0.009; GIuN1/PSD95: P = 0.037, Figure 17A,B). Upon synaptic activity, GluN1/PSD95 colocalization
was increased in control neurons compared to basal conditions (P = 0.002), an effect not observed
in the absence of CRTC1 (P = 0.959) or in mutated CRTC1-overexpressing neurons (P = 0.901, Figure
17A,B). These results indicate that CRTC1 is required for synaptic activity-dependent GIluN1
localization at synapses, and that CRTC1 inactivation occludes the effect of activity on synaptic
GIluN1/PSD95 localization. Moreover, this effect seems to be independent of CRTC1 nuclear activity

as the phosphodeficient CRTC1 S64/151/245A mutant can modulate GIuN1 synaptic localization.
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Figure 17. Activity-dependent GluN1 synaptic localization is locally regulated by CRTC1. Representative
images of primary dendrites of hippocampal neurons (20 DIV) transduced with LV-ShScr or LV-ShCRTC1 alone
or with LV-CRTC1S64/151/245A for 5 days, treated with TTX (1 uM for 16 h) and stimulated with Bic/4-AP (50
UM, 2.5 mM for 1 h). Neurons were imaged for GIuN1 (green), PSD95 (red), GFP (grey) and myc-tag (blue).
Total GIuN1 (green spots) and PSD95 (red spots) puncta per um, and GIuN1/PSD95 colocalization
(arrowheads/yellow spots) were quantified. Data represent mean + SEM (n = 24-42 dendrites from three
independent cultures). Statistical analysis was determined by two-way ANOVA followed by Tukey’s post hoc
test. *P < 0.05, **P < 0.01. Scale bar: 5 um.

2.5.3. Synaptic activity reduces PSD95 phosphorylation independently of CRTC1
GluN1 phosphorylation is important for receptor localization and gating, but PSD95

phosphorylation/dephosphorylation also regulates synaptic strength at excitatory synapses (Kim et
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al., 2007, Sen et al., 2016). PKC-dependent phosphorylation of PSD95 at Ser 295 potentiates PSD95
accumulation at the postsynaptic density and the recruitment of AMPARs, while its
dephosphorylation is associated with LTD (Kim et al., 2007, Sen et al., 2016). To further investigate
the role of CRTC1 in NMDA-mediated synaptic plasticity, | next studied how synaptic activity
affected GIuN1 and PSD95 phosphorylation. Here, we analyzed total and phosphorylated levels of
GluN1 and PSD95 in cultured cortical neurons (20 DIV), transduced with LV-ShScr or LV-ShCRTC1
alone or in combination with LV-CRTC1 S64/151/245, and treated with vehicle TTX (O/N) to reduce
basal synaptic activity or stimulated with Bic/4-AP (15 min or 1 h). Biochemical analyses showed
reduced endogenous CRTC1 after LV-ShCRTC1 silencing (transduction effect: P <0.0001, Figure 18),
which was rescued after LV-CRTC1 S64/151/245 transduction (P = 0.003). Interestingly, CRTC1
protein levels were increased in control neurons upon treatment with Bic/4-AP for 15 min (P =

0.004) or 1 h (P =0.002) compared to TTX-treated neurons (Figure 18).

Synaptic activity induced a non-significant time-dependent increase of in control and CRTC1-
silenced neurons. By contrast, neurons transduced with LV-CRTC1 S64/151/245A show higher
pGIuN1 in TTX conditions, an effect that decreases with time (Figure 18). These results agree with
increased GIuN1/PSD95 localization at synapses in stimulated control neurons and in TTX-treated
neurons overexpressing CRTC1 S64/151/245A (Figure 17). On the contrary, synaptic activity caused
a time-dependent reduction of pPSD95 in control and CRTC1-silenced neurons (Figure 18), which
could result in loss of synaptic PSD95 and, consequently, internalization of glutamate receptors.
This activity-dependent PSD95 dephosphorylation was lost in CRTC1 S64/151/245A-expressing
neurons (Figure 18), suggesting that synaptic CRTC1 contributes to PSD95 clustering and

stabilization at synapses.

Together, the biochemical and immunofluorescence analyses indicate that CRTC1 modulates PKC-
dependent GIuN1 and PSD95 phosphorylation, contributing to PSD95 reorganization and glutamate
receptor stabilization at synapses. Based on the constitutively cytosolic/synaptic CRTC1
S64/151/245A mutant, we conclude that synaptic GIuN1/PSD95 is stabilized by CRTC1

independently of its nuclear function.
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Figure 18. Synaptic activity induced PSD95 dephosphorylation is blocked by CRTC1 S64/151/245A mutant.
Western blot and quantification analysis of total and phosphorylated (p) GIuN1 and PSD95, and total CRTC1
of cultured cortical neurons (20 DIV), transduced with LV-ShScr or LV-ShCRTC1 alone or in combination with
LV-CRTC1 S64/151/245A, pretreated with TTX (1 uM, 16 h), and stimulated with vehicle (Veh) or Bic/4-AP (50
MM, 2.5 mM; 15 min or 1 h). Protein levels were normalized to GAPDH, to total GIuN1 or total PSD95. Data is
represented as mean + SEM of independent cultures (n = 3-6). One-way ANOVA followed by Tukey’s post hoc
test was used as a statistical test. *P < 0.05, **P < 0.01, ***P < 0.001.

2.6. CRTC1 increases GluN1 interaction with the calcium sensor calmodulin

Calcium sensors such as calmodulin, calneuron or caldendrin are classical Ca?* signaling mediators
in neurons (Burgoyne et al., 2019). Ca?* influx through activated NMDARs results in the activation

of a wide range of signaling pathways that modulate neuronal function. Calmodulin and calneuron
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directly interact with GIuN1 subunit coupling NMDARs activation to the MAPK signaling pathway
(Franco et al., 2018). To investigate whether CRTC1 modulates the interaction of GIuN1 subunit and
calcium sensors, bioluminescence resonance energy transfer (BRET) assays were performed in an
heterologous expression system. HEK293T cells were transfected with GIuN1 fused to Renilla
Luciferase (RLuc) and GIuN2B for a correct NMDAR assembling and activity, as well as with the
calcium sensors calmodulin (CaM), calneuron (Caln) or caldendrin (Cald) fused to YFP (Figure 19).
BRET signal between the donor (GIuN1-RLuc) and the acceptor (calcium sensor-YFP) was measured
in the presence or absence of CRTC1. A saturation curve demonstrating a specific interaction was
obtained in BRET assays using GIuN1-RLuc and CaM-YFP, and GluN1-RLuc and CaM-YFP (Figure
19A,B). The linear non-specific signal observed in cells transfected with GIluN1-RLuc and Cald-YFP
indicates a lack of interaction between NMDARs and this calcium sensor (Figure 19C). Interestingly,
a significant change in GluN1-Rluc and CaM-YFP interaction in the presence of CRTC1 was detected
(P = 0.009), suggesting that CRTC1 potentiates GIuN1 and CaM interaction. This effect seems
specific for GluN1-CaM since it was not observed with GIluN1-Caln partner (P = 0.686). These results
indicate that CRTC1 potentiates specifically the interaction between GluN1 and CaM in

heterologous cells system.
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Figure 19. CRTC1 enhances GIuN1 interaction with calmodulin. BRET saturation experiments in HEK293T
cells transfected with cDNAs for GIuN1-RLuc (0.3 pg), GIuN2B (0.3 ug), empty vector (Control; 0.5 pg), CRTC1
(0.5 pg) and increasing amounts of cDNAs for CaM-YFP (0.2-1.5 ug) (A), Caln-YFP (0.25-2 ug) (B), or Cald-YFP
(0.25-2 pg) (C). Data represent mean + SEM of independent experiments (n = 3-4). Curves were statistically
compared with extra sum of squares F test. RLuc: Renilla Luciferase; YFP: yellow fluorescent protein; CTZ:
coelenterazine H; CaM: calmodulin; Caln: calneuron; Cald: caldendrin; mBU: milli BRET units.
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3. CRTC1 modulates mRNA localization and protein synthesis at dendrites

The localization of transcripts at specific cellular compartments is critical in compartmentalized cells
such as neurons. mRNA pools at dendritic compartments allows neurons to finely tune the
responses upon a local stimulus by rapidly synthesizing proteins and incorporating them into
postsynaptic sites (Miller et al., 2002, Bradshaw et al., 2003). Here, we studied if CRTC1 could
modulate the dendritic localization and/or abundance of mMRNAs in cultured hippocampal neurons
by using fluorescence in situ hybridization (FISH). Neurons overexpressing CRTC1 showed,
independently of the treatment, an increase of total mRNAs levels at MAP2-stained dendrites
compared with neurons transduced with empty vector (pWPI) (P < 0.001, Figure 20A,B). Blockade
of synaptic activity with 1 uM TTX did not affect dendritic mRNA levels whereas glutamate (100 uM)
stimulation induced a modest, although non-significant, reduction in total mRNAs at dendrites of
control and CRTC1 overexpressing neurons (Figure 20A,B). Interestingly, glutamate significantly
reduced dendritic mRNAs in LV-ShScr transduced neurons (P = 0.018), whereas a similar reduction
was detected in the absence of CRTC1 (LV-ShCRTC1) independently of the treatment (P < 0.001,
Figure 20A,B). Indeed, the effect of glutamate on dendritic mRNA levels was occluded in ShCRTC1-
transduced neurons (Figure 20A,B). These results suggest that CRTC1 regulates the localization

and/or stability of mRNAs at dendritic compartments in primary hippocampal neurons.
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Figure 20. Levels of dendritic mRNAs are positively regulated by CRTC1. (A) Straighten dendrites of cultured
hippocampal neurons (11 DIV) transduced with LV-CRTC1 (top) or LV-ShCRTC1 (bottom) and their respective
controls LV-pWPI or LV-ShScr. Neurons were treated with 1 pM TTX or 100 uM glutamate for 30 min and
imaged for total mMRNAs (red) and MAP2 (blue). Scale bar: 5 um. (B) Total mRNA levels were quantified by
measuring total mMRNA intensity and normalized with control neurons (pWPI or ShScr) treated with TTX. Data
represent mean * SEM of multiple dendrites (n = 24-33) of two biological replicates. Two-way ANOVA
followed by Tukey’s post hoc test was used as a statistical test. *P <0.05, ***P < 0.001 compared with control
TTX; #P < 0.01, #*P < 0.001 compared with control Veh.

Besides mRNA localization at dendritic compartments, local protein synthesis in neurons is key to
modulate synaptic plasticity by synthesizing, in a fast and localized manner, proteins involved in
synaptic responses (Miller et al., 2002, Bradshaw et al., 2003, Yoon et al., 2016). To investigate
whether CRTC1 controls protein synthesis in dendrites, puromycylation assays were performed in
cultured hippocampal neurons transduced with vector, CRTC1 or ShCRTC1 lentiviral vectors.
Immunostaining using an anti-puromycin antibody revealed no changes in overall protein synthesis

following CRTC1 overexpression (P = 0.324), whereas CRTC1 silencing induced a decrease in total

93



Chapter 1: CRTC1-dependent molecular mechanisms involved in synaptic plasticity

protein synthesis (P = 0.039, Figure 21). These results indicate that CRTC1 positively regulate local

mMRNA levels and protein synthesis at dendrites in cultured hippocampal neurons.
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Figure 21. CRTC1 is required for local protein synthesis at dendrites. Straighten dendrites of cultured
hippocampal neurons (11 DIV) transduced with LV-CRTC1 or LV-ShCRTC1 and their respective controls LV-
pWPI and LV-ShScr. As a negative control (CTRL-), neurons were treated with 200 uM cycloheximide for 1 h
prior the incubation with 10 uM puromycin. Total protein levels were quantified by measuring puromycin
intensity. Data represent mean + SEM of multiple dendrites (n = 15-39) of two biological replicates. One-way
ANOVA followed by Tukey’s post hoc test was used as a statistical test. *P < 0.05. Scale bar: 5 um.
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Chapter 2: Molecular mechanisms underlying synapse pathology in tauopathies

Presenilin 1 (PSEN1/PS1) and presenilin 2 (PSEN2/PS2) are the catalytic components of the y-
secretase complex, an aspartyl protease responsible of APP processing and AP generation.
Mutations in PS1 and PS2 genes cause early-onset FAD by promoting AP and tau pathologies (De
Strooper et al., 2012). Mouse model of neurodegeneration lacking both presenilin (PS cDKO) show
disrupted CRTC1 phosphorylation, nuclear translocation, and transcription of CREB-dependent
genes (Parra-Damas et al., 2014, Parra-Damas et al., 2017a). The tauopathy mouse model PS1
cKO;Tau expressing FTD-linked P301S human Tau and lacking PS1 in glutamatergic neurons exhibits
age-dependent tau phosphorylation and aggregation, neurodegeneration and memory deficits
(Soto-Faguas et al., 2021). However, the molecular mechanisms linking PS, tau and synaptic

pathologies in tauopathies remain unclear.

1. CRTC1 is downregulated at hippocampal synapses of PS1 cKO;Tau mice

To analyze the link between CRTC1 and PS1 and tau, | studied total hippocampal lysates and purified
synaptosomes, and pre- and postsynaptic fractions of hippocampus of 11-12 month-old WT, PS1
cKO, Tau and PS1 cKO;Tau mice. At this age, Tau and PS1 cKO;Tau mice develop cerebral tau
pathology and neurodegeneration (Soto-Faguas et al., 2021). First, the efficiency of the
synaptosomes purification was validated by immunoblotting with antibodies against the
postsynaptic marker PSD95 and the presynaptic marker synaptophysin (Figure 22A). An enrichment
of PSD95 and synaptophysin in the postsynaptic and presynaptic fraction, respectively, certified the

correct isolation of purified synaptic fractions (Figure 22A).

Total tau was similarly and significantly increased in total hippocampal lysates and purified
synaptosome fractions in Tau and PS1 cKO;Tau transgenic mice at 11-12 months of age (lysate: P <
0.001; synaptosomes: P < 0.001, Figure 22B-D). Interestingly, tau phosphorylation at Ser 202 was
exacerbated in hippocampal lysates (P = 0.033) and synaptosome fraction (not significant) of PS1
cKO;Tau mice compared to Tau mice (Figure 22B-D). Compared to control and PS1 cKO mice, tau
accumulation in Tau and PS1 cKO;Tau mice was linked to a downregulation of CRTC1 in lysates (Tau:
P < 0.01; PS1 cKO;Tau: P < 0.05) and purified synaptosomes (Tau: P < 0.05; PS1 cKO;Tau: P < 0.05,
Figure 22B-D).
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Figure 22. Tau accumulation and CRTC1 downregulation in hippocampal synapses of PS1 cKO;Tau mice. (A)
Western blot images of PSD95 and synaptophysin of total lysate (L), synaptosomes (S), pre- (Pre) and post-
synaptic (PSD) fractions obtained from mouse hippocampus. (B) Western blot images of phosphorylated (p)
Ser 202 (CP13) and total tau (TG5), and CRTC1 of hippocampal lysates (left) and purified synaptosomes (right)
of WT, PS1 cKO, Tau and PS1 cKO;Tau mice at 11-12 months. Quantitative analysis of protein levels from total
hippocampal lysates (C) and synaptosome fractions (D). Protein levels were normalized to B-tubulin or total
tau. Data represent mean + SEM of multiple mice (n = 3-5) per group. One-way ANOVA followed by Tukey’s
post hoc test was used as a statistical test. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.

Total tau was increased in pre- and postsynaptic fractions in tau transgenic groups (Tau Pre: P =
0.005; PS1 cKO;Tau Pre P = 0.021; Tau PSD: P = 0.006; PS1 cKO;Tau PSD: P = 0.001) but it was
differentially distributed among synaptic compartments, so that was more enriched at postsynaptic
compartments (~5-13 fold) than presynaptic fractions (~2-4 fold, Figure 23A-C). Also,
phosphorylated tau at Ser 202 was significantly increased in postsynaptic fractions of PS1 cKO;Tau
mice compared to WT and PS1 cKO (P < 0.001), and Tau mice (P = 0.01, Figure 23A,C). These results

suggest that pathological tau mislocalizes to dendritic compartments where may contribute to
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synaptic dysfunction in Tau and PS1 cKO;Tau transgenic mice, as previously reported in other
experimental models (Hoover et al., 2010). Pre- (P = 0.04) and postsynaptic (not significant) CRTC1
was also downregulated in tau transgenic groups (Figure 23A-C), but to elucidate whether it is the

cause or consequence of pathological tau accumulation further research is needed.
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Figure 23. Increased pTau and reduced CRTC1 levels in hippocampal synaptic compartments of PS1 cKO;Tau
mice. (A) Western blot images of phosphorylated (p) Ser 202 (CP13) and total tau (TG5), and CRTC1 of purified
pre- (left) and post-synaptic fractions (right) of WT, PS1 cKO, Tau and PS1 cKO;Tau mice at 11-12 months.
Quantitative analysis of pre- (B) and post-synaptic protein levels (C) normalized to B-tubulin or total tau. Data
represent mean + SEM of multiple mice (n = 3-5) per group. One-way ANOVA followed by Tukey’s post hoc
test was used as a statistical test. *P < 0.05, **P <0.01, ***P < 0.001.

2. Synaptic tau accumulation is associated with decreased synaptic markers

Mislocalization of phosphorylated tau into dendritic spines is associated with early synaptotoxicity
in mouse models of tauopathies (Yoshiyama et al., 2007, Hoover et al., 2010). Here, we analyzed
synaptic proteins in hippocampal lysates, synaptosomes and postsynaptic fractions of WT, PS1 cKO,
Tau and PS1 cKO;Tau mice at 11-12 months. There were not synaptic protein alterations in PS1 cKO
mice compared with WT (Figure 24). However, glutamate ionotropic receptors subunits GluAl and

GluN1 were significantly reduced in lysates and synaptosomes of Tau and PS1 cKO;Tau mice (P <
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0.05, Figure 24). The same tendency was observed in the postsynaptic fractions but was not
statistically significant. There was also a decrease of PSD95 in total lysates (P = 0.03) and
synaptosomes (P = 0.033) of tau transgenic groups (Figure 24). These results suggest that tau
mislocalization in Tau and PS1 cKO;Tau mice leads to a decrease of synaptic proteins that could

contribute to deficits in synaptic plasticity, learning and memory.
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Figure 24. Accumulation of pathological tau and decreased synaptic proteins in hippocampus of Tau and
PS1 cKO;Tau mice. Western blot images and quantification analysis of synaptic proteins of hippocampal
lysates, and purified synaptosomes and postsynaptic fractions of WT, PS1 cKO, Tau and PS1 cKO;Tau mice at
11-12 months. Protein levels were normalized to B-tubulin. Data represent mean + SEM of multiple mice (n
= 3-5) per group. One-way ANOVA followed by Tukey’s post hoc test was used as a statistical test. *P < 0.05,
**p <0.01, ***P < 0.001.

3. Increased levels of autophagosomes at hippocampal synapses of PS1 cKO;Tau mice
To elucidate whether tau accumulation could be associated with autophagic flux failure, levels of
microtubule-associated protein light chain 3 (LC3) and sequestome 1 (SQSTM1), also known as p62,

were analyzed. Number of autophagosomes was assessed by measuring LC3-I conversion to LC3-II.
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Additionally, LC3-ll and p62 turnover were quantified to evaluate autolysosomes degradative
efficiency (Mizushima et al., 2010). Compared with non-transgenic (control) and PS1 cKO mice, PS1
cKO;Tau mice displayed increased p62 levels in hippocampal lysates (P = 0.006), synaptosomes (P =
0.05) and postsynaptic fractions (P = 0.019, Figure 25A-C). Intriguingly, there was a significant
decrease in LC3-1 protein levels, without changes in LC3-Il, in synaptosome fraction of Tau (P =
0.045) and PS1 cKO;Tau (P = 0.025) transgenic mice (Figure 25B). LC3-II/LC3-I ratio was increased
in total lysates (P = 0.229) and synaptosomes (P = 0.017) of PS1 cKO;Tau mice (Figure 25A,B). The
increase in p62 levels and LC3-11/LC3-I ratio in hippocampal synaptosomes of PS1 cKO;Tau mice
suggests either accumulation of synaptic autophagosomes caused by synaptic tau pathology and/or
inappropriate tau degradation or synaptic accumulation of pathological tau due to disrupted

synapse autophagy.
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Figure 25. Altered autophagy markers in hippocampal synapses of PS1 cKO;Tau mice. Western blot images
and quantification analysis of p62 and LC3 protein levels of total lysate (A), synaptosomes (B) and
postsynaptic (C) fractions obtained from WT, PS1 cKO, Tau and PS1 cKO;Tau mouse hippocampus. Protein
levels were normalized to B-tubulin. Data are mean + SEM of multiple mice (n = 3-5) per group. One-way
ANOVA followed by Tukey’s post hoc test was used as a statistical test. *P < 0.05, **P < 0.01.

4. Autophagy marker LC3 is increased by CRTC1 silencing in the mouse hippocampus
Recent reports have shown that genes necessary for autophagy induction (Ulk1), phagophore

expansion (Atg5) and autophagosome assembly (Atg7 and LC3) contain CREB binding sites and that
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CRTC1-CREB complex drives their activity-dependent upregulation (Seok et al., 2014, Pan et al.,
2021). To address the effect of CRTC1 inactivation in the expression of autophagy markers,
hippocampal lysates of AAV-ShScr- amd AAV-ShCRTC1-injected mice were biochemically analyzed.
Contrary to what was previously described in the literature (Pan et al., 2021), we found that CRTC1
silencing leads to increased LC3-l and LC3-II levels along with an increase in LC3-II/LC3-I ratio,
without changes in p62 levels (Figure 26). This result suggests that long-term CRTC1
downregulation in vivo contributes to the induction of autophagy flux.
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Figure 26. CRTC1 silencing upregulates LC3-I and LC3-II protein levels in the mouse hippocampus. Western
blot images and quantitative analysis of autophagy markers p62 and LC3. Protein levels were normalized to
GAPDH. Data represent mean + SEM of multiple mice (n = 5) per group. Two-tailed unpaired Student t test
was used as statistical tests. *P < 0.05, ***P < 0.001.

5. FAD-linked PSEN1 mutations potentiate autophagy initiation in human primary

fibroblasts
To examine the role of PS1 in autophagy, we monitored autophagy dynamics in primary human skin
fibroblasts from healthy controls and patients with FAD-linked PSEN1 mutations. We used two
independent primary fibroblasts lines from controls (CTRL 1 and 2) and two from patients harboring
missense mutations G206D (PSEN1 exon 7) or L286P (PSEN1 exon 8) causing early-onset autosomal
dominant AD (Sanchez-Valle et al., 2007, Wu et al., 2011, Diaz-Guerra et al., 2019).

Autophagic flux was evaluated by assessing LC3 and p62 protein levels in the presence or absence
of chloroquine (CQ), a chemical that blocks autophagosome-lysosome fusion, making it a good
pharmacological tool to study the autophagic pathway (Mauthe et al., 2018). Treatment of
fibroblasts with CQ (10 uM) for 24 h increased autophagic vacuoles visualized under a bright-field

microscope (Figure 27A). Biochemical analysis showed a significant increase in p62 (P < 0.001), LC3-
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Il (P < 0.001) and LC3-1I/LC3-I ratio (P < 0.001) in CQ-treated fibroblast compared with vehicle-
treated controls (Figure 27B,C). These results indicated that CQ treatment caused an efficient

impairment of autophagosomes clearance in human primary fibroblasts.

Levels of p62 were not affected in fibroblasts with G206D and L286P PSEN1 mutations indicating
no change of autophagosome-lysosome fusion in basal conditions (P > 0.05, Figure 27B,C).
Interestingly, both FAD-linked PSEN1I mutant fibroblasts in basal conditions showed higher LC3-I
levels (PS1 G206D: P = 0.002; PS1 L286P: P = 0.029) and a slight, although non-significant, increase
of LC3-Il compared with control fibroblasts (Figure 27B,C). These changes between controls and
FAD-linked PSEN1 fibroblasts disappeared in CQ-treated conditions (Figure 27B,C). The increase of
LC3 levels and unchanged p62 suggest potentiation of autophagosomes formation and/or altered

autophagic flux by FAD-linked PSEN1 mutations.
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Figure 27. FAD-linked PSEN1 G206D and L286P mutations potentiates autophagy flux in primary human
fibroblasts. (A) Bright-field microscopy images of fibroblasts treated with vehicle or chloroquine (CQ, 10 uM)
for 24 h. Western blot (B) and quantification analysis (C) of p62, LC3-l and LC3-II protein levels of fibroblasts
treated with vehicle or CQ (10 uM) for 24 h. Protein levels were normalized to GAPDH or LC3-l, as indicated.
Data are mean + SEM of independent cultures (n = 4). Two-way ANOVA followed by Tukey’s post hoc test was
used as a statistical test. ¥*P <0.05, **P <0.01, ***P < 0.001.
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To confirm these results, we monitored autophagy in primary fibroblasts by transiently expressing
a mCherry-EGFP-LC3 reporter. Analysis of fluorescence staining of this probe allows to discriminate
autophagosomes (mCherry- and EGFP-positive puncta) from more acidic autolysosomes (mCherry-
positive and EGFP-negative puncta) (Figure 28A). The differential staining allows to distinguish
between the inhibition of the biogenesis of autophagosomes and the blockade of autophagosome-
lysosome fusion. A significant accumulation of autophagosomes (yellow puncta) was observed in
CQ-treated fibroblasts (P = 0.008), although control 2 fibroblasts were unresponsiveness to CQ as
the number of autophagosomes remained constant compared with basal condition (Figure 28B,C).
These agreed with what was previously seen in the biochemical experiments (Figure 27).
Autophagosome number was unchanged between control 1 and FAD-linked PSEN1 fibroblasts
independently of the treatment, indicating that initial steps of autophagy were not affected by
PSEN1 mutations (Figure 28B,C). In basal conditions, autolysosomes (red puncta) were significantly
increased in fibroblasts with G206D (P = 0.054) and L286P (P = 0.001) PSEN1 mutations compared
to control 1, an effect lost after CQ treatment (Figure 28B,C). Unexpectedly, red puncta number
was unchanged with CQ treatment (P = 0.893). This indicates that other intermediate acidic
degradative organelles, such as amphisomes, are being labeled. The increase in LC3-I and LC3-II
levels (Figure 28B,C) and mCherry single-positive puncta (Figure 28B,C) in fibroblasts with G206D
and L286P PSEN1 mutations suggest an enhancement of autophagy flux and decreased lysosomal

activity.
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Figure 28. Autolysosomes clearance is impaired in primary human fibroblast harboring PSEN1 G206D and
L286P mutations. (A) Scheme of the autophagy tandem sensor mCherry-EGFP-LC3B construct.
Autophagosomes are stained in yellow as mCherry/EGFP co-staining. When autophagosomes fuse with
lysosomes, EGFP expression is quenched by the acidic pH and, consequently, autolysosomes are stained only
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in red (mCherry+). Fluorescence is completely lost when autolysosomes are degraded. Image created with
BioRender. (B) Representative images of primary human fibroblasts transfected with mCherry-EGFP-LC3B
vector (0.5 pg) and treated with CQ (10 uM) or vehicle for 24 h (top), and images used for quantification
obtained with Imaris software (second and fourth rows). Scale bar: 20 um. (C) Quantification analysis of
autophagosomes (yellow puncta) and autolysosomes (red puncta) per cell. Data are mean + SEM of multiple
cells per condition (n = 7-29) from 6 independent cultures. Two-way ANOVA followed by Tukey’s post hoc
test was used as a statistical test. *P < 0.05, **P < 0.01.

6. PSEN1 G206D increases LC3-1 and tau aggregation in iPSC-derived neurons

Primary human fibroblasts do not express endogenous tau protein, so we analyzed autophagy flux
and tau phosphorylation and aggregation in iPSC-derived neurons harboring PSEN1 WT or G206D
mutation (Diaz-Guerra et al., 2019). In basal (vehicle) conditions, no significant changes in
autophagy markers were observed between control and PSEN1 G206D iPSC-derived neurons
(Figure 29). Treatment with CQ (25 uM) for 24 h induced a significant increase in p62 (P = 0.001),
LC3-Il (P < 0.001) and LC3-1I/LC3-I ratio (P < 0.001, Figure 29), indicating efficient blockade of
autophagosomes clearance. However, whereas LC3-l was decreased in control cells (P = 0.05), LC3-
| levels remain unchanged and significantly higher in CQ-treated PSEN1 G206D iPSC-derived
neurons (P = 0.015), suggesting an induction of the autophagy flux by this FAD-linked mutation

when autophagosomes degradation is blocked.
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Figure 29. LC3-I levels are increased in iPSC-derived neurons with the FAD-linked PSEN1 G206D mutation.
Western blot images and quantification analysis of p62, LC3-1 and LC3-Il protein levels of iPSC-derived neurons
(50 DIV) treated with vehicle or CQ (25 uM) for 24 h. Protein levels were normalized to GAPDH or LC3-l, as
indicated. Data represent mean + SEM of three biological replicates per condition. Two-way ANOVA followed
by Tukey’s post hoc test was used as a statistical test. *P < 0.05, **P < 0.01, ***P < 0.001.

To evaluate tau phosphorylation and aggregation in iPSC-derived neurons, band patterns of total
and phosphorylated (Ser396/404) tau were analyzed in vehicle and CQ-treated cells. It should be

noticed that bands of similar molecular weights were found with both antibodies, but the band
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profiles were different (Figure 30). We found bands of ~60-64 kDa corresponding to monomeric
tau; 75-250 kDa bands of high molecular weight tau (HMW-Tau) likely corresponding to tau
aggregates/oligomers; and low molecular weight tau (LMW-Tau) bands of 20-45 kDa corresponding
to truncated tau protein (Santpere et al., 2006, Lasagna-Reeves et al., 2010, Patterson et al., 2011).
Surprisingly, PS1 G206D (P = 0.05) and CQ treatment (P = 0.004) decreased similarly monomeric
(~60-64 kDa) tau levels compared with vehicle-treated control cells (Figure 30). By contrast, PS1
G206D iPSC-derived neurons show an increase of HMW-Tau relative to monomeric tau in both basal
and CQ conditions (P =0.002, Figure 30). Interestingly, phosphorylated Ser 396/404 monomeric tau
was similarly reduced in CQ-treated PS1 WT and G206D iPSC-derived neurons, but phosphorylated
HMW-Tau (tau aggregates) were increased in these conditions (Figure 30). By contrast, levels of
~22 kDa low molecular weight tau (LWM-Tau??) were unchanged by the G206D mutation or CQ
treatment. ~44 kDa truncated tau (LWM-Tau**) was decreased in PS1 G206D and CQ-treated iPSC-
derived neurons compared with controls (Figure 30). These results suggest that the FAD-linked PS1
G206D mutation potentiates phosphorylated tau phosphorylation aggregation likely contributing

to increase oligomeric tau species.
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Figure 30. Intracellular tau aggregates accumulate in iPSC-derived neurons carrying the FAD-linked PSEN1
G206D mutation. Western blot images and quantification analysis of phosphorylated (p) Ser 396/404 (PHF-
1) and total tau (D1M9X) of iPSC-derived neurons (50 DIV) treated with vehicle or CQ (25 uM) for 24 h. Protein
levels were normalized to GAPDH or ~60-64 kDa tau band. Data represent mean + SEM of three biological
replicates per condition. Two-way ANOVA followed by Tukey’s post hoc test was used as a statistical test. *P
<0.05, **P <0.01. HMW: high molecular weight; LMW: low molecular weight.

7. Altered autophagy markers in familial Alzheimer’s disease and other tauopathies
To further investigate the link between autophagy dysfunction and tau accumulation in
tauopathies, hippocampus of 28 individuals clinically diagnosed with PS-linked FAD (n = 7; mean

age: 53.1 +5.7), CBD (n = 8; mean age: 70.5 + 6.6), PiD (n = 6; mean age: 68.3 + 13.7) and age and
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sex-matched controls (mean age = 51.4 + 7.6: ; 3 females/4 males; n = 7) were analyzed (Table 9).
In contrast with other studies, we used young control samples of similar age that tauopathies
samples. Biochemical analysis showed elevated total and phosphorylated (Ser 202 and Ser 396/404)
tau levels characteristic of these pathologies (Figure 31A). Interestingly, total and phosphorylated
tau were significantly accumulated in patients with FAD compared with controls (pTau(Ser202): P
< 0.001; pTau(Ser396/404): P < 0.001; Tau: P < 0.0001; pTau(Ser396/404)/Tau: P = 0.014, Figure
31A). The biochemical profile of tau bands was different among groups. In agreement with previous
studies in AD (Greenberg and Davies, 1990, Lee et al., 1991), three bands of approximately 72, 68
and 60-64 kDa were detected with total tau antibody in FAD samples (Figure 31A). In CBD, 68 and
60-64 kDa bands were observed, while in PiD only the lower bands were detected [(Ksiezak-Reding
et al., 1994, Buée Scherrer et al., 1996, Delacourte et al., 1996), Figure 31A].

Table 9. Human hippocampus samples used in biochemical experiments. Samples are classified according

to the clinical and neuropathological diagnosis. FAD: Familial Alzheimer’s disease; CBD: corticobasal
degeneration; PiD: Pick’s disease; F: female; M: male; PMD: postmortem delay.

Sample ID Gender Age Clinical Diagnosis PMD (h:min) Mutation
A08-42 F 64 Control 5:00
A06-189 F 46 Control 9:35
A08-54 F 55 Control 8:30
A07-128 M 43 Control 4:35
A07-5 M 56 Control 5:00
A10-17 M 52 Control 3:00
A09-145 M 44 Control 6:40
929 F 56 FAD 6:00 PSEN1 P264L
1241 F 48 FAD 16:41 PSEN1 M139T
1846 F 61 FAD 7:00 PSEN2 R62H
2082 F 53 FAD 7:15 PSEN1 L286P
898 M 57 FAD 15:25 PSEN1 M139T
935 M 44 FAD 5:30 PSEN1 E120G
1134 M 53 FAD 5:25 PSEN1 M139T
1058 F 69 CBD 12:10
1291 F 79 CBD 10:30
1359 F 67 CBD 6:45
1798 F 78 CBD 5:30
1204 M 74 CBD 14:30
1356 M 72 CBD 7:00
1518 M 66 CBD
1751 M 59 CBD 7:00
1248 F 41 PiD 11:10
1493 F 75 PiD 13:00
1681 F 69 PiD 3:00
1352 M 74 PiD 13:00
1719 M 73 PiD 9:15
1789 M 78 PiD 11:00
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Notably, p62 was significantly increased in FAD (P = 0.047), CBD (P = 0.054) and PiD (P < 0.001)
compared with control group (Figure 31B). An increase in p62 levels could suggest that
autophagosome clearance is impaired in patients with tauopathies. No changes in total LC3-I and
LC3-Il protein levels or LC3-1l/LC3-I ratio were detected in tauopathies samples (Figure 31B).
However, levels of the LC3 precursor (proLC3) relative to LC3-I were slightly increased in patients
with FAD (P = 0.068, Figure 31B), indicating a possible impairment in the initial step of autophagy
flux. These results suggest that different steps of autophagy could be compromised in patients with
FAD-linked PS1 mutations, which in turn could contribute to the accumulation of

hyperphosphorylated/total tau.
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Figure 31. Increases p62 levels are associated with accumulation of total and phosphorylated tau in
hippocampus of tauopathies. Western blot images and quantification analysis of phosphorylated (p) Ser
396/404 (PHF-1) and Ser 202 (CP13), and total tau (D1M9X) (A), and autophagic markers p62 and LC3 (B) in
hippocampal lysates from controls (CTRL) and patients with FAD, CBD and PiD. Protein levels were normalized
to B-tubulin, GAPDH or total tau. Data represent mean * SEM of multiple individuals (n = 6-8) per group. One-
way ANOVA followed by Dunnett’s post hoc test or Kruskal-Wallis followed by Dunn’s post hoc test was used
as statistical test. *P < 0.05, ***P < 0.001. CTRL: control; FAD: familial Alzheimer’s disease; CBD: corticobasal
degeneration; PiD: Pick’s disease.
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8. Tau accumulation and reduced synaptic proteins in patients with tauopathies

Accumulation of pathological tau in patients with tauopathies correlates with impaired synaptic
plasticity and cognitive decline (Koch et al., 2016, de Wilde et al., 2016). To evaluate synaptic
dysfunction in hippocampal samples from patients with tauopathies, synaptic markers, including
the synaptonuclear factor CRTC1, were analyzed. A decrease in GluA1l levels was found in patients
with FAD (P = 0.004), CBD (P = 0.011) and PiD (P = 0.007) compared with control group, whereas
there was not significant changes in GIuN1, PSD95, CRTC1, Homer 1 or the presynaptic proteins
syntaxin and synaptophysin (Figure 32). These results indicate that patients with FAD, CBD and PiD
show specific reduction of GIuAl levels likely leading to deficits in AMPAR-mediated

neurotransmission.
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Figure 32. Reduced GluA1 levels in hippocampus of patients with tauopathies. Western blot images and
quantification analysis of synaptic proteins in hippocampal lysates from controls (CTRL) and patients with
FAD, CBD and PiD. Protein levels were normalized to B-tubulin or GAPDH. Data represent mean + SEM of
multiple individuals (n = 6-8) per group. One-way ANOVA followed by Dunnett’s post hoc test was used as
statistical test. *P < 0.05, **P < 0.01. CTRL: control; FAD: familial Alzheimer’s disease; CBD: corticobasal
degeneration; PiD: Pick’s disease.
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Discussion

Brain plasticity rely in the correct connectivity between neurons conforming a neural network, and
on the accurate communication among the different neuronal compartments. Synapse-to-nucleus
signaling mediated by synaptonuclear factors is a novel neural mechanism that connects synaptic
activity to gene expression programs at the nucleus, contributing to neuronal development,
plasticity, and survival. The CREB coactivator CRTC1 is a synaptonuclear factor activated by synaptic
and neuronal activities essential for long-term synaptic plasticity and memory, and its deregulation
is associated to age-related neurodegenerative diseases such as AD (Espafa et al., 2010, Parra-
Damas et al., 2014, Parra-Damas et al., 2017a, Wilson et al., 2017, Yan et al., 2021). Although,
progress in the understanding CRTC1 regulation of neuroplasticity genes is well documented
(Nonaka et al., 2014, Parra-Damas et al., 2014, Parra-Damas et al., 2017b, Uchida et al., 2017), the
CRTC1-dependent molecular mechanisms contributing to synaptic plasticity are still poorly
understood. In this doctoral thesis, | provide evidence that CRTC1 regulates hippocampal-
dependent memory by modulating glutamatergic neurotransmission and expression and synaptic
localization of NMDA receptors. In addition, the obtained results suggest that glutamate receptor

deregulation may contribute to synapse pathology in tauopathies.

CRTC1 contributes to hippocampal-dependent memory

It is well stablished that CRTC1 mediates hippocampal-dependent long-term memory in mammals
and its deregulation leads to cognitive dysfunction in mouse models of neurodegeneration. Indeed,
CRTC1 overexpression rescues spatial and contextual long-term memory deficits in mouse models
of neurodegeneration (Parra-Damas et al., 2014, Parra-Damas et al.,, 2017b, Yan et al.,, 2021),
although the underlying mechanisms are unclear. Our results show that, bilateral injection of AAV-
CRTC1 or AAV-ShCRTCL1 in the dorsal hippocampus enhanced or worsened contextual long-term
memory, respectively (Figure 9C), a finding that agrees with previous reports showing that CRTC1
overexpression or a constitutively active CRTC1 mutant enhances cued and context fear memories
(Sekeres et al., 2012, Nonaka et al., 2014). It is interesting that although a significant effect on
behavior was observed one month after stereotaxic injection, total CRTC1 protein levels were not
drastically changed by AAV-mediated CRTC1 overexpression (1.6 fold increase) or inactivation (0.6
fold decrease, Figure 9C-E). This could be explained because despite CMV and H1 promoter provide
strong and ubiquitous transgene expression, they could be prone to silencing over time in some
tissues (Gray et al., 2011b, Sekeres et al., 2012). Nevertheless, this result is interesting as it suggests
that CRTC1 effect on long-term memory persists beyond high transgene expression. Although the
cellular mechanisms underlying CRTC1-dependent memory are not completely clear, it has been

suggested that a rise in intracellular Ca** by AMPARs and NMDARs activation triggers CRTC1 nuclear
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translocation and regulation of CREB-dependent neuroplasticity genes (e.g. Arc, Bdnf, Fgfl, Fos,
Nr4al, Nrd4a2) (Finsterwald et al., 2010, Ch'ng et al., 2015, Parra-Damas et al., 2017b, Uchida et al.,
2017) The consequence of CRTC1-dependent neuroplasticity gene regulation is potentiation of
synapse morphology and plasticity leading to a change in the functionality of memory-related
neural circuits. Indeed, current results from our laboratory indicate that CRTC1 potentiates LTP and
contributes to structural synaptic plasticity by modulating dendritic spine maintenance and

morphology (Parra-Damas, del Ser-Badia et al., in preparation).

These results are important because CRTC1 activity is impaired in the hippocampus of AD patients
(Parra-Damas et al., 2014, Mendioroz et al.,, 2016), who show impaired associative memory
performance linked to reduced hippocampal activity (Hanaki et al., 2011, Oedekoven et al., 2015).
It is then possible that CRTC1 dysregulation may be involved in brain plasticity changes and neural
circuit dysfunction in AD or other neurodegenerative diseases. Indeed, overexpression of CRTC1 in
mouse models of neurodegeneration improved long-term memory (Parra-Damas et al., 2014,
Parra-Damas et al., 2017b, Yan et al., 2021). In addition, recent reports demonstrate that CRTC1
deregulation is associated with memory deficits and neural susceptibility in HD and PD (Jeong et al.,

2011, Chaturvedi et al., 2012, Won et al., 2016).

CRTC1 regulates NMDAR-mediated excitatory neurotransmission

Synapses are necessary for transmission, processing, encoding and retrieval of neural information
in the brain. In the hippocampus, glutamatergic synapses constitute a high proportion of excitatory
synaptic inputs suggesting their important role in learning and memory. Electrophysiological
experiments have shown that CRTC1 contributes to L-LTP maintenance without affecting E-LTP,
synaptic transmission and presynaptic function (Zhou et al., 2006, Kovacs et al., 2007, Uchida et al.,
2017). These results agree with our and previous behavioral experiments that demonstrated the
importance of CRTC1 for the formation, maintenance and extinction of memory [(Parra-Damas et
al.,, 2014, Parra-Damas et al., 2017a, Uchida et al., 2017), Figure 9]. Nonetheless, the CRTC1-
dependent molecular mechanisms regulating synaptic plasticity and, specifically, glutamatergic

neurotransmission are still unclear.

The prototypical induction of LTP requires NMDAR activation and recruitment of AMPARs to the
postsynaptic membrane. Newly synthesized GluAl-containing AMPARs are delivered to
mushroom-like dendritic spines in CA1 24 h after fear conditioning (Matsuo et al., 2008), and
inactivation of synaptic GIuA1 can erase acquired fear memories (Takemoto et al., 2017), indicating

the contribution of AMPARs to the stabilization of long-term memory. Notably, we found that the
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enhancement of long-term associative memory observed in AAV-CRTC1-injected mice was not
associated with changes in GIuA1l or GIuA2 levels in the mouse hippocampus (Figure 10), meaning
that neither CRTC1 nor CFC paradigm regulated the expression of GluA subunits. This does not rule
out the possibility that AMPARs could be reorganized within neuronal compartments to potentiate
synaptic transmission. Indeed, we found that CRTC1 inactivation significantly decreased
phosphorylated GIuAl at Ser 831, a process critical for AMPAR localization, conductance, and open
probability (Whitlock et al., 2006, Kristensen et al., 2011, Diering et al., 2016, Summers et al., 2019).
Therefore, CRTC1-mediated GIuAl phosphorylation at Ser 831 could be contributing to AMPARs

localization at postsynaptic sites and, consequently, improving long-term associative memory.

It was classically believed that NMDARs subunit content was only plastic during development and
that their function at the adult brain was restricted to the regulation of AMPAR-mediated
transmission. Increasing evidence indicates that long-lasting changes in NMDAR-mediated
transmission can occur independently of AMPAR plasticity (Grosshans et al., 2002, Harney et al.,
2008, Kwon and Castillo, 2008). NMDARs are heteromeric receptors constituted by two compulsory
copies of GIuN1 combined with two copies of GIuN2 and/or GIuN3 (Sheng et al., 1994), so changes
in GIuN1 expression will impact on total NMDARs levels independently of its subunit composition.
Interestingly, we found that CRTC1 silencing leads to a reduction of GIuN1 levels in the mouse
hippocampus (Figure 11), which could contribute to long-term memory deficits observed in the
behavioral test. In silico studies identified CREB as a possible transcription factor involved in the
regulation of Grinl expression in humans but not in mice (Mejia-Guerra and Lareo, 2005). This
raises the possibility that CRTC1 can directly bind to regulatory elements of Grin1 promoter region
regulating its expression. Additional CREB and CRTC1 ChIP analyses will be necessary to examine
the possibility that CRTC1-dependent CREB signaling may be involved in Grinl regulation.
Additionally, we detected an activity- and CRTC1-dependent shift in the content of GIUN2 subunits
from GIuN2A- to GIuN2B-containing NMDARs (Figure 12). During development, NMDARs switch
from GIuN2B- to GIuN2A-containing NMDARs (Bellone and Nicoll, 2007, Gray et al., 2011a). GIuN2B-
NMDARs show longer currents, are more permeable to Ca?* and have higher affinity for CaMKIl,
suggesting that they are more likely to favor LTP in comparison with GIuN2A-NMDARs (Yashiro and
Philpot, 2008). Indeed, pharmacological or genetic blockade of GIuN2B attenuates LTP (Barria and
Malinow, 2002). Thus, an increase in GIuN2B/GIuN2A ratio induced by CRTC1 may contribute to
optimize long-term memory by favoring LTP induction and/or develop more plastic synapses. On
the contrary, although CRTC1 inactivation does not affect total GIuN2 levels, it slightly decreases
GIluN2B/GIuN2A ratio without significant effects.

119



Discussion

GluN subunits harbor a long C-terminal domain that is phosphorylated by several protein kinases
regulating NMDARs trafficking, synaptic localization, and gating. Particularly, PKC has emerged as a
central player in NMDAR recruitment to cell surface and NMDAR-mediated transmission (Lan et al.,
2001, Grosshans et al., 2002, Lin et al., 2006, Kwon and Castillo, 2008). Thus, PKC activators enhance
GluN1 synaptic localization and long-term potentiation (Lan et al., 2001, Grosshans et al., 2002, Kim
et al., 2013). Of interest, we show for the first time that in vivo neuronal CRTC1 overexpression
enhances GluN1 phosphorylation at Ser 890, whereas genetic CRTC1 inactivation lowers total and
phosphorylated GIluN1 levels (Figure 11). In agreement with previous studies (Grosshans et al.,
2002, Scott et al., 2003, Sanchez-Pérez and Felipo, 2005), we demonstrate that this phosphorylation
event is activity- and PKC-dependent, and that PKC activation enhances GIuN1 synaptic localization

in cultured hippocampal neurons (Figure 13,14).

Together, these results indicate that CRTC1 contributes to NMDAR-mediated neurotransmission
specifically by regulating GluN1 trafficking to synaptic sites through PKC phosphorylation at Ser 890
(Figure 33). Further pharmacological and/or genetic experiments are, however, required to verify
that PKC is indeed mediating the effect of CRTC1 on promoting GIuN1 phosphorylation and synaptic

localization.

Calcium influx through synaptic NMDARs activates calcium sensors, such as calmodulin (CaM), that
participate in multiple synapse-to-nucleus signaling pathways critical for LTP maintenance (Xia and
Storm, 2005). CaM binds specifically to the GIuN1 CTD and can act as a synaptonuclear factor
shuttling in an activity-dependent manner to the nucleus, regulating gene expression and
contributing to NMDAR- and AMPAR-mediated neurotransmission (Zhou and Duan, 2018, Zhou and
Duan, 2021). Additionally, CaM binding to GIuN1 regulates the controlled entry of Ca?* through
NMDARs by an autoinhibitory mechanism known as calcium-dependent inactivation (lacobucci and
Popescu, 2019, Bhatia et al., 2020). Some synaptonuclear factors (e.g. Jacob, AIDA-1 and ATF4) can
directly or indirectly bind to NMDARs (Gardoni and Di Luca, 2021). Here, using BRET technique we
found that GluN1-CaM interaction is enhanced by CRTC1 (Figure 19), but whether this interaction
is potentiated by a direct binding of CRTC1 requires further research. However, considering
previous studies, this enhancement in GluN1-CaM interaction by CRTC1 could positively contribute
to produce long-term changes in synaptic plasticity by regulating synapse-to-nucleus

communication and NMDARs excitotoxicity.
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Does CRTC1 regulate locally glutamatergic neurotransmission?

Synaptonuclear factors, including CRTC1, shuttle from synaptic/cytosolic compartments to the
nucleus in an activity-dependent manner to modulate gene transcription (Parra-Damas and Saura,
2019). Besides its classical function as transcriptional cofactors, it is still unknown whether
synaptonuclear factors play additional roles at specific neuronal compartments, such as dendritic
spines, that could contribute to synaptic plasticity. Nonetheless, CRTCs can regulate RNA splicing
and vesicle trafficking from the endoplasmic reticulum to the Golgi (Amelio et al., 2009, Han et al.,
2015). Here, we investigated if CRTC1 could be locally modulating the synaptic proteome and,
hence, contributing locally to synaptic responses. Since glutamate receptor phosphorylation and
incorporation to the postsynaptic membrane is a dynamic process and dependent, in part, of
already synthetized receptors, we investigated whether CRTCl-mediated GIuN1 synaptic
localization was independent of its nuclear function. To address this objective, different CRTC1
reported mutants and a triple phosphorylation-defective mutants were characterized. As was
previously described, mutations in the nuclear localization sequence impaired CRTC1 activity-
dependent nuclear translocation [(Ch'ng et al., 2015), Figure 16C,D]. Surprisingly, despite defective
nuclear translocation, these constitutive cytosolic mutants enhance CREB-mediated gene
transcription (Figure 16). This suggests that CRTC1 could regulate signaling cascades that leads to
the upregulation of CREB-dependent gene expression independently of its nuclear translocation.
For instance, if CRTC1 potentiates PKC-dependent phosphorylation of GIuN1 it could also contribute

to the phosphorylation of other PKC substrates such as CREB (Brindle et al., 1995).

Besides the nuclear localization sequence, CRTC1 localization is finely tuned by phosphorylation of
conserved serine residues. Double and triple phosphoincompetent (serine to alanine) CRTC1
mutants previously described in the literature show enhanced nuclear localization (Ch'ng et al.,
2012, Nonaka et al., 2014, Ch'ng et al., 2015). However, a triple S64/151/245A CRTC1 mutant
generated in our laboratory exhibit contrary effects as it did not localize in the nucleus and was
unable to induce CREB-dependent gene transcription [(Ch'ng et al., 2015), Figure 16C-E]. It is
important to notice that our triple Ser/Ala CRTC1 mutant comprises the full length protein, whereas
the triple phosphodeficient CRTC1 mutant used by Ch’ng and collaborators is truncated and
comprise the first 270 amino acids. So, although the N-terminal region of CRTC1 contains the three
aminoacidic residues that undergo regulated phosphorylation, the C-terminal region seems to
contain additional regulatory element that negatively impact on activation and/or nuclear

translocation.
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Our studies involving the constitutively cytosolic CRTC1 S64/151/245A mutant revealed enhanced
synaptic GIuN1 localization at basal conditions. This suggests that CRTC1 can locally regulate
NMDARs localization at synapses independently of its nuclear role as a transcriptional cofactor
(Figure 17, 33). It is important to notice that inactivation of endogenous CRTC1 or overexpression
of mutant CRTC1 did not alter total and dendritic GIuN1 levels (Figure 17,18). This suggests that
CRTC1 is regulating the recruitment of already synthesized NMDARs to postsynaptic sites and
agrees with previous studies reporting intracellular GIuN1 delivery to the synaptic membrane
following LTP stimulation (Grosshans et al., 2002). Interestingly, puncta of the scaffolding protein
PSD95 were significantly increased in CRTC1 mutant overexpressing hippocampal neurons and in
stimulated control neurons. An increase in the abundance of PSD95 at synapses strengthens
synaptic transmission by recruiting AMPARs and NMDARs and reducing receptor recycling and/or
degradation (Colledge et al., 2003, Lin et al., 2004, Kim et al., 2007, Lavezzari et al., 2004). This
increase in synaptic PSD95 is associated with its phosphorylation at Ser 295. Although this pPSD95
remain constant in neurons overexpressing CRTC1 S64/151/245A, biochemical analyses revealed
an activity-dependent decrease in pPSD95 that is associated with loss of PSD95 clusters at dendritic
spines and LTD [(Kim et al., 2007, Sen et al., 2016), Figure 18]. PSD95 N-terminal domain contains
other phosphorylation sites that also contribute to clustering and synaptic targeting of PSD95. In
fact, PSD95 Thr 19, Ser 25 and/or Ser 35 dephosphorylation enhances PSD95 and glutamate
receptor stabilization at synapses (Morabito et al., 2004, Steiner et al., 2008, Nelson et al., 2013,
Delgado et al., 2020). Our findings suggests that local CRTC1 regulates PSD95 reorganization at
synapses contributing to GluN1-containing NMDARs stabilization at cell surface (Figure 33). But, to
understand whether CRTC1 is positively or negatively regulating other phosphorylation sites
important for PSD95 synaptic clustering, such as Thr 19, Ser 25 and Ser 35, requires further

research.

CRTC1 modulates mRNA localization and local protein synthesis

Localizing population of transcripts at specific compartments has several advantages for
compartmentalized cells such as neurons. mRNA pools at dendritic compartments allows neurons
to efficiently respond to extracellular stimuli by rapidly synthesizing proteins for a quick
incorporation into synapses. Experiments performed by locally administrating protein synthesis
inhibitors or by physically isolating the compartment of interest revealed the importance of local
translation in LTP (Vickers et al., 2005, Miller et al., 2002, Bradshaw et al., 2003). Intriguingly, CRTC1
overexpression or silencing in cultured hippocampal neurons increased or decreased, respectively,

MRNA localization in dendrites (Figure 20). Although this effect can be mediated by CRTC1
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transcriptional activity, it is unlikely that an effect on a specific population of mMRNAs could cause
such a dramatic change in total dendritic mRNA levels. Alternatively, CRTC1 could be: (1) promoting
mMRNA localization at dendrites by regulating RNA binding protein (RBP) expression, which are
responsible of mRNA transport; or (2) interacting with RNA-containing granules enhancing its
trafficking to dendrites (Fernandopulle et al., 2021). Further experiments are required to address
these hypotheses. In addition to decrease dendritic mRNA localization in CRTCl-inactivated
neurons, protein synthesis rate was also slightly diminished (Figure 21). These results indicate that
CRTC1 is locally regulating mRNA localization and translation at dendritic compartment, which
could also affect long-term synaptic plasticity (Figure 33). However, our results could not
discriminate whether the decrease in local protein synthesis by CRTC1 inactivation was due to a

failure of the translation machinery or to the already decreased dendritic mRNA population.

Our findings extend the functions of CRTC1 beyond its role as a transcriptional coactivator in that
we have demonstrated that CRTC1 could locally contribute to synaptic plasticity by modulating
NMDAR-mediated neurotransmission. We hypothesize that during synaptic transmission, Ca?*
influx through NMDARs activates CRTC1 that translocate to the nucleus, but some remain in
postsynaptic sites. There, CRTC1 potentiates NMDAR-mediated neurotransmission by: (1)
modulating PKC-dependent GIuN1 phosphorylation and NMDAR trafficking to the postsynaptic
membrane; (2) regulating PSD95 reorganization at postsynaptic sites to favor receptor anchoring
and gating; and (3) potentiating GIuN1 interaction with the calcium sensor calmodulin to enhance
downstream signaling pathways involved in the maintenance of L-LTP (Figure 33). Additionally,
CRTC1 also contributes to the modulation of synaptic responses by localizing mRNA pools at

dendritic compartments and regulating its local translation (Figure 33).

CRTC1-dependent regulation of autophagy markers

Regulation of autophagy gene expression has been shown to depend on CRTC1/CREB
transcriptional activity and it is suppressed in PS1 KO neural stem cells (Seok et al., 2014, Chong et
al., 2018, Pan et al., 2021). Contrary to what has been reported, our results indicate that CRTC1
inactivation enhances autophagy flux without affecting autolysosomes clearance (Figure 26).
Interestingly, the expression of microRNAs (miRNAs), such as miR212/132, which can negatively
regulate mRNA stability and protein expression of autophagy-related markers are also regulated by
CRTC1/CREB (Ucar et al., 2012, Liang et al., 2016). This could explain the increase in LC3-11/LC3-I
ratio observed in AVV-ShCRTC1-injected mice and the induction of autophagy flux in human
fibroblasts and iPSC-derived neurons harboring FAD-linked PSEN1 mutations.
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Synapse pathology correlates with synaptic tau accumulation in Tau and PS1 cKO;Tau

mice

Tau stabilizes axonal microtubules but also regulates spine morphology and synaptic plasticity at
dendritic spines (Chen et al., 2012, Frandemiche et al., 2014). In pathological conditions, including
tauopathies, hyperphosphorylated tau mislocalizes to somatodendritic compartments disrupting
synaptic functions and causing synapse and neuron loss (Yoshiyama et al., 2007, Hoover et al., 2010,
Jackson et al., 2017). However, how pathological tau accumulation exerts synaptotoxicity remains
unclear. In this doctoral thesis, we found that PS1 loss of function exacerbates phosphorylated tau
accumulation at synapses of tau transgenic mice (Figure 22,23). This increase in pathological tau
was associated with downregulation of CRTC1 at synapses, implying that tau-mediated
synaptopathy leads to CRTC1 dysfunction. Deregulation of CRTC1 dephosphorylation, nuclear
translocation and transcriptional activity were previously reported in the human hippocampus at
early AD pathological stages and APP transgenic and PS cDKO mouse models (Espaia et al., 2010,
Parra-Damas et al., 2014, Parra-Damas et al., 2017a, Wilson et al., 2017, Yan et al., 2021). It is
plausible that reduced synaptic CRTC1 could impair in synapse-to-nucleus communication leading
to a decreased neuroplasticity genes expression. Notably, CRTC1 was detected at postsynapses and
presynaptic terminals. Presynaptic localization of CRTC1 was not previously reported, so this finding
broadens the possible roles of CRTC1 in synaptic neurotransmission to another subcellular
compartment. In agreement with a quantitative proteomic analysis of PSD fractions from Tau Tg
mice (Dejanovic et al., 2018), GluAl and GIuN1 glutamate receptors subunits and scaffold protein
PSD95 were decreased in 11-12 month-old Tau and PS1 cKO;Tau mice suggesting failure in
glutamatergic neurotransmission (Figure 24). A detrimental reduction in GluAl subunit was also
observed in hippocampal samples from patients diagnosed with FAD, CBD and PiD (Figure 32).
Reduced synaptic GIuN1 levels could be due to decreased total or synaptic CRTC1 described above.
Alternatively, altered synapse morphology or loss in Tau Tg mice can lead to reduce synaptic GIuN
or CRTC1 levels. Of interest, activation of STAT1, a synaptonuclear factor, was recently reported to
downregulate GIuN subunits expression and NMDAR-mediated currents in mice overexpressing
human tau (Li et al., 2019). Besides transcriptional deficits, pathological tau can interact with
ribosomes and impair synthesis of synaptic proteins (e.g. PSD95) contributing to synaptic
dysfunction (Meier et al., 2016). Future experiments are necessary to better understand whether

altered synaptic proteins in our mouse model is due to transcriptional or translational failure.
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PS1 regulates autophagy-mediated tau degradation

Synaptic accumulation of aggregated tau could be the result of impaired autophagy and
proteasome degradation systems (Boland et al., 2018). Tau is degraded by the proteasome and
disruption of proteasomal activity drives tau accumulation and aggregation (Keller et al., 2000,
David et al., 2002, Keck et al., 2003, Babu et al., 2005). Tau also contains chaperone-mediated
autophagy (CMA) motifs that allows its direct delivery into lysosomes (Wang et al., 2009, Caballero
et al., 2021). Although proteasome and CMA could contribute to tau degradation, autophagy has
also emerged as a central process regulating tau neuronal proteostasis and its alteration disrupts
neural function leading to neurodegeneration (Hara et al., 2006, Komatsu et al.,, 2006).
Interestingly, early-onset FAD-linked PSEN1 mutations are associated with an inappropriate
lysosome acidification due to failure in the delivery of v-ATPase from the ER to lysosomes (Lee et
al., 2010, Neely et al., 2011), a mechanism that can lead to autophagic vacuoles accumulation in AD
(Boland et al., 2008, Lee et al., 2011). In agreement, we found that PS1 loss of function in Tau Tg
mice increases synaptic p62 levels, probably due to impaired autophagosomes clearance leading to
exacerbated tau phosphorylation and accumulation at synapses (Figure 25). There is controversy
whether synaptic cargoes can be locally degraded. Although lysosomes and autolysosomes are
found at synapses (Goo et al., 2017, Kulkarni et al., 2021), some studies suggest that lysosomes with
full degradative capability are restricted to the soma and that acidic degradative organelles at the
neuron periphery correspond to endosomes and/or amphisomes (Lie et al., 2021). Therefore, it is
possible that PS1 exacerbates tau pathology by failure on autophagy vesicles acidification locally at
synapses or by impairing retrograde transport of autophagosomes to the soma for degradation. In
support of this idea, a recent study demonstrated that deficient acidification of axonal degradative
organelles in PS1 KO neurons leads to aberrant axonal retrograde transport (Lie et al., 2022). This
suggest that, probably, a failure in synaptic autophagosomes acidification and maturation impairs
their retrograde transport to the soma for a complete degradation leading to tau pathology.
Additionally, since autophagosome retrograde and antegrade transport is dynein-dependent
(Kimura et al., 2008, Katsumata et al., 2010, Farfel-Becker et al., 2019), microtubule destabilization
by tau hyperphosphorylation can also be contributing to the disruption of autophagy vesicles

transport.

Failure in lysosomal acidification and function has also been observed in human fibroblasts from
FAD patients harboring the FAD-linked PSEN1 A246E mutation (Coffey et al., 2014). Our results on
autophagy flux monitoring in human fibroblasts carrying G206D and L286P PSENI mutations

revealed increased autophagy flux induction and defective autolysosomes clearance probably due
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to deficient enzymatic activity (Figure 27,28). In fact, small rises in lysosomal pH (~0.2 pH units)
have detrimental effects in the activity of cathepsin D in FAD-linked PSEN1 human fibroblasts
(Coffey et al., 2014). Altogether, these results suggests that human fibroblasts from patient with
FAD-linked PSEN1 mutations enhance the induction of autophagy flux probably to compensate the
defective lysosomal acidification and degradative activity. A similar effect was also seen in iPSC-
derived neurons harboring G206D PS1 mutation (Figure 29). Of interest, we hypothesized that FAD-
linked PSEN1 G206D mutation contributes to the accumulation of aggregated tau by inhibiting
autophagosome-lysosome fusion or by altering the acidification of lysosomes/autolysosomes
(Figure 30). These results agree with recent studies showing that iPSC-derived neurons carrying
FAD-linked PSEN1 mutations have altered autophagy flux and impaired autophagosomes clearance
leading to an increase of AB42 and phosphorylated tau levels (Li et al., 2020, Chong et al., 2022).
Reinforcing the cell culture experiments, analysis of human hippocampal samples from patients
harboring PSEN1 mutations and clinically diagnosed with FAD revealed that impaired
autophagosomes clearance, detected as elevated p62 levels, was associated with accumulation of
hyperphosphorylated and aggregated tau species compared with age-matched controls (Figure 31).
Elevated p62 levels were also detected in hippocampal samples from other tauopathy disorders
(CBD and PiD). Interestingly, a slight non-significant increase in proLC3 levels were also detected.
This could mean that autophagy flux is being induced by potentiating the expression of LC3
precursor or that there is a failure in the conversion of proLC3 to LC3-I. Considering that total LC3-
| levels were unchanged and cleavage of proLC3 is upregulated in AD (Shin et al., 2019), we suggest

that autophagy flux in FAD-linked PSEN1 patients is induced by potentiating proLC3 expression.

Besides hyperphosphorylation, tau truncation exacerbates aggregation and propagation of tau
(Matsumoto et al., 2015, Sokolow et al., 2015, Zhao et al., 2016, Zhou et al., 2018a, Gu et al., 2020).
PS1 G206D iPSC-derived neurons show higher levels of the ~22 kDa tau (Figure 30), a truncated tau
form found in AD and FTD brains with elevated aggregation and propagation activities (Matsumoto
et al., 2015, Amadoro et al., 2020). On the contrary, the ~40 kDa truncated tau, also found in AD
brains, was slightly reduced in iPSC-derived neurons carrying PS1 G206D mutation and in CQ-
treated cells [(Tarutani et al., 2022), Figure 30]. All these results allow us to speculate that FAD-
linked PSEN1 mutations can contribute to propagation and/or aggregation of truncated tau leading

to tau pathogenesis progression in FAD.

Taken together, our findings suggest that FAD-linked PSEN1 mutations and genetic PS1 loss
potentiate autophagy flux while impairing autolysosomes clearance, likely leading to accumulation,

aggregation, and propagation of pathological tau (Figure 34).
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Figure 33. Proposed local roles of CRTC1 at synapses that contribute to synaptic plasticity. Activation of
NMDARs and increase intracellular calcium activates synaptic CRTC1 which in turn potentiates PKC-
dependent GluN1 phosphorylation at Ser 890 and PSD95 reorganization that contribute to NMDARs delivery
and stabilization at the postsynaptic membrane. Thus, positive feedback between NMDAR-mediated
neurotransmission and CRTC1 is stablished. Enhancement of calmodulin interaction with GIluN1 subunits also
strengthen NMDAR-mediated LTP by activating downstream signaling pathways. CRTC1 also contribute to
the maintenance of L-LTP by contributing to the localization of dendritic mMRNAs that can be locally translated
into proteins for the incorporation into postsynaptic sites. Image created with BioRender.
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Figure 34. Proposed model of autophagy flux by mutant PS1-linked tauopathies. PS1 loss of function or FAD-
linked PSEN1 mutations potentiate the induction of autophagy flux and impair the clearance of
autolysosomes, which may contribute to the aggregation and/or propagation of pathological tau. Genetic
inactivation of PS1 leads to tau hyperphosphorylation and disrupted activity-mediated CRTC1 activation
(Parra-Damas et al., 2017a, Soto-Faguas et al., 2021). Downregulation of CRTC1 may increase the levels of
the autophagy marker LC3, enhancing autophagosomes formation. However, impaired autolysosomes
acidification or deficient lysosomal enzymatic activity contributes to the accumulation of dysfunctional
autolysosomes and to the aggregation and/or release of hyperphosphorylated tau. Image created with
BioRender.
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Conclusions

CRTC1 is essential for hippocampal-dependent associative memory.

CRTC1 modulates NMDAR subunit composition by regulating the levels of GluN1 and GluN2

in the hippocampus.

Synaptic CRTC1 contributes to NMDAR-mediated neurotransmission by regulating PKC-

dependent GIuN1 phosphorylation and localization at postsynapses.

CRTC1 enhances GluN1-calmodulin interaction in heterologous cells.

CRTC1 positively regulates the localization and translation of dendritic mMRNAs.

Genetic inactivation of PS1 in PS1 cKO;Tau mice is associated with elevated synaptic

phosphorylated tau and autophagy markers, and reduced synaptic CRTC1.

FAD-linked PSEN1 mutations and PS1 loss of function enhance the induction of autophagy

flux but impairs autolysosomes clearance likely contributing to tau pathology.
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